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Abstract

One of the most common reasons for revision surgery in orthopedics is the periprosthetic joint
infection (PJI). Based on the MSIS criteria, one major factor is finding at least two positive cultures
of the same organism. The presence of a biofilm can reduce the diagnostic security and can lead
to culture-negative PJls. Dithiothreitol (DTT) can destabilize a biofilm by reducing the disulfide
bonds between the polysaccharides and proteins. As the bacteria survive the DTT treatment, the
bacteria-containing solution can be used to cultivate and identify the pathogens. Next-Generation-
Sequencing has been proposed to be a useful adjunct technique in diagnosing infection and
identifying pathogens. Therefore, in the first part of my thesis, | used possible alternative
technigues to facilitate the identification of PJIs in more detail. | compared the DTT -treated explant
cultures for bacteria identification with the standard (std.) routine microbiological diagnostic using
tissue cultures. Furthermore, | compared the NGS from DTT-solution bacteria cultures with std.
routine microbiological tissue culturing. The results of the DTT culturing indicated in 8% of the
aseptic cohort possible CN-PJis. Using NGS, more polymicrobial bacteria were identified as
compared to the other techniques, which can be attributed to the high sensitivity of NGS. In
summary, it has been shown that the DTT pretreated bacteria culturing and the NGS from DTT
treated explants were not superior to the std. microbiological diagnostic using tissue cultures for
the identification of a pathogen.

Therefore, establishing a new and more reliable methodology to facilitate the detection of PJls is
essential. Using a specific indicator for a more secure PJI analysis could help to improve the
treatment of PJI patients. Therefore, a biomarker for PJI identification would be helpful for
questionable cases. One of the most promising biomarkers so far is the detection of a-defensin
in synovial fluid samples. As the detection of a-defensin showed cross-reactivity with certain
crystallopathies and metallosis and is additionally very costly, the need for an alternative
biomarker is required. Therefore, in the second part of my thesis, | have been analysed possible
novel biomarkers by using immunohistochemical stainings of periprosthetic tissue. | analyzed a-
defensin, CD68 as a marker for macrophages, CD66b as a marker for neutrophils, and different
proteins of the terminal complement pathway (C3, C5, and C9). With the ROC (receiver operating
characteristics) curve, | identified C9 (AUC; area under the curve; of 0.94, sensitivity of 100% and
specificity of 89%) as a new possible biomarker for detecting PJIs. To validate C9 as a biomarker
for PJI, | used a cohort of 98 patients undergoing hip and knee revisions. The statistical analysis
showed a significant difference (p < 0.0001) between the septic and aseptic cohorts. The AUC of
0.84 confirmed that C9 immunohistological staining serves as an excellent biomarker for

identifying PJI. The sensitivity of 89% and the specificity of 75% were slightly lower than the a-
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defensin detection in synovial fluid. By comparing different parameters e.g., type of pathogen,
serum CRP level, and implantation time, | showed that the C9 biomarker works independently
from these factors. Furthermore, | have analyzed if other typical inflammatory joint conditions such
as chondrocalcinosis (CC), Rheumatoid Arthritis (RA), and abrasion particles can influence the
sensitivity and specificity of C9 detection for PJI identification. | found that the C9 biomarker could
be used in the presence of CC and RA to identify PJIs.

With this Ph.D. thesis, | provide the basis for developing a novel biomarker for more accurate
detection of PJI to decrease the number of CN-PJls in the future. Due to the high sensitivity and
specificity of C9 immunostaining, | propose using this biomarker in the unclear diagnosis of PJI to

secure the treatment suggestion.

[3]
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Zusammenfassung

Einer der haufigsten Grinde flr eine Revisionsoperation in der Orthopé&die ist die periprothetische
Gelenksinfektion (PGI). Nach den MSIS-Kriterien ist ein wichtiger Faktor der Nachweis von
mindestens zwei positiven Gewebekulturen desselben Organismus. Allerdings kann das
Vorhandensein eines Biofilms die diagnostische Sicherheit verringern und zu kulturnegativen
PGis fuhren. Es konnte gezeigt werden, dass Dithiothreitol (DTT) einen Biofilm destabilisieren
kann indem es die Disulfidbindungen zwischen den Polysacchariden und Proteinen reduziert. Da
die Bakterien die DTT-Behandlung tberleben, kann die bakterienhaltige Losung zur Kultivierung
und Identifizierung der Erreger verwendet werden. Next-Generation-Sequenzierung wurde
wiederum als nitzliche Zusatztechnik fur die Diagnose von Infektionen und die Identifizierung von
Krankheitserregern vorgeschlagen. Daher habe ich im ersten Teil meiner Doktorarbeit mogliche
alternative Techniken untersucht, um die Identifikation von PGI zu verbessern. Ich verglich die
DTT-behandelten Explantatkulturen zur Bakterienidentifizierung mit der standardmafigen
mikrobiologischen Routinediagnostik durch Gewebekulturen. Dartber hinaus verglich ich die NGS
Ergebnisse der DTT-behandelten Explantatlosung mit der standardméaRigen mikrobiologischen
Routine-Gewebekultivierung. Die Ergebnisse der DTT-Kulturen zeigten bei 8% der aseptischen
Kohorte maogliche Kulturnegative-PGIs an. Mit NGS wurden im Vergleich zu den anderen
Techniken mehr polymikrobielle Bakterien diagnostiziert, was auf die hohe Empfindlichkeit von
NGS zurlUckzufiihren ist. Zusammenfassend wurde gezeigt, dass die DTT-vorbehandelte
Bakterienkultur und die Lésung fir NGS aus DTT-behandelten Explantaten der herkdmmlichen
mikrobiologischen Diagnostik mit Gewebekulturen zur Identifizierung eines Erregers nicht
Uberlegen war.

Daher ist die Entwicklung einer neuen und zuverlassigeren Methodik zur Erleichterung des
Nachweises von PGI unerlasslich. Die Verwendung eines spezifischen Indikators fir eine
sicherere PGIl-Analyse konnte dazu beitragen, die Behandlung von PGI-Patienten zu verbessern.
Deshalb wére ein Biomarker fur die Identifizierung von PGI in zweifelhaften Fallen nitzlich. Einer
der bisher Vvielversprechendsten Biomarker ist der Nachweis von a-Defensin in
Synovialflissigkeitsproben. Da der Nachweis von a-Defensineine Kreuzreaktivitat mit bestimmten
Kristallopathien und Metallosen aufweist und zudem sehr kostspielig ist, besteht Bedarf an einem
alternativen Biomarker. Daher habe ich im zweiten Teil meiner Arbeit mégliche neue Biomarker
anhand von immunhistochemischen Farbungen von periprothetischem Gewebe untersucht. Ich
analysierte a-Defensin, CD68 als Marker fir Makrophagen, CD66b als Marker fir Neutrophile und
verschiedene Proteine des terminalen Komplementwegs (C3, C5 und C9). Anhand der ROC-
Kurve habe ich C9 (AUC (area under the curve) von 0,94, Sensitivitdt von 100 % und Spezifitat
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von 89 %) als neuen moglichen Biomarker fur die Erkennung von PGI identifiziert. Fur die
Validierung von C9 als Biomarker fiir PGI verwendete ich eine Kohorte von 98 Patienten, die sich
einer Hiuft- und Knierevision unterzogen hatte. Die statistische Analyse zeigte einen signifikanten
Unterschied (p < 0,0001) zwischen der septischen und der aseptischen Kohorte. Der AUC von
0,84 bestatigte, dass die immunhistologische C9-Farbung ein hervorragender Biomarker fir die
Identifizierung von PGl ist. Die Sensitivitat von 89 % und die Spezifitat von 75 % waren jedoch im
Vergleich zum a-Defensin-Nachweis in der Synovialflissigkeit etwas geringer. Durch den
Vergleich verschiedener Parameter, z. B. Art des Erregers, Serum-CRP-Spiegel und
Implantationszeit, konnte ich zeigen, dass der C9-Biomarker unabhangig von diesen Faktoren
funktioniert.  Aul3erdem habe ich untersucht, ob andere typische entzindliche
Gelenkerkrankungen wie Chondrokalzinose (CC), rheumatoide Arthritis (RA) und Metall-
Abriebpartikel die Sensitivitat und Spezifitdat des C9-Nachweises bei der Identifizierung von PGI
beeinflussen koénnen. Ich habe herausgefunden, dass der C9-Biomarker bei Vorliegen von CC
und RA fir die Identifizierung von PGI verwendet werden kann.

Mit dieser Doktorarbeit habe ich die Grundlage fir die Entwicklung eines neuen Biomarkers fur
eine genauere Erkennung von PGI geschaffen, um hoffentlich die Zahl der KN-PGls in der Zukunft
zu verringern. Aufgrund der hohen Sensitivitdt und Spezifitat der C9-Immunféarbung schlage ich

den Einsatz dieses Biomarkers bei der unklaren Diagnose von PGI vor.

[5]
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1. Introduction

Especially with increasing age, many people experience chronic joint pain, and the joints' mobility
becomes severely limited. When non-surgical measures are no longer effective, the affected
person can undergo a joint replacement. Due to the extended lifespan of humans, the need for
joint replacements in orthopedic surgery is growing [1]. On the one hand, this is due to the
demographic change of the society and, on the other hand, due to the demand for improving life
guality and mobility, which is severely limited by the progression of osteoarthritis [2, 3]. Nowadays,
multiple joints can be replaced, for example, knee, hip, and shoulder joint. In 2020, approximately
315,000 cases of hip and knee joint replacements were performed in Germany, while the number
of shoulder prostheses is lower at around 25,000. [4]. These numbers are expected to increase
over the next two decades [1]. An endoprosthetic replacement consists of different components,
mainly made from metals such as cobalt-chromium or titanium alloys, ceramics, or polyethylene
polymers [5]. The standard materials used for orthopedic prostheses are cobalt- and titanium-
based metal alloys, polymers, alumina ceramics, and ultrahigh molecular weight polyethylene
(UHMWPE) [6, 7]. An orthopedic implant should be biocompatible, have a high fracture resistance,
and wear and corrosion resistance [8]. Orthopedic implants are inevitably recognized as foreign
by the human body, whereby the immune system is activated when a prosthesis is implanted [9].
In this context, the nature of the foreign body reaction depends on various factors. One reaction
is depending on the composition or surface properties of the prosthesis. In vivo was shown that
the implant surface tissue interface is one of the most critial aspects of biomaterials [9, 10]. In this
regard, the biocompatibility of an implant depends on various factors such as polarity,
roughness/smoothness, hydrophobicity /-philicity and thereby the surface charge. Taken together,
biocompatibility depends mainly on the physical properties of the implant surface and is only
secondary to its chemical composition [11].

A typical hip implant consists of a femoral stem, femoral head, acetabular cup, and an inlay (fig.
1A). The stemis anchored in the femur during the operation. The acetabulum is anchored in the
pelvis. In between is the femoral head, which is located between the inlay of the acetabulum and
is placed on the stem. While a hip prosthesis consists of at least four parts, a knee endoprosthesis
usually consists of three components (fig. 1B). A femoral component installed in the femur and a
tibia component anchored in the tibia bone on the tibia component is a plastic inlay. It serves as a
sliding surface for the femoral component [5]. A shoulder endoprosthesis also consists of three
essential components. A humeral stem is attached to the humerus; on top of is a humeral cap that
is connected to the glenoid sphere (fig. 1C). [12].

[9]



1. Introduction Dissertation — Ann-Kathrin Meinshausen

The lifetime of orthopedic implants is limited for various reasons that lead to premature implant
failure, resulting in an unplanned earlier need for revision surgery. The most common reasons for
revision surgery are aseptic loosening (75%), dislocation of the implant (6%), fractures (5%), and
infections (7%) [13].

A 2N B

v\ Hip bone \ Femur

Femoral Head

Femoral Stem Femoral component

.\.

Polyethylene plastic surface

Stemmed tibial plate

Tibia

Humeral stem

FHgure 1 Structure of a hip and knee endoprosthesis

(A) Diagram of a hip implant (modified from the American Academy of Orthopaedic Surgeons
https ://www.s eitelman.com/wp-content/uploads/2016/10/hipl.jpg 21.06.2021 14.05) (B) Diagram of a knee implant
(modified from Sivarasu et al. 2008; 21.06.2021 14.05) (C) Diagram of the shoulder implant (modified from
https:/www.drcarofino.com/blog/how-long-do-shoulder-replacements-last 18.08.2021 11:26)

1.1 Periprosthetic Joint Infections
1.1.1 Medical Definition of a PJI
Periprosthetic joint infections (PJIs) bear a high economic and patient burden, with increased

numbers of surgeries, pain, and prolonged mobility restrictions [14, 15].
[10]
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The incidence rate of a PJI varies depending on different factors. A study by Zimmerli et al. in
2008 describes the risk of hip endoprosthesis PJI to be about 1% during the first two years after
implantation, while the risk for a PJI of knee and shoulder implants is about 2% [16]. Furthermore,
the risk of PJI increases up to 7% with each revision surgery and reinfection [17]. However,
revision surgeries pose a higher risk for a PJI, and different comorbidities are determining factors.
In particular, heart failure, diabetes, depression, anemia, chronic lung disease, obesity,
rheumatologic diseases, renal disease, pulmonary circulatory disorders and history of
osteomyelitis or septic arthritis are listed as typical risk factors for a PJI [18, 19]. Moreover, the
sex and age of the patient also play an important role. Patients over 65 years are more prone to
develop a PJI, and men are more likely to develop a PJI than women [20, 21]. It is not fully
understood how gender influences the risk of acquiring an infection. The influence of other
comorbidities on the development of a PJI is better characterized. For example, obesity increases
the time of surgery during the implantation of an implant [22], which increases the risk of infection.
Other comorbidities such as diabetes mellitus and rheumatoid arthritis are associated with a higher
risk for PJI [23]. An in vitro study showed that biofilm formation on endoprosthesis is enhanced in
the presence of elevated glucose concentrations, representing glucose levels in blood vessels of
patients suffering from diabetes [24]. In addition, patients who have rheumatoid arthritis were
shown to have an up to 2.3% higher increased risk for PJI due to immunosuppressive therapy
[25]. Also, the implant material can increase the risk of a PJI, as the literature describes that metal-
on-metal knee arthroplasties are more frequently infected than metal-on-plastic arthroplasties [26].

1.1.2 Identification of PJI by MSIS criteria

For the better identification of a PJI, the Musculoskeletal Infection Society (MSIS) has proposed
some criteria defined by Parvizi et al. [27]. However, the identification of PJI according to the MSIS
criteria is time-consuming and complex; therefore the use of these criteria in daily orthopedic
practice is controversial [28-31]. According to the MSIS criteria, a PJI is diagnosed when the
patient has at least one of the major criteria or a score over six from the minor criteria (fig. 2). To
distinguish acute from chronic infections, a cut-off of 90-days after the operation is used. During a
revision operation, three to six intraoperative specimens are taken from the synovial and interface
membrane. The tissue and synovial fluid are sent to the microbiological diagnostic laboratory for
bacteria culturing. The periprosthetic tissue samples are minced, mechanically homogenized and
the fluids are inoculated on different agar under aerobic and anaerobic conditions. In addition, the
samples are inoculated in broth for up to 14 days under aerobic and anaerobic conditions. The
identification of the germs is performed by matrix-assisted laser desorption-ionization time-of light

mass spectrometry (MALDI TOF MS) [32, 33]. Optimal culture sensitivity and specificity are
[11]
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achieved when at least two cultures are positive with a pathogen, as a single positive culture can
occur because of sample contamination [34]. This contamination can be caused by improper
specimen collection, transportation, and processing [35]. Also, the incubation time of the cultures
can increase the number of contaminations [23]. However, a single positive culture can be an
important clue if the same organism is also found in another sample type, such as the synovial
fluid [23].

In addition, typical inflammatory mediators in the blood are evaluated as identification of PJI. In
fig. 2, the representative inflammatory serum markers like the C-reactive protein (CRP) or the
white blood cell (WBC) count are minor factors for the identification of a PJI [36].

The CRP is an acute-phase protein produced in the liver, and the expression is induced upon
inflammatory stimuli such as interleukin-6 (ll-6) [37, 38]. CRP can bind to gram-positive and gram-
negative bacteria and stimulate leukocytes' adhesion and phagocytosis [39]. It is also involved in
the activation of the complement cascade [40]. In PJI diagnostics, the CRP value is used as a
blood marker to detect infection-related inflammation. However, the CRP value is not working as
a specific parameter for the diagnosis of PJI, as the CRP can also be increased under
inflammatory conditions and in autoimmune diseases such as rheumatoid arthritis, after a trauma,
or even after a surgery [39]. As the CRP value is increased with inflammation, infection, as well
as tissue damage, it cannot be used as a stand-alone technique for the diagnosis of a PJI and
needs always to be interpreted in conjunction with other clinical and pathologic parameters [41].
The CRP value in a healthy patient is less than 5 mg/l, while the WBC count is less than 10 Gpt/I.
It is shown that the CRP level is usually above 10 mg/l during an infection; the value correlates
with the number of positive cultures [42]. However, as mentioned before, the CRP level alone is
not a reliable indicator for PJI and can be within the physiological range in biofilm mediated or low-
grade PJis [43].

Another minor criterion for identifying a PJI is the use of histopathology (fig. 2) to determine the
presence of infections and their extent [44, 45]. The histopathological evaluation is particularly
useful when microbiological diagnostics cannot investigate tissue cultures because the pathogen
is too difficult to culture due to the culturing conditions or too slow-growing [46, 47]. Similar to the
serum markers, CRP and WBC, histopathology is an additional tool to the conventional methods.
However, it can mainly support the microbiological diagnostics, as the microbiology diagnostic
cannot distinguish between the colonization and true tissue invasion [47]. The inflammatory tissue
response is different for bacterial, viral or, fungi infections [48]. In the case of a bacterial infection,
there is an increased proportion of granulocytes, megakaryocytes and erythrocytes. Neutrophils,
monocytes, macrophages, eosinophils, basophils, and mast cells are formed from granulocytes.

Especially, neutrophils are found in cases of bacterial infections, as they are involved in the
[12]



1. Introduction Dissertation — Ann-Kathrin Meinshausen

elimination of bacteria on the one hand and the repair of tissues on the other hand [49, 50]. The
histopathological diagnosis of a PJI is based on the number of neutrophils per high-power field
[51]. Neutrophils also express the antimicrobial peptide a-defensin [52, 53]. Alpha-defensin
interacts with the cell membrane of the pathogen inducing its destruction. Therefore, the detection
of a-defensin in the synovial fluid has been proposed as a minor criterion for PJI diagnostic (fig.
2) [29].

However, as described before, the histopathological diagnosis is an additional tool to the
conventional methods [47] as some staining methods can lead to artifacts. For example, gram
staining can cause deposition fine dye crystals reminiscent of the bacterial-looking rods [47]. The
interpretation of the histopathological results can also be complicated by the fact that especially
in revision cases, the patients already suffered from a slight trauma due to the loosening of the
implant caused by a PJl or because of abrasion material that can also cause inflammatory
reactions in the tissue [54, 55] [56, 57]. Therefore, it is important to use histopathology always in
conjunction with other criteria to diagnose a PJI.

Regardless of the major and minor criteria, the patient's health status is always considered in the
diagnosis of PJI, as well as the five typical signs of inflammation as a local reaction at the
respective joint.

Major criteria (at least one of the following) Decision

Two positive cultures of the same organism Infected

Sinus tract with evidence of communication to the joint or visulalization of the prosthesis

Minor criteria Score Decision
Preoperative diagnosis Serum Elevated CRP or D-Dimer 2 =6 Infected
Elevated ESR 1 2.5 Possibly
Synovial Elevated Synovial WBC or LE 3 Infected?
Positive a-Defensin 3 <0-1 Not
Elevated Synovial PMN (%) 2 infected
Elevated synovial CRP 1
Intraoperative diagnosis? Positive Histology® 3 =6 Infected
Positive Purulence 3 4-5 Possibly
Single positive Culture 2 Infected®
=3 Not
infected

Fgure 2 The updated 2018 definition for PJI from the Musculoskeletal Infection Society (MSIS).

The figure shows the criteria defined by MSIS for determining whether a PJl exists. Marked in white are the relevant
criteria for this work to determine whetheritis a PJI. Criteriain gray, such as positive a-defensin, were not considered
because they were not performed at the University of Magdeburg or were not relevant for this work.

[13]
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aOperational criteria can also be used when the minor criteria are ambiguous. "Other molecular diagnostics should be
considered e.g. Next-Generation Sequencing. °If there are more than 5 neutrophils per high-power field, histology is
considered positive (x400) (modified from [58]).

1.1.3 Definition of PJI-Grade

In case of an acute infection of the joint, the five typical signs of inflammation are apparent at the
respective joint. The joint is warm, the skin is red, and the joint is swollen. The patient has a fever,
pain, and the ability to move the joint is reduced [59]. Using the major and minor MSIS criteria
(fig. 2), a PJI can be easily identified. However, in particular infections, some of these criteria may
not be present. Therefore, another critical PJI identification factor is based on the time until the
immediate onset of the symptoms [23]. In general, PJI can be classified into early, delayed, and
late PJI. The early PJl occurs less than three months after the last surgery at the respective joint.
High-virulent pathogens predominantly cause these kinds of infections, for example,
Staphylococcus aureus, Streptococcus spp., or Enterococcus spp. [60]. Moreover, they occur
mainly due to intraoperative contamination. Therefore, mostly high-grade PJis (HG-PJI) are
classified as early PJIs. These are manifest with the typical signs of systemic inflammation, and
local inflammatory reactions at the respective joint. Usually, two or more signs of inflammation
(e.g., swelling, warmth, redness) are present [61].

Delayed PJIs usually occur between three and twelve months after surgery, while late-onset PJls
occur up to 12 months after the surgery [62]. These types of PJIs are often associated with low-
grade infections (LG-PJI) and biofilm-related implant malfunctions (BIM). Delayed and late PJls
are often associated with unexplained pain, swelling of the joint, and stiffness. In some cases, a
sinus tract is associated with the PJI and other systemic signs of inflammation, such as an
increased serum CRP level [63]. These infections, in general, show a more subtle appearance
which appears as rather unspecific symptoms making the diagnosis more complex [64] and hard
to distinguish from aseptic failure [62]. LG-PJIs are often associated with low-virulent infections
[62, 63] or slow-growing [65] bacteria like coagulase-negative Staphylococcus (e.g., S.
epidermidis) or Cutibacterium acnes.

BIM is very similar to LG-PJI; however, the difference is that a LG-PJI shows the cardinal signs of
infection in histopathology, whereas BIM shows no such signs [66]. In addition, the samples taken
from BIM for microbiological diagnosis are usually only positive after prolonged cultivation time. In
some cases, the patients show moderate functional limitations as well as pain. Due to a lack of
typical inflammation signs, the infection may be falsely declared as aseptic loosening, and no
septic revision surgery is performed [65]. Overall, LG-PJI and BIM occur more frequently (about 5
— 10%) than high-grade infections (0.5 — 2 %) [67].
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LG-PJI or BIM are sometimes falsely diagnosed as culture-negative PJIs (CN-PJI), which occur
with an incidence of up to 7% [68]. CN-PJIs are characterized by some typical inflammation
factors, but no pathogens are detected in the microbiological cultures. This is often due to the pre-
administration of antibiotics or the presence of biofilms. In addition, pathogens from BIM often do
not form colonies when cultured on agar plates. [69]. Especially in cases of a low-grade infection
that Cutibacterium or Myobacterium causes the diagnosis is difficult due to the ambitious culturing
conditions of these pathogens. In such cases, aseptic loosening is usually assumed, and these
patients suffer from re-occurring prosthesis loosening events and pain in the respective joint [69,
70]. The typically applied screening methods like tissue culturing [71] are not sensitive enough, or
the bacteria have low virulence factors or specific culturing conditions (e.g., slow-growing or
aerobic pathogens) [43]. In particular, a CN-PJI highlights the importance of making a precise

diagnosis and considering other markers to take an entire clinical history.

1.2 Pathogens

Various bacteria are capable of causing a PJI. However, the most frequently found pathogens in
a PJI belong to the Staphylococcus genus, particularly S. aureus and S. epidermidis [72]. S.
aureus is one of the most common bacteria in early infections [60]. In particular, S. aureus is
associated with an increased risk of infection in patients with rheumatoid arthritis, diabetes,
hemodialysis and nasal colonization with the respective bacterium [73, 74]. S. epidermidis
frequently causes BIM of the implant due to its ability to adhere to endoprosthetic materials and
form a biofilm [75, 76]. However, similarto S. aureus, S. epidermidis can be identified during early-
, delayed- and late-PJIs [23]. Bacteria that can cause a PJI can either occur monomicrobial or
polymicrobial [77]. Usually, Staphylococcus spp. occurs as monomicrobial infections. In contrast,
other bacteria such as Enterococcus spp. or anaerobic bacteria are often associated with
polymicrobial infections.

Bacteria such as Streptococcus spp. or Enterococcus spp. occur less frequently compared to
Staphylococcus, with approximately 10% of all PJIs [72]. It is described that Streptococcus spp.
is mainly found on the skin and mucous membranes in humans, while Enterococcus spp. is
present in the gastrointestinal tract and the urogenital tract. Enterococcus spp. rarely occur
monomicrobial, but frequently associated with other bacteria (polymicrobial infection) [78, 79].
Anaerobic bacteria can also occur during a PJI but are less familiar with approximately 3 — 6 % of
PJls [23, 80]. One of the most common anaerobic bacteria, which can be found, is Cutibacterium
acnes, which is part of the normal skin microbiota. Interestingly, C. acnes is the most frequently
found bacteria in shoulder arthroplasty infections [81]. This infection with C. acnes seems to result
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from direct contamination during the surgery [82]. Other germs such as Bacteroides spp. occur
more rarely, and here Bacteroides fragilis can be described as the most common rare pathogens.
Presumably, the infection occurs hematogenously [80] and occurs in association with
polymicrobial infections (except for C. acnes) [77].

It has been described that polymicrobial infections can occur in up to 6% to 37% of all PJIs [83-
85]. The pathogen spectrum of polymicrobial infection includes the presence of S. aureus, and
more virulent bacteria such as gram-negative bacilli, methicillin-resistant S. aureus (MRSA),
Enterococcus species, and anaerobic bacteria [77]. Typical risk factors of polymicrobial infections
are the presence of various comorbidities [86], age above 65 years [77], rheumatoid arthritis [85],
and wound drainage after the surgery [77]. The problem of polymicrobial PJIs is that the bacteria
can work together and form more efficient biofilms that increase the tolerance towards
antimicrobial agents [87, 88]. For example, the literature describes that some bacteria are less
susceptible to antibiotics in biofilm than free-floating cells [89, 90].

1.2.1 Biofilms

Biofilms are referred to as microbial communities that can attach to abiotic or biotic surfaces [91].
Biofilms can be found on solid components as well as liquid surfaces [92, 93]. Consequently,
biofilms have been found on medical devices such as catheters or implants [94]. The formation of
a biofilm is an efficient way for pathogens to protect themselves from mechanical influences,
antibiotics, and the host's immune system [95, 96]. Due to the limited diffusion of antimicrobial
agents through the biofilm, the pathogens in deeper layers are protected against antibiotic
reagents [97, 98].

The bacteria can adhere to hydrophobic surfaces such as plastics, latex, or silicone, and
powerfully charged, hydrophobic surfaces such as glass or various metal alloys. Colonized
materials can be differentiated into rough, structured, and smooth surfaces [92]. In general, it has
been shown that rougher, hydrophobic materials are more attractive for pathogen attachment and
biofilm formation [92, 99, 100].

The biofilm formation can be divided into five stages. The first stage is the initial and reversible
attachment (1) of planktonic bacteria to the surface. This step is followed by an irreversible
attachment of the bacteria to the surface and the formation of an extracellular matrix (2), the
bacteria embedded in the extracellular matrix form microcolonies that result in bacteria multilayers.
Within these microcolonies, the bacteria proliferate (proliferation phase) (3). The fourth stage is
the biofilm maturation and growth; in this phase, the typical biofilm matrix is formed, consisting of
exopolysaccharides, proteins, and DNA [101]. In the last phase (dispersion stage; 5), bacteria are

released from the biofilm as planktonic cells [91], spreading and colonizing new sites. Thus, a new
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cycle of biofilm formation is initiated [102]. The problem is that bacterial biofilms can make it
challenging to analyze the bacteria within this film using the classical diagnostic methods (see
chapter 1.1.2 Identification of PJI by MSIS criteria). As a result, typical signs of infection may be
present in the patient, but no germ can be detected by microbiological diagnostic [66]. To improve
the identification rate of infection, different methods are suggested that support microbial
diagnostics, including molecular sequencing techniques such as next-generation sequencing
(NGS) [103, 104] but also biofilm destabilization for better isolation of bacteria [105].
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Fgure 3 The five steps leading to the biofilm formation

The biofilm formation can be divided into five stages, reversible (1), the irreversible (2) attachment, the proliferation
phase (3), the maturation and growth phase (4), and the detachmentand dispersion of bacteriato colonize new areas
(modified from Pinto et al. 2020 [106]).

1.3 Alternative techniques to identify a PJI

1.3.1 Next-Generation-Sequencing

Next-Generation Sequencing (NGS) has been proposed to be a proper adjunct technique in
diagnosing infection and identifying pathogens [103, 104]. NGS is a method for sequencing DNA
and RNA. The technique can characterize the entire microbial DNA to provide a complete
microbial profile of a clinical sample. In addition to the microbial database, viruses, yeasts, fungi,
and parasites can be sequenced and identified [107]. Two methodological approaches utilizing
NGS have been described in the literature: (1) 16S amplicon-targeted NGS and (2) shotgun
metagenome sequencing [108]. Employing the 16S amplicon technique, the 16S ribosomal RNA
(rRNA) genomic region is amplified and sequenced using primers [109], recognizing the highly
conserved region of these genes [110]. The 16S rRNA is chosen for various reasons: (1) the 16s
rRNA gene is present in almost all bacteria; (2) at 1,500 bp, it is large enough for sequencing; (3)
the gene is evolutionary conserved, which means it has not changed over the time [111].

Commonly the 16S rRNA is not sequenced completely, and only single variable regions are
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analyzed. In total, there are nine of these variable regions in 16S rRNA (V1 - V9). In particular,
MiSeq sequencing of lllumina has been used to examine the bacterial 16S rRNA V1-V2 gene
region, which has up to 300 bp and overlaps completely [112]. The disadvantage of sequencing
the 16S rRNA method is that the identification is based on the annotation of the 16S rRNA gene
with taxa defined as an operational taxonomic unit (OTU). Overall, sequencing at the species level
is less precise than the phyla or the genus level [113, 114]. The second methodological approach
used by NGS is the whole-genome shotgun sequencing (WGS) [108]. Using WGS the bacterial
genome is sheared into small fragments sequenced using random primers, and subsequently,
overlapping regions are computationally assembled to reconstruct the original sequence. In
contrast to the 16S amplicon method, whole-genome sequencing allows more precise
identification at the species level. However, major disadvantages of WGS are its high cost and the
requirement for more extensive data analysis [115].

Nowadays, there are approaches to use NGS as a new diagnostic tool for identifying PJls [116].
The use of synovial fluid to identify pathogens by NGS and mass spectrometry has a sensitivity of
81% and a specificity of 95%. In recent years, it has been shown that this method could detect
microorganisms in the synovial fluid of patients diagnosed with aseptic loosening [117], indicating
a possible CN-PJI. While NGS for identifying bacteria in the synovial fluid has a relatively high
specificity and sensitivity, it is slightly lower for tissue cultures (overall sensitivity of 50% - 86%)
[60]. Sonication of explants and subsequent bacteria cultures in combination with NGS can further
increase the sensitivity. This has been shown mainly in cases of CN-PJls, biofilms, and in patients
who have previously received antibiotic therapy [42, 117]. Another way to improve microbial

diagnostics is to use biofilim-destabilizing techniques.

1.3.2 Biofilm-destabilizing techniques to improve diagnostics

Sonication has been described as a successful method to destabilize biofilms from prostheses to
isolate the bacteria subsequently [105]. However, sonication carries a relatively high risk of
contamination. Damage or inaccurate sealing of the sample can lead to contamination from the
sonication water [118]. This can lead to false-positive results in the std. microbiological diagnostic.
Furthermore, sonication can damage sensitive bacteria; therefore, they cannot be identified by
culturing later. This leads to false-negative results [105, 119, 120]. Dithiothreitol (DTT) has been
tested as an alternative technigue to sonication. DTT should destabilize the biofilm more efficiently
by reducing disulfide bonds in the biofilm and breaking up the biofiim's extracellular matrix; this
method is more cost-effective in comparison to sonication [121] [122]. The idea is that especially
BIM or LG-PJIs can be detected more efficiently by using DTT. Thus, due to its low toxicity and

easy use, the DTT reagent would be a good alternative to sonication [121].
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A study from 2013 [121] investigated whether the use of DTT could provide better diagnostic
results than sonication. It was shown that the bacteria survived the DTT treatment and could be
cultured afterward. S. epidermidis was identified with higher sensitivity by the DTT method
compared to sonication. Overall, it was recommended that DTT treatment be used as a substitute
for sonication due to its easy use [121]. However, further studies need to be performed as only a
limited number of patients were tested in the current study [121].

Another study showed that DTT and sonication are approximately equally sensitive [123]. In turn,
a study from 2021 indicated that DTT provides worse overall sensitivity than sonication or
conventional tissue culture. This was explained because of a possible low pH of DTT [124]. This
inconsistency in the results does not indicate whether DTT would be suitable as a possible
diagnostic method. In addition, whether the use of DTT positively influences the sensitivity of NGS
has not yet been investigated. Possibly the interaction of two different technigques could
additionally support or improve the std. tissue cultivation for PJI identification.

Microbiological identification of pathogens is the key factor for detecting PJI, but secondary factors
like CRP, WBC, or histopathology also help secure the diagnosis [27]. Especially, persister cells
can be a major problem in this context, as they are too inactive to be identified by cultivation.
Persister cells are found in the deeper layers of the biofilm; their growth rate is extremely slow or
close to zero. Persister cells makeup 1% of the total cell population [125] and downregulate
biosynthesis genes. As soon as the antibiotic wears off or the immune response of the body starts
to get weaker. At this time point, these cells can reactivate and divide again [126].

Therefore, there is a heed for alternative diagnostic features, which could recently concentrate on

the immune response for PJI.

1.4 Immune response to PJI

The standard defense reaction against infections in the human body is inflammation, which is
essential for tissue healing [127]. After a pathogen overcomes the host's physical barriers, such
as skin or mucosa, various chemical and enzymatic processes get activated at the infection site.
The cellular host defense includes the recruitment of macrophages and granulocytes to the
infected area, followed by the activation of relatively slow defense mechanisms like B- and T-cell
response [50]. The acute inflammatory response induces healing processes. The damaged
regions are infiltrated by leukocytes, which are supposed to inhibit or eliminate bacteria and repair
the tissue [128, 129].

During inflammation, the innate and adaptive immune systems are activated. As described before,
the activation of the immune system results in the immigration of different immune cell types into

[19]



1. Introduction Dissertation — Ann-Kathrin Meinshausen

the inflamed tissue. Granulocytes differentiate into neutrophils, monocytes, eosinophils, basophils,
mast cells, and macrophages [49, 50]. However, aseptic loosening is also characterized by
macrophage infiltration [130]. Low-grade inflammation triggered by wear particles from the
prosthesis results in chronic inflammation and activation of macrophages [131, 132]. These cells
secrete cytokines and chemokines that attract further macrophages. This cycle leads to the
suppression of osteoblast formation and function and promotes osteoclast formation, which
resorbs the periprosthetic bone and results in aseptic implant loosening [133, 134]. In routine
histology, CD68is used as a marker for macrophages [135]. CD68 expression in macrophages is
triggered as an inflammatory response to the presence of bacterial lipopolysaccharide (LPS) and
the inflammatory cytokine interferon-y (IFN- y) [136]. CD68 positive neutrophils could also be
detected in inflamed tissue [137]. However, if CD68 could serve as a marker for PJI has not yet
been investigated in detail until now.

Neutrophils are among the most crucial granulocyte cells and get recruited to the site of infection
in high numbers [138]. Neutrophils contribute to bacterial elimination through phagocytosis and
release cytokines, proteases, and reactive oxygen species [49, 50]. An increased presence of
CD66b — a marker for neutrophils - can be detected in PJI patients [139]. CD66b is a glycoprotein
located in the specific granules, is expressed by granulocytes, and helps in the aggregation of
neutrophils [140, 141]. As previously described, the numbers of neutrophils are increased in
bacterial inflammation; therefore they are the main criterion in determining infection in the
histopathological diagnostic [49, 50] [51]. However, wear particles generated from the implants
can also induce neutrophil immigration. One study showed that a sterile inflammatory response to
implants in mice resulted in the recruitment of active neutrophils [56]. Likewise, neutrophils bind
to sterile implant surfaces after implantation and release extracellular DNA structures [57].

Both macrophages and neutrophils have been described to be used in histology to detect
infections in tissues [135] [51]. However, both can be present in aseptic loosening, too. More

specific markers for the detection of PJI are therefore urgently needed.

1.4.1 Biomarkers

Biomarkers are an essential analytical tool for the evaluation of biological parameters. These can
be used to detect and quantify specific indicators which are increased during infection [142].
Biomarkers include laboratory tests, physiological tests, and imaging techniques [143]. For the
detection of infections, a biomarker is defined as a biological molecule that can be analyzed in
blood, body fluids, or tissues. The biomarkers provide information on whether an inflammatory
process is taking place in the body [144]. Before a biomarker can be used as a diagnostic tool, it

must be validated in four main phases defined by the Food and Drug Administration (FDA) [145].
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These consist of the discovery of a potential biomarker (1) and the analytical validation (2); here,
the sensitivity and specificity of the biomarker are crucial. It is followed by a clinical validation (3),
which focuses on how well the biomarker can detect processes. Monitored by the final phase,
which determines how well the biomarker confirms a diagnosis (4) [145]. To analyze the predictive
value of a Biomarker, the sensitivity is plotted against the specificity (100 %-specificity). Using the
respective area values for each sample, the receiver operating characteristic (ROC) curve showed
the area under the curve (AUC). Based on the AUC classification of Turabieh et al. 2018, the

biomarker can be evaluated (fig. 4) [146].
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Fgure 4 Biomarker classification based on the AUC value
The receiver operating curve is used to calculate the sensitivity and specificityfor each possible parametervalue. The
area underthe curve defines the range of values betweenthe ROC curve and the x-axis. The biomarker classification
can be usedto evaluate the biomarker (modified after [146]).

Biomarkers are already widely used in laboratory diagnostics. The detection of WBC or CRP is
already a secondary criterion for detecting PJI [27]. Using serum biomarkers such as CRP and
WBC, reasonable diagnostic indications for PJI were achieved. However, these are not specific
enough for PJI identification as both serum markers can be increased upon other inflammation-
related processes, as described before (1.1.2 Identification of PJI by MSIS criteria) [147].
Therefore, other serum biomarkers such as IL-6, interferon-y (IFN-y), and TNF-a have been tested
in different studies. Similar to CRP and the erythrocyte sedimentation rate (ESR), they were not
specific enough but showed a higher sensitivity [147, 148].

One of the most promising biomarkers so far is a-defensin [147, 148]. During the phagocytosis
process of pathogens, neutrophils secrete a-defensin [53] while it induces bacterial cell death by
permeabilizing the bacterial cell membrane [149] and disrupting the chemo-osmoatic gradient [150,

151]. The detection of a-defensin in synovial fluid of PJI patients by an ELISA showed the highest
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accuracy for the diagnosis of PJI to date. The test has a sensitivity of 100% and a specificity of
95% [29, 152-154]. In a study from 2014 [28], the results of the a-defensin test were compared
with other criteria for detecting PJI based on the MSIS criteria (seen 1.1.2 Identification of PJI by
MSIS criteria) [27]. These criteria consider mainly the serum CRP, ESR, and synovial fluid cell
count. No statistical significance was observed for these values, and the sensitivity and specificity
of a-defensin exceeded those compared to other clinical detections [28]. In another study, it was
shown that a-defensin is activated independently of the pathogen. Neither species, virulence, or
Gram-type affected the secretion of a-defensin [155]. The a-defensin lateral flow (ADLF) test is
another technique to evaluate a-defensin in the synovial fluid of patients; the test is provided by
Synovasure, Zimmer, Warsaw, IN. The diluted synovial fluid is applied to the Synovasure PJI test
cassette. In contrastto the ELISA, the test result is already available after 10 minutes [156]. The
sensitivity of the ADLF testis 92.1%, and the specificity is 100% [157]. The ADLF test has a lower
sensitivity than the a-defensin ELISA. Therefore, it is not recommended as a screening method
but rather for confirming a potential PJI diagnosis [158]. However, the tests do not work in the
presence of massive metallic wear debris in the tissue (metallosis), in which case the tests lead
to false-positive results [159]. Also, the presence of crystal deposits in the periarticular tissue (e.g.,
in gout or pseudogout patients) affects the test to the extent that false-positive results are obtained
[160]. Nevertheless, the a-defensin is listed among the MSIS ancillary criteria for the practical
identification of PJI [27].

In contrast, a study from 2020 announced not to use the a-defensin test in the routine analysis of
a PJI. This study suggests using the a-defensin test for cases in which PJI was not diagnosed
upfront, which was nevertheless suspected to be septic [31]. Because the test can influence the
treatment decision making [31] on the one hand, and on the other hand is the test costly [31, 147].
The a-defensin test costs US$524.79 per application, and in conjunction with additional tests, the
price may increase up to US$874.20 [31]. Therefore, the a-defensin biomarker should only be
used as a supplementary method [108] in unclear cases [31]. The use of alternative biomarkers
to identify PJI should be further explored. Since CRP already provides preliminary information on
whether an infection is present, the idea was to explore different complement system factors as a
possible biomarker for PJI, as the CRP is involved in the activation of the complement cascade
[40].

1.4.2 The complement pathway
The complement system is an essential component of the innate immune system activated during
inflammation and is organized through a cascade (fig. 5). The most important tasks are the

labeling of pathogens for phagocytosis and lysis (opsonization), the formation of proinflammatory
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mediators (anaphylatoxin), and the lysis of pathogens by the membrane attack complex (MAC),
the latter being activated by the terminal complement pathway [161]. The activation of the
complement pathway occurs via three pathways: the classical, the lectin, and the alternative
pathway [161, 162].

The binding of C1q that binds on IgG or IgM activates the classical pathway. The mannose-binding
lectin pathway is activated by binding mannose-lectin, a serum protein expressed upon infection
with viruses or bacteria. The third possibility is the alternative pathway initiated by the
decomposition of C3 into C3a and C3b [161, 163, 164]. All three pathways lead to the activation

of the C3 convertase, a protease protein, with the subsequent cleavage of C5 [165, 166] (fig. 4).
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Fgure 5 A scheme of the complement system.

The complementsystem has three major functions (1) lysis ofinfectious organisms, (2) activation of inflammation, and
(3) opsonization of pathogens. The complement pathway gets activated by three pathways that lead to homologous
variants of the protease C3 (red). The terminal complement pathway is initiated with C5 (red) and starts to form the
membrane attack complex (C6, C7, C8 and C9(red)) (Modified from IDF Patient & Family Handbook for Primary
Immunodeficiency Diseases FIFTH  EDITION, 2013 by Immune Deficiency Foundation, USA;
https://primaryimmune.org/wp-content/uploads/2011/05/complement_figure_1.gif23.06.2021 11.10)

One of the main tasks of the complementsystem is the elimination of pathogens by pore formation
in the bacterial cell membrane. This is achieved by the terminal complement pathway and is
initiated by the cleavage of C5 [162]. C3b initiates the assembly of the following complement
components in the cell membrane. C5b binds to molecule C6 and forms the C5b,6-complex, which
can bind the C7 molecule. These binding results in a conformational change were exposed a
hydrophobic site on C7 that inserts into the lipid bilayer of the pathogen. Once C8 and C9 bind to
the complex, they expose a hydrophobic site. In this process, C8 induces the polymerization of
multiple copies of C9, which convert into a pore-like structure, referred to as the membrane attack
complex (MAC) [167]. MAC forms a hydrophilic channel in the lipid bilayer of pathogens, resulting

in the loss of cellular homeostasis, disruption of the proton gradient, and enzymes can enter the
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bacteria, which ultimately leads to the destruction of the pathogen [167, 168]. By labeling the cells
(opsonization) using complement receptors, the MAC complex can recognize which pathogens
need to be destroyed, while other cells are attracted to the site by proinflammatory mediators [162-
164].

The complement system is an essential factor in the destruction of pathogens. However, only a
few studies investigated whether proteins of the complement pathway could be used as potential
biomarkers to identify PJI. Furthermore, the literature describes that the complement pathway can
be activated in patients with rheumatoid arthritis and after knee injuries. However, only C3 and C4
have been studied in more detail in the context of PJI [169, 170]. Activation of the complement
system has also been demonstrated after primary hip arthroplasties [171]. Here the classical and
the alternative pathway were investigated three days after surgery. As the CRP activation the
activation of the complement cascade [40] and the CRP value is increased directly after an
arthroplasty, the usefulness of this study is questionable [172]. Therefore, it is unknown whether
the complement system would also be active during aseptic loosening.

To investigate possible new biomarkers, the utility of single synovial complement factors to
distinguish LG-PJI from aseptic revisions has already been investigated [173]. C3b/iC3b, C4b, C5,
and Cb5a showed increased levels in LG-PJI. These proteins are crucial for the subsequent
formation of the membrane attack complex. In turn, an increased concentration of C5a was also
measured in the presence of Staphylococcus epidermidis [174]. Identifying new biomarkers for
the detection of LG-PJI and aseptic revision focused more on the complement system in the
synovial fluid[173]; whether there might be higher activation of the complement system in the
tissue was not investigated.

Until now, no study has investigated whether specifically C3, C5, and C9 as potential biomarkers

for the detection of PJI, as they are involved in the direct destruction of pathogens.
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1.5 Aim of the study

315,000 hip and knee revisions and up to 25,000 shoulder revisions were performed in 2020, with
up to 7% of all cases attributable to infection. However, possible CN-PJIs are not included in the
statistics because they are often declared as an aseptic revision. Due to the lack of inflammatory
signs or a missing pathogen in diagnostic culture. By using alternative diagnostic tools such as
NGS and biofilm destabilizing techniques, the idea is to reduce the number of CN-PJis by
identifying LG- and BIM-PJIs more easily.

Therefore, in the first part of this thesis, possible alternative techniques to facilitate the
identification of PJIs were investigated using dithiothreitol (DTT). The aim was to compare the
diagnostic results of the commercially available microDTTect device with routine PJI diagnostics
and next-generation sequencing from DTT-treated samples.

Therefore, the following specific questions should be answered in this work:

o
L4

Can the use of DTT improve the standard microbiological diagnostic?
+ Can the std. microbiological diagnostic be supported by the combined use of DTT and
NGS?

For identifying a PJI, the a-defensin biomarker has been proposed in the literature as an additional
effective diagnostic tool. However, this biomarker is very expensive and shows false-positive
results in patients suffering from metallosis and crystallopathies. The identification of alternative
biomarkers to identify PJls was further explored. Therefore, in the second part of this work, the
aim was to investigate possible promising biomarkers such as CD68, CD66b, C3, C5 and C9 by
immunohistochemically staining in periprosthetic tissue. The best candidate for a new biomarker
should then be validated in a control cohort of PJI.

The aim was to answer the following questions:

+ CanCD68, CD66b, C3, C5, and C9 proteins in periprosthetic tissue identify PJI better than
a-defensin by immunohistochemically staining?
% What is the sensitivity and specificity of each protein when comparing septic and aseptic

revisions?

®
%

How reliable is the possible new biomarker?

®
%

Can potential comorbidities influence the biomarker?
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2.1 Materials
2.1.1 Reagents
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All biochemicals and chemical reagents which have been used during the experiments were

obtained from these companies; AppliChem (Darmstadt), Merk (Darmstadt), Roche (Mannheim),

Roth (Karlsruhe), Sigma Aldrich (Minchen). If other reagents or chemicals were used from

different companies, it will be stated. All reagents which have been used in this thesis can be seen

in table 1.

Table 1: Biochemical and chemical reagents

Reagents Manufacturer
100 bp DNA Ladder HZlI Braunschweig
37% HCI Carl Roth
2-Propanol Carl Roth
100% and 70% absolute undenatured alcohol Carl Roth
Acetic acid, 100% Carl Roth
Acetone Carl Roth
Bovine Serum Albumin Fraction V Sigma-Aldrich
BSA A1391,0250 Albumin Fraction V (pH 7.0) AppliChem
Chloramphenicol (12.5 mg/mL in EtOH) Carl Roth
Citratbuffer pH 6, pH 9 Dako

Dako Pen Dako

Dako Waschpuffer Dako

dNTP Mix 10 mM, PCR grade Qiagen
Dulbeccos Phosphate Buffered Saline Gilbco
Ethanol Carl Roth
Ethanol absolute, denatured Fischar

Fetal Calf Serum Biochrom
Formaldehyde (4%) Fischar,

Gen Ruler 100 bp Plus DNA Lader NCBI
Immersion oil 518F Zeiss, O

Incidin Foam Spray Head

Apotheke UK OVGU

Incidin Foam, Spray

Apotheke UK OVGU

QIAzol Lysis Reagent Qiagen
Random Hexamer Primer Fermentas
Rnase away Spray Carl Roth
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Manufacturer

RNAse inhibitor

Thermo Scientific

Roti-Mount Fluorcare Dapi Carl Roth
SDS ultra-pure Carl Roth
Sodium chloride Carl Roth
sodium deoxycholate Sigma-Aldrich
Trichlormethan/Chloroform Carl Roth
Tris Puffer Carl Roth
Triton X Carl Roth
Trizol Reagent Invitrogen
Trypsin (0.5%)/EDTA (0.2%) Solution (10x) in PBS | Biochrom
Trypsin/EDTA Losung (10x) (L2153) Biochrom
Water, DEPC treated Carl Roth

2.1.2 Consumables

All consumables which have been used in this thesis can be seen in table 2.

Table 2: Consumables
Material

Manufacturer

Cover glasses (24 x 50 mm)

Thermo Scientific

Cone cotton plug (12 x 17 x 37 mm)

neoLab Migge

Culture tubes (14 ml)

Corning Falcon

Culture dishes (60/15 mm)

Greiner Bio-one

Pipette tips (0.1 — 10 ul, 2 — 200 I, 50 — 1000 pl)

Eppendorf

Reaction vessels (15 ml, 50 ml)

Greiner Bio-one

Reaction vessels (1.5 ml, 2 ml, 5 ml)

Eppendorf

Stripettes (1 ml, 5 ml, 10 ml, 25 ml, 50 ml)

Corning Costar

Well plate (24-well)

Greiner Bio-one

Filter pipette tips (0.1 - 2.5 pl, 2-200 pl, 100-10000 pl)

Biosphere

Microtome blades

Pfm medical

Scalpel blades

Schreiber Instrumente

Sterile filter (0.4 pM)

TPP

Tissue homogenization CK Mix (Ceramic Beat in 1.4 und | Bertin

2.8 mm Diameter in 2 ml Tubes)

MicroDTTect Device
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2.1.3 Equipment
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All Equipment that have been used to conduct the experiments were listed below (see table 3).

Table 3: Equipment

Equipment Manufacturer
Agarose electrophoresis wltage source Bio-Rad
Analytical balance analytic A120 S Sartorius

Automatic drainage TP1020

Leica Biosystems

Biological Safety Cabinets KS 18

Thermo Scientific

Biological Safety Cabinets S2020 1.5

Thermo Scientific

Centrifuge Heraeus, Fresco 17

Thermo Scientific

Centrifuge Heraeus, Megafuge 16R

Thermo Scientific

Centrifuge Miko 200R Hettich
CrosLab 870 fume cupboard table Medis Weber
Diode LED 405 nm Strato

DNA/RNA UV Cleaner

Kisker Biotech

Embedding Center Shandon Histo Centre2

GMI

Gel documentation station

Bio-Rad

Histocentre2

Thermo Shandon

Homogenisator, Precelly ® 24 Bertin

Hyrax M55 Mikrotom Zeiss

Incubator B6030 Heraeus

Incubator CD150 Binder Labortechnik GmbH
Incubator Orbital Shaker VWR

Inverse microscope ABX51 Olympus

Inverse microscope Axio Observer.Zl Zeiss

Inverse microscope Eclipse TS100 Nikon

Leica CM1850

Leica Biosystems

Light Cycler 480

Roche

Magnetic stirrer C-MAG HS7

IKA

Megafuge 16R

Thermo Scientific

Microscope Zeiss
Microscope Zeiss
Axio Obsener, Camera: Axiocam 702 mono,
Lampe HXP 120 V

Microtome Hyrax M55 Zeiss
Microtome Hyrax M55 Zeiss
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Equipment Manufacturer
Microscope BX50 Olympus
Minicentrifuge Biozym
Multiple Dispenser Handy Step Electronic Brand

Perfect Spin plate Spinner C1000-PEQ,230EU PegLab
Photometer GeneQuant1300 Biochrom
Pipeppe BioHit Sartorius
Pipette Research (plus) Eppendorf
Pipetting aid Accu-jet pro Brand
Platform rocker SSL4 Stuart

Precelly®24 Homogenisator

Bertin Instruments

Precision scale EWB

Kern

QuantStudio 6 Flex

Applied Biosystems

Real Time-PCR Detector

Applied Biosystems

Roll-Mixer RM 5.40

Hecht Assistant

Roll-Mixer RS-TR05

Phoenix Instruments

Rotor Fa-45-30-11 Eppendorf
Rotor, F-35-6-30 Eppendorf
Scale A120S Sartorius
Scale ALC-810.2 Sartorius
Scale core EWB 620-2M Sartorius
Scanning electron microscope XL30-FEG/ESEM | FEI
Shaker MTS2 IKA
Shaking Incubator Thermo Mixer C Eppendorf
Sputter Coater K550 Emitech
Standard Power Pack 25 Biometra

Steril bench S2020 1.5

Thermo Scientific

Sterile bench Herasafe KS18

Thermo Scientific

Sterile bench KS18

Thermo Scientific

T100 Therma Cycler

Bio-Rad Laboratories

T100 Thermal Cycler for PCR

Bio-Rad Laboratories

Thermal shaker Themomixer compact

Eppendorf

Thermocycler iCycler thermal cycler

Bio-Rad Laboratories

Thermocycler iCycler thermal cycler

Eppendorf

Thermoincubator

Binder Labortechnik GmbH

Tilt and roll mixer rs-TR05

Phoenix Instruments

Tissue processor TP1020

Leica Biosystems
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Equipment Manufacturer
Tube Rewlver/Rotator Thermo Scientific
Ultrasonic cleaner USC1200D VWR

Vortex Genie 2 Mixer Scientific Industries
Vortexer Phoenix Instruments
Warming cabinet large Heraeus

Warming cabinet small Heraeus

Water bath Thermolab type 1070 GFL

Zentrifuge Heraeus , Megafuge 16R Thermo Scientific
Zentrifuge Heraeus Megafuge 16R Thermo Scientific
2.1.4 Primer

The Primer which have been used for the first and second nested PCR as well as the
llumina Next-Generation Sequencing were listed below (table 4; table 5) and were bought
by metabolism. The Concentration of the Stock solution was 1 pmol/ul in water. For the
PCR the Stock solution was diluted at 1:10.

Table 4: Primer for the first and second nested PCR

Description Sequence

Fw_16s _bif2 AGRGTTHGATYMTGGCTCAG

338R TGCTGCCTCCCGTAGGAGT

16SFw_BK ACGACGCTCTTCCGATCTAGRGTTHGATYMTGGCTCAG
16SR_BK GACGTGTGCTCTTCCGATCTTGCTGCCTCCCGTAGGAGT

Table 5 Primer for the lllumina-Next-Generation Sequencing
Forward and Reversed Primer for lllumina Next-Generation Sequencing

I_A501 AATGATACGGCGACCACCGAGATCTACACTGAACCTTTCTTTCCCTACACGACGCT
CTTCCGATCT

I_A502 AATGATACGGCGACCACCGAGATCTACACTGTTCTCTTCTTTCCCTACACGACGCT
CTTCCGATCT

I_A503 AATGATACGGCGACCACCGAGATCTACACTAAGACACTCTTTCCCTACACGACGCT
CTTCCGATCT

I_A504 AATGATACGGCGACCACCGAGATCTACACCTAATCGATCTTTCCCTACACGACGCT
CTTCCGATCT
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Forward and Reversed Primer for lllumina Next-Generation Sequencing

I_A505 AATGATACGGCGACCACCGAGATCTACACCTAGAACATCTTTCCCTACACGACGCT
CTTCCGATCT

I_A506 AATGATACGGCGACCACCGAGATCTACACTAAGTTCCTCTTTCCCTACACGACGCT
CTTCCGATCT

I_A507 AATGATACGGCGACCACCGAGATCTACACTAGACCTATCTTTCCCTACACGACGCT
CTTCCGATCT

I_D501 AATGATACGGCGACCACCGAGATCTACACTATAGCCTTCTTTCCCTACACGACGCT
CTTCCGATCT

I_D502 AATGATACGGCGACCACCGAGATCTACACATAGAGGCTCTTTCCCTACACGACGCT
CTTCCGATCT

I_D503 AATGATACGGCGACCACCGAGATCTACACCCTATCCTTCTTTCCCTACACGACGCT
CTTCCGATCT

I_D504 AATGATACGGCGACCACCGAGATCTACACGGCTCTGATCTTTCCCTACACGACGCT
CTTCCGATCT

I_D505 AATGATACGGCGACCACCGAGATCTACACAGGCGAAGTCTTTCCCTACACGACGCT
CTTCCGATCT

I_D506 AATGATACGGCGACCACCGAGATCTACACTAATCTTATCTTTCCCTACACGACGCTC
TTCCGATCT

I_D507 AATGATACGGCGACCACCGAGATCTACACCAGGACGTTCTTTCCCTACACGACGCT
CTTCCGATCT

|_D508 AATGATACGGCGACCACCGAGATCTACACGTACTGACTCTTTCCCTACACGACGCT
CTTCCGATCT

I_N502 AATGATACGGCGACCACCGAGATCTACACCTCTCTATTCTTTCCCTACACGACGCT
CTTCCGATCT

I_N504 AATGATACGGCGACCACCGAGATCTACACAGAGTAGATCTTTCCCTACACGACGCT
CTTCCGATCT

I_N505 AATGATACGGCGACCACCGAGATCTACACGTAAGGAGTCTTTCCCTACACGACGCT
CTTCCGATCT
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Forward and Reversed Primer for lllumina Next-Generation Sequencing

I_N506 AATGATACGGCGACCACCGAGATCTACACACTGCATATCTTTCCCTACACGACGCT
CTTCCGATCT

>|_N507 AATGATACGGCGACCACCGAGATCTACACAAGGAGTATCTTTCCCTACACGACGCT
CTTCCGATCT

>|_N508 AATGATACGGCGACCACCGAGATCTACACCTAAGCCTTCTTTCCCTACACGACGCT
CTTCCGATCT

>|_N509 AATGATACGGCGACCACCGAGATCTACACGCGTAAGATCTTTCCCTACACGACGCT
CTTCCGATCT

>|_S510 AATGATACGGCGACCACCGAGATCTACACCGTCTAATTCTTTCCCTACACGACGCT
CTTCCGATCT

>|_S511 AATGATACGGCGACCACCGAGATCTACACTCTCTCCGTCTTTCCCTACACGACGCT
CTTCCGATCT

>|_S512 AATGATACGGCGACCACCGAGATCTACACTCGACTAGTCTTTCCCTACACGACGCT
CTTCCGATCT

I_A701 CAAGCAGAAGACGGCATACGAGATATCACGACGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_A702 CAAGCAGAAGACGGCATACGAGATACAGTGGTGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_A703 CAAGCAGAAGACGGCATACGAGATCAGATCCAGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_A704 CAAGCAGAAGACGGCATACGAGATACAAACGGGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_A705 CAAGCAGAAGACGGCATACGAGATACCCAGCAGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_A706 CAAGCAGAAGACGGCATACGAGATAACCCCTCGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_A707 CAAGCAGAAGACGGCATACGAGATCCCAACCTGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT
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Forward and Reversed Primer for lllumina Next-Generation Sequencing

I_A708 CAAGCAGAAGACGGCATACGAGATCACCACACGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_A709 CAAGCAGAAGACGGCATACGAGATGAAACCCAGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_A710 CAAGCAGAAGACGGCATACGAGATTGTGACCAGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_A711 CAAGCAGAAGACGGCATACGAGATAGGGTCAAGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_A712 CAAGCAGAAGACGGCATACGAGATAGGAGTGGGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_D701 CAAGCAGAAGACGGCATACGAGATATTACTCGGTGACTGGAGTTCAGACGTGTGCT
CTTCCGATCT

I_D702 CAAGCAGAAGACGGCATACGAGATTCCGGAGAGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_D703 CAAGCAGAAGACGGCATACGAGATCGCTCATTGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_D704 CAAGCAGAAGACGGCATACGAGATGAGATTCCGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_D705 CAAGCAGAAGACGGCATACGAGATATTCAGAAGTGACTGGAGTTCAGACGTGTGCT
CTTCCGATCT

I_D706 CAAGCAGAAGACGGCATACGAGATGAATTCGTGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_D707 CAAGCAGAAGACGGCATACGAGATCTGAAGCTGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_D708 CAAGCAGAAGACGGCATACGAGATTAATGCGCGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_D709 CAAGCAGAAGACGGCATACGAGATCGGCTATGGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT
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Forward and Reversed Primer for lllumina Next-Generation Sequencing

I_D711 CAAGCAGAAGACGGCATACGAGATTCTCGCGCGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_D712 CAAGCAGAAGACGGCATACGAGATAGCGATAGGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

I_N701 CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCT

2.1.5 Antibodies

All used primary antibodies, IgG control, and secondary antibodies which have been used in this
thesis were listed below in table 6, table 7 and table 8.

Table 6: Antibodies

Antibody [o[€] Stock Dilution Demasking Manufacturer
Concentration
C3 Rabbit 0,16 mg/ml 1:100 Pepsin Invitrogen - PA5-
12349
C5 Rabbit 1 mg/ml 1:200 Pepsin Invitrogen - PA5-
22183
C9 Rabbit 1 mg/ml 1:500 Pepsin Abcam - ab71330
a-Defensin Goat 0.5 pg/mi 1:100 Citrate-buffer Acris - AP23709
pH 6
CD68 Mouse 200 pg/mi 1:500 Citrat-Buffer Santa Cruz -
pH 6 sc59104
CD66b Rabbit 0.8 mg/ml 1:200 Citrat-Buffer Abcam - ab197678
pH 6

The antibodies listed in table 7 were used as controls. The stock concentration was diluted to

match the respective antibody in table 6.

Table 7: 1gG Control

Antibody Stock Concentration Manufacturer

Rabbit IgG 5 mg/mi Thermo Fischer - 02-6202
Mouse 1gG 2.5 mg/mi Thermo Fischer - 02-6502
Goat IgG 5 mg/ml Thermo Fischer - 02-6202
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Antibody Typ Stock Concentration Dilution Manufacturer
Alexa Fluor® 555 Anti-Rabbit 2 mg/mi 1:200 Abcam - ab150130
Alexa Fluor® 555 Anti-Mouse 2 mg/mi 1:200 Thermo Fischer - A-21202
Alexa Fluor® 488 Anti-Mouse 2 mg/ml 1:200 Thermo Fischer - A-31570
Alexa Fluor® 555 Anti-Goat 2 mg/mi 1:200 Abcam - ab150129

2.1.6 Buffer and media

Buffer and media which have been used were listed the table below (table 9).

Table 9: Buffer and media

Buffer Reagents Concentration/Amount
50x Electrophoresis Buffer EDTA disodium salt 50 mM
TAE Tris 2M
Glacial/acetic acid 1M
Extraction buffer Urea 6M
Tris 10 mM
PiC
PBS in ddH20, pH 7.4 NaCl 140 mM
KCl 2.7 mM
Naz2HP O4 8 mM
KH2PO4 1.8 mM
Wash buffer dH20 900 ml
Wash buffer (Dako) 100 ml
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2.2 Methods

2.2.1 Sample Collection and preservation

Patients who underwent a revision THA, TKA, and TSA were included in this dissertation after
they were informed and consent. IRB approval for this study was provided by the Institutional
Review Board of the Medical School, Otto-von-Guericke University, Magdeburg (No 150/12,
207/17, and No 57/18).

All surgeries were performed in the Department of Orthopedic Surgery at the University Hospital
in Magdeburg. The revisions were classified as aseptic or septic based on the MSIS criteria [27].

2.2.1.1 Tissue collection and preservation

The specimens from the synovial membrane and synovial fluid were taken during surgery. The
tissue was incubated with RNA-later for two days at 4 C and stored at -80°C. Also, samples were
preserved in formaldehyde for paraffin sections and were frozen without adding any solution for
protein isolation. The synovial fluid was aliquoted and stored at -80°C until use.

2.2.1.2 MicroDTTect handling and preservation

The microDTTect bag was handled according to the manufacture's protocol (4i for infection,
Monza, NCS Lab Srl, Carpi, ltaly). The explants were placed in the microDTTect bag under sterile
conditions during the surgery. In the laboratory, 150 mlof the DTT solution supplied with the bags
were added to the explant within the device. The microDTTect bag was shaken using Rocker
SSL4, Biocore continuously at RT; the solution was taken off and transferred to three 50 ml falcons
and centrifuged at 3.200 rpm, for 10 min at RT. Afterward, the supernatant was discarded except
for 2 ml DTT solution. These were used to dissolve the pellet; 2 ml was sent to the routine
microbiological diagnostic for culturing and specification of possible bacterial infection. The other
2x2 ml were subjected to DNA isolation which was used for NGS sequencing. The experimental
setup can be seen in fig. 6.
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| Septic and Aseptic TIA Revisionl

| Explantation tissue analysis

| Tissﬂl Iim_plant
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for identification || for identification

Fgure 6 The analytical processin a flow-chart

During surgery, the respective jointimplant was explanted, and adjacent tissue samples were collected. Left branch:
The tissue samples were sentto the microbiological departmentfor homogenization and tissue culturing, identifying a
pathogen. Rightbranch: After revision ofthe prostheses, the implantwas placed into the microDTTectbag for treatment
with DTT. One part of the solution was sentto the microbiological diagnostic departmentfor DTT culturing. In contrast,
the other part of the solution was used for DNA isolation and Next-generation sequencing (NGS).

2.2.2 Molecular biological methods

2.2.2.1 DNA Isolation from microDTTect solution

The DNA was isolated following the manufacture's protocol from the FastDNA Spin Kit for Soll
(MP Biomedicals™); all steps were done at RT. This kit provided the reagents.

The tissue specimens from the synovial membrane were put into Precellys Lysing Kit (P000918-
LyskO-A, Berting, Mintingy-le-Bretonneux, France) tubes with 878 pl Sodium Phosphate Buffer
and 122 pyl MT solution; the solution begins to solubilize membrane proteins with detergents as
well as extracellular proteins and contaminants. Using Precellys® 24 homogenizer (Bertin,
Montingy-le-Bretonneux, France), the swabs and the tissue were disrupted at 5.5 Hz for
60 seconds. The tubes were centrifuged at 14,000x g for 5 min to remove cell debris, extracellular
matrix, or other impurities. The supernatant was transferred into a new 2 ml tube, and 250 pl PPS
(Protein precipitation solution) was added and mixed vigorously; this separates the solubilized
nucleic acids from the cellular debris and lyses the matrix. Again, the solutions were centrifuged
for 5 min at 14,000 g to pellet the precipitates. The supernatant was transferred to a clean 15 ml
microcentrifuge tube. The supernatant was added to the binding matrix and inverted by hand for

2 min to allow DNA binding to the silica matrix. Afterward, the samples rested for at least 15 min
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to ensure the complete settling of the silica matrix. The binding matrix was gently resuspended by
repeatedly pipetting the solution up and down; 600 pl of the solution was transferred to a SPIN™
filter and centrifuge at 14,000 g for 1 min. The collection tube was emptied, and the remaining
mixture was added to the SPIN™ Filter. Before using the SEWS-M solution, 100 ml of 100 %
ethanol was added. For washing the silica matrix, 500 ul of SEWS-M was added and
resuspended. The samples were again centrifuged for 1 min at 14,000 g, and the collection tubes
were emptied again. For the drying of the filter, the collection tube was centrifuged without any
liquid for 2 min at 14,000x g. The collection tube was discarded, and the filter was put into a new,
clean collection tube. Removing residual ethanol, the spin filters were air-dried for 5 min at RT.
Before using the DES- (DNase/Pyrogen-free) water was incubated for 5 min at 55°C on a heat
block that helps to increase the yields. 30 pl of DES was added to the filter. The purified nucleic
acids elute from the silica-matrix on the filter, as the cation bridges collapse because low salt
elution solution rehydrates both the silica the DNA. Again, the tubes were centrifuged at 14,000x g
for 1 min to elute the DNA into the clean collection tube. The DNA can be stored at -20°C for

extended periods or 4°C until use.

2.2.2.2 16s DNA gene preparation and NGS sequencing

To amplify the bacterial-specific V1V2 region of the 16S rDNA gene, a 3-step-PCR (nested-PCR)
was approached. The DNA samples were prepared from the DTT solution of chapter 2.2.1.2
MicroDTTect handling and preservation. To obtain the DNA, the procedure described in 2.2.2.1
DNA Isolation from microDTTect solution was used. The Primer Fw_16s_bif2 and 338R for 20
cycles were used to enrich the target sequences for the first PCR. For amplification, the forward
(Fw_16s_bif2) and reverse (338R) primers bind to the bacterial-specific V1V2 region of the 16S
rDNA gene. For the second amplification, the resulting PCR product was used, and here
16SFW_BK was used as the forward primer and 16SR-BK as the reverse primer; these have a
larger overhang than the primers in the first PCR. A total of 15 cycles were used for the second

PCR. For the firstand the second PCR following reaction mix was used (table 11 and table 12).

Table 10: Reagents for the first and second reaction mix of the nested PCR

Reagent Amount for 1 sample [pl]
Buffer (5x) 4
dNTPs 1.6
Forward Primer 0.5
Reverse Primer 0.5
Takara Enzym 0.2
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Reagent Amount for 1 sample [ul]
DNA-Sample 2
RNase free water 11.2
total 20

The PCR protocol is displayed in table 12.

Table 11: Protocol first and

second reverse transcription using Takara

Step Temperature [°C] Time [min]
Initial denaturation 95°C 3 min
Denaturation 98°C 10s
Annealing 55°C 10s
Elongation 72°C 10s
Dissociation stage 72°C 2 min
Resting 4°C 0

After the second PCR, an agarose gel

electrophoresis [175] was performed to verify which

samples showed products in the V1V2 region. Samples that failed to give a PCR product were not

further analyzed and defined as “no PCR product’, the absence of DNA may be due to the

presentation of an aseptic revision. The samples with a positive PCR product seen at 350 bp [176]

in the electrophoresis gel were prepared for the third amplification. For the third amplification, the

lllumina adapters [177] as primers (Primer Sequence IA_ 501 —1_S512) were added to the reaction

mix (table 13). The third PCR protocol can

be seen in table 15 and was used for 10 cycles.

Obtained products were pooled in equimolar ratios and sequenced on lllumina MiSeq (2x300

bases, San Diego, USA).

Table 12: Reaction mix for the third amplification

Reagent Amount for 1 sample [ul]

Buffer (5x) 10

dNTPs 4
Forward Primer 1.25
Reverse Primer 1.25
Takara Enzym 0.5

DNA-Sample 1
RNase free water 32
total 50

[39]



2. Material and Methods Dissertation — Ann-Kathrin Meinshausen

To analyze the purity of the PCR products after the third amplification, gel electrophoresis was
performed. Subsequently, the PCR products were shipped to the Institute of Genome Analytics at
the Helmholtz Centre for Infection Research (HzZl), Braunschweig, and processed by lllumina-
NGS.

2.2.2.3 Agarose gel electrophoresis

A 2 % agarose gel was used to analyze the quality of the DNA samples after the second and third
amplification method with RT-PCR. Therefore, 2 g of agarose was melted in 1 x TAE buffer, per
100 ml 2 pl of Ethidiumbromid were added. The mixture was poured into a casting chamber. After
polymerization, the gel was transferred into the electrophoresis chamber and overlaid with 1 x
TAE buffer. The samples were mixed with 1:10 10x Gel loading dye, and 2 — 3 pl of the sample
was applied to the gel. To determine the size of the separated DNA fragments, a 100 bp DNA
loading Dye was also applied to the gel. For the documentary of the agarose gel via UV light, a

documentation system from Bio-Rad, Netherlands, was used.

2.2.3 Microbiological routine diagnostic testing

Microbiological analysis of tissue samples was performed by the Institute of Medical Microbiology
and Hospital Hygiene; the contact person was Dr. Jaqueline Farber. 3 to 6 tissue samples were
collected and subsequently processed by standard microbiology routine during the revision
surgery. Upon arrival, the periprosthetic tissue samples were cut into pieces and mechanically
homogenized by the Ultra-Turrax Drive control disperser (IKA®-Werke GmbH & Co. KG,
Germany) at 6000 rpm for 2 min with interval direction change. The homogenized samples were
then inoculated onto agar plates. The following plates were used: Columbia agar with 5 % sheep
blood (Becton Dickinson, Heidelberg, Germany), chocolate agar, and Schaedler agar (Oxoid,
Munich, Germany) under aerobic conditions with 5% CO, and aerobically at 35 £ 1°C. In addition,

samples were inoculated in thioglycolate- and Schaedler-Boullion (bioMérieux, Marcy L'Etoile,
France) at 35 + 1°C for 14 days. The identification of the pathogens was performed by MALDI-
TOF MS (Vitek ®, bioMérieux, Marcy L’Etoile, France).

2.2.4 Histological methods

2.2.4.1 Paraffin sections

Soft tissues were fixed in 4 % formaldehyde (27279, Fischer, Zurich, Switzerland) for a minimum
of 24 h. For dehydration of the samples, a tissue processor (Leica TP1020, Leica) was used;
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afterward, they were embedded in paraffin. The paraffin samples were cutinto 4 um thick sections
with a microtome (Hyrax M55, Zeiss) for the immunohistological and histological staining. They
were placed on microscope slides and dried overnight at 37°C.

2.2.4.2 Immunohistochemically staining

For staining with immunohistological antibodies, the section had to be deparaffinized and
rehydrated. For deparaffination, the samples were treated with xylene twice for 10 min each. The
sections were treated using a descending alcohol series (100 %, 96 %, 70 %, and 50 %) for 5 min
each for rehydration. Finally, the samples were treated two times with water for 5 minutes. During
the storage in formaldehyde, cross-links between proteins were formed, which can be dissolved
by unmasking the slides, thus restoring the antigenicity of the proteins. The demasking can be
performed enzymatically using trypsin or pepsin or by heat using citrate buffer with pH 9 or 6.
Which type of unmasking needed to be used was previously tested with various antibodies and
samples. The slides stained with antibodies of the complement system (anti-C3, anti-C5, and anti-
C9; Quidel, San Diego, CA, USA) were demasked enzymatically. Therefore specimens were
incubated with 0.02 % HCI solution at RT for 15 min, following pepsin (0.25 mg/mlin PBS) for
45 min at 37°C. Slides that were stained with a-Defensin (Acris, OriGene Technologies, Rockville,
MD, USA), CD68 (Santa Cruz Biotechnology, Santa, CA, USA), and CD66b (Abcam, Cambridge,
England) needed to be treated with citrate buffer (pH6) for 25 min at 95°C, followed by a cooling
period in the buffer solution for another 25 min at RT. After demasking, the slides were washed
with wash buffer three times for 5 min and blocked with 4 % BSA for 1 h at RT to block free
epitopes. The antibodies and the isotype control (IgG control of the species) were diluted in 4 %
BSA according to the protocol (table 6 and table 7), and specimens were incubated overnight at
4°C with the primary antibodies. To remove unbound antibodies from the slides, they were washed
three times with wash buffer for 5 min and incubated with the fluorescent-labeled secondary
antibody (Alexa 488 or Alexa555) (table 8) for 1 h inthe dark at RT. Again, the slides were washed
three times with wash buffer for 5 min and then coverslipped using Roti®-Mount FloureCare DAPI
(Roth) and stored at 4°C in the dark until use.

2.2.4.3 Fluorescence microscopy

For fluorescence microscopy, the Zeiss fluorescence microscope Axio Observer.Z1 was used.
The slides were microscope in the dark while the fluorescence intensity and the exposure time
were adapted to the isotype control. Therefore, exposure time and THY Lamp intensity were
selected to minimize the isotype control's fluorescence staining (Alexa 488 or Alexa 555). For the

guantification, the percentage of the fluorescence-positive area of the antibody-treated sample
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and the isotype control were analysed, respectively. For every sample, three representative
images were taken. For the analysis, the percentage of fluorescence per area of the isytope
control was subtracted from the fluorescence per area of the antibody-treated sample. To
determine the number of the average percent of fluorescence positive area per sample, the mean
of all three images was taken. The selected magnification was indicated in the respective figure

legends.

2.2.5 Statistical analysis

All statistical analyses were performed using GraphPad Prism (version 9.01; GraphPad Software,
San Diego, CA, USA). Results were presented as scatter plots, bar graphs, or dot plots. The
chosen method of presentation can be found in the respective figure legends, and the presentation
of the mean £ SEM, mean + SD, or median £ SEM. The statistical analysis used was also indicated

in the corresponding figure legend.

2.2.5.1 Bioinformatic analysis

The bioinformatics analysis was performed as described in Camarinha-Silva et al. [178]. The raw
data from the llumina-NGS performed by the Helmholtz Institute for Infection research were
merged with the Ribosomal Database Project (RDP) assembler [179]. For the virtualization of the
network, Cytoscape was used (version 3.7.2) [180]. The analysis showed three independent
groups of phylotypes showing co-occurrences differentiating from ultrapure water system
contaminants[181] and contaminants in the DNA extraction kit and various other probable
contaminants[182].

Co-occurrences were documented as contaminants and were deleted from the total abundance
matrix. Also, phylotypes from the same taxa but not included in the correlation matrix due to their
low abundance were deleted. Sequence data can be found under the following reference number:
PRJINAG56723.
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3 Results

3.1. Demographic data of the patient cohort

To investigate whether the pathogen profile of PJls might be influenced by different factors e.g.,
age, site, of infection or sex, 178 patients were analyzed that were hospitalized for revision surgery
at the hip (THA), knee (TKA), and shoulder (TSA) joint. The reasons for revision were either due
to a septic condition (93) or implant loosening under aseptic conditions (85) (table 13). According
to the MSIS criteria, 57 males and 38 females with an average age of 73 + 9 were included in the
septic cohort. According to the aseptic cohort, 42 males and 39 females with an average age of
70 + 12 were included in the MSIS criteria. Therefore, the average age of the patients in the septic
and aseptic cohort was similar. An influence of the patients' age on the other parameters can
therefore be excluded. More male patients than female patients were present in the septic cohort.
However, the number of women was almost identical in both cohorts. Because both septic and
aseptic loosening occurred in males and females, both genders were studied for the subsequent
subprojects of this work.

The septic cohort includes the revisions of the following implants, 42% (40/95) THA, 39% (37/95)
TKA, and 19% (18/95) TSA, while the following implant revisions were included in the aseptic
cohort 36% (29/81) THA, 41% (33/81) TKA and 23% (19/81) TSA (table 14). In this cohort, we
included more infected THA (40/95) than the TKA (37/95) or the TSA (18/95). While in the aseptic
group, more aseptic failure of TKA (33/81) than of THA (29/81) or TSA (19/81) were included. In
this cohort, more septic hip than aseptic hip revisions were done.

The implantation time differed according to the prosthesis type. However, in the septic THA cohort,
the implantation time was 2.4 times less (45 = 72 months) than in the aseptic cohort (108 + 109
months). In the septic TKA cohort, implantation time (37 £ 35 months) was twice as short as in the
aseptic cohort (76 = 65 months). A reduced implantation time of 24 + 29 months could also be
calculated in the septic TSA cohort; this was almost halved compared to the aseptic cohort (44 +
59 months).

Arisk factor for acquiring a PJl are various comorbidities. Potential influencing comorbidities were
analyzed in the two cohorts and are summarized in table 14. Patients in the septic cohort exhibited
more frequent comorbidities such as diabetes (25/95), renal (16/95) and heart insufficiency
(12/95), COPD (9/95), osteoporosis (4/95), and asthma (3/95) compared to the aseptic cohort. In
the aseptic, cohort the number of diabetes (21/81) was equal to the septic cohort. In contrast, the
number of renal (4/81) and heart (1/81) insufficiency was lower in the aseptic cohort. COPD (1/81),
osteoporosis (2/81), and asthma (2/81) were also analyzed less often in the aseptic cohort in
comparison to the septic cohort. Not all patients indicated their comorbidities during hospital
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admission, and some patients did not exhibit any comorbidities. Overall, in the septic cohort, a
higher incidence rate of renal and heart insufficiency was observed. In turn, the other comorbidities
showed a similar trend in comparison to each cohort.

Table 13 Demographic data
Cohort  Number  Age [yr] Sex Location | Implantation time [m]

Septic | 95 739 | 357 | THA 42% 45+ 72
©38 | TKA: 39%  37+35
TSA: 19% | 24 + 29

Aseptic | 81 70+ 12 | 342 | THA: 36% | 108 + 109
©39 | TKA 41% | 76+ 65
TSA: 23% | 44 + 59

Table 14 Comorbidities

Septic (95) Aseptic (81)
Diabetes 25 21
Osteoporosis 4 2
renal insufficiency 16 4
COPD 9 1
Heart insufficiency 12 1
Asthma 3 2
Other 17 16

To investigate at which age septic and aseptic PJI occurs, the patient age was plotted for each
patient in black (septic) and grey (aseptic) and both cohorts (red) (fig. 7A). | observed a Gaussian
distribution of age within both cohorts. The peak of patients coming for aseptic or septic revision
surgery was observed at around 75 years.

In this thesis, also more male (57/95) than female (38/95) patients underwent septic revision
surgeries (fig. 7B). In the aseptic cohort, 42 men and 39 women received aseptic revisions; here,
the distribution between the genders was approximately similar.

| found more late PJIs (48/83) where the infection occurred 12 months after implantation in my PJI
cohort (fig. 7C). In comparison, | observed less frequent infections occurring between 3 to 12
months after implantation (delayed) (20/83) and even less PJI belonging to the early infection
group (3 months after implantation) (15/83). However, the implantation time was not available for
all patients (12/83). Therefore, it is difficult to say whether there were more late infections in the
septic cohort. Interestingly, the occurrence of late PJIs (12 months after joint implantation) was
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more frequent than early PJIs (up to 3 months after implantation). Since anaerobia and slow-

growing bacteria mainly cause these infections, these are expected to occur more frequently in
the pathological spectrum.

A B Sex

100

Male
204 80 Hl Female
| — Septic =
_ 30- Aseptic 5 60—
= — Mixed o]
5 E 40-
o 204 o >
; Z
104 20
0- —r 0-
40 60 80 100 Septic Aseptic
Age [yr]

C

Implantation time [month]
60

Number [n]
S
1

N
o
1

il L

N @6 N2
> Q}Q;\ L
Q

FHgure 7 Demographic data of the patients in the septic and aseptic revision cohort

(A) Gaussian distribution of the age based on the septic (black), aseptic (gray), and mixed (red) revision cohorts was
presented. The grayboxindicates the range (70 — 75) atwhich age the mostfrequentrevisionsurgeries were performed.
(B) The barchartshows the septic (left) and aseptic (right) cohortdivided into female (black) and male (lightgrey). More
males (57/95) had a septic TJA revision than females (38/95) in the septic cohort. (C) The bar charts showed the
implantation time divided into three categorize. Earlydescribes infections that occur >3 months after the lastimpl antation
of the revised prosthesis, delayed describes infections thatoccur between 3 to 12 months after implantation, and late
describes the infections thatoccur <12 months afterimplantation. Here, more patients with late PJIs were observed.

3.1.1 Pathogen Spectrum of PJI

To observe the pathogen spectrum of the cohorts, the spectrum was analyzed using a pie chart
for the septic cohort and the various implant types (fig. 8). For the analysis of the pathogen
spectrum, the bacteria analyzed by the institute of microbiology using tissue cultures were used.

Staphylococcus spp caused most PJIs in this cohort (58%) and polymicrobial infections (16%).
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Anaerobia (11%) was found a bit more frequently than Streptococcus spp. (8%), and were more
prevalent in total than Enterococcus spp. (5%). Subdivision of the pathogen spectrum according
to the infected joint showed in THA (fig. 8B), TKA (fig. 8C), and TSA (fig. 8D) Staphylococcus spp.
(THA: 58%; TKA: 68%; TSA: 39%) being the most prominent pathogen. The pathogen profile of
the shoulder showed the least variance. However, the number of patients in the shoulder cohort
was lower than the hip and knee cohorts, making an accurate assessment difficult. Nonetheless,
more anaerobia were identified in the shoulder cohort (22%) than in the THA (10%) and TKA (5%)
group. Polymicrobial infections occurred in all revision groups but were more common in the
shoulder and hip than in the knee. In the hip and knee, the pathogen diversity was very similar.

Staphylococcus spp. and polymicrobial infections are the most common pathogens found in the

septic cohort and individual implant groups.
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Figure 8 Pathogen spectrum of the patients from the septic cohort

(A) Pie chart of the identified pathogen spectrum, including all joints calculated in percent. Staphylococcus spp. (black)
was the major pathogen analysed by the diagnostic. Other bacteria were less frequently detected. (B) Pie chart of the
identified pathogen spectrumanalysed in the septic-THAgroup calculated in percent. Again more Staphylococcus spp.
(black) were found followed by polymicrobial (dark grey) infections. (C) Pie chart of the identified pathogen spectum
analysedin the septic-TKA group calculated in percent. Staphylococcus spp. (black) was found mostfrequently, closely
followed by Streptococcus spp. and Enterococcus spp. (D) Pie chart of the identified pathogen spectrum analysed in
the septic-TSA group calculated in percent. The pathogen spectrum was notas variable as inthe TKA and THA group;
Staphylococcus spp. (black), anaerobia (grey) and polymicrobial infections (dark grey) were found in this group.

[46]



3 Results Dissertation — Ann-Kathrin Meinshausen

3.1.2 Serum inflammatory markers in PJl

As the WBC and the CRP values are used as a blood serum marker to identify PJIs (fig. 2), these
markers were compared between the septic and aseptic cohort and were presented as scatter dot
plot (fig. 9).

The statistical analysis using the Mann-Whitney-U-Test showed no significant (p = 0.3470)
difference between the septic (mean with SEM: 10 + 1) and the aseptic (mean with SEM: 8 + 0.4)
group for the WBC count. (fig. 9A). The threshold of WBC is 10 Gpt/l (black dashed line); because
elevated WBC may indicate infection, it was expected that more patients would have elevated
WBC. However, in 91 patients, only 30% (27/91) had an elevated WBC above 10 Gpt/l. The
remaining 70% (64/91) had a WBC below 10 Gpt/l. The data for four patients were missing. In the
aseptic cohort, again, 17% (13/78) patients had an elevated WBC level. In contrast, 83% (65/78)
of patients had a WBC level below 10 Gpt/l, which aligns with the expectations. For three patients,
no information was provided.

As the CRP value is a systemic inflammation parameter [39], the serum CRP value of the septic
(mean with SEM: 65.65 + 8.68 mg/l) cohort was compared to the aseptic (mean with SEM: 15.68
+ 2.99 mg/l) cohort (fig. 9B), and statistically analyzed using the Mann-Whitney-U-test. The
difference in the mean value was significantly (p < 0.0001) increased in the septic cohort. Overall,
| observed that 7% (6/91) of patients in the septic cohort had a serum CRP level below the
pathologic threshold of 5 mg/l (black dashed line). The expectation was that more patients in the
aseptic cohort would have a CRP below 5 mg/ml. However, the mean value in the group already
showed a value of 15.68 + 2.99 mg/l, and overall even 58% (44/76) of the aseptic cohort exhibited
an elevated CRP value.

Therefore, the CRP value alone is not indicative of the presence of an infection. Accordingly, |
investigated how accurate the standard microbiological diagnostic identifies a pathogen from PJI

tissue cultures and whether other techniqgues may improve the diagnostic security.
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FHgure 9 WBC- und CRP-values of the patients in the septic and aseptic revision cohort

(A) The WBC (Gpt/l) of the septic (black) and aseptic (lightgrey) cohortcan be seen presentas a scatter dot plot. The
pathologicthresholdis 10 Gpt/l and was indicated as a black dashed line. There was no significant (p = 0.3470)
difference between the septic (mean with SEM: 10 £ 1 Gpt/l) and the aseptic (mean with SEM: 8 + 0.4 Gpt/l) cohort.
(B) CRP values (mgll) in the septic (black) (mean with SEM: 65.65 = 8.68 mg/l) and aseptic (lightgrey) (mean with
SEM: 15.68 + 2.99 mg/l) cohortcan be seen as a scatter dot plot, for a better representation the logarithmic illustration
was chosen. The CRP value was significantly (p < 0.0001) different between both cohorts. The pathologicthreshold is
5 mg/land was indicated as a black dashed line in the graph.

3.2 Comparison of different analytical technigues to improve the diagnostic

security for PJI

Bacteria from biofilm mediated infection or low-grade PJIs are often challenging to isolate and
culture. The diagnostic problems of the typically applied screening methods, such as tissue
culture, are either not sensitive enough or lack the specific culturing conditions (e.g., anaerobic
conditions) [183, 184] [71]. Dithiothreitol (DTT) destabilized the extracellular matrix of biofilms on
orthopedic implants by reducing the disulfide bonds between polysaccharides and proteins [122].
Therefore, a DTT solution was given in a pouch in a specific device to identify PJI called
microDTTect device (NCS Lab Srl, Carpi, ltaly).The idea was that upon implant retrieval, the
implant was sealed under sterile conditions in the device, the pouch containing DTT was broken,
and the DTT solution flowed around the implant to dissolve the adhering biofilm. Two syringes
were used to remove the DTT solution from the bag of the device. One syringe was sent to
diagnostic microbiology for the cultivation of potential bacteria. Since NGS is also becoming more
relevant in diagnosing PJI [103, 104], the other syringe of the DTT solution was used for DNA

isolation and subsequent NGS analyses. The tissue cultivation performed by the Institute of
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diagnostic microbiology served as a reference. Based on the MSIS criteria [27], a patient was
declared septic if at least two positive tissue cultures of the same organism were found (fig. 2).
For the investigation, if DTT solution used for culturing or for NGS can be used as an equivalent
tool compared to tissue culturing, | analyzed 66 patients undergoing hip or knee revision surgery
(see 3.1). The routine microbiological diagnostic indicated a PJI in 28 patients; 38 patients
underwent aseptic revision surgery (table 13). The assignment of patients to the septic cohort or
aseptic cohort was based on the clinical decision and microbiology standard diagnostic, serum
inflammatory markers, and the macroscopic inspection of the joint and intraoperative appearance
during revision surgery. Equal numbers of men and women were included (table 13). The average
age of the included patients was 70 years in both cohorts and therefore comparable.

For the analysis, the infection identified in DTT solution cultures was compared with the tissue
culture of the std. routine microbiology. Likewise, the NGS data were also compared with the
results from the tissue cultivation. To investigate the concordance between the different applied
methods for PJI diagnosis and pathogen identification, the results of microbiological diagnostic
were matched with the results from the microDTTect solution culture. The results of the different
cohorts (septic and aseptic) are summarized in table 15.

Based on the clinical assessment, 28 patients were included in the septic cohort. For the analysis,
the results from DTT solution cultures were compared with the std. routine microbiology using
tissue culture. In 75% (21/28), a pathogen was detected using the DTT culture solution and the
std. diagnostic. In 25% (7/28), the DTT culture solution showed no pathogen, whereas the std.
diagnostic found a pathogen. In the aseptic cohort in 92% (35/38), no pathogen was detected
using both methods. However, in three cases which were diagnosed as aseptic in the std.
diagnostic a bacterium was detected using the DTT culturing method. Suggesting possible false-
negative results, but for a precise diagnosis, further research needs to be done.

Table 15 Concordance of standard microbiology diagnosticvs. DTT culturing based identification ofinfection

Std. diagnostic vs. DTT culture
Septic N =28
Positive (+) in both methods 75% (21/28)
Negative (-) only in DTT 25% (7128)
Aseptic N =38
- in both methods 92% (35/38)
+only in DTT 8% (3/38)
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To use culture-independent pathogen identification, | isolated the DNA from the DTT solution. In
preparation for NGS, the V1V2 region of the 16S rDNA gene was amplified by PCR. To check
both the quantity and quality of the PCR products, gel electrophoresis was used. If no PCR product
could be detected, the samples were not further processed for sequencing and were listed as
negative. This means that no bacterial DNA was detected. If a PCR product with 350 bp was
detectable [176], it was further processed for lllumina-NGS.

For comparison, the results from microbiological diagnostic were compared with NGS being
positive for pathogen DNA in a first step (table 16). In a second step, the specificity for the
pathogen detected with both methods was compared.

In 71 % (20/28) of the septic samples, a pathogen was detected using the std. microbiological
diagnostic as well as the NGS from DTT solution. In eight cases, no PCR product was detected
with NGS.

79% (30/38) no PCR product was detected using NGS from DTT solution and std. microbiological
diagnostic in the aseptic cohort. However, in 21% (8/38) of the tested samples, NGS detected
bacterial DNA but not the microbiological std. diagnostic. These eight samples could indicate
possible CN-PJls, but further research is needed.

Table 16: Concordance of standard microbiology diagnosticvs. NGS from DTT solution

Std. diagnostic vs. NGS from DTT
Septic N =28
Positive (+) in both methods 71% (20/28)
Negative (-) only in DTT 29% (8/28)
Aseptic N =38
- in both methods 79% (30/38)
+only in DTT 21% (8/38)

The following paragraph discusses the samples in more detail, which gave divergent results using
different detection methods.

The std. microbiological diagnostic identified a pathogen in ten cases, not detected using the DTT
solution for culturing and NGS (Fig. 10A). In three cases (#18, #71, #78), the DTT culturing
indicated a bacterial infection, whereas no pathogenic DNA was detected using NGS from DTT
solutions. These patients' increased serum CRP values also indicate an ongoing inflammatory
process that might indicate an infection. However, in these cases, NGS from DTT solutions did
not identify pathogenic DNA. In one sample (#70), the std. microbiological diagnostic identified a
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pathogen that was not detectable using DTT culturing, whereas the NGS from DTT solutions found
pathological DNA. This patient exhibited a high CRP value indicating an active inflammation
process, suggesting that DTT culturing failed in this case. However, two samples (#5 and #44)
were diagnosed as septic exclusively by std. microbiological diagnostic, while the CRP value was
under the average threshold (5 mg/l). This observation could indicate that these samples were
contaminated during the culturing process in the std. microbiological diagnostic.

Fig. 10B shows three samples that were classified as aseptic using the std. microbiological
diagnostic with tissue cultures while a pathogen was identified using the DTT culturing technique.
Taking into account the slightly increased CRP values (#48 and #53) suggested a possible
ongoing inflammatory process in these patients; this might indicate a low-grade infection. In one
case (#94), DTT culturing and NGS from DTT solutions detected a pathogen, while the std.
diagnostic microbiology failed for the detection of a pathogen. Also, in this case, the implantation
time of 6 months was short; this sample might be a false-negative case that was not identified by
the std. microbiological diagnostic.

Fig. 10C shows seven samples, where only NGS from DTT solution detected bacterial DNA, while
the std. microbiological diagnostic using tissue cultures and the DTT culturing did not identify a
pathogen. Most cases showed a serum CRP level below the pathological threshold. Due to the

low CRP and longer implantation time, a possible false-positive resultin NGS was considered.
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Microbiology |[Microbiology| DTT Implantation Microbiology |Microbiology| DTT Implantation
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Fgure 10 The correlation betweenthe three used methods werein someresults distinct.

The row marked in green were diagnosed as aseptic (-) using tissue culturing bythe std. microbiologydiagnostic, DTT
culturing, or NGS from DTT solution. The row marked in red were diagnosed as septic (+) using tissue culturing bythe
std. microbiologydiagnostic, DTT culturing,or NGS from DTT solution. Additionally, the respective serum CRP values
in mg/l and the implantation time in months were indicated for each patient. When the CRP value was above the
threshold of 5 mg/l, the row was marked in red. (A) Samples were diagnosed as septic using the std. microbiological
tissue culturing. (B) Shows the samples diagnosed as septic by using DTT for culturing, and (C) shows samples that
were diagnosed as septicusing NGS from DTT solutions.
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As DTT has a destabilizing effect on the extracellular matrix of the biofilm, | wanted to analyze
whether the use of DTT makes the identification of the bacterial strain and especially polymicrobial
infections more reliable (fig. 11). | was comparing the std. microbiological diagnostics with DTT
bacteria culturing, the same bacteria were identified in 67% (20/30) of the analyzed samples (fig.
11A). In 33% (10/30) of all cases, different bacteria were identified using both techniques.

The identified pathogens for all septic cases are summarized in fig. 11A+B. As expected,
Staphylococcus spp. was the most prominent pathogen in the septic samples. The detection for
Staphylococcus spp. was reliable in 14 cases from tissue and DTT culturing samples. However,
in 8 cases, Staphylococcus could be identified exclusively from tissue cultures (6X) or DTT
culturing samples (2X). NGS from the DTT solution indicated the presence of a monomicrobial
infection in 15 out of 28 cases. Thirteen cases were polymicrobial. Interestingly, in seven of these
samples, both culturing methods identified Staphylococcus spp. as a pathogen; NGS confirmed a
Staphylococcus spp. mono-infection, and in three different cases, it confirmed Staphylococcus
spp. as a major component of a supposedly polymicrobial infection.

Pathogens other than Staphylococcus spp. were detected rarely by culturing, making it difficult to
evaluate the reliability of the different techniques. Enterococcus spp. was detected twice using the
std. microbiological routine and supported by DTT culturing and NGS of DTT samples, whereas
conflicting results were observed for the other case.

The detection of anaerobia was highly variable between the applied methods. As a major
constituent of the skin microbiota, C. acnes was identified using the applied techniques in a few
samples. NGS indicated Cutibacterium spp. as dominating pathogen in only one case, whereas
DTT culturing indicated C. acnes in one sample confirmed by the tissue culturing.

Mainly polymicrobial infections were identified by NGS, which can be attributed to the high
sensitivity of NGS [185].

For a better and easier comparison of the pathological spectrum, | plotted the identified pathogen
profile for each method as a pie chart (fig. 11B). The literature describes that Staphylococcus spp.

is one of the main pathogens causing a PJI [23]. My results confirm this observation.
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Fgure 11 Pathogens identified from microDTTect samples are typically also identified by routine diagnostic.
(A) The columns representthe ID for each sample, the pathogen found using the std. microbiological diagnostic with
tissue culturing, DTT culturing, and NGS from DTT solution. The left column indicates the respective cohort of the
patient: septic (marked in red) and aseptic (marked in green). The following three columns on the right hand indicate
the identified pathogen via culturing technique or NGS. The identified pathogens were also labelled in different colours
(Staphylococcus spp.: red, Streptococcus spp.: green, Enterococcus spp.: yellow, Anaerobia: blue, Polymicrobial
Infection: light green). (B) The Pie chart of the identified pathogen spectrum represents every technique used. Above:
Tissue culturing; Middle: DTT culturing; Below: NGS from DTT solution. Staphylococcus spp. (red) was the major
pathogen identified using the three various techniques, all other pathogens were less frequentlydetected.

These data highlighted the importance of the std. microbiological diagnostics from tissue biopsies,
but also the downfalls of this technique. Using DTT bacteria culturing and NGS-based DNA
identification from DTT solution, a few samples showed different results and might indicate in 8%
(3/38) of the aseptic cohort a CN-PJI. Therefore, establishing a new and more reliable
methodology to secure the detection of PJIs is essential. Using a specific indicator for a more
secure PJI diagnosis could help to improve the treatment of PJI patients. Therefore, a biomarker
for PJI identification would be helpful for questionable cases.
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3.3 Tissue biomarkers for PJI diagnosis

One of the most promising synovial fluid biomarkers for PJl is based on the detection of a-
defensin. As the ELISA-based detection of a-defensin is costly and the cross-reactivity makes it
less reliable [108] [31]., the need for alternative biomarkers to support the detection of PJI is
important. CD68 tissue staining indicates the presence of monocytes and macrophages. The
presence of the latter can be the first indication of septic complications [186, 187]. During an
infection also neutrophils invade the tissue; therefore, the presence of neutrophils in the
histological section is associated with an ongoing infection in histopathology. A typical marker for
neutrophils is CD66b [188, 189]. The complement pathway is activated very early upon bacterial
infection, and the terminal complement pathway leads to the elimination of bacteria using C3, C5,
and C9. Therefore, in the following, | investigated whether CD68, CD66b, and parts of the terminal
complement pathway (C3, C5, and C9) are suitable biomarkers for detecting a PJI by screening
periprosthetic tissue using immunohistological staining.

For this investigation, | analyzed 33 patients undergoing shoulder revisions surgery (see 3.1). The
routine microbiological diagnostic indicated a PJI in 16 patients; 17 patients underwent aseptic
revision surgery (table 14).

Both cohorts (septic and aseptic) were assessed for the presence of a-defensin using
immunohistological stainings (fig. 12). For the detection of a-defensin, the periprosthetic tissue
was stained with anti-a-defensin (red), and the cell nuclei were stained with Dapi (fig. 12A). For
an overview, the tissuewas first microscope at 100x magnification (above), and for a more detailed
view, the images were taken at 630x magnification (below); the representative pictures show that
the a-defensin (red staining) could be detected in both septic (right) and aseptic (left) tissue. For
guantifying the staining (septic: N = 9; aseptic: N = 9) the amount of red fluorescence within the
tissue area was calculated and shown as a scatter dot plot (fig. 12B). Using the Mann-W hitney-U-
Test the septic (black) cohort (mean + SEM: 1.1 % + 0.42 %) showed no significant difference (p
=0.2224) compared to the aseptic (light grey) cohort (mean + SEM: 0.29 % + 0.16 %). To analyse
the predictive value of a-defensin as a biomarker for PJI, | plotted the percentage of red
fluorescence in the septic tissue (sensitivity) against the percent of red fluorescence in the aseptic
tissue (100 %-specificity) (fig. 12C). Using the respective fluorescent area values for each sample,
the receiver operating characteristic (ROC) curve showed an area under the curve of 0.68, which
describes the suitability of the biomarker. The threshold for the sensitivity and specificity (red
dashed line) was calculated by using Youden’s criteria; the sensitivity was at 55.56 % (95% of CI:
26.67 %to 81.12 %) while the specificitywas at 88.89% (95% of Cl: 56.50 t0 99.43 %). a-defensin
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was not detected in all septic tissues by immunohistochemical staining and partially detected in

aseptic tissues, indicating a low predictive value of a-defensin staining as a biomarker for PJI.
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Fgure 12 Immunohistological staining of a-defensin in periprosthetic tissue shows no significant difference
betweenthe septic and the aseptic cohort

(A) For the detection of a-defensin in shoulder samples from septic (right) and aseptic (left) samples, periprosthetic
tissue was immunohistologically stained with anti-a-defensin (red), and the cell nuclei were stained with Dapi (blue).
Representative immunohistochemical staining of a-defensin with a magnification of 100x (above, scale bar: 100 um)
and 630x(below; scale bar: 2 um) were given. (B) The quantification (septic: N =9; aseptic N =9) ofthe red fluorescence
of the tissue areawas presented as a scatter dotplotand was given as mean + SEM. The septic cohortwas presented
in black (1.1 % +0.42 %), and the aseptic cohortwas presented in lightgrey(0.29 % + 0.16 %). The statistical analysis
using the Mann-Whitney-U-Test showed no significantdifference between the groups (p = 0.2224).(C) To analyse the
predictive value of a-defensin as a biomarker for PJI using immunohistological staining in periprosthetic tissue, the
percent of red fluorescence in the septic tissue (sensitivity) was plotted againstthe percent of red fluorescence in the
aseptic tissue (100%-specificity). Using each sample's respective fluorescent area values, the receiver operating
characteristic (ROC) curve calculated an area underthe curve (AUC) of 0.68.Using the Youden’s criteria, the bestratio
of sensitivityto specificitywas selected (red dashedline). The sensitivitywas 55.56% (95% of Cl: 26.67 % to 81.12 %)
while the specificitywas at 88.89% (95% of Cl: 56.50 to 99.43 %).
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As macrophages are a good indicator for inflammatory reactions and septic complications, tissue
staining for CD68 was used as an indicator for the presence of monocytes and macrophages.
Therefore, both cohorts (septic and aseptic) were assessed for the presence of CD68 using
immunohistological staining. For the detection of CD68, the periprosthetic tissue was stained with
anti-CD68 (red) while the cell nuclei were stained with Dapi (blue) (Fig. 13A).

Again, for an overview, the tissue was first microscope at 100x magnification (above), and for a
more detailed view, the images were taken at 630x magnification (below). It can be seen that the
red staining was detected in both septic (right) and aseptic (left) tissue; here, the staining was
seen around the cell nuclei. For quantifying the staining (septic: N = 9; aseptic: N = 9), the red
fluorescence of the tissue area was presented as a scatter dot plot (fig. 13B). The septic cohort
was presented in black (mean + SEM: 0.11 % * 0.02 %), and the aseptic cohort was given in light
grey (mean £ SEM: 0.06 % * 0.03 %). Using the statistical examination of the Mann-W hitney-U-
Test, the septic cohort showed no significant difference (p = 0.1135) to the aseptic cohort. Again,
for the analysis of the predictive value of CD68 as a biomarker for PJI, the percent of red
fluorescence identified in the septic cohort (sensitivity) was plotted against the percent of red
fluorescence in the aseptic cohort (100%-specificity) (fig. 13C). Using the respective fluorescent
area values, the ROC curve shows an AUC of 0.73. The threshold for the sensitivity and specificity
(red dashed line) was analysed using the Youden’s criteria; the sensitivity was at 100 % (95% of
CIl: 70.09% to 100.0%) while the specificity was at 66 % (95% of Cl: 35.42% to 87.94%). CD68
was detected in all septic tissues by immunohistochemically staining and partially detected in
aseptic tissue. This indicated a low predictive value of CD68 staining as a biomarker for PJI.
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Fgure 13 Immunohistological staining of CD68 in periprosthetic tissue shows no significant difference between
the septic and the aseptic cohort

(A) For the detection of CD68 in shoulder samples from septic (right) and aseptic (left) samples, periprosthetic tissue
was immunohistologically stainedwith anti-CD68 (red), and the cell nucleiwere stained with Dapi (blue). Representative
immunohistochemical staining of CD68 with a magnification of 100x(above, scale bar: 100 pm) and 630x (below; scale
bar: 2 um) were given. (B) The quantification (septic:N = 9; aseptic:N = 9) of the red fluorescence of the tissue area
were presented as a scatter dot plot and was given as mean + SEM. The septic cohort was presentedinblack (0.11 %
+0.02 %), and the aseptic cohortwas presented in lightgrey(0.06 % + 0.03 %). The statistical analysis using the Mann-
Whitney-U-Test showed no significantdifference between the groups (p = 0.1135). (C) To analyze the predictive value
of CD68 as a biomarker for PJI using immunohistological staining in periprosthetic tissue, the percent of red
fluorescence in the septic tissue (sensitivity) was plotted against the percent of red fluorescence in the aseptic tissue
(100%-s pecificity). Using the respective fluorescent area values for each sample,the ROC curve calculated an AUC of
0.73. Using the Youden’s criteria, the bestratio of sensitivityto specificitywas selected (red dashed line). The sensitivity
was 100% (95% of Cl: 70.09% to 100.0%) while the specificitywas at 66% (95% of Cl: 35.42% to 87.94%).

The presence of neutrophils in tissue indicates an ongoing infection in histopathologic examination
and is also given as one marker for infection in the MSIS criteria. To investigate CD66b in
periprosthetic tissue, | analyzed 79 patients undergoing hip and knee revision surgery (see 3.1).
The routine microbiological diagnostic indicated a PJI in 23; 47 patients who underwent aseptic
revision surgery (table 13).
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In both cohorts (septic and aseptic), | assessed for the presence of CD66b, using
immunohistological staining. For the detection of CD66b the periprosthetic tissue was stained with
anti-CD66b (red) while the cell nuclei were stained with Dapi (blue) (fig. 14A). For an overview,
the tissue was first microscope at 100x magnification (above). There can be seen that more septic
(left) sections showed increased red staining in comparison to aseptic tissue (right). The more
detailed magnification at 400x (below) showed this difference even more clearly; more red
fluorescence can be observed in the septic tissue than in aseptic tissue. For quantifying the
staining (septic: N = 32; aseptic: N = 47), the red fluorescence of the tissue was presented as a
scatter dot plot (fig. 14B) for better visibility of the samples were plotted logarithmically. Using the
statistical analysis of the Mann-Whitney-U-Test the septic (black) cohort (mean + SEM: 7.5 % %
2 %) showed a significant difference (p = 0.024) in comparison to the aseptic (light grey) cohort
(mean £ SEM: 3.4 % + 1.1 %). For the analysis of the predictive value of CD66b as a biomarker
for PJI, the percent of red fluorescence from the septic cohort (sensitivity) was plotted against the
percent of red fluorescence in the aseptic tissue (100 %-specificity) (fig. 14C). Using the respective
fluorescent area values for each sample, the ROC curve showed an area under the curve of 0.65.
Youden’s criteria calculated the best ratio for the sensitivity 63 % (95% of Cl: 45.25 % to 77.07 %)
and the specificity 72 % (95 % of Cl: 58.24 % to 83.06 %) (Red dashed line). CD66b was detected
in all septic as well as aseptic tissues by immunohistochemically staining. | was indicating a low

predictive value of CD66b staining as a biomarker for PJI.
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Fgure 14 Immunohistological staining of CD66b in periprosthetic tissue shows a significant difference between
the septic and the aseptic cohort

(A) For the detection of CD66b in THA and TKA samples from septic (right) and aseptic (left) samples, periprosthetic
tissue was immunohistologically stained with anti-CD66b (red), and the cell nuclei were stained with Dapi (blue).
Representative immunohistochemical staining of CD66b with a magnification of 100x (above, scale bar: 200 um) and
400x (below; scale bar: 50 um) were given. (B) The quantification (septic: N =32; aseptic: N =47) ofthe red fluorescence
of the tissue areawas presented as a scatter dotplotand was given as mean + SEM. The septic cohortwas presented
in black (7.5 % + 2 %), and the aseptic cohort was presented in lightgrey (3.4 % + 1.1 %); for better visibility, the
samples were plotted logarithmically. The statistical analysis using the Mann-Whitney-U-Test showed a significant
difference betweenthe groups (p = 0.024). (C) To analyze the predictive value of CD66b as a biomarker for PJI using
immunohistological staining in periprosthetic tissue, the percentof red fluorescence in the septic tissue (sensitivity) was
plotted againstthe percentof red fluorescence in the ase ptic tissue (100%-specificity). Using the respective fluorescent
area values for each sample, the ROC curve calculated an AUC of 0.65. Using the Youden'’s criteria, the bestratio of
sensitivityto specificitywas selected (red dashed line). The sensitivity was 63 % (95% of Cl: 45.25 % to 77.07 %) while
the specificitywas at 72 % (95 % of Cl: 58.24 % to 83.06 %).

The terminal complement pathway leads to the destruction of bacteria via the key factors C3, C5,
and C9. For the detection of these, | analysed 33 patients undergoing shoulder revisions surgery
(see 3.1). The routine microbiological diagnostic indicated a PJI in 16 patients; 17 patients
underwent aseptic revision surgery (table 14).
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Both cohorts (septic and aseptic) were assessed for the presence of C3, C5, and C9 using
immunohistological staining. For the detection of the terminal complement pathway, the
periprosthetic tissue was stained with anti-C3 (red, fig. 15A), C5 (red; fig. 15D), and C9 (red,; fig.
15G). The cell nuclei were stained with Dapi (blue). For an overview, the tissue was first
microscope at a magnification of 100x (above). The septic (left) staining showed more red
fluorescence than the aseptic (right) side. This became clearer with a magnification of 630x; more
red fluorescence was observed in the septic slide than in the aseptic slide. The discrimination
between septic and aseptic tissue became clearer the further down the protein marker in the
terminal complement pathway's cascade was detected.

For the quantification of the C3 staining (septic: N = 9; aseptic: N = 9), the red fluorescence of the
tissue area was presented as a scatter do plot (fig. 15B). The septic (black) cohort (mean £+ SEM:
0.48 % * 0.98 %) and the aseptic (light grey) cohort (mean + SEM: 0.08 % + 0.14 %) was
examined statistical using the Mann-Whitney-U-test. The septic cohort showed a significant
difference (p = 0.0315) in comparison to the aseptic cohort. To analyse the predictive value of C3
as a biomarker for PJI, | plotted the percent of red fluorescence in the septic tissue (sensitivity)
against the percent of red fluorescence in the aseptic tissue (100 %-specificity) (fig. 15C). Using
the respective fluorescent area values for each sample, the ROC curve showed an AUC of 0.80.
Using Youden’s criteria, the best ratio of sensitivity to specificity was selected (red dashed line).
The sensitivity was 56 % (95 % of Cl: 26.67 % to 81.12 %) while the specificity was at 100 %
(95 % of CI: 70.09 % to 100 %).

For the quantification of the C5 staining (septic: N = 9; aseptic: N = 9), the red fluorescence of the
tissue area was presented as a scatter do plot (fig. 15E). The septic cohort was presented in black
(mean + SEM: 0.24% + 0.08%), and the aseptic cohort was presented in light grey (mean + SEM:
0.04% + 0.07%). Using the Mann-Whitney-U-test, the statistical analysis showed a significant
difference between both cohorts (p = 0.0056). For the analysis of the predictive value of C5 as a
biomarker for PJI using immunohistological staining in periprosthetic tissue, the percent of red
fluorescence in the septic tissue (sensitivity) was plotted against the percent of red fluorescence
in the aseptic tissue (100%-specificity) (fig. 15F). Using the respective fluorescent area values for
each sample, the ROC curve calculated an AUC of 0.88. Using Youden’s criteria, the best ratio of
sensitivity to specificity was selected (red dashed line). The sensitivity was 67 % (95 % of CI:
35.42 % to 87.94 %) while the specificity was at 89 % (95 % of Cl: 56.50% to 99.43 %).

For the quantification of the C9 staining (septic: N = 9; aseptic: N =9), the red fluorescence of the
tissue area was presented as a scatter dot plot (fig. 15H). The septic (black) cohort (mean £+ SEM
0.68 % + 0.16 %) was statistically approached using the Mann-Whitney-U-test in comparison to

the aseptic (light grey) cohort (mean £ SEM: 0.09 % * 0.07 %). A statistical difference between
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the two cohorts (p = 0.0008) was seen. For the analysis of the predictive value of C9 as a
biomarker for PJI, | plotted the percent of red fluorescence in the septic tissue (sensitivity) against
the percent of red fluorescence in the aseptic tissue (100 %-specificity) (fig. 15I). Using the
respective fluorescent area values for each sample, the ROC curve showed an AUC of 0.94. Using
Youden’s criteria, the best ratio of sensitivity to specificity was selected (red dashed line). The
sensitivity was 100 % (95 % of CI: 70.09 % to 100 %) while the specificity was at 89 % (95 % of
Cl: 56.50 % t0 99.43 %).

C3, C5, and C9 were detectable in all septic tissues by immunohistochemically staining and
partially detected in aseptic tissue. The detection of PJI becomes more certain further down the
cascade of the terminal complement pathway. The detection of C3 was already significant, but the
distinction becomes more evident with C5. The detection of the protein C9 using anti-C9 by

immunohistochemically staining in patient tissues was shown to be a very reliable indicator for
infection.
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Fgure 15 Immunohistological staining of the terminal complement pathway (C3, C5, C9) in periprosthetic tissue
shows a significant difference betweenthe septic and the aseptic cohort.

For the detection of the terminal complement pathwayin shoulder samples from septic (right) and aseptic (left) samples,
periprosthetictissue was immunohistologicallystained with anti-C3, anti-C5, and anti-C9 (red), and the cell nuclei were
stained with Dapi (blue). (A) Representative immunohistochemical staining of C3 with a magnification of 100x (above,
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scale bar: 100 um) and 630x (below; scale bar: 2 um) were given. (B) The quantification (septic: N= 9; aseptic:N = 9)
of the red fluorescence ofthe tissuearea was presented as a scatter dotplotand was given as mean + SEM. The septic
cohortwas presented in black (0.48 % £ 0.98 %), and the aseptic cohortwas presentedin lightgrey(0.08 % + 0.14 %).
The statistical analysis using the Mann-Whitney-U-Test showed a significant difference between the groups (p =
0.0315). (C) To analyse the predictive value of C3 as a biomarker for PJI using immunohistological staining in
periprosthetictissue, the percentof red fluorescence in the septictissue (sensitivity) was plotted againstthe percent of
red fluorescence in the aseptic tissue (100%-specificity). Using the respective fluorescentarea values for each sample,
the ROC curve calculated an AUC of 0.80. Using the Youden'’s criteria, the bestratio of sensitivity to specificity was
selected (red dashed line). The sensitivitywas 56 % (95 % of Cl: 26.67 % to 81.12 %) while the specificitywas at 100 %
(95 % of CI: 70.09 % to 100 %). (D) Representative immunohistochemical staining of C5 with a magnification of 100x
(above, scale bar: 100 um) and 630x (below; scale bar: 2 um) were given. (E) The quantification (septic: N = 9; aseptic:
N = 9) of the red fluorescence of the tissue areawas presented as a scatter dot plot and was given as mean + SEM.
The septic cohort was presented in black (0.24% + 0.08%), and the aseptic cohort was presented in lightgrey (0.04%
+ 0.07%). The statistical analysis using the Mann-Whitney-U-Test showed a significantdifference between the groups
(p = 0.0056). (F) To analyse the predictive value of C5 as a biomarker for PJI using immunohistological staining in
periprosthetictissue, the percentof red fluorescence in the septictissue (sensitivity) was plotted againstthe percent of
red fluorescence in the aseptic tissue (100%-specificity). Using the respective fluorescentarea values for each sample,
the ROC curve calculated an AUC of 0.88. Using the Youden'’s criteria, the best ratio of sensitivity to specificity was
selected (red dashed line). The sensitivity was 67 % (95 % of Cl: 35.42 % to 87.94 %) while the specificity was at89 %
(95 % of Cl: 56.50% t0 99.43 %). (G) Representative Inmunohistochemically staining of C9 with a magnification of 100x
(above, scale bar: 100 um) and 630x (below; scale bar: 2 um) were given. (H) The quantification (septic: N = 9; aseptic:
N = 9) of the red fluorescence of the tissue areawas presented as a scatter dot plot and was given as mean + SEM.
The septic cohortwas presentedin black (0.68 % + 0.16 %), and the aseptic cohortwas presented in lightgrey(0.09 %
+ 0.07 %). The statistical analysis using the Mann-Whitney-U-Testshowed a significantdifference between the groups
(p = 0.0008). To analyse the predictive value of C9 as a biomarker for PJI using immunohistological staining in
periprosthetictissue, the percentof red fluorescence in the septic tissue (sensitivity) was plotted againstthe percentof
red fluorescence in the aseptic tissue (100%-specificity). Using the respective fluorescentarea values for each sample,
the ROC curve calculated an AUC of 0.94. Using the Youden’s criteria, the best ratio of sensitivity to specificity was
selected (red dashed line). The sensitivity was 100 % (95 % of Cl: 70.09 % to 100 %) while the specificitywas at 89 %
(95 % of Cl: 56.50 % to 99.43 %).

In this part of my thesis, | investigated that a-defensin and CD68 showed no significant difference
between the aseptic and septic cohort. Using CD66b, C3, C5, and C9, a significant difference
between the septic and aseptic cohort could be shown. However, the detection of C9 with a
sensitivity of 100% and a specificity of 88.89% was shown to be a very reliable indicator for
infection.

3.4 Validation of C9 as possible Biomarker for the improved diagnosis of PJI

As the immunohistological staining of C9 showed the best predictive value for the PJI detection in
periprosthetic tissue (seenin 3.3) comparedto the other investigated terminal complementfactors,
| decided to validate this observation in another cohort of PJI. For this validation, 98 samples from
patients undergoing TKA and THA revision operations were used (see 3.1). Again, the cohorts
were divided into aseptic (40/98) and septic (58/98) according to the identification of the
microbiological diagnostic.

Both cohorts (septic and aseptic) were assessed for the presence of C9 using immunohistological
stainings. For the detection of C9, the periprosthetic tissue was stained with anti-C9 (red) while
the cell nuclei were stained with Dapi (blue) (fig. 16A). Representative immunohistochemical
stainings of C9 with a magnification of 400x were taken. On the left side, a sample of the septic

cohort was presented. The first picture showed the Dapi staining; the second picture showed the
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staining of anti-C9. The last picture showed a merged picture with both stainings. On the right
side, representative immunohistochemical staining of C9 in the aseptic cohort can be seen. Again,
the first picture showed the Dapi staining, the second the staining of C9, and the last a merged
version of both stainings. The red fluorescence was detectable in the septic slide, whereas the
aseptic slide showed no red fluorescence. Only in a few slides, the red fluorescence staining
observed partially in the aseptic tissue. For quantifying the staining (septic: N = 58; aseptic: N =
40), the red fluorescence of the tissue was presented as a scatter dot plot (fig. 16B). Using the
statistical examination of the Mann-Whitney-U-Test, the difference between both cohorts were
analyzed. The septic cohort (black) (mean £ SEM: 2.7% + 0.65%) was significantly (p < 0.0001)
increased compared to the aseptic cohort (mean £ SEM: 0.34% = 0.22%). To investigate the
predictive value of C9 as a biomarker for PJI, | plotted the percent of red fluorescencein the septic
tissue (sensitivity) against the percent of red fluorescence in the aseptic tissue (100 %-specificity)
(fig. 16C). The respective fluorescent area values for each sample showed a ROC curve with an
AUC value of 0.84. Using the Youden’s criteria, the threshold for the sensitivity and specificity (red
dashed line) was estimated. The sensitivity was at 89% (95% of Cl: 78.83 % to 96.11 %) while the
specificity was at 75% (95% of Cl: 58.80% to 87.31%). Using the classification of biomarkers (fig.4)
[146], C9 can be described as an excellent biomarker for immunohistochemical detection of PJI
in periprosthetic tissue.

Since C9 was not detected in all tissue samples using the septic cohort, the following paragraph
discusses which factors could influence the C9 detection in more detail.
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Fgure 16 Significant increase of C9-antibody in septic periprosthetic tissue
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(A) For the detection of C9 in THA and TKA samples from septic (right) and aseptic (left) s amples, periprosthetic tissue
was immunohistologically stained (right side) with anti-C9 (red), and the cell nuclei were stained with Dapi (blue).
Representative Immunohistochemically staining of C9 with a magnification of400x (scale bar: 50 um) was given. The
qguantification (left side) (septic: N = 58; aseptic: N = 40) of the red fluorescence ofthe tissue areawas presented as a
scatter dot plotand was given as mean + SEM. The septic cohort was presented in black (2.7% + 0.65%), and the
aseptic cohort was presented in light grey (0.34% + 0.22%). The statistical analysis using the Mann-Whitney-U-Test
showed a significant difference between the groups (p < 0.0001). (B) To analyse the predictive value of C9 as a
biomarkerfor PJlusing immunohistological staining in periprosthetic tissue, the percentofred fluorescence in the septic
tissue (sensitivity) was plotted againstthe percentofred fluorescence in the aseptic tissue (100% -specificity). Using the
respective fluorescent area values for each sample, the ROC curve calculated an AUC of 0.84. Using the Youden’s
criteria, the bestratio of sensitivity to specificity was selected (red dashed line). The sensitivity was 89% (95% of Cl:
78.83 % to 96.11 %) while the specificitywas at 75% (95% of Cl: 58.80% to 87.31%).

Next, | investigated if the detection of C9 may be pathogen dependent and certain pathogens
increase the detection level of C9 (fig. 17). Five bacteria that are most common in orthopedics;
are Staphylococcus spp.[72], Streptococcus spp., Enterococcus spp. [72] and Anaerobia [23, 80].
Therefore, the tissue of the septic cohort from THA and TKA samples were divided into the
following bacteria families: Staphylococcus spp. (N = 37), Enterococcus spp. (N = 3),
Streptococcus spp. (N = 5), Anaerobia (N =5) and Polymicrobial infections (N =6). Representative
immunohistological stainings were presented with a magnification of 400x (fig. 17A). C9 was
stained by anti-C9 (red), while the cell nuclei were stained blue with Dapi. In all various pathogen
stainings, red fluorescence was observed. In some cases, more fluorescence was suspected,;
therefore, a quantitative analysis was performed. For the quantitative analysis of the various
pathogen groups, the red fluorescence of the tissue was presented as a scatter dot plot and was
given as mean + SEM (fig. 17B). Between Staphylococcus spp. (1.75 % £ 0.49 %), Enterococcus
spp. (9.69 % + 4.27 %), Streptococcus spp. (5.1 % * 3.13 %), Anaerobia (1.86 % * 0.68 %) and
Polymicrobial infections (4.9 % + 4.15 %) were not significantly different measured, calculated by
a One-Way-ANOVA using Tukey’s multiple comparisons test as post-hoc.

The quantification of the C9 immunostaining showed no pathogen-dependent difference for C9.
Therefore, this indicated that the C9 detection in periprosthetic tissue by immunohistological
staining could be performed pathogen independently. These also suggested that other factors

may influence the detection of C9 in tissue.
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Fgure 17 No pathogen-dependent C9 detection was analyzed

(A) For the detection of C9 in THA and TKA samples from various bacteria samples (Staphylococcus, Enteroc occus,
Streptococcus, Anaerobia, Polymicrobial) of the periprosthetic tissuewas immunohistological stained (above) with anti-
C9 (red), and the cell nuclei were stained with Dapi (blue). Representative immunohistochemical staining of C9 with a
magnification of400x(scale bar: 50 um) was given. (B) The quantification (Staphylococcus spp.: N = 37, Streptococcus
spp-:N =5, Enterococcus spp.: N = 3, Anaerobia: N =5 and Polymicrobial infections: N = 6) of the red fluorescence of
the tissue area was presented as a scatter dot plot and was given as mean + SEM for Staphylococcus spp.(1.75 % +
0.49 %), Enterococcus spp.(9.69 % +4.27 %), Streptococcus spp. (5.1 % £ 3.13 %), Anaerobia (1.86 % £ 0.68 %) and
Polymicrobial infections (4.9 % + 4.15 %). The statistical analysis using the Mann-Whitney-U-Testshowed no significant
difference between the groups.

As the CRP is involved in the activation of the complement cascade (40), | tested whether the
CRP value of each patient in the septic cohort would correlate with the amount of red fluorescence
of the C9 staining from the septic cohort. (fig. 18A). The respective values were plotted and
analyzed using a linear regression (Spearman r = 0.01315; 95% CI = -0.008875 to 0.02146, p =
0.4090; N = 54). | observed that non-significant correlation between both parameters was
apparent. As the complement pathway is reactivated upon an infection very early, | wanted to
investigate the correlation between the implantation time and C9 (fig. 18B). Again, a linear
regression (Spearman r = 0.011332; 95% CI = -0.02274 to 0.02270, p = 0.09985; N = 53) was
done and showed no significant correlation between these two groups.

As bacterial infection can be defined as (early, delayed- and late-onset infection), | wanted to
investigate if the type of infection influences of the amount of C9 present in the tissue. For the
guantification, the samples shown in fig. 18C were subdivided into early (>3 months after
implantation, N = 12), delayed (3 — 12 months after implantation, N = 14) and late (<12 months
after implantation, N = 27) infection. The red fluorescence of the tissue area was presented as a
scatter dot plot and was given as mean = SEM; for better visualization, the samples were plotted
logarithmically. Using a One-Way-ANOVA, the statistical difference was calculated. No significant
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difference (Early vs Delayed: 0.5372; Early vs. Late: 0.2632; Delayed vs. Late: 0.9206) was
observed between early (0.97 % + 0.41%; N = 12), delayed (3.11 % + 1.06 %, N = 14) and late
(3.76 % + 1.24 %, N = 27) infections.

After carefully testing the C9 detection in the periprosthetic tissue of the septic cohort, the test
results showed that C9 was detectable independently from the pathogen family, the CRP value,
implantation time, and infection classification.
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Fgure 18 No correlation between the amount of red fluorescence of C9 between the CRP value, implantation
time and infection classification

(A) In order to testthe relation between C9 and the CRP value the respective values were plotted againsteach other.
The groups did not correlate with each other (Spearmanr =0.01315;95% CIl= -0.008875t0 0.02146,p = 0.9016;N =
54). (B) In order to test the relation between C9 and the implantation time the respective values were plotted against
each other. The groups did not correlate with each other (Spearmanr =0.011332;95% Cl = -0.02274to 0.02270,p =
0.09985;N =53). (C) To investigate if the type of infection (early: <3 months afterimplantation;N =12, delayed:3 — 12
months afterimplantation, N = 14; late: <12 months afterimplantation, N = 27) have aninfluence of the detection of C9
immunostaining in periprosthetic tissue. A scatter dot plot was used for quantification and was given as mean + SEM
(early: 0.97 % + 0.41%; N =12, delayed: 3.11 % + 1.06 %, N = 14, late: 3.76 % + 1.24 %, N = 27), for better visibility
the samples were plotted logarithmically. The statistical analysis using a One-Way Anova showed no significant
difference between the groups (Early vs Delayed: 0.5372; Early vs. Late: 0.2632; Delayed vs. Late: 0.9206).
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As a-defensin is described to show cross reactivity in the presence of metallosis [159] and
crystallopathies [160], | analyzed whether C9 can be detected in periprosthetic tissue of these
conditions.

For this investigation, | analysed 110 patients undergoing primary knee and hip implantation.
Except for the septic group, these patients were not used from the previously listed cohort (see.
3.1). I included four groups subdivided according to their inflammatory joint conditions in septic
(58), Chondrocalzinosis (CC: N = 19), Rheumatoid Arthritis (RA: N = 17), and abrasive wear
particles (N = 16) (table 17). According to the clinical diagnosis, 36 males and 22 females with an
average age of 72 £ 9 were included in the septic cohort. In the CC cohort, 15 males and 4 females
with an average age of 67 + 11 were analysed. Two males and 15 females with an average age
of 66 + 18 were included in the RA cohort. In the cohort with abrasive wear particles, 5 males and
11 females with an average age of 70 + 13 were included.

As shown in the analysis before (fig. 15 and 16) there was no difference in the C9 detection
depending on the infected joint. Therefore, the periprosthetic tissue was collected from either
shoulder, knee, or hip surgeries. 22 TKA and 36 THA were included in the septic cohort, while the
CC cohort contained 19 TKA. In the RA group, 6 samples were collected from TKA, 5 from THA,
2 from TSA, and 2 from TTA, while in the wear particles cohort, 4 TKA and 12 THA samples were

obtained.

Table 17 Biometric characteristics of the study population

Cohort Number Sex Age [yr] Location
Septic 58 436 @ 22 72+ 9 TKA: 22 THA: 36
CcC 19 31524 6711 TKA: 19 THA O
RA 17 32215 66 + 18 TKA: 6 THA: 5
TTK: 2 TSA: 2
Wear particles 16 35911 70+ 13 TKA:4 THA:12

The four cohorts (septic, CC, RA, and wear particles) were assessed for the presence of C9 using
immunohistological staining. For the detection of C9, the periprosthetic tissue was stained with an
anti-C9 antibody (red), while the cell nuclei were stained blue using Dapi (fig. 19A). Representative
immunohistochemical staining of C9 with a magnification of 400x can be seen in fig. 19A. The
staining of the septic samples (left above) showed more red fluorescence compared to the CC
(right above) and RA (left below) samples. In the tissue containing wear particles (right below),
some C9 staining was detected. For the quantification of this observation, the C9 staining of the
septic (N = 58), CC (N = 19), RA (N = 17), and wear particle-containing tissues (N = 16) are
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depicted as a scatter dot blot (mean £ SEM) (fig. 19B). The septic cohort is shown as black circle
while the other inflammatory joint conditions are shown in light grey (CC g: 0.25 % + 0.16 %; RA
A:0.09 % + 0.04 %; wear particles V:0.51 % + 0.22 %). A One-Way-ANOVA with Dunn's post-
hoc was performed for the statistical analysis, comparing the various inflammatory joint conditions
with the septic (2.74 % + 0.65 %) cohort. The septic cohort showed a significant (p = 0.0004)
increase in C9 staining compared to the CC cohort. The detection of C9 in RA tissue was
significantly lower than in the septic cohort (p = 0.0009). The detection of C9 in the periprosthetic
tissue containing metallic wear particles showed no significant (p = 0.2224) difference to the septic
cohort.

To analyse the predictive value of C9 as a biomarker for PJI, | plotted the percentage of red
fluorescence in the septic tissue (sensitivity) against the percent of red fluorescence in the CC
tissue (100%-specificity) (fig. 19C). The ROC curve showed an AUC of 0.78 for the distinction
between CC and PJI. Youden’s index was used to calculate the sensitivity and the specificity (red
dashed line). The sensitivity was 94 % (95 % of Cl: 73.97 % to 99.87 %) while the specificity was
at 57 % (95 % of CI: 43.23 % to 69.84 %).

The same analyses were carried out for the comparison between C9 staining in septic tissue
(sensitivity) and RA tissue (100%-specificity) (fig. 19D). The ROC curve showed an AUC of 0.77.
Again the sensitivity and the specificity were considered using the Youden’s index (red dashed
line); the sensitivity was 76 % (50.10 % to 93.19 %) while the specificity was at 76 % (95 % of CI:
62.83 % to 86.13 %).

The same analyses were performed for C9 staining in the septic tissue (sensitivity) compared to
the C9 staining tissue containing abrasive wear (100%-specificity) (fig. 19E). Using the respective
fluorescent area values for each sample, the ROC curve calculated an AUC of 0.62. Using the
Youden’s criteria the best ratio of sensitivity to specificity was selected (red dashed line). The
sensitivity was 81 % (95 % of Cl: 54.35 % to 95.95 %) while the specificity was 52 % (95 % of ClI:
38.22 % to 65.05%).

After carefully testing possible cross-reactions for the detection of C9 using other inflammatory
joint conditions (e.g., CC, RA, and abrasive wear) in comparison to the PJI cohort, it was shown
that the C9 immunohistological staining could help to give a more detailed diagnosis to detect an
infection. Patients with CC and RA would not need to be excluded as they do not show cross-
reactivity with the staining. Due to the high sensitivity of 89% and specificity of 75% shown in this

thesis, C9 could work as a Biomarker to indentify Infections.
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Fgure 19 Significant increase of the detection of C9 in periprosthetic tissue with infection compared to tissue
with rheumatoid arthritis and chondrocalcinosis

(A) For the detection of C9 in THA and TKA samples from septic (left abowve), chondrocalcinosis (CC) (left above),

rheumatoid arthritis (right below), and abrasive wear (right below), periprosthetic tissue were immunohistologically
stained with anti-C9 (red), and the cell nuclei were stained with Dapi (blue). Representative immunohistochemical

staining of C9 with a magnification of400x (scale bar: 50 um) are given. (B) The quantification (infection e: N =58; CC
mN=19;RA A N =17;abrasivewear ¥ N = 16) of the red fluorescence ofthe tissue area was presentedas bar chart
and was given as mean = SEM. The septic cohortwas presented in black (2.74 % £ 0.65 %), CC was presented in light
grey (0.25% + 0.16 %), as wellas RA (0.09 % + 0.04 %) and abrasive wear (0.51 % + 0.22 %).The statistical analysis
using a One-way-Anova with Dunn’s post-hoc showed a significant difference between septic and CC (p = 0.0004),
septicand RA(p = 0.0009), and no significantdifference between septic and abrasive wear (p =0.8601). (C) To analyse
the predictive value of C9 as a biomarker for PJl using immunohistological staining in periprosthetic tissue, the percent
of red fluorescence inthe septictissue (sensitivity) was plotted againstthe percentofred fluorescence inthe CCtissue
(100%-specificity). Using the respective fluorescentarea values for each sample, the ROC curve calculated an AUC of
0.78. Using the Youden'’s criteria the bestratio of sensitivityto specificity was selected (red dashed line). The sensitivity
was 94 % (95 % of Cl: 73.97 % to 99.87 %) while the specificitywas 57 % (95 % of Cl: 43.23 % to 69.84 %). (D) The
same was carried outfor the percentof red fluorescence in the septictissue (sensitivity) plotted againstthe percentof
red fluorescence inthe RA tissue (100%-specificity) Using the respective fluorescentareavalues for each sample, the

ROC curve calculated an AUC of 0.77. Using the Youden’s criteria the bestratio of sensitivityto specificitywas selected

(red dashed line). The sensitivitywas 76 % (50.10 % to 93.19 %) while the specificitywas 76 % (95 % of Cl: 62.83 %
to 86.13 %). (E) The same was carried out for the percent of red fluorescence in the septic tissue (sensitivity) plotted
againstthe percent of red fluorescence in the abrasive weartissue (100%-s pecificity) Using the respective fluorescent
area values for each sample, the ROC curve calculated an AUC of 0.62. Using the Youden’s criteria the best ratio of
sensitivityto specificitywas selected (red dashed line). The sensitivitywas 81 % (95 % of Cl: 54.35 % to 95.95 %) while
the specificitywas 52 % (95 % of Cl: 38.22 % to 65.05%).
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4. Discussion

Culture-negative periprosthetic joint infections (CN-PJIs) are occurring with an incidence of 7%
[68]. Typical inflammatory factors characterize them, but no bacteria can be detected in
microbiological cultures.This could be due to the pre-administration of antibiotics or the presence
of biofilms. Therefore, the screening process of std. microbiological diagnostic is disturbed in these
cases [69]. However, there are also cases in which no clinical signs of inflammation could be
detected and the std. microbiological diagnostic could not identify pathogens while an infection is
present. These CN-PJIs are classified as false-negative and usually assumed to be aseptic
loosening cases [69, 70]. The problem is that the typically applied screening method of tissue
culturing [71] is in some cases not sensitive enough. Therefore, there is a need for biomarkers to
secure the diagnosis in unclear cases. One of the most promising biomarkers for detecting
infections is a-defensin [147, 148] and is already part of the MSIS criteria for PJI diagnostics [27]
(fig. 2). However, the ELISA-based detection of a-defensin in synovial fluid of patients does not
work in the presence of metallosis or crystallopathies, which makes this biomarker less reliable
under these conditions [159] [160]. Therefore, the need for alternative biomarkers to support the
detection of PJI is essential. The main goal of this thesis was to investigate an alternative

biomarker for the detection of PJI.

4.1 The demographic data of the cohorts

In the first part of this thesis, the demographic data of the cohorts were described (table 13). |
considered different factors, e.g., age, site of infection, and sex, which might influence the
occurrence of PJI. In this thesis, 178 patients were hospitalized for revision surgery on the hip
(THA), knee (TKA), and shoulders (TSA) and were included in the cohort. The reasons for revision
were due to septic (95/178) or aseptic (81/178) conditions; therefore, the samples were divided
into these two cohorts. The average age in the septic cohort was 73 * 9 years, while the average
age of the aseptic cohort was 70 *+ 12 years. Using the Gaussian distribution (fig. 7A), | observed
that more septic and aseptic revision were done within an age range of 70 to 75 years. The
literature described that patients aged 65 to 75 years have a 3.36-fold higher risk of getting a PJI
than those aged 45 to 65 [190]. Concerning this, in my cohort, this observation was confirmed. It
has been discussedthat elderly patients tend to have a high risk of infection due to their weakened
immune system and their poor diet [190].

Furthermore, the literature describes that males have an increased risk of getting a PJI than
women [20, 21]. In the septic cohort, there were 57 males, and 38 females, the distribution in the
aseptic cohort was more homogeneous with 42 males and 39 females (fig. 7B). More males
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contract a PJI due to the gender-specific difference in the immune system, as women generate
stronger immune responses [191]. Other studies have shown that women are less susceptible to
viral infections [192, 193] and bacterial infections due to their increased immune reactivity [194].
In contrast, men have a higher prevalence of bacterial and parasitic infectious diseases [195]. This
observation was also confirmed in my cohort, where more males had an infection than women.
Many different factors influence the risk of infection, but regardless of gender and age, the implant
region also seems to influence the infection rate. It has been described that THA are less
frequently infected (incidence: 1%) compared to TSA and TKA (incidence: 2%) [16]. This
observation, however, could not be confirmed in the present cohort. The septic cohort, with a total
of 95 patients, was divided into 42 % (40/95) THA, 39 % (37/95) TKA, and 19 % (18/95) TSA. In
comparison, the aseptic cohort was divided into 36 % (29/81) THA, 41 % (33/81) TKA, and 23 %
(19/81) TSA (table 13). The number of THA and TKA in this study was similar, but septic TSA
were observed about half frequently. Another study showed that the infection rate between THA
and TKA endoprostheses hardly differed about 2 - 2.24 % [196]. In some cases, it is described
that THA infections were observed more frequently when they were performed in a direct anterior
surgical approach [197]. This could be attributed to the surgical technique used, as the
implantation technique is critical for the incidence of infection [198].

Comorbidities, including diabetes, renal disease, and cardiac insufficiency, have also been
associated with an increased risk for PJI [18] (table 14). In my septic cohort, | observed a higher
number of patients suffering from renal and cardiac insufficiency compared with the aseptic cohort.
In contrast, the number of diabetes in the septic and aseptic cohort was similar. Other
comorbidities were found less frequently in both cohorts. However, it was shown in another study
that diabetic patients with chronic kidney disease (CKD) have a higher risk of developing PJI than
the patients without CKD [199]. In addition, an in vitro study showed that biofilm formation was
enhanced in the presence of elevated glucose concentration, such as in diabetes patients [24].
This suggests that the interaction of diabetes together with other diseases increases the chance
of getting a PJI. This factwas also observed in this thesis, as 65 patients suffered from more than
one comorbidity. However, the clinic is a tertiary referral center, particularly severe patient cases
being treated here. Therefore, the number of comorbidities was exceptionally high in both cohorts.
Furthermore, the population of Saxony-Anhalt, with an average age of 47.9 years, has the oldest
population in Germany [200], with high numbers of diabetes mellitus, obesity, and hypertension
[201]. Furthermore, this study also did not use a consecutive cohort but rather a case-control
study. This could also have implications for the incidence of comorbidities.

The literature describes that PJIs occur more frequently after the first 3 months following joint

implantation than PJIs that occur after 12 months following joint implantation [60, 202]. Based on
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the classification of the PJI shown in the introduction (see 1.1.2), more early PJIs occurs than late
PJis [60, 202]. In this cohort, late PJIs (>12 months after implantation) were observed in 58 %
(48/83) of all cases. In comparison, 24 % (20/83) were delayed infections (3 — 12 months after
implantation), and early infections (<3 months after implantation) were about 18 % of all cases
(fig. 7C). Early and delayed infections are more likely to be caused by intraoperatively acquired
bacteria [23]. Therefore, prophylactic antibiotics are often administered to reduce the risk of
infections [203]. Because late infections are often acquired later on by hematogenous pathways,
the antibiotics administered directly during or after the surgery have no effect [204]. The
combination of optimized sterile working conditions during the surgery [205, 206] and antibiotic
treatment pre-operatively [207, 208] should reduce the risk of contamination; therefore, early and
delayed infections should occur less frequently [209]. Whether this also applies to my cohort is
speculation However, it can be assumedthat the surgical guidelines performed in this clinic reduce
the risk of contamination through hygiene regulations and disinfection [210]. However, as the
Department of Orthopaedic Surgery of the university hospital Magdeburg is a tertiary referral
center, my cohort consists mostly of patients with more complicated cases. Most likely, more
revision cases are operated in the department Contrary to the literature, this could explain my
cohort's many observed late infections [61]. Patients may be referred from other clinics because
of non-specific pain of the joint, whichis typical for late infections [65], has not been diagnosed as
infection and was identified in my department during pre-operative biopsy cultures.

Since an increased number of late infections occurred in my cohort, it was expected that the
pathogen spectrum consisted of a higher number of anaerobic bacteria [65] [62, 63]. As described,
anaerobic bacteria are slow-growing and are often identified in late infections [211]. Nevertheless,
in this cohort, most PJIs were caused by Staphylococcus spp. (58%) and polymicrobial infections
(16%). Anaerobia (11%) were found a bit more frequently than Streptococcus spp. (8%), and were
more prevalent than Enterococcus spp. (5%) (fig. 8A). My cohort's high incidence of
Staphylococcus spp. aligns with the literature, as it is one of the most common pathogens found
in a PJI [72]. Bacteria such as Streptococcus spp. or Enterococcus spp. have been described to
occur less frequently in PJIs [72], which is in line with the observations in my cohort. Anaerobia
can also cause a PJI, but they are less familiar with approximately 3 — 6 % of PJIs [23, 80], which
were slightly increased in my cohort with 11%. In comparison, polymicrobial infections have been
identified to cause up to 6% to 37% of all PJIs [83-85]. Similar to the literature, | also observed
16% of cases of polymicrobial infections. Furthermore, the pathogen spectrum was subdivided
according to the site of implants, suchas THA (fig. 8B), TKA (fig. 8C), and TSA (fig. 8D). Again,
for each implantation site Staphylococcus spp. was the most frequently found pathogen.

Interestingly, TSA had the slightest variation in the pathogen spectrum but an increased number
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of anaerobia in comparison to the THA and TKA groups. Especially C. acnes, a typical anaerobia
in PJI, has been described as highly frequently associated with shoulder PJIs [212]. That may be
because of the high concentration of sebaceous follicles in this area [81, 213, 214], which is one
of the most frequent sites of occurrence for C. acnes [212]. More polymicrobial (15%) infections
in my cohort were detected in THA than TKA (5%). This finding has been observed in a previous
publication showing that anaerobic and polymicrobial infections occurred more frequently in THA
than in TKA [215].

4.2 Serum inflammatory markers are not indicative of the presence of PJI
To identify a PJI, the Musculoskeletal Infection Society (MSIS) [27] described diagnostic criteria,

which combine clinical and laboratory parameters (fig. 2).

Typical serum markers for the detection of PJI included the white blood cell (WBC) count and C-
reactive protein (CRP), which are classified as minor factors (fig. 2) [36]. The WBC count is less
than 10 Gpt/l in a healthy person, while the CRP value in a healthy patient is less than 5 mg/l [42].
In this thesis, the WBC count of the septic cohort and the aseptic cohort were compared. These
results (fig. 9A) revealed no significant difference between both cohorts. It was expected that in
the septic cohort, more patients had a WBC above the threshold of 10 Gpt/l, but only 30 % (27/91)
of the patients had an elevated WBC while the remaining 70 % (64/91) had a decreased WBC
count. Recent literature described that the WBC is not an objective criterion for identifying a PJI
[216]. Thus, the WBC has a sensitivity of only 20 % and a specificity of 96 % [217]. The sensitivity
increases to only 79.2 % during acute postoperative infection, and the specificity decreases to
46.3 % [218]. In contrast to Zmistowski et al., who suggested that the WBC count is a good
indicator of PJI and is elevated in septic problems [219], | observed that the WBC could not be
indicated whether there was infection PJI present or not.

Therefore, the CRP levels of the septic and aseptic cohorts were compared with each other. CRP
is a very sensitive marker for PJI, which, however, has low specificity, as it can be influenced by
other inflammatory diseases [220, 221]. The cohort studied in this thesis confirmed this
observation. 58% of the aseptic cases showed an elevated CRP value (fig. 9B). In addition, 7% of
the patients in the septic cohort had a CRP value below the pathologic threshold of 5 mg/l.

If there is a clinical suspicion of PJI that the MSIS criteria can confirm, it is not difficult to identify
a PJl and initiate the correct treatment. The problem is when the clinical suspicion suggests a PJI,
but it cannot be confirmed by the MSIS criteria [222]. The false-negative diagnosis of CN-PJI

occurs in up to 7% of all PJI cases [68]. Therefore, how accurate the standard (std.) microbiological
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diagnostic could identify a pathogen in periprosthetic tissue cultures and whether other techniques

come to the same result.

4.3 Dithiothreitol and Next Generation Sequencing showed Similar

Diagnostic Security as Periprosthetic Tissue Cultures to Diagnose a PJI

Microbiological diagnosis is often considered insufficient for a reliable diagnosis of PJI, as several
factors can influence the sensitivity and specificity of the analysis [118, 223-225]. These factors
include contamination of fluids or tissue biopsies, a biofilm that could complicate the screening
method, and even antibiotic pre-treatment can confound the results [226-228]. Dithiothreitol (DTT)
could be used to destabilize the extracellular matrix of biofilms on orthopedic implants by reducing
the disulfide bonds between polysaccharides and proteins [122]. A specially designed device
(NCS Lab Srl, Carpi, Italy) was used to store the implant under sterile conditions after the
explantation directly After the explantation of the potentially infected implant, the prosthesis gets
stored in the sterile bag and rinsed with the DTT solution. This treatment is thought to dissolve the
adherent biofilm. Part of the DTT solution was subsequently used for microbiological diagnostics
in bacterial cultivation from this fluid. Since NGS is also becoming important in diagnosing PJI
[103, 104], the other syringe containing the DTT solution was used for DNA isolation and NGS
(fig. 6).

Since microbiological standard periprosthetic tissue cultivation was performed for the routine
diagnosis according to the MSIS criteria [27], these results were used as a reference. The DTT
solution for culturing and for NGS analysis was compared with the results obtained from
microbiological diagnostics.

This thesis, investigated 66 patients undergoing septic (28) and aseptic (38) hip and knee
revisions. In the first part, | compared the std. diagnostic using tissue culturing versus (vs) the DTT
culturing method (table 15). The results from the septic cohort showed that tissue culturing might
be superior to DTT culturing. 25% of the cases were not detected as septic by DTT culturing. This
confirms the results from Randau et al. 2021, where he proposed that the pathogen detection
based on DTT cultures was less sensitive than bacterial cultures from intraoperative tissue
biopsies [124]. However, DTT cultivation was able to identify pathogens in three (#48, #94, #53)
of the aseptic cases (fig. 10B), but these findings were not confirmed using tissue cultures. Patient
#48 showed a positive culture of S. aureus, while S. agalactiacea was found in patient #94. In
patient #53 C. avidium, an anaerobia was identified using DTT cultures. As anaerobia are more
difficult to culture, there could be a low-grade infection that was not detected by the std.

microbiology using tissue cultures. The use of DTT may have destabilized the biofilm [121],
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leading to a release of the bacteria on the implant. In patient #48 and #53 the CRP value was also
slightly increased with 10.1 mg/l (#48) and with 23.9 mg/l (#53). In patient #94, no pre-operative
CRP was examined, which is why no statement can be made in this regard. However, the patient
had a relatively short implantation time of 6 months. Since S. agalactiacae is primarily responsible
for early and delayed PJlIs [229], a possible CN-PJI could also be identified here. Furthermore,
patient #94 was the only one in whom the detection of bacteria was positive in both DTT cultivation
and NGS. In 67% (20/30) of the samples, the same pathogen was identified by both techniques.

The literature describes that CN-PJI can occurin up to 7% of cases [68]. In this thesis, the number
of CN-PJI would be 8% (3/38) and would, therefore, be consistent with the literature. To analyse
the predictive value of DTT culturing as a diagnostic method for PJI, | calculated the sensitivity
(DTT culturing) against the 100%-specificity (tissue culturing). The comparison revealed a
sensitivity of 75% and a specificity of 92% for the microDTTect device while using DTT cultures
and the results from tissue culture as a control. In other studies, it was already shown that bacterial
biofilms can be destabilized by DTT and were subsequently cultivable [121]. In the study from
Drago et al., DTT was compared with sonication and displayed equivalent results; another study
also described [123]. Through my thesis, it was again shown that DTT cultivation could detect
possible CN-PJIs. Whether these were actual CN-PJIs is ultimately difficult to validate. Further
studies should be performed to improve the diagnosis of PJls, which would further reduce the
number of CN-PJIs.

As NGS is described as a proper alternative technique in diagnosing PJI [116, 230], | compared
the tissue culturing method from the std. microbiological diagnostic, with the DNA that was isolated
from microDTTect solution and analyzed with NGS. The results showed (table 16) that bacterial
DNA could not be detected in 29% of the samples from the septic cohort. These results indicate
that tissue culture might be superior to NGS-based pathogen detection. In contrast, bacterial DNA
was detected in 21% of the aseptic cases. Only in one case (#94) could a pathogen could be
detected using DTT cultivation but not with the tissue cultivation technique, which indicated a
possible CN-PJI. In the other seven cases, no cultivation method could identify a pathogen.
Furthermore, only one case (#13) showed an elevated CRP of 10 mg/l. I, therefore, propose that
these samples were contaminated during the isolation process. Due to the high sensitivity of NGS,
it is susceptible for contamination and false-positive results [231, 232]. In addition, a meta-analysis
showed that the sensitivity and specificity of NGS are lower than previously reported [233]. To
analyze the sensitivity and specificity of NGS from DTT solution, | calculated the sensitivity (NGS)
against the 100%- specificity (tissue culturing), using the std. diagnostic microbiology tissue
culturing as reference. The comparison showed a sensitivity of 71% and a specificity of 79% for

NGS from the DTT solution. This was lower than the sensitivity and specificity of the DTT-based
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bacteria cultures. However, NGS can detect bacteria that are difficult to culture, the pathogen
spectrum identified in std. microbiology using tissue cultures and NGS from DTT solution was
similar in 30% (11/37) for the septic cases. Interestingly, NGS was able to detect more
polymicrobial infections compared to the other cultivation techniques. Furthermore, the
characterization of polymicrobial infections might be easier and more precise [104, 234]. As in
polymicrobial cultures, faster-growing bacteria can overgrow slower-growing bacteria [235], only
one bacteria can be identified.

It is possible that other factors could have influenced and limited the results of these experiments.
First of all, only a low number of polymicrobial and anaerobic infections were included according
to the std. microbiological diagnostic using tissue cultures. This concludes the possible superiority
of NGS compared to the routine microbiological diagnostic difficult. Furthermore, the NGS-based
detection method did not include the examination of RNA. NGS for DNA only detects the presence
of pathogens [236-238]. RNA would indicate the activity of a pathogen. However, using the
microDTTect device, it was impossible to isolate RNA from the samples, as it is processed at RT
for 1h after the explantation of the implant, possible RNA components may be destroyed.

These results highlighted the importance of the std. microbiological diagnostic using tissue culture,
as it is a well-established method to diagnose a PJI. So far, microDTTect analysis by DTT
cultivation and NGS showed promising results, but they were not superior to the std.
microbiological diagnostic using tissue cultures for the identification of bacteria. Comparing the
DTT culturing with the tissue culturing, a few samples showed different results, which might
indicate CN-PJI in 8% (3/38) of the aseptic cohort. Therefore, establishing a new and more reliable
methodology to facilitate the detection of PJIs is essential. Using a specific indicator for a more
secure PJI analysis could help to improve the treatment of PJI patients. Therefore, a biomarker
for PJI identification would be helpful in questionable cases.

4.4 Parts of the terminal complement pathway can be used as a biomarker

for the diagnosis of PJI

The identification of a PJI is based on the MSIS criteria (fig. 2) [27]. Here, the patient had at least
one of the major criteria or a score over six from the minor criteria when classified as septic for my
study. The interaction of serum markers, histology, microbiology, and anamneses already
achieves good results for diagnosing a PJI. Especially the std. microbiological diagnostic using
tissue cultures work very accurately, as shown in this thesis (see 4.3). Nevertheless, this thesis
also shows that the typical serum markers like WBC and CRP were vulnerable as a biomarker for

PJI. These markers can be easily influenced by other factors [147]. Another biomarker proposed
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to improve the identification of a PJl and is also part of the minor MSIS criteria is a-defensin [27].
a-defensin is one of the most promising published biomarkers for PJI so far [147, 148]. The
detection of a-defensin in synovial fluid of potential PJI patients by an ELISA showed a sensitivity
of 100% and a specificity of 95% [29, 152-154]. Unfortunately, a-defensin was also detected in
the presence of metallosis and crystallopathies in the synovial fluid [160] [33, 159]. A study from
2020 announced the use of the a-defensin test in the routine analysis of a PJI to test cases in
which PJI was not diagnosed directly [31]. It was suggested that the a-defensin biomarker should
only be used as a supplementary method [108] is unclear cases [31]. The need for alternative
biomarkers to support the detection of PJI or other identification is still needed. In cancer
diagnosis, identifying a specific protein to classify a tumor is performed mainly by
immunohistochemistry in the tissue and is the gold standard in this field [239]. Using
immunohistochemistry, proteins can be visualized in tissue by specific fluorescent antibodies [240,
241]. In oncology, the immunohistochemistry technique is already being used for precise analysis
and a substitute for other methods, as it is faster and less expensive. [242].This led to the second
aim of this thesis, as | wanted to detect different proteins by immunohistological staining as an
alternative biomarker for PJI.

For this purpose, the periprosthetic tissue of patients from the septic and aseptic PJI was stained
immunohistologically with fluorescence antibodies against different proteins. As a-defensin has
been described to be the most promising biomarker for synovial fluid-based diagnosis so far [147,
148], the periprosthetic tissue was first stained with an antibody against a-defensin. | found a-
defensin in the septic as well as the aseptic tissue. Using quantitative analysis of tissue staining,
| observed no statistical difference between both cohorts. As mentioned before, a-defensin
detection was not specific in cases of metallosis, where false-positive results were described [159].
The abrasive wear particles in the aseptic tissue might have interfered with the detection of a-
defensin in my cohort. It cannot be ruled out that the metal particles have an auto-fluorescence,
as this was already described for plastic particles [243, 244]. The auto-fluorescence would lead to
false-positive results.

The analysis of a predictive value of a-defensin as a biomarker for PJI showed an AUC at 0.68
(fig. 12C). According to the classification of biomarkers [146] (fig. 4), the immunohistological
staining for a-defensin would be classified to be a fair biomarker for the identification of infections
in periprosthetic tissue. In this thesis, | calculated a sensitivity of 55.56 % and a specificity of
88.89 % for immunohistological a-defensin staining. The tissue staining showed less sensitivity
(100%) and specificity (95%) than the ELISA from synovial fluid for the detection of a-defensin
[29, 152-154]. As a-defensin was also only rarely detectable in the septic tissue and seen in the
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aseptic tissue, | propose that a-defensin staining as a biomarker for PJI exhibits a low predictive
value.

During the histopathological diagnostic for identifying a PJIl, macrophages and neutrophils are
used as a marker for inflammation and as an indicator for potential infection [49, 50]. During the
cellular host defense, the recruitment of macrophages to the infected area is an essential process
in the defense against bacteria [50]. In routine histopathology, CD68 is used as a marker to detect
macrophages [135]. CD68 expression in macrophages is triggered upon an inflammatory
response induced by ,e.g., bacterial lipopolysaccharide (LPS) or the inflammatory cytokine
interferon-y (IFN-y) [136]. To date, CD68 has been used as a biomarker to identify tumor-
associated macrophages (TAMs) [245, 246]. As a biomarker for the detection of PJI, it was only
rarely described to date [33]. Therefore, septic and aseptic tissue were stained with an antibody
for CD68. | was able to detect CD68 in septic as well as in aseptic tissue. The statistical
significance showed no difference between both cohorts (fig. 13B). It is assumed that
macrophages are recruited into the tissue with abrasion particles in cases of aseptic implant
loosening [133]. Macrophages phagocytose the abrasion particles, which leads to the secretion of
pro-inflammatory cytokines in the respective tissue [247, 248]. Due to this, macrophages are
predominant cells in particle-induced osteolysis [54, 55]. In septic tissue, macrophages are part of
the first line of defense against bacteria, as they remove the pathogens by phagocytosis and
recruit other immune cells to the infected area. Therefore, they have been suggested as an
indicator of septic complications [186]. The ROC curve showed an AUC of 0.73 (fig. 13C), based
on the biomarker classification [146] (fig. 4); this corresponds to an acceptable biomarker. The
sensitivity of CD68 was 100%, while the specificity was 66%. This indicated a low predictive value
of CD68 staining as a biomarker for PJI.

On the one hand, neutrophils are found in increased amounts under inflammatory pathological
conditions. They are involved in processes such as eliminating bacteria; on the other hand, they
are essential in repairing tissue [49, 50]. CD66b is a marker for neutrophils and is located in
granules. It is expressed by granulocytes and helps in the aggregation of neutrophils [140, 141].
Therefore, | investigated if CD66b was detectable using a specific antibody for immunohistological
staining of septic and aseptic periprosthetic tissue. | found CD66b in septic and in aseptic
periprosthetic tissue; a statistical significance between both cohorts could be observed (fig. 14B).
This confirms previous reports in the literature, where it was described that CD66b was mainly
detected in septic tissue of infected patients [139]. Unfortunately, CD66b was also detectable in
aseptic periprosthetic tissue. The literature describes that nanoparticles generated by wear from
implants materials can recruit neutrophils to immigration into the tissue. One study showed that a

sterile inflammatory response to implant wear debris in mice resulted in the recruitment of active
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neutrophils into the tissue [56]. Likewise, neutrophils bind to sterile implant surfaces after
implantation and release extracellular DNA, called NETosis (neutrophil extracellular traps) [57].
Neutrophils can generate extracellular fibers to enhance their antimicrobial properties by releasing
NETSs, killing bacteria extracellularly [249]. Therefore, my observations need to be interpreted with
care, and further research on the presence of CD66b in tissue from aseptic loosening patients
should be performed. For the analysis of the predictive value of CD66b as a biomarker for PJI, the
ROC curve showed an AUC of 0.65 (fig. 14C), based on the biomarker classification [146] (fig. 4)
this corresponds to a fair biomarker. The sensitivity of CD66b was 63%, while the specificity was
72%.

The complement pathway is an important defense mechanism of the human body against
bacteria. An essential function of the complement pathway is the labeling of pathogens for
phagocytosis (opsonization), the formation of pro-inflammatory mediators (anaphylatoxin), and
the lysis of pathogens by the membrane attack complex (MAC), activated by the terminal
complement pathway [161]. There are three different activation ways of the complement pathway,
all leading to the activation of the C3 convertase, with the subsequent cleavage of C5 [165, 166)].
The terminal complement pathway gets initiated by the cleavage of C5 [162] and forms the MAC
through the combination of C6 to C9 [167]. Therefore, the periprosthetic tissue of septic and
aseptic periprosthetic tissue samples were immunohistochemically stained with antibodies against
C3 (fig. 15A), C5 (fig. 15D), and C9 (fig. 15G). | detected the proteins C3, C5, and C9 in the
periprosthetic tissue of PJlI samples. In comparison, there was significantly less staining for C3,
C5, and C9in the asepitic tissue (fig. 15B, 15E, 15H). The statistical significance for distinguishing
between septic and aseptic tissue became stronger the further down the protein was detected in
the terminal complement cascade. After the invasion of a pathogen in the human body, the
complement pathway gets activated. C3 was cleaved into two fragments, the C3b and the C3a
[250]. The C3b is essential for activating macrophages and neutrophils [251], while it also initiates
the terminal complement pathway, resulting in the cleavage of C5 [250]. The literature describes
that C3 is increased in the presence of insulin resistance and chronic inflammation [252], and C5
is suggested as a biomarker for detecting subclinical atherosclerosis [253]. Both were shown to
be detectable in serum levels of patients by using ELISA and Western Blots [253]. In my thesis,
C3 and C5 showed no interaction in the tissue, despite comorbidities. The ROC curve showed an
AUC value of the C3 with 0.8 and C5 with 0.88 indicated an excellent biomarker using the
biomarker classification [146] (fig. 4). Furthermore, C9 showed, with an AUC of 0.94, to be an
outstanding biomarker [146]. The sensitivity of C9 was 100%, while the specificity was 89%. C9
was described with the MAC complex as a possible serum biomarker for head injuries [254]. C9

has not yet been investigated as a biomarker for the detection of PJI.
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The bacteria are killed by forming pores in the bacterial membrane built up by the MAC complex.
The MAC complex consists of multiple C9 proteins [167]. The high number of C9 in the MAC
complex might facilitate the detection of immunohistological staining and, therefore, might be
superior to C5 and C3.

In this part of my thesis, | screened periprosthetic tissue of septic and aseptic revision cases for
possible new biomarkers to detect PJI. My results provide evidence that the detection of C9 with
immunohistological staining can allow discriminating a PJI from aseptic failure, suggesting a

potential biomarker for the detection of PJI.

4.5 Validation of C9 as a novel biomarker for the identification of PJls

A biomarker is an essential analytical tool for evaluating biological parameters and can be used
to detect and quantify specific indicators that are increased during, e.g., an infection [142]. Using
a Biomarker as a diagnostic tool has to go through four main phases defined by the FDA [145].
The first phase consists of the discovery of a potential biomarker. With the previously described
chapter, this work demonstrated that C9 proved to be a potential biomarker candidate detecting a
PJI. The second phase developing a biomarker as a diagnostic tool is the analytical validation
[145]. To use C9 as a biomarker for the detection of PJI by immunohistochemical staining, a larger
cohort of 98 samples was examined. The samples were divided into aseptic and septic failure
according to the MSIS criteria [27].

Both cohorts (septic and aseptic) were assessedfor the presence of C9 in the periprosthetic tissue
using immunohistological staining (fig. 16). | detected significantly increased amounts of C9 in the
septic tissue compared to the aseptic tissue. This confirms my previous observation of C9 protein
being increased in PJI of the TSA cohort (see 4.4). According to the classification of biomarkers
[146] (fig. 4), the immunohistological staining for C9 (AUC: 0.84) is an excellent biomarker for the
identification of infections in periprosthetic tissue (fig. 16C). While the sensitivity was at 89 % and
the specificity was at 75% for C9. Comparing these with the sensitivity (100 %) and specificity
(95 %) of the detection of a-defensin using an ELISA for synovial fluid [29, 152-154], C9 is not as
sensitive and specific by identifying a PJI. However, the a-defensin testis costly [31, 147] as it
costs about US$524.79 per application [31]. Comparatively, the immunohistochemistry technique
is already being used for precise analysis in cases of cancer identification, as it is fast and,
compared with the ELISA technique, less expensive [242]. On an economic basis, this could
support the utility of C9 as a biomarker.

To investigate if other factors could influence the C9 detection | first investigated if the detection,
of C9 may be pathogen dependent. For that, | chose five of the most common bacteria during a
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PJI (Staphylococcus spp. [72], Streptococcus spp., Enterococcus spp. [72], and Anaerobia) [23,
80] (fig. 17). These pathogens can occurduring a PJI, either monomicrobial or polymicrobial [255];
therefore, polymicrobial infection samples were also investigated. The septic cohort was
subdivided according to these criteria and was assessed for the presence of C9 (fig. 17). | found
C9 present in all PJI tissues independent from the pathogen family, and no significant difference
was analyzed. The literature describes that gram-negative bacteria can resist lysis induced by the
MAC complex. As the transmembrane region of a MAC pore is only <10 nm in size [256, 257], the
thick cell wall in comparison to the gram-positive bacteria could protect from MAC-induced cell
lysis [258]. Because of that, maybe C9 would be less detectable in the presence of gram-negative
bacteria as it is part of the MAC complex. Whether this applies as a speculation, as in my cohort,
only two patients suffered from a PJI caused by gram-negative bacteria, therefore this cannot be
verified. Future work should compare the detection of C9 in periprosthetic tissue from patients that
suffer from PJlI caused by gram-negative and gram-positive bacteria. In summary, the
guantification of the C9 immunostaining showed no pathogen-dependent difference for CO.
Therefore, my results indicate that the C9 detection in periprosthetic tissue by immunohistological
staining can be performed by pathogen independently with reliable results.

As CRP activates the complement cascade (40), | assumed that the CRP value would correlate
with the amount of C9 staining in the periprosthetic tissue. Therefore, the measurement of red
fluorescenceindicating C9 was plotted against the respective CRP values (fig. 18A). The statistical
analysis showed no correlation between these two factors. Suggesting that the serum CRP level
does not predict the amount of C9 in the tissue, and therefore, might not be a direct regulator of
C9 protein expression at the site of infection. This observation also suggests that high-grade
infections with high CRP levels might show similar amounts of C9 as low-grade infections,
indicating a good probability to facilitate the problematic diagnose of low-grade infections.
Furthermore, | wanted to investigate if the implantation time-correlated with the amount of C9 in
the tissue (fig. 18 B+C). Again, the values for the red fluorescence in the septic tissues were
plotted against the implantation time for each patient using linear regression. Again, no significant
correlation was observed between both parameters. This observation indicates that generated
wear debris and early or late PJIs do not influence on the detection of C9 in the tissue.

It is proposed that autoantibodies suchas in rheumatoid arthritis (RA) canactivate the complement
system [259-261]. Other Biomarkers showed a cross-reactivity in wear particles [159] and
crystallopathies [160]. Therefore, | investigated possible cross-reactivity with typical inflammatory
joint conditions such as chondrocalcinosis (CC), RA, and wear particles (fig. 19A) by staining the
periprosthetic tissue for C9. | analyzed a statistical difference between the PJI cohort and CC, as

well as against RA. | proved that the detection of C9 in the presence of CC and RA could well
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distinguish septic from aseptic tissue. The AUC of CC was 0.78, and RA had an AUC of 0.77.
Using the biomarker classification [146] (fig. 4), C9 would still be an acceptable biomarker in the
presence of these joint diseases.

No significant difference was calculated between the septic and the abrasive wear using the
aseptic periprosthetic tissue with abrasive wear. Similar to the a-defensin test, C9 also showed
cross-reactivity in the presence of abrasion material [33, 159]. As mentioned before, the reason
could be that the human immune system perceives the implant itself as a foreign body. A previous
study demonstrated activation of the complement system after primary hip implants [171]. Also, in
other cases, it could be shown that abrasion particles can trigger typical inflammatory signals like
infiltration of macrophages and neutrophils to the site of inflammation [54, 55] [56, 57]. Therefore,
it cannot be excluded that abrasion particles may also influence parts of the complement system
and, therefore, the detection of C9. Furthermore, it cannot be ruled out that the particles have an
auto-fluorescence, as this was already described before (seen 4.4). Calculating the AUC of 0.62
a C9 would be a fair biomarker [146] in the presence of abrasive wear.

Other biomarkers, e.g., a-defensin, are suggested as a supplementary method [108] is unclear
cases [31]. | would also propose that the C9 biomarker should not be used as a stand-alone
technigue but could be used in histopathology as a supplementary method to decrease the
number of CN-PJls.

| am aware that my research may have some limitations. The tissue was not collected
standardized. The problem with this collection method performed in this clinic is that the samples
were not collected after either quality control or quality assurance. This may impact the quality of
the specimens, which affects the diagnosis [262, 263]. Another problem could be that the location
of the collected periprosthetic tissue was not clearly defined. If the inflammation was localized to
specific sites around the prosthesis, the detection of C9 might not be meaningful because the
tissue was not collected at the correct site. Another limitation is that only a few gram-negative
bacteria were tested. It would also be helpful to test a higher number of different bacterial families
and investigate a possible difference between gram-positive and gram-negative bacteria for the
detection of C9. Another limitation of my thesis is that possible CN-PJlIs in the aseptic cohort
cannot be excluded entirely. This could lead to the detection of C9 in aseptic classified tissue,
leading to false-positive results for the detection of C9 in the aseptic cohort. Further experiments
will be needed to validate the possible use of C9 immunostaining for more reliable detection of
CN-PJIs and low-grade infections.

In this thesis, | provided the basis for the developing a novel biomarker for a possible more
accurate detection of PJI to decrease the number of CN-PJIs. Due to the high AUC value and the
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high sensitivity and specificity of C9 immunostaining, | propose using this biomarker in the unclear

diagnosis of PJI to secure the treatment suggestion.
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5. Conclusion and Future work

My research aims were separated into two parts; the first part aimed to compare the diagnostic
results of the commercially available microDTTect (DTT) device with routine PJI diagnostics and
next-generation sequencing (NGS) from DTT-treated samples. The purpose of the second part
was to analyze a potential novel biomarker for the identification of PJI.

A combination of clinical and laboratory findings was used for the diagnosis of PJIl. The MSIS
criteria were applied to diagnose the PJI and served as the reference for the research applications.
Several factors can influence the sensitivity and specificity of the diagnosis using the MSIS criteria.
Therefore, | investigated whether using the microDTTect device would lead to an increase in
diagnostic security. DTT is thought to destabilize the bacterial biofiilm on implants, allowing a
higher efficacy of bacteria isolation and, therefore, a more detailed analysis of the pathogen
spectrum. | compared the results of the DTT cultures and the NGS from DTT-treated samples with
the results to the std. microbiological diagnostic using tissue cultures. The DTT pretreated bacteria
cultivation and the NGS from DTT treated explants were not superior to the std. microbiological
diagnostic using tissue cultures for the identification of a pathogen. However, using the
microDTTect device, | detected possible CN-PJIs in 8% of the aseptic samples. Whether this 8%
of aseptic samples were indeed CN-PJI is difficult to validate in the end, but further research
should be performed to improve the diagnosis of PJI and reduce the number of CN-PJIs. This fact
further highlights the necessity of a biomarker to identify questionable PJI cases to facilitate a
secure diagnosis.

In the second part of my thesis, | focused on analyzing possible new biomarker candidates to
facilitate the identification of a PJI. The literature had proposed a-defensin detection by ELISA in
synovial fluid of PJI patients as one of the most promising biomarkers for PJI identification.
However, due to the cross-reactivity of a-defensin in immunostaining with wear debris and
crystallopathies in my cohort. The use of a-defensin as a potential biomarker for PJI was not
advisable. Furthermore, due to the high costof the a-defensin ELISA test, an alternative biomarker
is needed. In tumor research, the use of fluorescent antibodies to detect specific proteins is the
gold standard. Thus, immunohistochemical staining was used to analyze the periprosthetic tissue
for specific proteins that could help an easier detection of PJ.. The aseptic and septic
endoprosthetic implant revision cohort detected the proteins CD68, CD66b, C3, C5, and C9. Using
guantitative analysis, | demonstrated that C9 was the most promising biomarker candidate due to
its high sensitivity and specificity for identifying PJI patients. By using a larger cohort, the analytical
validation of the biomarker was performed. The biomarker classification proved that C9 was an

excellent biomarker for PJI identification using immunohistological staining of periprosthetic tissue.
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The detection capacity was not influenced by pathogen type, CRP value, and implantation time.
Most importantly, | demonstrated that C9 could be used as a biomarker to detect PJl in the
presence of chondrocalcinosis and rheumatoid arthritis, indicating that other inflammatory joint
conditions do not influence the sensitivity and specificity of C9.

To use C9 as a biomarker for clinical identification of PJI and giving treatment advice, further
researchis needed. No distinction between low-grade and high-grade PJIs was made in this work.
It would be interesting to investigate whether the detection of C9 is more efficient in high-grade
than in low-grade infections. | investigated only the presence of C9 in periprosthetic tissue
samples. Furthermore, the activity of C9 was not detected. It would be interesting for further
research if the activity of C9 differs in the aseptic and septic periprosthetic tissue.

The identification of PJIs is already very well-identified by the MSIS criteria. In this thesis, it could
be shown that std. microbiological diagnosis by tissue culture is a very secure method to diagnose
a PJI. Nevertheless, possible CN-PJIs were detected using the microDTTect device. The C9
biomarker has the potential to reduce the number of CN-PJIs. The high sensitivity and specificity
of the C9 immunohistological staining showed that C9 is an excellent biomarker candidate for
identifying a PJI. C9 should not be used as a stand-alone technique, but it should be used in
unclear PJI cases to secure the treatment suggestions.
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6. Supplement
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Fgure 20 Diversity of microbial communities in DTT samples as indicated by the Simpson index

Using the Simpson diversity index (fig. 6) the samples were classified as monomicrobial infection (<0.25) or
polymicrobial infection (<0.8) (fig. 6). Cases thathad a Simpsonindexof0.41 — 0.73 had one dominated pathogen but
also high buthigh amounts of other bacterial DNA were also found.
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