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Abstract  
 

Inflammation, followed by an anti-inflammatory phase mediated by immune cells, is 

essential for tissue healing. Prolonged inflammation caused by severe injuries can impair 

regeneration. Elderly patients suffering from major trauma, such as a hip fracture, are at 

high risk for delayed healing due to excessive inflammation. This leads to muscle loss 

and fibrosis post-surgery, which reduces the quality of life and increases mortality in this 

cohort. Cell therapy could support patients in their regenerative process. This thesis 

investigates the immunomodulatory effects of placenta derived stroma cell (PLX-PAD) 

therapy on muscle repair in a Phase III study. PLX-PAD promotes the differentiation and 

migration of muscle precursor cells in vitro. Their unique properties counteract pro-

inflammatory stimuli from activated immune cells. Injection of PLX-PAD during surgery 

resulted in improved muscle strength and volume, highlighting their therapeutic potential. 

Fracture healing shares similarities with muscle regeneration, where prolonged 

inflammation can lead to delayed healing and non-union of bones. This process is 

influenced by the individual immune cell composition in the local hematoma, bone 

marrow, and peripheral blood. This work reveals how fracture hematoma is a distinct 

and transient tissue with diverse immune cell subsets, including B cells. B cells appear 

to play a role in fracture healing, but their role in trauma has not been characterized well. 

B cells in the fracture situation shed the complement receptor CR2/CD21, likely triggered 

by cell-free DNA released from damaged cells. Fracture hematoma also induced the 

dsDNA Toll-like receptor 9 in vitro. This activation may help clear cellular debris and 

promote an anti-inflammatory environment. As described in the literature, the expected 

antibody response upon CD21/TLR9 activation did not yield conclusive results in this 

study and corresponding cell cultures.  

Due to the unpredictable nature of trauma, patient-specific research is challenging. A 

bone and bone marrow organ-on-a-chip system was developed to replicate the immune 

composition of patients and predict clinical outcomes, such as the impact of metal 

implant debris. This system will be further refined to study fracture healing over time 

while preserving individual donor variability.  

In summary, this thesis emphasizes the importance of modulating the local 

microenvironment for musculoskeletal regeneration by interacting with pro-inflammatory 

immune cells and fostering an anti-inflammatory milieu necessary for successful healing. 
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Zusammenfassung  
Nach einer Verletzung ist die anfängliche Entzündung wichtig, um Heilungsprozesse 

einzuleiten. Dieser Prozess wird von Immunzellen gesteuert, welche auch die 

darauffolgende anti-inflammatorische Phase initiieren. Eine verlängerte Inflammation 

kann den Heilungsprozess verzögern, was häufig nach schweren Verletzungen der Fall 

ist. Besonders davon betroffen sind ältere Patient*innen, die ein schweres Trauma, wie 

einen Hüftbruch erlitten haben. Die Folge sind Muskelschwund, Fibrose, eine generelle 

Verschlechterung der Lebensqualität und erhöhte Sterblichkeit. In solchen Fällen könnte 

eine Zelltherapie die Patient*innen unterstützen, indem die Zellen die Entzündung 

herunterregulieren und die Muskelheilung fördern. Diese Arbeit untersucht, wie eine 

klinische Phase III Therapie mit Plazenta-abgeleiteten Stromazellen (PLX-PAD) die 

Muskelreparatur beeinflusst. Laborversuche haben gezeigt, dass PLX-PAD die 

Differenzierung und Migration von Muskelvorläuferzellen fördern. Zudem wirken die 

Zellen entzündungshemmend, indem sie die entzündungsfördernden Reaktionen von 

aktivierten Immunzellen abschwächen. Intra-operative PLX-PAD Injektionen in den 

verletzten Muskel verbessern die Muskelkraft und fördern die Zunahme des 

Muskelvolumens im Heilungsverlauf ɩ ein Hinweis auf das therapeutische Potenzial der 

Zellen. Die Heilung von Knochenbrüchen ähnelt der Muskelregeneration, da eine 

anhaltende Entzündung zu einer verzögerten oder sogar ausbleibenden Heilung führen 

kann. Knochenheilung wird stark von der Immunzellzusammensetzung beeinflusst. 

Periphere Blutwerte sind nicht immer aussagekräftig was das lokale Milieu angeht. Die 

Analysen dieser Arbeit zeigen, dass das Frakturhämatom ein eigenständiges und 

dynamisches Gewebe ist, das verschiedene Immunzelltypen, einschließlich B-Zellen, 

enthält. Diese scheinen eine Rolle bei der Frakturheilung zu spielen, jedoch ist ihre 

genaue Funktion in diesem Kontext noch nicht vollständig geklärt. Ein potenzieller 

Mechanismus scheint die Aktivierung von Komplementrezeptor CD21 und DNA 

bindender Toll-like Rezeptor 9 auf B Zellen zu sein. Dieser Signalweg bindet zellfreie 

DNA und könnte somit die Aufräumarbeiten nach einer Fraktur beschleunigen und 

entzündliche Prozesse zum Erliegen bringen. Der exakte Ablauf ist unklar, da die 

Antikörperantworten, wie sie in der Literatur für CD21/TLR9 beschrieben sind, in dieser 

Arbeit uneindeutig waren. Zusätzlich wurde eine Knochen- und Knochenmarkultur in 3D 

in einem mikrofluidischen Chipsystem entwickelt, um orthopädische Fragstellungen, 

unabhängig von dem Patient*innenaufkommen in der Klinik zu bearbeiten.
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1 Introduction  

1.1 The musculoskeletal system and its healing capacities 

The musculoskeletal system describes all components of the body that are necessary 

for motion. The interplay between bone, muscle, cartilage, tendons and ligaments 

enables movement, from smiling to running. Musculoskeletal tissues need the ability to 

adapt to changing demands and fully restore their function after an injury. All tissue can 

regenerate itself, driven by the microenvironment of the injury. Fractured bone needs an 

inflammatory stimulus to initiate healing, but a prolonged reaction can cause delayed or 

arrested healing (KALFAS, 2001). Muscle and ligament regeneration appear to be 

disturbed more easily than bone regeneration, as anyone who suffered a torn ligament 

or muscle can confirm. While bone and soft tissue do have fundamental differences in 

homeostasis and after trauma, some overarching claims can be made about the 

musculoskeletal system. Regeneration follows the general principles of wound healing. 

1. Hemostasis: Platelets are activated, and fibrin is released. 2. Inflammation: Innate 

immune cells such as neutrophils and macrophages are recruited followed by 

lymphocytes. 3. Proliferation: Damaged tissue resident cells proliferate and deposit 

collagen and matrix proteins. 4. Remodeling: Collagen and the extracellular matrix are 

crosslinked and structured (SCHMIDT - BLEEK et al., 2012). After the final phase, which can 

last for months, tissue function is restored. The focus of trauma research is the pro-

inflammatory phase. It signals danger to the body and surrounding cells, informs the 

immune system, and starts a complex regenerative process. A second anti-inflammatory 

stimulus guides the structural generation of tissue and helps cells to differentiate and 

produce new tissue. Any disruption or excessive inflammation leads to necrosis, fibrosis 

and dysfunctional repair, accompanied with chronic pain, non-union in bones and 

impaired muscle strength (SCHLUNDT et al., 2019). Often more than one tissue type is 

affected by an injury. Accidents involving bone fractures usually also injure surrounding 

muscle tissue. Musculoskeletal trauma can be categorized as low or high impact trauma, 

depending on the nature of the injury or accident. Complex injuries often need surgical 

intervention to reconnect ruptured tissue, support regeneration or resolve inflammation. 

Surgery has its limits, and ĩëÃĩɷġ ĺëŀ ĎĩëÛĝ ĩëÛĝÃĚÛĮĩîÑ ĎĚĩîĎćġ ġĮÑë Ãġ ÑÛĀĀ ĩëÛĝÃĚîÛġ ÃĝÛ 

explored.  
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1.1.1 Bone and bone marrow, and their role in trauma 

Bone and bone marrow (BM) are heavily affected in a fracture situation. Bone breaks 

and the surrounding tissues such as BM-resident immune cells respond (LIVINGSTON et 

al., 2003). During fracture, muscle is damaged as well. Muscle needs to attach to bone 

for movement and stability. The interplay between bone and muscle regeneration is 

important to successfully restore tissue. Bone healing has been the focus of intensive 

research. The adult body is made up of approximately 206 bones, which can be divided 

into axial and appendicular bones, depending on their location. They are also classified 

according to their shape: long and short bones, flat bones and irregular bones. All bone 

types are made of spongy and compact bone. Spongy bone is made up of many 

trabeculae, which harbor the BM. BM in long bone epiphyses is mainly red and produces 

all blood cells through hematopoiesis. Yellow BM is found in the bone diaphysis within 

the medullary cavity, which stores energy in the form of fat. As a person ages, red BM is 

replaced with yellow BM. Red BM in older individuals can be found in the pelvis and 

sternum and act as a reservoir. It can even be reactivated after the immune system has 

been compromised by medication such as chemotherapy or disease (MERCIER et al., 

2012). Bones are made up of osteons, which run parallel to the axis of the bone. These 

structures contain collagen-filled lamellae. Inside the lamellae lies the central canal, with 

nerves and blood vessels. Within the lamellae are small spaces called lacunae which 

harbor osteocytes, the bone cells that monitor bone remodeling. Bone remodeling is 

achieved with a balance of bone forming (osteoblasts) and bone resorbing cells 

(osteoclasts), which renew the skeleton every 7-10 years. A malfunction or an imbalance 

of these cells causes excessive bone loss (osteoporosis), or a rare disease of excessive 

bone formation called osteopetrosis. Bone is a living tissue that gives rise to blood cells, 

the immune system, and energy storage. Red BM is mostly composed of reticular 

connective tissue and is home to hematopoiesis. Hematopoiesis produces erythrocytes 

from erythroblast and immune cells from myeloid and lymphoid progenitor cells, which 

differentiate from hematopoietic stem cells (DEL FATTORE et al., 2010). Leukocytes leave 

the marrow after differentiation to mature in the periphery. B cells mature within the BM 

and leave as naïve cells. BM has all the stages of immune cells simultaneously within its 

niches. Flow cytometry of BM is difficult to dissect because cells vary in size, granularity 

and surface marker expression. Human BM has been mainly investigated as a part of 

the haemato-oncological physiopathology, including cancers such as leukemia (AMIR EL 

et al., 2013). Little is known about BM responding to trauma-induced injury or surgical 
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intervention. Memory cells can be found in human BM along with stem cells, 

granulocytes, developing cells, naïve cells, and even effector cell times. Memory cells 

can colonize the BM and reside there until reactivation, which makes BM an attractive 

focus for many immunological questions from vaccination to cancer research (BALIU-

PIQUÉ et al., 2018; F. DI ROSA, 2016). 

1.1.2 Hip fracture and hematoma formation and its clinical implications 

Hip fractures often occur in elderly patients over the age of 65, after a fall. The femoral 

neck is most prone to fracture. The American Academy of Orthopedic Surgeons (AAOS) 

defines it as ĩëÛ ɳarea below the neck of the femur and above the long part or shaft of 

the femur [that] is called [the] Intertrochanteric area, because it is marked by two bony 

landmarks: the greater trochanter and the lesser trochanter. Intertrochanteric and 

åÛĆĎĝÃĀ ćÛÑý åĝÃÑĩĮĝÛġ ÃĝÛ ĩëÛ ĆĎġĩ ÑĎĆĆĎć ĩŀĚÛġ Ďå ëîĚ åĝÃÑĩĮĝÛɴ (STUART J. FISCHER, 

2020). 

Surgical intervention is a burden on the musculoskeletal system, especially when hip 

replacement is indicated. The additional muscle trauma during surgery is a significant 

stressor on the patient. Treatment is dependent on the fracture type, ĚÃĩîÛćĩġɷ ÃæÛ Ãć× 

general condition (mobility, bone mass density, level of activity). Hip fractures in younger 

patients are treated with screws and plates, whereas elderly patients often receive a hip 

implant. For research, it is important to note that during a total hip replacement (THA), 

BM and hematoma are ÃÑÑÛġġîÐĀÛə Lć ŀĎĮćæÛĝ ĚÃĩîÛćĩġɷ åĝÃÑĩĮĝÛġ, treated with screws, 

plates and nails, BM is not accessible. This could lead to an age-bias in the cohort but 

also offers the possibility to separate inflamed tissue locally and investigate it individually. 

In rodent studies, a broken femur is flushed with media for cell collection and usually 

taken with no discrimination between BM and FH. Femur neck fractures can be deadly 

to the elderly, showing 33% cumulative one-year mortality rates (WINKLER et al., 2022). 

Major trauma to muscle and bone during surgery in addition to the actual injury pose an 

increased risk of complications and death. Cell therapy could be one option to improve 

post-surgery recovery in patients above the age of 65. Hematoma occurs in many 

different injuries, but FH are best described. Other animal studies show that fracture 

healing is divided in three distinct phases: 1) Hematoma formation; 2) Granulation tissue 

formation; 3) Bony callus formation and bone remodeling (LAFUENTE-GRACIA et al., 2021; 

SCHMIDT-BLEEK et al., 2012). This can be translated to humans, but the involvement of 

immune cells and cytokines is not fully understood. Hematoma formation occurs 
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immediately after trauma. Surrounding capillaries and blood vessels rupture, and BM is 

exposed. At this early stage, FH is a thick liquid. The level of viscosity depends on its 

coagulation state and fibril content. FH becomes more rigid and enters the granulation 

tissue formation phase after about 72 h. Fibronectin and filaments cause the FH to 

become firmer, making it a scaffold for callus formation. It changes from a liquid red 

stage to a more pinkish solid phase. Sometimes, it has rubber-like properties, and it 

becomes difficult to isolate cells. Callus formation is the first step towards actual bone 

structure. Cartilage deposition arranges in the plane where the disconnected bone parts 

reconnect. The callus starts to calcify, and bony tissue is deposited. In the final phase 

osteoblasts and osteoclasts reshape the bone structure and close the fracture gap (Fig. 

1.1). Hip fractures and femur fractures are the largest fractures in humans. 

 

Figure 1.1 Bone healing phases Upon fracture, a hematoma is formed by pro-inflammatory cytokine 
release (IL-1, IL-6, TNF-ǔɧɒ îćåîĀĩĝÃĩîĎć Ďå îććÃĩÛ îĆĆĮćÛ ÑÛĀĀġ ɦneutrophils, monocytes, granulocytes) and 
recruitment of adaptive immune cells (T and B cells). After the initial stimulus, the anti-inflammatory shift 
is initiated by immune cells through the release of cytokines (IL-4, IL-10, IL-11, IL-13). This enables callus 
formation with endothelial cells, fibroblasts, and osteoblasts secreting growth factors and revascularizing 
the new tissue (VEGF, FGF, TGF-Ǖɒ .atɧə £ëÛ åîćÃĀ ĚëÃġÛ ĺîĩë Ã ëÃĝ× ÑÃĀĀĮġ îćîĩîÃĩÛġ ĩëÛ ĝÛĆĎ×ÛĀîćæ ĚëÃġÛ 
where bone is restructured into its original shape with the support of osteoblasts, osteoclasts and the bone 
remodeling molecules RANKL and OPG. This figure is a reprint with kind permission from the Geris lab 
(Lafuente-Gracia et al., 2021). 

1.1.3 Muscle development, differentiation and regeneration 

Since fractures affect the muscle, one aim of fracture therapies is to support adjacent 

tissues. Muscle heals in phases and is one good example of a hierarchical tissue 

structure. It is composed of thousands of myofibrils, the actual muscle cells, containing 
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multiple nuclei, mitochondria, and a surrounding sarcolemma. Muscle fibers are bundled 

and form fascicles, which form a complete muscle. Every muscle layer is surrounded by 

connective tissue: the endomysium, perimysium and epimysium. Myofibrils aggregate to 

form muscle fibers and are separated into segments by Z-lines, called sarcomeres, which 

are composed of the two myofilaments actin and myosin. These filaments enable muscle 

contraction, by bringing Z-lines in closer proximity. Before myofibrils start to build up, the 

actin and myosin must be produced by myoblasts, which derive from muscle stem cells 

(MuSc). MuSc can be identified by PAX7+ expression, which is essential for maintaining 

the stem cell pool (PAWLIKOWSKI et al., 2009; RAHMAN et al., 2023). Myoblast determination 

protein (MyoD) and myogenin are myogenic regulatory factors (MRF) which promote 

proliferation and lineage commitment to muscle progenitor cells. These cells begin to 

proliferate and form a pool from which myoblasts develop. Immature myoblasts express 

PAX7 as well as myogenic regulatory factors such as MyoD or myogenin (BOUCHE et al., 

2023). The cells mature to committed myoblasts and lose PAX7 expression. Committed 

myoblasts give rise to myocytes that show increased expression of muscle fiber proteins 

such as dystrophin and desmin (PAX7-and MyoD+/Myogenin+). Myocytes fuse to form 

multinucleated cells which develop primary myotubes (MyoD+ and Mrf4/Myogenin+) 

and further mature into myofibers (ESTEVES DE LIMA & RELAIX, 2021). Characteristic of the 

developing myotubes and myofibers is their embryonic myosin expression (eMHC). At 

the end of their maturation, a myosin isoform expression switch occurs, mature myofibers 

no longer express embryonic myosin heavy chains (MHC/MyoD+/Myogenin+). To 

monitor successful myoblast differentiation, myosin heavy chains and nuclei are stained 

and the typical myofiber structures become visible and can be quantified (TABAKOV et al., 

2018; UEZUMI et al., 2016). It is important to note that myoblasts only differentiate when 

growth factor containing supplements (FCS, hPL) are reduced in the culture medium. 

Myofibroblasts can contaminate the culture. They are derived from fibroblasts and are 

contractile, actin-containing cells, which are recruited during wound healing but can 

cause fibrosis and the development of impaired regeneration. Tetraspanin CD82 can be 

used to separate myoblasts from unwanted myofibroblasts via flow cytometry 

(ALEXANDER et al., 2016; HALL et al., 2020). Myoblasts migrate to the injury site and start 

myogenic differentiation to fuse with new or existing myofibers. This process seems to 

be highly dependent on the local environment (QAZI et al., 2019). Myofibroblasts connect 

wound edges and aid in closing the injury and produce scar tissue. Extensive 

myofibroblast activation leads to fibrosis and impaired regeneration. Muscle regeneration 
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undergoes phases. The first two are influenced by pro-inflammation. Thereafter, an anti-

inflammatory shift occurs. Prolonged inflammation disturbs this process (RODRÍGUEZ et 

al., 2024; XU et al., 2024; KOTSARIS et al., 2023; QAZI et al., 2019).  

1.1.4 There is a need for personalized medicine concepts in regenerative therapy 

Severe injuries such as muscle trauma or fractures and their complications such as bone 

non-union are challenging for both patients and physicians. Most injuries end in 

successful healing. Larger injuries or degenerative conditions, like arthrosis, often lead to 

incomplete regeneration followed by years of pain and decreased quality of life. 

Traditional treatments, such as physiotherapy, additional surgical interventions and drugs 

can ease the symptoms and help recovery (RODEO, 2019). Many times, options become 

exhausted and new concepts of personalized medicine are needed. It is important to 

determine the right patient cohort along with dosage. The correct location of application 

is especially important in orthopedic treatment. Cell therapies and autologous cell 

products such as platelet rich plasma (PRP), could be the answer for patients currently 

out of options. 

1.1.5 Platelet rich plasma as orthopedic treatment option 

Platelet rich plasma (PRP) is an autologous blood product derived from patients 

themselves. The Food and Drug Administration (FDA) describes PRP as a plasma 

product from donor venipuncture and centrifugation of blood. The product must contain 

a minimum of 250,000 platelets/µl. Current evidence on its effects is limited, but PRP is 

already used to treat acute musculoskeletal injuries. Various PRP products are available, 

with different manufacturing methods, cellular content (e.g., platelets, leukocytes), 

molecular composition (e.g., growth factors, anti-inflammatory cytokines). PRP products 

are believed to have anti-inflammatory and immunomodulatory effects, which can be 

tailored to meet the specific need of the patient and their condition (NIEMANN et al., 2023). 

The question is whether the specific immune cell composition is maintained in PRP 

products. PRP is injected into the joint or muscle of patients and is believed to relieve 

symptoms of pain and chronic inflammation. A biological mechanism is not described. 

PRP is also a trend therapy offered for many indications and not paid for by insurance 

companies. Some studies showed effects outside placebo, but some could not find a 

significant benefit (BELK et al., 2023; BENNELL et al., 2017; BENNELL et al., 2021). Subjective 

improvement after PRP therapy is reported but should always be interpreted with 

caution.  
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1.1.6 Multipotent stromal cell therapy: Potential and challenges  

Multipotent stromal cells, as defined by the International Society for Cell Transplantation, 

ISCT, (ALSULTAN et al., 2024) are sometimes known as mesenchymal stromal cells or 

mesenchymal stem cells (MSCs). Mesenchymal stem cells are not recommended to 

describe MSCs (VISWANATHAN et al., 2019). MSCs have different differentiation capacities 

depending on their origin (HOCHMANN et al., 2023) and have immunomodulatory effects. 

MSCs can be isolated from various tissues like BM, adipose tissue and placenta. MSCs 

should be labeled with their tissue source, such as BM-MSC for BM derived cells, to 

clarify the origin. MSC therapy has different pillars of possible modes of action. They 

increase regeneration through differentiation, extracellular matrix (ECM) deposition, and 

remodeling. MSCs secrete various growth factors and cytokines that steer their local 

microenvironment, which can improve tissue repair and enhance regeneration 

(BIRMINGHAM et al., 2012; MERRITT et al., 2010). Their paracrine effects mediated by VEGF 

improve angiogenesis. MSCs also act on immune cells and modulate their inflammatory 

response. The interaction between MSCs Ãć× ĩëÛ ĚÃĩîÛćĩɷġ îĆĆĮćÛ ġŀġĩÛĆ ÑÃć åĎġter 

an environment beneficial for successful healing (CHEN et al., 2024; DAVIES et al., 2017; 

LARANJEIRA et al., 2015). The combination of paracrine and immunomodulatory effects 

was shown in preclinical studies (QAZI et al., 2019). In animal experiments it has been 

shown that MSCs can be beneficial in muscular dystrophy, myocardial infarction and 

muscle trauma (PUMBERGER et al., 2016). These studies show that MSCs can reduce local 

inflammation when administered and help myoblasts to differentiate into muscle cells 

and fuse with existing myofibers, forming functional muscle. Especially muscle seems to 

benefit from the soluble factors released by MSCs. Clinical translation has been difficult 

because results in humans were inconsistent. In graft versus host disease, MSCs have 

been tested globally in different clinical studies. However, they ×î×ćɷĩ æÛĩ ĝÛæĮĀÃĩĎĝŀ 

approval (ALSULTAN et al., 2024). Discrepancies in results of clinical studies and varying 

nomenclature have been identified as core issues by the ISCT regarding the lack of 

approval from regulatory bodies. Another problem is cross species variation and 

validation in non-human cells, which can lead to bias in determining translational 

success. Humans have a unique immune system, especially when compared to lab 

animals. The immune system sometimes counteracts the potential of MSCs. Severity of 

injury, age, and co-morbidities can lead to conflicting readouts in clinical settings. 

Therapeutic options that are more robust to heterogeneity and locally active are needed. 
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PLX-PAD, an MSC-like cell was introduced to eliminate some of the mentioned problems 

and was tested in preclinical and clinical studies. 

1.1.7 Placenta-derived stromal cell: A promising MSC-like subset in cell therapy 

PLacenta-eXpanded adherent stromal cells (PLX-PAD) is the trademark name of 

placenta-derived stromal cells, which are expanded for clinical use. PLX-PAD is an 

allogenic, off-the-shelf product derived from donated placenta. These cells are easier to 

expand and have less batch-to-batch variation. They show a more reliable marker profile 

and cytokine expression pattern (NORGREN et al., 2024) than traditional placenta derived 

MSCs (pMSCs). Human pMSCs have shown to have an immune modulatory effect (EL 

OMAR et al., 2014; ROY et al., 2013; WINKLER et al., 2018; WINKLER et al., 2009). PLX-PAD 

cells share surface markers with classical MSCs, but MSCs can also differentiate into 

osteoblasts and chondrocytes, PLX-PAD cannot, making them MSC-like cells. Studies of 

pMSCs have shown promising outcomes in many biological fields, such as axon growth 

and neuronal activity, breast cancer, graft versus host disease (KADRI et al., 2023), wound 

healing in rabbits and preeclampsia (SUVAKOV et al., 2020). Safety assessment has shown 

no adverse effects (WINKLER et al., 2018). Their regenerative capacity is mediated through 

their paracrine effects and positive influence on wound healing. Like other MSCs, PLX-

PAD cells do not incorporate into tissue directly but secrete bioactive molecules such as 

anti-inflammatory cytokines and support survival, proliferation and differentiation of 

immune and musculoskeletal cells (NORGREN et al., 2024). The literature mainly 

describes these findings in non-human animals. Tregs, T cells and the polarization of M1 

to M2 macrophages (MONNIER et al., 2022) appear to be the main players. Concerning 

macrophages, little is known in humans (BAO et al., 2024), although macrophages do 

migrate to the injury site and seem to play an important role in humans as well. The local 

reduction of pro-inflammatory cytokines such as TNF-ǔɒ LFN-ǖ Ãć× L[ǹǿǔ is proposed as 

the primary mode of action. Anti-inflammatory cytokines like IL-10 and IL1R-ǔ also 

increase (NORGREN et al., 2024; PAPAIT et al., 2020; ROY et al., 2013). PLX-PAD cells have 

been tested in several clinical setups, including a phase I/II clinical trial which preceded 

the phase III HIPGEN study, of which the results will be shown in this work (WINKLER et 

al., 2022). In the Phase I/IIa study, PLX-PAD was used in a small cohort of elective total 

hip arthroplasty (THA) patients. Older patients receiving a hip implant suffer from pain, 

immobility and muscle strength loss (WINKLER et al., 2018). THA surgery is an iatrogenic 

trauma to the muscle because of the muscle's contusion when accessing the hip joint. 

The first trial was intended to prove the safety and efficacy of PLX-PAD cells in muscle 



9 
 

regeneration. It was a monocentric, randomized and double-blinded, placebo-controlled 

trial. 21 women and men, aged 50-70, were recruited. A group received a low (1.5x108, 

150M) dose of cells or a high (3.0x108, 300M) dose of PLX-PAD or a placebo. The cells 

were administered locally into the affected muscle. Adverse effects, vital signs and 

physical performance were monitored. Immunological and clinical parameters were 

tested. This study demonstrated increased muscle strength and muscle volume in the 

Gluteus Medius in week 6. Histology showed decreased inflammation in patients who 

received PLX-PAD. No adverse effects were reported within the 2-year follow-up period 

(WINKLER et al., 2018). These findings suggest that elderly THA patients suffering a hip 

fracture could benefit from PLX-PAD cell administration to avoid delayed healing, which 

was investigated in the follow-up trial, phase III HIPGEN study. The proposed mode of 

action directly affected muscle cells and the inhibition of pro-inflammatory cytokine 

secreting immune cells (Fig. 1.2). 

 

Figure 1.2 Potential mode of action of PLX-PAD cells on muscle Placenta-derived stromal cells (PLX-PAD, 
trademark name pluri Inc. Haifa, Israel) could act on muscle cells by direct cell contact with HSMM and/or 
modulating the injury environment. CD4 and CD8 T cells along with M1 macrophages (only described in 
detail in non-human animals) are negatively influenced by PLX-PAD preventing an excessive inflammation 
phase. M2 and Treg cells are stimulated to lead an anti-inflammatory shift. This figure was used in the 
HIPGEN report and used with kind permission from the Geissler lab (Sven Geissler, 2020). 
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1.2 The immune systemɷġ ĝĎĀÛ îć ëÛÃĀĩë Ãć× ĩĝÃĮĆÃ ĝÛġĚĎćġÛ 

The immune system is on alert every second during Ã ëĮĆÃćɷġ ĀîåÛə LććÃĩÛ Ãć× Ã×ÃĚĩîĹÛ 

immune cells sense, detect and destroy intruders. Immune cells communicate via 

cytokines and chemokines, soluble compounds of the blood and lymphatic system. Cells 

can receive these signals via membrane-bound receptors. Immunologists use these 

markers to categorize cells in their distinct subsets. Some cells can share surface 

proteins and receptors but can also be discriminated by them. Immune cells can respond 

with varying tools. B cells produce antibodies and mediate phagocytosis. Neutrophils 

can burst and damage tissue. T cells can recruit other cells and destroy infected cells. 

Macrophages phagocytize pathogens and tag antigens. Dendritic cells (DCs) mediate 

between innate and adaptive immune cells. Monocytes, granulocytes, neutrophils are 

myeloid cells that originate in the BM and are part of the innate immune system (MURPHY 

et al., 2012). Monocytes can be classified according to their activation or maturation 

status. Some can differentiate into macrophages or become bone resorbing cells, 

osteoclasts. Classical and non-classical monocytes were first described in mice and 

seem to be more versatile in humans, with CD16 and CD14 being their prominent 

identifying surface markers. Intermediate and CD16low monocytes can be interpreted as 

resting, naïve or developing monocytes and are commonly found in BM (ZHAO et al., 

2012). Granulocytes and neutrophils are both granular and can cause massive tissue 

damage as part of their strategy to eliminate a threat. The Innate and adaptive immune 

systems are linked through DCs, important cells that can present antigens to both 

immune cell families and orchestrate inflammation and clearance of pathogens.  

1.2.1 T cells and effector subsets  

T cells are lymphocytes and part of the adaptive immune system. They have many 

subsets and can be divided into several groups, the most important are the commonly 

known cytotoxic and helper T cells, which share surface marker CD3 but have either CD8 

or CD4 on their surface. Some T cells have both markers, but human double positive 

CD4 and CD8 T cells are poorly described. T cells can be divided into Th1, Th2, and 

Th17 according to their marker profile in flow cytometry and their cytokine secretion. For 

this work it is essential to focus on effector and memory subsets of CD8 and CD4 T cells 

and their inflammatory cytokines, especially IFN-ǖ Ãć× £bC-ǔə .Ďĩë æĝĎĮĚġ ÑÃć ÐÛ 

divided into naïve, memory and effector subsets, defined by marker combinations of 

CD45RA and CCR7. In general, naïve cells (CD45RA+/CCR7+) do not have antigen 
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experience, effector cells (CD45RA-/CCR7-) react to an infection, injury or other 

disruption and memory cells do not undergo apoptosis after the danger has cleared but 

remain in the body to be reactivated if the same pathogen invades again. Central 

memory cells (CD45RA-/CCR7-) maintain a memory pool. Terminally differentiated 

effector cells (TEMRA) are CD8+ and CD45RA+/CCR7-cells and are only found in 

humans and in the cytotoxic T cell compartment. TEMRA cells have been investigated 

as a potential biomarker for delayed healing because they have a highly inflammatory 

immune profile and can maintain inflammation over an extended period (FRANCESCA DI 

ROSA, 2016; REINKE et al., 2013; VOSS et al., 2024).  

1.2.2 B cells and their role in health and disease 

B cells are developed, matured, and can home to the BM. B cells are part of the adaptive 

immune system. They undergo several checkpoints in the BM to differentiate self-

antigens from pathological antigens. B cells attack any foreign invader, by producing 

antibodies and signaling other immune cells. B cells can recognize themselves as well, 

a therapeutic objective for many autoimmune diseases (YUUKI et al., 2024) such as 

Systemic lupus erythematosus (SLE). T cells are needed to help B cells mature and class 

switch to produce highly specific antibodies against any target as part of the humoral 

response system. After clearance of infection, most B cells undergo apoptosis, while 

others remain as memory B cells and reside in the body. Memory B cells can reside in 

tissue and especially in the BM (BECKER et al., 2018). Despite their definite function to 

produce high affinity antibodies and maintain memory, B cells can have innate functions. 

These include pattern recognition receptors (PRRs) such as Toll-like receptors (TLR) 

which bind alarmins and pathogen-associated molecular patterns (PAMPs). B cells 

produce low affinity antibodies or natural antibodies as part of their response. Every 

human has a low pool of circulating natural antibodies, but their precise role is unclear. 

In general, antibodies can be distinguished by their class: IgA, IgM, IgG, IgD, or IgE. 

Depending on the class, an antibody serves different functions. IgA and IgM are innate 

antibodies and IgG is a highly specialized antibody. IgE mediates allergies, IgD is a 

specialized, but the most unknown antibody subclass, believed to exist only as 

membrane bound. Antibodies are key factors in humoral immunity (MURPHY et al., 2012). 

Natural antibodies are often in the IgM class. These antibodies form pentamers and are 

fast acting but not as specific as their class-switched IgG counterpart. Human B cells and 

their antibody repertoire have not been sufficiently explored, with some receptors and 

markers found in mice but not in humans and vice versa (MESTAS et al., 2004). B-cell-
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related diseases have been studied intensively, but activation and inhibition receptor 

complexes are not fully understood. B cell receptors are commonly used as therapeutic 

targets such as rituximab, which depletes CD20+ B cells in rheumatoid arthritis 

(KORHONEN & MOILANEN, 2010; KREUZALER et al., 2012). Specific B cell research in trauma 

and regenerative medicine is currently not available. But their response to alarmins such 

as danger associated molecular patterns (DAMPs) has been broadly investigated 

especially in autoimmunity (LAND et al., 2023). PRRs, TLRs and complement receptors 

could contribute to recognition of self, and self-tolerance (HANTEN et al., 2008). In case 

of trauma, it is important to sense damaged tissue to initiate regeneration, but at the 

same time avoid autoreactivity. It is unclear how B cells respond to this paradox. One 

explanation could be the role of the complement receptor 2 (CR2) also named CD21. 

1.2.3 Complex role and function of CD21 in humans  

CD21 or CR2 (sometimes called Epstein-Barr virus (EBV) receptor) is an immune-cell 

receptor for complement factor C3d and commonly found on human B cells. CD21 is a 

145 kDa membrane-bound protein with a large and highly glycosylated extracellular 

domain made of 15ɩ16 tandem short consensus repeats (SCRs), a single spanning 

transmembrane domain, and a relatively small cytoplasmic domain (FUJISAKU et al., 1989; 

HOEFER & ILLGES, 2009) and can be shed upon activation. CR1 and CR2 aka CD35 and 

CD21 are encoded by two different genes, whereas a mouse uses only one gene. 

Humans and mice only show 65 % homology between their protein sequence (ERDEI et 

al., 2021). Using the CD21 ligand C3d as an adjuvant for vaccines was tested (SICARD et 

al., 2020). It failed translation. Despite C3d being a promising candidate in mice (BOWER 

& ROSS, 2006), it ×î×ćɷĩ ĚĝĎĹÛ ĝÛĀÛĹÃćĩ îć ëĮĆÃć ĹÃÑÑîćÃĩîĎć Ãć× ÃćĩîÐĎ×ŀ ĚĝĎ×ĮÑĩîĎć 

(KOVÁCS et al., 2021). CD21 can bind to all C3 fragments iC3b, C3dg and C3d. 

Complement fragments tag pathogens and initiate one of the complement cascades. 

CD21 is thought to interact with CD19, but murine and human experiments showed 

contradicting results, human CD21 activation led to B cell inhibition in vitro (Fig. 1.3). 

Primates show a different isoform of CD21 than non-primate mammals (JACOBSON et al., 

2008). CD21 has been described as a potential therapeutic target in autoimmunity 

(REINKE et al., 2020). CD21-/low B cells have been identified as memory B cells in humans 

(THORARINSDOTTIR et al., 2016). CD21 and complement fragments are important in B cell 

development to establish self-tolerance to autoantigens. CD21 is well investigated as an 

EBV entry point but its role in fracture healing is unknown. CD21 can bind free DNA and 
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be shed upon binding its ligand. CD21 can bind immunocomplexes and seems to be a 

key factor in self-recognition (BOACKLE et al., 1997). 

 

Figure 1.3 Complement receptors on human B cells and activation by autoantigens Human B cells can 
bind autoantigens via BCR directly or by their complement receptors CR1 (CD35) and CR2 (CD21). To 
bind antigens, they must be tagged by complement fragments such as C3b and C3d. There is a proposed 
interplay with receptors CR3 and CR4, leading to different readouts. While autoantigen binding activates 
B cells in mice, the opposite was observed in human cells. Binding of CR1/CR2 leads to inhibition of BCR-
mediated activation and to the enhancement of antigen uptake and presentation. This figure is a reprint 
with kind permission from the Erdei lab (ERDEI et al., 2021). 

1.2.4 Danger-associated molecular patterns are released after injury  

B cells and other cells in the body can respond to DAMPs. DAMPs are any structure that 

can be identified as harmful to cells in the body. DAMPs are molecules that act as 

activators of the innate immune system. They typically come from inside a cell, caused 

by cell death, destruction through trauma or a pathogen, including peptides and proteins 

such as DNA minor groove binding protein High-Mobility-Group-Protein B1 (HMGB1), 

heat shock proteins like S100, DNA or RNA fragments and mitochondrial components 

(GABORIAUD et al., 2022). DAMPs can be recognized by Toll-like receptors (TLR), pattern 

recognition receptors (PRR) and several Co-receptors like Complement-binding receptor 

CD21 and Receptor for Advanced Glycation End products (RAGE). DAMPs have been 

discussed in trauma (CAHILL et al., 2020; GABORIAUD et al., 2022; HUBER-LANG et al., 2013; 

PAJARINEN et al., 2014; REN et al., 2023), autoimmunity and cancer. Their downstream 

effect and interplay with other molecules and receptors are often unknown. Almost any 

molecular structure from the body released in the periphery can act as a DAMP. 
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Prominent members of this family are DNA and proteins/peptides of the replication and 

maintenance machinery. DNA outside the nucleus and especially outside the cell can 

trigger an innate or even adaptive immune response as seen in many autoimmune 

diseases such as SLE (ASOKAN et al., 2013). In viral infections, virus DNA is detected 

intracellularly because viruses invade the host cell, and intracellular TLR9 detect viral 

DNA and initiate a directed immune response. This includes T cell help, affinity 

maturation, and subsequent class switch, if necessary. Therefore, B cells can respond to 

pathogens highly specifically and efficiently (MURPHY et al., 2012). Antibodies circle the 

body, binding to any cognate antigen e.g. on a viral surface and tagging it for 

phagocytosis. While B cell responses are still investigated in detail, the underlying 

mechanism is well described for pathogen clearance and the rationale behind vaccines. 

During trauma, a lot of cell damage causes local release of DAMPs, especially DNA 

fragments (GAUDILLIÈRE et al., 2014). Their role in fracture healing and regeneration is 

unknown. One speculation is that cell-free DNA (cfDNA) acting as a DAMP could be an 

evolutionary conserved trigger for regeneration or an alarm signal for the body to be able 

ĩĎ ×îġĩîćæĮîġë ÐÛĩĺÛÛć ĚÃĩëĎæÛć Ãć× ɳĩĝÃĮĆÃɴ ġÛĀåə 

Trauma is one of the biggest impacts on the human body and can lead to severe damage 

to all parts of the body. Trauma biology is searching for biomarkers and potential 

treatment options for severely injured patients. One promising candidate is HMGB1, 

which is only present outside the cell in the case of traumatic events or pathological 

processes within the body. HMBG1 can be detected via RAGE on B cells and DCs and 

can activate the immune system. RAGE is thought to detect HMBG1/DNA 

immunocomplexes and interact with CD21 (ASOKAN et al., 2013). 

1.2.5 TLR9: A viral DNA receptor that recognizes DAMPs derived from DNA 

TLR9 is an innate intracellular receptor within B cell endosomes and can bind single and 

double stranded DNA and lead to activation of B cells, which leads to antibody 

production (KUMAGAI et al., 2008). At first, these receptors were described as mainly anti-

viral receptors, but they have subsequently been described in autoimmune diseases as 

well. Synthetically produced oligonucleotides (ODN) are TLR9 antagonists and contain 

many unmethylated CpG regions, mimicking bacterial DNA or mitochondrial DNA 

(mtDNA). ODNs strongly induce TLR9 in humans and in cell lines, simulating immune 

responses to invaders. ODNs come in three classes, A, B and C, depending on their 

structure and capacity to activate TLR9 in pDCs and B cells (IVANOV et al., 2007; KUMAGAI 
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et al., 2008; MORBACH et al., 2016). B cells heavily respond to class B ODN 2006. This 

ODN was used most often in this study. Chloroquine blocks TLR9 signaling through 

changing endosomal pH, which is needed for TLR9 activation (K¨ÁbLY et al., 2011)ə £[wȁɷġ 

role in fracture healing is unknown. Linking B cell biology, DAMPs present in the fracture 

gap and its B cell ligands could improve individual patient care and help understand 

therapeutic targets for delayed healing. There is evidence of crosstalk between CD21, 

the complement system and TLR9. 

1.2.6 Complement system as a contributing factor to clear injuries 

The enzyme-based complement cascade is an important innate immune response 

mechanism. There are three pathways: classical, lectin, and alternative. While classical 

and lectin pathways need the binding of a pathogen as activation, the alternative 

pathway is always active in serum, due to the spontaneous hydrolysis of C3. A C3 

deficiency has been linked to the development of SLE (ASOKAN et al., 2013). C3 leads to 

several cleavage products, C3a, C3b, iC3b and finally C3d (Fig. 1.4). C3d is a final 

degradation product and the CD21/CR2 ligand. CD21 can bind all fragments of C3, but 

it is commonly described as a C3d receptor. The alternative complement pathway, the 

C3 cascade, is most relevant for this work. The C3 cascade is a fast-acting mechanism 

to effectively communicate and eliminate a pathogen. Fracture patients show an 

increase in complement activation and crosstalk between coagulation pathways. B cells 

and DCs are especially prone to activation or inhibition of complement fragments 

(CARROLL & ISENMAN, 2012). Complement fragments tag pathogens for opsonization. 

However, they also act in establishing self-tolerance in B cell development (PLATT et al., 

2019). Interestingly, C3d has been suggested as a DNA vaccine adjuvant in recent years 

(TOAPANTA & ROSS, 2006). C3d and other complement products share pathways with 

HMGB1 as well (GABORIAUD et al., 2022; HUBER-LANG et al., 2013; LYUBCHENKO et al., 

2007).  
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Figure 1.4 C3d derived from lectin, classical or alternative pathway tags antigens for CD21 recognition All 
complement pathways (classical, lectin, and alternative) converge into a final common pathway when C3 
convertase cleaves C3 into C3a, C3b, iC3b and C3d. C3b can further cleave C5. C3d can tag antigens for 
adaptive immune cell recognition via CD21. B cells express CD21 and can bind tagged antigens in 
combination with their B cell receptor (BCR). It is unclear if this signaling leads to activation or inhibition of 
B cells. 

1.3 Activation on the B cell surface for self-antigen is unclear 

Classic B cell response is mediated through the B cell receptor (BCR), CD19 and 

sometimes CD21 (KOVÁCS et al., 2021; WILFONG et al., 2023). A complete B cell activation 

requires T cell help. While it is unclear what the exact molecular steps on the cell surface 

are, the downstream signaling cascade is well described. Still, in humans, some 

processes remain unresolved. In the case of self-Ag, B cells can sense DAMPs either 

through RAGE and HMGB1, C3 fragments and CD21 or DNA and intracellular TLR9, or 

a combination of all three. It is believed that especially in CD21, self-DNA can lead to 

signaling inhibition, in contrast to what happens in mice (ERDEI et al., 2021; FRANCO et al., 

2018). One hypothesis is that all three molecules act together to signal to the B cell its 

typical fracture DAMP. It seems that B-cell response is highly individual when it comes 

to autoantigen responses and confounding factors can either lead to autoimmunity or be 

beneficial for regeneration. A direct link between trauma and autoimmunity is currently 

under investigation, with diametral results. The literature suggests a combination of pre-

disposition, severe trauma and the development of multiple sclerosis (HARRIS et al., 2021; 

WILFONG et al., 2023). 
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1.4 Antibody response, autoantibody production and natural 

antibodies 

B cells are the main contributor to humoral immunity by secreting antibodies. Upon 

activation, B cells undergo several steps to produce a highly specific antibody against a 

pathogen. Upon antigen recognition via BCR, B cells form a complex with the antigen. 

The antigen is internalized, processed and presented to helper T cells. In return, T cells 

secrete cytokines to further drive B cell activation, which is also mediated through 

CD40/CD40L (MURPHY et al., 2012). After T cells have sent a positive feedback signal to 

B cells, they rapidly proliferate in a process called clonal expansion. Some B cells 

differentiate into short-lived plasma cells producing low-affinity antibodies. Other B cells 

form a germinal center where they undergo several processes: 1) somatic hypermutation 

to enhance antibody affinity, 2) affinity maturation to select for B cells with the highest 

antigen affinity, and 3) class switching to change the antibody isotype for different 

effector functions (MURPHY et al., 2012). After antibodies are released into the periphery, 

the infection is usually cleared within days. Most B cells undergo apoptosis, while a small 

number remain as memory B cells. Antibody production is a precise and efficient way to 

clear pathogens from the body. In autoimmunity, this process is impaired, and antibodies 

are falsely produced against the body itself. Diabetes type I is a prominent example, 

where autoantibodies attack the insulin-producing cells and destroy the pancreas 

(STARSKAIA et al., 2024). Autoantibody production follows the same logic as regular 

antibody production, undergoing activation, proliferation and selection. Extensive 

research has been performed to explore the cause of autoimmunity and why B cells lose 

the ability to discriminate between own and foreign antigens. Every autoimmune disease 

is different, but B cells appear to receive survival signals from other cells and create 

autoreactive memory. Additionally, they escape immune checkpoints that prevent 

autoreactivity (LUDWIG et al., 2017; SUURMOND & DIAMOND, 2015). In SLE, anti-nuclear 

antibodies (ANA) are used as diagnostic markers to evaluate disease progression and 

severity. Especially anti-dsDNA and anti-nucleosome antibodies are used for early onset 

of SLE. ANAs can be produced upon TLR9 engagement in B cells (FILLATREAU et al., 2021; 

WEN et al., 2023). If trauma can induce TLR9 or CD21, there is a possibility that B cells 

respond with autoantibody production against cellular debris or DAMPs. ANAs are often 

class switched antibodies, highly specific and of the IgG subclass. Natural antibodies are 

similar to autoantibodies but have low affinity for autoantigens. They are mostly of the 
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IgM subclass, are not pathogenic and are present at birth in most individuals (LOBO, 

2016). The role of natural antibodies is only being explored (BÖRÖCZ et al., 2021; 

STOECKLEIN et al., 2012). In trauma, they seem to have a protective role by clearing 

DAMPs (OCHANDO et al., 2023), rapidly responding to inflammation (HUBER-LANG et al., 

2013) and protecting from excessive activation of innate immune cells (GRÖNWALL et al., 

2012). Low levels of natural antibodies circulate in the body. It is unclear how B cells 

respond during a fracture event, and if more natural antibodies are produced or class 

switch to IgG autoantibodies is induced. One aim of this thesis is to link aspects of 

ɳÃĮĩĎîĆĆĮćîĩŀɴ ĩĎ åĝÃÑĩĮĝÛ ëÛÃĀîćæ Ãć× ëĎĺ îĩ ÃååÛÑĩġ ĚÃĩîÛćĩġ îć×îĹî×ĮÃĀĀŀə 

1.5 Donor heterogeneity: an opportunity and a challenge 

As mentioned before, regeneration and immune cell activation are individual processes 

and in clinical studies it is important to bear in mind that the immune system is as unique 

as a fingerprint. Donor heterogeneity is widely discussed in immunology, especially in 

vaccination, hematology, oncology and autoimmunity, but not in orthopedic research. 

The influence of the individual immune system in a patient can have an impact on the 

capacity to heal. This has been described for CD8+ TEMRA cells in delayed fracture 

healing (REINKE et al., 2013). Platelet rich plasma (PRP) composition reflects immune cell 

composition of the donor, the regenerative capacity can also be described by immune 

cell subsets and activation, or the response to medication or allergens and 

microparticles. Highly individual processes are difficult to follow and predict in patients, 

other methods are necessary to provide a reliable diagnosis and predict clinical 

outcomes.  

1.5.1 BM chip with individual immune cell compositions 

To further understand pro-inflammatory processes and the influence of immune cell 

subsets in fracture healing, the use of new approach methods (NAM) could be useful. 

3D organ-on-a-chip technology could enable longitudinal observation of FH dynamics. It 

could help answer the questions around the interplay between B cells, TLR9, CD21 and 

DAMPs. BM chip technologies seem to be a promising approach on showing patient 

heterogeneity. Primary human material donated by patients can be brought on to a 3D 

chip, which can be used to mimic patient pathology and modulate the individual immune 

cell subsets (SCHOON et al., 2020). Organ-on-a-chip technology is on the rise and can 

simulate the gut environment, liver, skin, and parts of the BM. Several requirements must 

be met when developing a chip system, such as providing a pump system rather than 
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gravity-based media flow, developing a suitable blood surrogate, and developing realistic 

organoids as close as possible to human nature (MARX et al., 2016). Modern cell-culture-

on-a-chip approaches need to ensure enough oxygen exchange or hypoxia, waste 

disposal, cell turnover, reduce artificial shear stress (SIEBER et al., 2018) and most 

importantly provide an approximate anatomy; in this case, the 3D environment of the 

human BM. As described above, the different niches and the structural barriers of native 

bone and BM seem to be important when mimicking natural conditions. In recent years, 

scientists attempted to culture closeɩtoɩin vivo BM. Despite limitations, organ-on-a-chip 

ÃĚĚĝĎÃÑëÛġ ÃĝÛ ġĮÑÑÛġġåĮĀɒ ĀîýÛ ĩëÛ ɵbĮĩĝî/ëîĚɷɒ ĺëîÑë ĆîĆîÑġ the human gastrointestinal 

tract to test the influences of diets (RAMADAN et al., 2013). The BM chip with primary 

ĚÃĩîÛćĩ ĆÃĩÛĝîÃĀ ÑĎĮĀ× ĆÃîćĩÃîć ĩëÛ ×ĎćĎĝɷġ ġĚÛÑîåîÑ ÑÛĀĀĮĀÃĝ ÑĎĆĚĎġîĩîĎć Ãć× ĆĎćîĩĎĝ 

their individual response to exogenous factors, medication and inflammation. Individual 

immune cell response is key in regenerative research, and products aiming for individual 

care are already on the market. 
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1.6 Aims of this work 

The first part of this thesis proposes that PLX-PAD cell-based therapy can substantially 

improve muscle healing in elderly patients following trauma-induced injuries such as hip 

fractures treated with total hip arthroplasty. This is based on the hypothesis that targeted 

modulation of the local microenvironment can significantly enhance musculoskeletal 

regeneration. Therefore, the focus is the potential mode of action by which PLX-PAD 

cells counteract the pro-inflammatory signals from activated immune cells. Through this, 

PLX-PAD cells foster an anti-inflammatory environment that benefits human skeletal 

muscle myoblast (HSMM) differentiation and migration and subsequent improvement of 

muscle regeneration. 

The second part hypothesizes that the fracture hematoma represents a distinct immune 

cell composition which differs from that of blood and bone marrow. Such a study has 

not yet been done in great detail or within a well-defined cohort. The special focus is on 

B cells that are proposed to play a central role in tissue regeneration by responding to 

debris in fracture hematoma such as cfDNA. The suggested role of DNA is triggering the 

complement receptor CR2/CD21 as well as TLR9, leading to autoantibody production to 

clear self-antigens within the fracture gap.  

To help answer some of these questions, the aim is also to develop an organ-on-a-chip 

for bone and bone marrow that can provide clinically relevant insights in vitro. It can be 

used to further assess the influence of immune cells on orthopedic conditions. 

£ëÛ ĩëîĝ× åĎÑĮġ Ďå ĩëîġ ĺĎĝý îġ ĩëÛ ëŀĚĎĩëÛġîġ ĩëÃĩ Ãć îć×îĹî×ĮÃĀɷġ îĆĆĮćÛ ĚĝĎåîĀÛ 

influences the composition and efficacy of personalized therapies, such as PRP. Immune 

cell composition of patients, such as CD8+ TEMRA cells, and the cytokine profiles of IFN-

ǖ Ãć× £bC-ǔ ÃĝÛ ÛĿĚÛÑĩÛ× ĩĎ ÑĎĝĝÛĀÃĩÛ ĺîĩë ĩëÛ ĩëÛĝÃĚÛĮĩîÑ ġĮÑÑÛġġ Ďå twt ĩĝÛÃĩĆÛćĩə 
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2 Methods 

2.1 Clinical study phase III HIPGEN 

Within 24 hours post-trauma, muscle, BM, peripheral blood, and fracture hematoma 

samples were collected during surgery and processed within a strict 4 h window. All 

patients provided informed consent prior to participation. Muscle tissue was stored in 

0.5 ml sterile PBS to keep the tissue viable. Flow cytometry analysis was performed using 

DURAclone dry panels (Beckman Coulter, Washington D.C., USA). BM and fracture 

hematoma samples were analyzed using a Navios cytometer (Beckman Coulter, 

Washington D.C., USA) with data processed using Kaluza software (Beckman Coulter, 

Washington D.C., USA). Peripheral blood samples were analyzed at the Immunological 

Studies Laboratory (ISL, BCRT, Berlin, Germany), following established clinical 

diagnostic protocols (Winkler et al., 2022). Primary end points of the study included a 

short physical performance battery (SPPB), a widely recognized tool that assesses 

physical performance and disability in older adults. It has been shown to be an effective 

predictor of outcomes such as mortality, nursing home admission, and hospitalization. 

More details on the study are available in the published study protocol by Winkler et al. 

2.1.1 Primary BM tissue and control tissue for HIPGEN patients 

Whole BM, including pieces of cancellous bone, was isolated from patients undergoing 

hip surgery at Charité Universitätsmedizin Berlin (EA099/10, EA2/089/20). Samples were 

scraped and suctioned from the femoral cavity and cut from the femoral head. Samples 

were processed within a maximum of 4 h post extraction. Samples were stored at RT. 

BM aspirate, the liquid content, was divided for flow cytometry staining, BMNC isolation, 

MSC isolation, OB isolation and centrifugation for BM plasma retrieval 

(2000  g  for  10 min). 

2.1.2 Primary muscle biopsy for human skeletal muscle myoblast (HSMM) 

isolation 

Muscle tissue was extracted during surgery and directly processed (Ethics approval 

LaGeso 18/0165 - EK 10). Muscle tissue was separated from apparent fatty tissue using 

a scalpel. A maximum of 1 mg of muscle tissue was placed in a gentleMACS C tube 

(Miltenyi, Bergisch Gladbach, Germany) and, according to weight, a digestion buffer was 

added (muscle dissociation kit, Miltenyi, Bergisch Gladbach, Germany) according to the 

ĆÃćĮåÃÑĩĮĝÛĝɷġ ĚĝĎĩĎÑĎĀə Lć ÐĝîÛå, the media contained three enzymes which can digest 

muscle tissue, and a single cell suspension can be generated with mechanical forces. 
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For less than 0.5 g of tissue, 2.5 ml of digestion buffer was used. For up to 1 mg per tube, 

5 ml digestion buffer was used. The tube was placed on a rolling shaker for 30 min at 

37 °C. After incubation, ĩëÛ / ĩĮÐÛ ĺÃġ ĚĀÃÑÛ× îć Ã æÛćĩĀÛa!/{ʰ 5îġġĎÑîÃĩĎĝ åĎĝ ǹ Ćîć 

ĺîĩë ĩëÛ ĆÃćĮåÃÑĩĮĝÛĝɷġ ġÛĩĮĚ åĎĝ ĆĮġÑĀÛ ×îġġĎÑîÃĩîĎćə £ëîġ ġĩÛĚ ĺÃġ ĝÛĚÛÃĩÛ× Ãć× ĩëÛ 

cell suspension added to a 100 µm cell strainer to remove residues and retrieve a single 

cell suspension. Suspension was centrifuged at 350 g for 7 min and the supernatant was 

discarded. Erylysis was performed shortly after with the commercially available erylysis 

buffer (Roche, Basel, Switzerland). The reaction was stopped with a stopping buffer 

containing EDTA, which inhibits the reaction. Cells were washed in expansion media 

once and put over a 70 µm strainer, and cells were counted. To separate HSMM from 

unwanted myofibroblasts, cells were sequentially seeded onto flasks and Matrigel 

(protocol adapted from (KOTSARIS et al., 2023). Cells were seeded into a T75 tissue flask 

in 1 ml EM (labeled flask 1) for 45 min. In the meantime, a second T75 (labeled flask 2) 

was coated with 1:20 Matrigel and incubated for 25 min, and the remaining supernatant 

was removed. After another 20 min, the supernatant from flask 1 was transferred into 

flask 2. 15 ml EM was added to flask 1 and myofibroblasts were kept in culture in this 

flask. In flask 2, HSMM were cultured. This can be confirmed by differentiation assays 

along with staining for IHC and FACS. Media change was performed every other day. 

2.1.3 Staining for HSMM with CD82 

Up to 0.5x106 HSMM were used for one complete staining. 0.1x106 were used as 

unstained control and 0.4x106 were used for full staining. Prior to staining, cells were 

blocked with Fc receptor block (1:20) to inhibit unwanted staining. It is unknown to what 

extent Fc receptors are expressed on muscle cells, but there is no negative alteration to 

the results when adding FcBlock. Cells were stained wiĩë ǹɑǼǸ ĆĎĮġÛ LæD ǔ-human 

CD82-PE (Biolegend, San Diego, CA, USA) and incubated for 15 min on ice, then stained 

with 1:1000 DAPI for an additional 5 min and washed twice with ice cold FACS buffer. 

Cells were analyzed using BD Canto II flow cytometer (BectonDickinson, Franklin Lakes, 

NJ, USA). 

2.1.4 HSMM culture 

HSMM (commercially available from LONZA (Basel, Switzerland) or patient derived 

samples) were cultured in DMEM with 10 % FCS without Glucose. Media was changed 

every other day, and cells were split at 70 % confluency. HSMM start a premature 
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differentiation if confluency surpasses 70 %. Therefore, close monitoring of the cell 

growth is mandatory. 

2.1.5 HSMM differentiation assay 

HSMM were seeded at a density of 2.7 x 106 cells/cm2 in a 24-well or 96-well plate and 

allowed to adhere to the plate overnight at 37 °C in expansion medium (D-MEM, 10 % 

FBS,1 % P/S & 1 % Glutamax). Differentiation was induced by decreasing the FCS 

content in the media to 2 or 5 %. Media change was performed every other day until cell 

fusion was visible in light microscopy (day 5). Cell culture was stopped by washing the 

cells with PBS. Cells were fixed in 4 % PFA for 10 min at RT and washed twice with PBS. 

Cells were permeabilized with 0.1 % TritonX (Thermo Fisher Scientific. Waltham, MA, 

USA) in PBS (Thermo Fisher Scientific. Waltham, MA, USA) with 3 % BSA for 10 min at 

RT. A further two washing steps were performed with PBS and cells were blocked with 

3 % BSA in PBS at RT for 1 h. The primary antibody, ĆĎĮġÛ ǔ-human IgG myosin heavy 

chain (clone MF20, R&D systems, Minneapolis, MN, USA) was added at a 1:250 dilution 

in 1 % BSA/PBS and incubated overnight at 4 °C. Cells were washed twice the next day 

Ãć× ĩëÛ ġÛÑĎć×Ãĝŀ ÃćĩîÐĎ×ŀ ɦæĎÃĩ ǔ-mouse IgG (H+L) Alexa 488, (Thermo Fisher 

Scientific. Waltham, MA, USA) was added in a 1:1000 dilution in PBS at RT for 1 h. DAPI 

stain was added at a 1:1000 dilution in PBS and final washes were performed twice and 

cells acquired with life cell fluorescence microscopy as described by Tabakov et al. 

(TABAKOV et al., 2018). In the indirect co-culture assay, the conditioned media of activated 

PBMC from monocultures or from co-cultures with PLX-PAD cells were diluted at 1:40 

with a differentiation medium (final concentration: 5 % FCS, 1 % P/S, 1 % Glutamax) and 

added to the HSMM cultures. HSMM cultures in the differentiation medium (diluted 40:1 

with pure PBMC culture medium) served as a control. 

2.1.6 PLX-PAD co-culture with PBMCs 

The immunomodulatory potency of PLX-PAD cell was determined as described earlier 

(ANDRZEJEWSKA et al., 2019; DRZENIEK et al., 2024; KETTERL et al., 2015). Briefly, PBMCs 

were stained with CSFE. This work was done by collaborators in Brescia, Italy (Work 

package 4 in HIPGEN). PLX-PAD were seeded in a flat bottom 24-well plate (1x104 cells 

per cm2). 24 h after seeding, the plate containing PLX-PAD was washed gently with a 

warm DMEM medium. 1x105 CFSE-stained PBMCs in 400 µl RPMI1640 (2.5x105 cells/ml) 

were added. To induce proliferation and cytokine secretion, T cells were stimulated in 

our in-house diagnostics lab ISL, using anti-/5ǻ ɦǸəǹǺǽ ʘæ Ć[ʙǹɧ Ãć× Ãćĩî-CD28 (0.25 
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ʘæ Ć[ʙǹɧ ÃćĩîÐĎ×îÛġ ɦ.5 ÐîĎġÑîÛćÑÛġ CĝÃćýĀîć [ÃýÛġɒ bWɒ ¨{!ɧə ¨ćġĩîĆĮĀÃĩÛ× ĺÛĀĀġ 

served as a control for low proliferation/cytokine release, while wells with stimulated 

PBMCs but without PLX-PAD were included as a control for high proliferation/cytokine 

release. The co-culture plates were kept at 37 °C, 5 % CO2 for 5 days, after which cells 

and their supernatant (conditioned media; CM) were collected and stored at -80 °C.  

2.1.7 Peripheral blood 

Blood was collected pre-surgery, with all patients giving informed consent (EA2/096/11, 

EA2/089/20). Blood was processed within 24 h after collection. The blood was stained 

for flow cytometry and serum collected (2000 g, 10 min). The serum samples were stored 

at -80 °C until further processing. PBMCs were isolated according to protocol published 

elsewhere (Ficoll protocol). In brief, 25 ml ficoll solution was added to a 50 ml falcon and 

25 ml whole blood was slowly layered onto the ficoll solution. Blood was centrifuged for 

35 min at 400 g without brake and acceleration was set to 5. After centrifugation, the 

visible interphase was removed using a single-use Pasteur plastic pipet, then transferred 

to a new falcon and washed with warm RPMI and centrifuged again at 200 g for 10 min 

with brake. Supernatant was carefully removed, and erythrocytes were lysed using 

commercially available lysis buffer (Quiagen, Hilden, Germany) for 3 min. 20 ml RPMI 

was added and cells were centrifuged at 200 g for 10 min. The pellet was resuspended 

in 5 ml and cells were counted and if needed put over a 45 µm cell strainer. For blood 

collection within the Hipgen study, three time points were used: pre-OP (pre-surgery, 

ĀÃÐÛĀÛ× ɳÐĀĎĎ×ɴɧɒ åîĹÛ ×Ãŀġ ĚĎġĩ-surgery (labeled d5) and 3 months after surgery (labeled 

w12). Control blood was drawn from age-matched individuals.  

2.1.8 Bone  

Cancellous bone scaffolds were retrieved from the tissue bank at Charité 

Universitätsmedizin Berlin. Scaffolds were pre-cut in cylindric form to fit a 96-well format 

(6 mm diameter, 5 mm height). Bone scaffolds are free from organic material and cells.  

2.1.9 BM mononuclear cell isolation from primary material  

BM was isolated from BM aspirate from patients undergoing primary hip arthroplasty. 

The aspirate was collected from the femoral cavity of the patients prior to the insertion 

of the artificial hip stem. All patients gave informed consent (EA099/10, EA2/089/20). The 

BM was put over a 100 µm cell strainer and mixed with PBS 1:1 prior to adding it to the 

ficoll gradient. The isolation steps were as described under the section for isolation of 

PBMCs from peripheral blood. 
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2.1.10 Fracture hematoma (FH) processing for downstream analysis 

FH comes in different states depending on the fracture state. When fracture healing is 

initiated, FH can already be coagulated or even enter callus formation and be of firm 

consistency. For downstream analysis, FH needs to be homogenized and brought into a 

single cell suspension and centrifuged to retrieve soluble factors.  

FH was placed in a gentleMACS C tube (Miltenyi, Bergisch Gladbach, Germany) and 

homogenized using a æÛćĩĀÛa!/{ʰ DîġġĎÑîÃĩĎĝ åĎĝ ǻǸ ġÛÑ ĺîĩë ĩëÛ ĆÃćĮåÃÑĩĮĝÛĝɷġ ġÛĩĮĚ 

for heart muscle dissociation. If the FH was too viscous, one drop (about 50-100 µl PBS) 

was added to the paste to liquify the hematoma. 100 µl per staining for DURAclone 

panels was set aside and the remainder centrifuged at 2000 g for 10 min. Aliquots of FH 

supernatant were used and noted whether PBS was added or not. An aliquot of 

maximum 500 µl of the FH pellet was stored at -80 °C for further experiments (native). 

Supernatants were used in all experiments where FH was exposed to cell cultures. 

2.1.11 Platelet-rich plasma  

Platelet rich plasma production is described by the manufacturer and strictly adheres to 

the GMP standards of the clinic performing the injections. The following protocol has 

been published elsewhere by our group (NIEMANN et al., 2023). In brief: Twelve healthy 

participants (5 female and 7 male) were included in the study. Blood samples were 

drawn from each participant to produce the PRP products according to the 

ĆÃćĮåÃÑĩĮĝÛĝɷġ ĚĝĎĩĎÑĎĀ. The study was approved by the local ethics committee 

(EA2/218/21 and EA1/146/21, Ethikkommission Charité, Berlin, Germany), adhering to 

the declaration of Helsinki. Statistical analysis was performed using GraphPad Prism 

(GraphPad Prism for macOS, version 9.3.0, GraphPad, San Diego, CA, USA). The ACP® 

system (Autologous Conditioned Plasma, ACP®, Arthrex GmbH, Naples, FL, USA) was 

prepared using up to 15 ml of peripheral blood without anticoagulant as provided by the 

company. Each sample was centrifuged at 1500 rpm for 5 min. Double syringes from 

Arthrex ĺÛĝÛ ëÃć×ĀÛ× ÃÑÑĎĝ×îćæ ĩĎ ĩëÛ ĆÃćĮåÃÑĩĮĝÛĝɷġ îćġĩĝĮÑĩîĎćġə !ćæÛĀʰ ĚĝĎ×ĮÑĩ ĺÃġ 

produced using 40 ml of peripheral blood (AĝĩëĝÛĿ !ćæÛĀʰɒ !ĝĩëĝÛĿ DĆÐIɒ bÃĚĀÛġɒ C[ɒ 

USA). An acid-citrate-dextrose solution (ACD-A 30 ml, Zimmer Biomet Holdings, Warsaw, 

IN, USA) was added to the syringe at a ratio of 1:7 to the blood volume. PRP was handled 

as described by the manufacturer. nSTRIDE® APS (nSTRIDE® Activated Protein 

Solution, Zimmer Biomet Holdings, Warsaw, IN, USA) was manufactured by mixing 55 

ml of donor blood and 5 ml of ACD-A (ACD-A 30 ml, Zimmer Biomet Holdings). Regular 
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heparin blood samples served as control for each donor. Samples were immediately 

processed for flow cytometry and cytokine detection; the longest storage time was 4 h 

at RT. 

2.1.12 Determination of cytokine levels with Meso Scale multiplexing 

immunoassays 

All supernatants were stored at -80 °C until further processing. This method was 

established in the ISL, Charité Universitätsmedizin Berlin, and was performed by the 

ÑĎĆĚÃćŀɷġ îćĩÛĝćÃĀ ĚĝĎĩĎÑĎĀġ Įġîćæ Meso Scale. The data and the methods were already 

published in Niemann et al. Meso Scale multiplexing immunoassays is a sandwich-

based ELISA proinflammatory cytokine panel (V-PLEX Proinflammatory Panel 1 Human 

Kit, Meso Scale Discovery (MSD), Meso Scale Technologies, LLC, Rockville, MD, USA) 

which quantifies the concentrations of interferon gamma (IFN-ǖɧɒ îćĩÛĝĀÛĮýîć ǹǕ ɦL[-ǹǕɧɒ 

IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, and tumor necrosis factor alpha (TNF-ǔɧə Data 

was analyzed using the MESO Quick Plex SQ 120 system and this work was performed 

in collaboration with ISL Berlin, Germany.  

2.1.13 Staining åĎĝ åĀĎĺ ÑŀĩĎĆÛĩĝŀ ĺîĩë ɳDURAcloneɴ 

Ready to use DURAclone antibody panels were used for flow cytometry. For basic 

immune subset identification, CD16-FITC, CD56-PE, CD19-ECD, CD14-PC7, CD4-APC, 

CD8-A700, CD3-APC-A750, and CD45-KrO were assessed (DURAclone IM Phenotyping 

Basic kit #B53309, Beckman Coulter, Washington, D. C., USA). For identification of T cell 

subsets CD45RA-FITC, CD197-PE, CD28-ECD, CD279-PC5.5, CD27-PC7, CD4-APC, 

CD8-A700, CD3-APC-A750, CD57-PB, and CD45-KrO were measured (DURAclone IM T 

Cell Subsets kit #B53328, Beckman Coulter, San Diego, CA, USA). For B cell subset 

identification, IgD-FITC, CD21-PE, CD19-ECD, CD27-PC7, CD24-APC, CD38-APC-A750, 

IgM-Pacific Blue, CD45-KrO and, if applicable, kappa light chain-A700 and lambda light 

chain-PerCP-Cy5.5 were assessed (DURAclone IM Phenotyping B cell, kit #B53318, 

Beckman Coulter, Washington, D. C., USA). All panels were stained as indicated by the 

manufacturer as described below. For the B cell DURAclone staining, blood, FH and BM 

were washed twice with 2 ml PBS according to the ĆÃćĮåÃÑĩĮĝÛĝɷġ ĚĝĎĩĎÑĎĀ and 

centrifuged at 200 g for 10 min. For each sample, 100 µl of donor blood, BM or respective 

hematoma was added to a DURAclone tube with lyophilized antibody cocktails adherent 

to the tube. For the Dendritic cell panel, 200 µl was used. The tubes were vortexed and 

incubated in the dark at RT for 15 min, according to protocol. 2 ml of VersaLyse erylysis 

buffer was added and tubes were incubated in the dark at RT for 15 min and then 
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centrifuged at 200 g for 5 min. The supernatant was discarded and washed with 3 ml 

PBS at 200 g for 5 min and respective supernatants were discarded. Each cell pellet was 

resuspended in 200 µl buffer (containing 1x PBS with 5 % v/v of fetal bovine serum, 2 

mM EDTA, and 2 mM sodium azide). Analysis was performed with Kaluza software 

(Beckman Coulter, Washington, D.C., USA) and statistical analysis with GraphPad 

PRISM 10.2.1 (Boston, USA) when applicable. 
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2.2 Gating strategies for all panels 

Basic panel gating strategy with Kaluza analysis software. 

 

Figure 2.1 Gating strategy for basic immune cell characterization CD45+ cells were divided into neutrophil 
and granulocytes (NGr) and further analyzed in their CD16 expression to show neutrophils. Neutrophils 
were excluded to show monocyte subsets, through CD14 and CD16 expression. B cells were shown by 
CD19 expression and exclusion of NGr and monocytes. T cells were investigated following their CD3 
expression and divided into CD4 and CD8 T cells after excluding NK cells via CD56. To further distinguish 
NK cells, another gate was added for NK-like T cells, via their CD3 and CD56 expression. 
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2.2.1 T cell gating strategy 

 

Figure 2.2 T cell gating for effector subsets T cells were gated by CD45 expression and exclusion of 
monocytes and other granular cells via SS and FS. The expression of CD4 and CD8 divided the helper 
and cytotoxic T cells. Both major subsets were shown in CCR7 and CD45RA levels to determine central 
memory, naïve, effector memory and terminally differentiated memory cells. Both subsets were also 
analyzed in their PD-1 expression. 

2.2.2 B cell gating strategy 

 

Figure 2.3 B cell gating strategy B cells were gated through lymphocyte gates. These included larger cells 
to include proliferating and developing B cells in the bone marrow, which appear larger. CD19 was used 
as a main discriminator for B cells. CD24 and CD38 expression was used to further divide them into 
memory, naïve, early B cells and plasmablasts. CD21 expression was measured on CD19+ cells and 
CD38- /low B cells to exclude early B cells which naturally lack CD21. 
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2.2.3 Staining for flow cytometry with liquid panels  

For flow cytometry staining 0.1x106 cells per 100 µl FACS buffer were used. Cells were 

washed with 1x PBS on ice and blocked with 1:20 true stainX (Biolegend, San Diego, 

CA, USA) blocking agent for 5-10 min. The complete staining was performed on ice. For 

B cell staining 1:20 CD45-APC (Biolegend, San Diego, CA, USA #304012), 1:100 CD3-

FITC (BD biosciences Franklin Lakes, NJ, USA, #556611), 1:20 CD19-PE (Biolegend, San 

Diego, CA, USA #302208), 1:20 CD24-PE-Cy7 (Biolegend, San Diego, CA, USA 311120), 

1:10 CD38-APC-A750 (Beckman Coulter, San Diego, CA, USA, #A86049), 1:20 CD34-

PerCP-Cy5.5 (Biolegend, San Diego, CA, USA #343521) antibodies were used. Cells 

were stained on ice in the dark for 15 min. Cells were washed with 200 µl FACS buffer 

and centrifuged twice at 300 g for 5 min. They were resuspended in 50 µl FACS buffer 

and stained with 1:1000 DAPI prior to analysis with BD CantoII (BD biosciences Franklin 

Lakes, NJ, USA).  

2.2.4 B cell CD21 staining 

For flow cytometry, 1x106 cells were stained per condition. Cells were blocked with 

mouse serum (1:10) on ice for 20 min, and centrifuged at 300 g for 5 min. Supernatant 

was discarded and the cells were stained for 20 min on ice with 50 µl master mix staining 

buffer containing: CD21 APC (1:40), CD3 FITC (1:10), CD19 BV421 (1:20) and CD20 

AA700 (1:50). Cells were then washed twice with 150 µl ice-cold FACS buffer and 

resuspended in 200 µl ice-cold FACS buffer for acquisition. Before measuring the 

sample, 7AAD was added (1:10). 

2.2.5 Compensation with beads for flow cytometry staining 

.5ʰ /ĎĆĚ.ÛÃds Anti-aĎĮġÛ Læɒ ǝɟbÛæÃĩîĹÛ /ĎćĩĝĎĀ /ĎĆĚÛćġÃĩîĎć tÃĝĩîÑĀÛġ ɦ.5 

biosciences Franklin Lakes, NJ, USA) were stained as described by the manufacturer. In 

short, beads were vortexed, and one droplet was used for two stainings. Negative and 

positive beads were mixed and plated in a 96-well plate or in Eppendorf tubes. The 

beads were washed with chilled PBS and stained in 50 µl staining buffer and 2 µl of the 

respective antibody, then incubated for 20 min on ice and washed before acquisition.  

2.2.6 Cell trace violet staining  

Cells were used at 1x106/ml and pelleted prior to Celltrace (Thermo Fisher Scientific, 

Waltham, MA, USA) staining and resuspended in pre-warmed PBS 2x106/ml, and 5 mM 

Celltrace Violet stock was reconstituted with DMSO as recommended by the 

manufacturer. 1 µl of Celltrace was added to each 2 ml of PBS mixed with medium to a 
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final working concentration 1.25 µM. Cells were incubated with staining for 20 min at 

37 °C and protected from light. Any unbound dye was quenched by adding 8 ml staining 

buffer volume with PBS + 10 % FCS and incubated at RT for 5 min. Cells were 

centrifuged at 400 g for 5 min and resuspended in pre-warmed RPMI and cells were 

seeded at 1x105 per well with 200 µl cell culture B cell media.  

2.3 BM chip culture 

To imitate exposure to cobalt (Co) and chromium (Cr) as seen in patients undergoing 

revision surgery for hip implants, a 3D cell culture model was developed. This model 

integrated bone and BM cells within a microfluidic device (HUMIMIC Chip2, TissUse 

GmbH). The design of the chip and the culture techniques were already published and 

are adapted from there (SCHOON et al., 2020; SIEBER et al., 2018). Modifications included 

human decellularized cancellous bone as the scaffold and media supplemented with 

10 % human AB serum. Cylindrical scaffolds (5 mm in height, 3 mm in radius) were 

seeded with 1.5x105 human primary MSC and 1.5x105 osteoblasts and kept in static 

conditions over 5 days. Osteogenic differentiation followed protocols previously 

optimized for 2D cultures (RAKOW et al., 2016). Scaffolds were then transferred to the 

microfluidic culture system to expose the culture to flow dynamics. A total of 1x106 

BMNCs were added to each well containing a bone scaffold. On day 7, an additional 

2x106 BMNCs were seeded onto the scaffolds, followed by 20 days of culture without 

additional growth factors. The exposure to Co(II) and Cr(III) ions started on day 8, with 

ÑĎćÑÛćĩĝÃĩîĎćġ ġÛĩ Ãĩ Ǻəǽ ǟæɟĆ[ ÛÃÑëə £ëîġ ÛĿĚĎġĮĝÛ ĺÃġ ÑĎćġîġĩÛćĩĀŀ ĆÃîćĩÃîćÛ× ĺîĩë 

each media change over the 20-day dynamic culture period until day 28. At the end of 

the experiment, the scaffolds were fixed and prepared for XRF analysis. 

2.3.1 Isolation of primary mesenchymal stromal cells from BM samples  

The sample was transferred into a new 50 ml falcon and the mixed 1:1 with sterile PBS. 

The falcon was inverted several times and placed over a 100 µm cell strainer to remove 

coagulated blood and other micron-sized bone particles. Pieces of cancellous bone were 

removed and stored in PBS for osteoblast isolation. The mixture was centrifuged at 

800 x g at RT for 10 min. The formed lipid layer was removed. The cell suspension 

including BMNC was carefully placed on Histopaque 1077 (Sigma, St. Louis, MO, USA), 

a solution commercially available for blood cell isolation. Cells were centrifuged at 

1160 x g for 30 min at RT without brake. The interphase was removed and pooled. Cell 

numbers were counted using a CASY cell counter. Pre-warmed expansion medium (EM) 



32 
 

was added to the cell suspension and seeded on cell culture flasks at 0.5x106 cells per 

T300 flask. During expansion, media change was performed every other day. For 

expansion, cells were split at 80 % confluency with trypsin.  

2.4 Isolation of primary human osteoblasts from bone biopsies 

Osteoblasts were isolated using a well-established protocol in our lab. In short, EM was 

pre-warmed. Pieces of cancellous bone were washed in PBS by shaking a Falcon tube 

and vortexing it until it appeared entirely clean. The bone was cut into pieces with a 

scalpel. The pieces were transferred into a culture flask and filled up with EM. The cells 

were incubated for 3-4 weeks to bring them to 80 % confluency.  

2.4.1 B cell isolation with MACS/Invitrogen dyna beads 

PBMBs including B cells were thawed according to the protocol described in this 

methods section and placed at 37 °C for 2 h. Cells were counted after incubation time 

Ãć× ĚĮĩ Ďć îÑÛə 5ŀćÃÐÛÃ×ġʰ ¨ćĩĎĮÑëÛ×ʰ IĮĆÃć . /ÛĀĀġ Yîĩ ɦ£ëÛĝĆĎåîġëÛĝɒ ´ÃĀĩëÃĆɒ 

MA, USA) were used according to the ĆÃćĮåÃÑĩĮĝÛĝɷġ ĚĝĎĩĎÑĎĀɒ the only alteration was 

that 2/3 of the recommended number of beads were used for isolation, e.g. 400 µl for 

6x107 cells. Beads were resuspended with buffer and washed with ice-cold buffer, the 

beads were then centrifuged at 200 x g for 10 min and resuspended in ice-cold isolation 

buffer. Antibody solution was added to the cells and incubated on ice for 20 min. The 

cells were then mixed with the prepared beads in thicker plastic tubes (e.g. flow 

cytometry tubes, Sarstedt). The cell-bead mixture was incubated on a rotator for 15 min 

on ice or at 4 °C. The mixture was then placed in a strong magnet (Thermofisher, 

Waltham, MA, USA). This step was repeated twice. The supernatant contained 

untouched isolated B cells. 

2.5 PBMC culture for detecting CD21 response to FH in vitro 

PBMCs were isolated from buffy coats and frozen and thawed as described earlier. 2x105 

live cells per well were seeded in a 96-well tissue culture plate (Sarstedt) in triplicates 

for 24 h, 48 h, 72 h, 4 d, and 5 d. PBS, in equal amounts to FH and stimulants, served as 

a control. Cells were cultured in IMDM with 10 % FCS and 5 % P/S. Exposed cells were 

treated with 20 µl undiluted FH (1:10 dilution) and 180 µl media, or pre-diluted FH (1:10, 

1:100). Triplicates were pooled for flow cytometry staining and analysis to yield sufficient 

cell numbers per experiment. Donors were chosen at random and were all healthy 

individuals according to the health care provider. Cells were stained according to the B 
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cell CD21 staining protocol mentioned before. If applicable, cells were treated with 

0.02 mg/ml HMBG1 and/or 0.02 mg/ml C3d and/or ODN2006 at 0.005 mg/ml in different 

combinations, with labels indicating which combination was used. Isolated B cells were 

seeded at 50,000 cells per well with IMDM with FCS or hAB, PS, sodium pyruvate (1:100), 

non-essential amino ÃÑî×ġ ɦǹɑǹǸǸɧ Ãć× Ǖ-mercaptoethanol (1:1000) in the same manner 

as PBMCs. 

2.5.1 Freezing  

The cells were resuspended in 5 ml PBS and centrifuged again for 5 min at 400 x g. 

5x106 cells were resuspended in 250 µl xeno-free freezing media I and added to a 

cryovial. Freezing media II was quickly added in equal amounts (250 µl) to a total volume 

of 500 µl per vial, then placed in a Mr. Frosty cooling container and stored at -80 °C for 

24 h. They were later moved to cryotanks. 

2.5.2 Thawing 

Thawing media (TM) was pre-warmed, the cryo-vial containing the cells was gently 

swirled in a 37 °C water bath until it was almost thawed. TM was slowly added to the 

cells while gently turning the vial. The cell suspension was carefully transferred to a 

Falcon tube, containing thawing media. Cells were centrifuged at 300 x g for 10 min and 

TM and incubated for 5 min at 37 °C with a 1:10000 nuclease (Pierce, Thermofisher, 

Waltham, MA, USA). The pellet was resuspended by carefully tapping the side of the 

tube and finally resuspended with a 1000 µl pipet, and cells were counted. 

2.5.3 LDH ɩ Lactate dehydrogenase for cytotoxicity assessment in supernatants 

Lactate dehydrogenase is an enzyme released from the cytosol of damaged cells and 

therefore suited for quantification of cell death and cell lysis. The activity of the enzyme 

in the supernatant increases with the number of damaged or dead cells. The enzymatic 

reaction coupled with a catalyst is a two-step process utilized in the cytotoxicity detection 

kit commercially available from Roche, Basel, Switzerland. LDH activity was measured 

in the supernatant of all wells in static and dynamic culture to monitor cytotoxicity over 

the experimental period. The assay mixes culture supernatant with dye and catalyst and 

the absorption readout follows through a plate reader (Tecan, Männedorf, Switzerland) 

at 500 nm. The absorbance value correlates directly with the amount of formazan salt 

formed in the assay and is proportional to the number of lysed cells.  
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2.6 NF-ǝ.ɩSEAP reporter HEK293 cells expressing human TLR9  

HEK Blue cell line is a secreted embryonic alkaline phosphatase (SEAP) secreting cell 

line in response to TLR9 activation, via a stimulus like (synthetic) oligonucleotides 

containing CpG motifs (CpG ODNs). HEK-.ĀĮÛʰ bĮĀĀǹ îġ ĮġÛ× Ãġ Ã ćÛæÃĩîĹÛ ÑĎćĩĝĎĀə  

 

Figure 2.4 TLR9 reporter HEK cell line Binding of DNA to endosomal TLR9 releases MyD88 to induce NF-
kB transcription factor to release SEAP, which can be measured. Image describing the mechanism by the 
manufacturer (https://www.invivogen.com/hek-blue-htlr9, accessed 02.12.2024). 

Cells were cultured and expanded as recommended by the manufacturer (Invivogen, 

San Diego, CA, USA) and selected with the antibiotics Blasticidin and Zeocin® until 

passage 4. Cells were then seeded onto 96-well plates at 8x105 cells per well and 

incubated at 37 °C for 24 h or overnight (ON). For direct detection, cells were cultured in 

HEK-.ĀĮÛʰ 5ÛĩÛÑĩîĎć ĆÛ×îÃ Ãġ ×ÛġÑĝîÐÛ× Ðŀ ĩëe manufacturer and analyzed with a 

TECAN spectral analyzer (Männedorf, Switzerland) at 37 °C and 640 nm absorption. The 

graphs indicate which controls are included in each experiment: media only, cells and 

media only, cells and media and PBS in equal amounts to FH, ODN negative controls 

and ODN positive controls (details in the following section), blood coagulated and 

treated as FH, serum from healthy donors, water added to media, media and FH 

supernatant without cells, HEK Null cell line as distributed by the manufacturer.  

2.6.1 HEK-Dual hTLR9 (NF/IL8) cells 

HEK-Dual cell line is a SEAP secreting cell line with two reporter genes which secrete 

SEAP in response to TLR9 activation, via a stimulus or (synthetic) oligonucleotides 

containing CpG motifs (CpG ODNs) and the release of Luciferase, which can be detected 

https://www.invivogen.com/hek-blue-htlr9
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using a Quanti-Luc solution. Please note that this cell line has been renamed. It was 

formerly known as "HEK-5ĮÃĀʰ ë£[wȁ ɦbCɟL[Ȁɧɜ but now runs under the name HEK-

Blue-[ĮÑîÃʰ ë£[wȁ /ÛĀĀġə £ëÛ ÑÃĩə ÑĎ×Û ɦëý×-htlr9ni) remains unchanged. To avoid 

confusion, the original name will be used in this thesis. The cells were cultured and 

expanded as described in the manual regarding their antibiotic resistances to Blasticidin, 

Hygromycin, Zeocin® until passage 4. Cells were then seeded onto 96-well plates at 

5x105 cells per well and incubated at 37 °C for 24 h or ON. For indirect measurement, 

the supernatant of each well was transferred to a new opaque 96-well plate and mixed 

with pre-diluted Quanti-Luc assay buffer as described by the manufacturer, and analyzed 

with TECAN luminescence reader (Männedorf, Switzerland) at a 0.1 second reading 

time. Cells were exposed to 4.5 µM commercially available ODN2006, a synthetic 

oligonucleotide with high affinity to TLR9, which leads to the subsequent activation of its 

signaling pathway. In addition, fracture hematoma supernatant was used in dilutions 1:2, 

1:10 to determine the detection range. As positive control, NOD1 agonist -Ala-ǖ-D-Glu-

mDAP (Tri-DAP) comprised of the iE-5!t ɦǖ-D-Glu-mDAP) dipeptide and a L-Ala residue 

was used (Invivogen, San Diego, CA, USA). ODN2006 was used as a known TLR9 agonist 

and as negative control in addition to the Null cell lines: 10 µM Hydroxychlorine, a TLR9 

blocking agent (Sigma, St. Louis, MO, USA), sterile endotoxin-free water (Invivogen, San 

Diego, CA, USA) and human AB serum (Sigma, St. Louis, MO, USA). Coagulated blood 

served as an additional control, where blood was incubated at RT for 2 h and treated as 

FH, homogenized using a gentle MACS C tube. The heat inactivation of blood, BM and 

FH was another control. Samples were incubated at 60 °C for 1 h on a shaker. From one 

patient, cfDNA was extracted from BM, FH and blood. About 60 ng/ml of each was used 

and added to the cell culture. HMBG1 was used at 0.2 mg/ml in culture when indicated. 

C3d, the CD21 ligand, was added to the culture at 0.02 mg/ml when indicated. 

2.6.2 Synthetic oligonucleotides (ODN) trigger TLRs 

ODNs used in the TLR9 experiments include: TLR9 agonists Class B 2006, Class A 2216, 

Class C 2395 and their negative controls 2173, 2243, 2395 control (all Invivogen, San 

Diego, CA, USA). ODNs were used as instructed by the company and ODN 2006 was 

titrated in later experiments. 

2.7 Cell-free DNA Isolation from BM, blood and FH supernatant  

!ĚĎġĩĀÛ aîćîaÃĿʰ Iîæë 9ååîÑîÛćÑŀ Ñå5b! LġĎĀÃĩîĎć Yîĩ ɦ.ÛÑýĆÃćć /ĎĮĀĩÛĝɒ ´ÃġëîćæĩĎć 

D.C., USA) was used as described in the manufacturer's protocol. 500 µl up to 1000 µl 
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(depending on the viscosity of the material) of each sample was mixed with the reagents 

proteinase K and sample lysis buffer and incubated for 20 min at 60 °C on a heating 

block with gentle shaking. Lysis/binding buffer was mixed with previously washed 

magnetic nanoparticles to sÑÃĀÛ Ãġ ĝÛÑĎĆĆÛć×Û× îć ĩëÛ ĆÃćĮåÃÑĩĮĝÛĝɷġ ĆÃćĮÃĀə 

Nanoparticles were mixed with the sample by inverting the tube 10 times and additional 

high-speed shaking on a vortex for 10 min to bind the nanoparticles. Elution was 

ĚÛĝåĎĝĆÛ× Įġîćæ Ã a!/{îa!Dʰ {ÛĚÃĝÃĩĎĝ (Miltenyi Biotec, Bergisch Gladbach, 

Germany) with a strong magnetic field, collecting the nanoparticles on the side of the 

tube. Beads were washed with wash buffer, and finally, cfDNA was eluted with elution 

buffer. The concentration and purity were determined using a Nanodrop analyzer. Some 

samples were hemolytic, and the DNA yield was low or not pure enough for downstream 

processing. Nanodrop readings were sometimes inaccurate due to contamination of 

proteins, erythrocytes, platelets and other blood components. Due to coagulation, 

residual samples appeared sticky. Gel separation was used to further purify DNA. 

2.8 Agarose gel to determine the size of cfDNA  

To see the different band sizes of cfDNA and search for gDNA residues, the isolated 

cfDNA was loaded onto a 1 % agarose gel (Sigma, St. Louis, MO, USA). A medium size 

gel with 6 pockets was chosen, and each pocket was loaded with 500-700 ng/µl. Hyper 

ladder 1 kb (Bio line, Cincinnati, OH, USA) was used as a reference. The gel was run in 

TBE buffer at 100 V for 45 min.  

2.8.1 Agarose gel digestion to retrieve cfDNA  

Bands of interest were cut out and added to a 5 ml Eppendorf tube. Nucleospin Gel 

clean up kit (Macherey-Nagel, Düren, Germany) was used as described by the 

manufacturer. In brief: 100 mg of agarose gel was mixed with 200 µl buffer NTI (and 

scaled up according to the weight of the band). The samples were incubated at 50 °C 

and vortexed every 2-3 min to completely dissolve the gel contents. A NucleoSpin gel 

column was placed in a 2 ml collection tube and 700 µl was loaded onto the column. 

The column was centrifuged at 11,000 x g for 30 s, and the flow through was discarded. 

Then, the loading and centrifugation steps were repeated. 700 µl buffer NT3 was added 

to the column and centrifuged again at 11,000 x g for 30 s and the flow-through was 

discarded. This step was repeated once. The tube was then centrifuged at 11,000 x g for 

1 min to remove the residual buffer. The DNA was eluted to a new 1.5 ml microcentrifuge 
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tube and incubated with 15 µl NE Buffer at RT for 1 min and centrifuged again. The DNA 

content was determined using Nanodrop (Roche, Basel, Switzerland).  

2.9 Cytokine array 

A human cytokine antibody microarray on a glass chip (RayBiotech life, Peachtree 

Corners, GA, USA) was performed to determine the soluble environment of the bone 

and BM chip. The supernatants were used undiluted and the array performed as 

×ÛġÑĝîÐÛ× îć ĩëÛ ĆÃćĮåÃÑĩĮĝÛĝɷġ ĆÃćĮÃĀə £ëÛ ĆĎ×Û Ďå ÃÑĩîĎć îġ ÐÃġÛ× Ďć Ã ĩĝÃ×îĩîĎćÃĀ 

sandwich ELISA used with streptavidin and HRP detection. In brief: all wells were 

blocked with blocking buffer for 30 min. Samples were added to each sub array and 

incubated at RT for 2 h. The arrays were then washed and placed in a clean container 

and the whole glass slide was immersed in wash buffer I with no bubbles in the wells 

and washed at RT with gentle rocking. The steps were repeated with wash buffer II. 

Biotin-conjugated anti-cytokine reagent was added to the array and incubated at RT for 

2 h. The slide was washed with buffer I and II as described in the previous step. 

Streptavidin was added to each sub-array and incubated at RT for 2 h. The slide was 

washed again as previously described and a final wash with de-ionized water was 

performed using a plastic water bottle. The slide was left to dry and analyzed with a laser 

scanner using a cy3 channel at an excitation frequency of 532 nm (Power Scanner, 

Tecan, Männedorf, Switzerland) with a resolution of 2 µm.  

2.10  Sandwich ELISA to detect human shed CD21 and total IgM 

Human CD21/CR2/EBV receptor ELISA was performed as stated in the protocol by the 

manufacturer (Invitrogen, Thermofisher, Waltham, MA, USA). The samples were pre-

diluted at 1:10000 except for the cell culture supernatant, which was used undiluted. A 

standard curve was prepared for every run of the ELISA. A 100 µl sample was added to 

each well of the ELISA and incubated ON at 4 °C with gentle shaking. Wells were washed 

with washing buffer three times. After washing, 100 µl biotin conjugate was added to 

each well and incubated at RT for 1 h. The wells were washed again as described before 

and 100 µl streptavidin-HRP solution was added to each well and incubated for 45 min 

at RT with gentle shaking. Wells were washed again and 100 µl TMB substrate was 

added to each well and incubated at RT for 30 min in the dark, with gentle shaking. After 

incubation, 50 µl of stop solution was added and the side of the plate was gently tapped 

to mix the solutions. The plate was read at 450 nm with a Tecan plate reader (Männedorf, 
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Switzerland). A total IgM ELISA was performed according to protocol by the 

manufacturer and samples were used as recommended. 

2.11 Autoantibodies (ANA) and rheumatoid factor (RF) analysis from 

serum and fracture hematoma 

All paired samples were centrifuged at 2000 x g for 10 min and 500 µl undiluted serum 

and plasma aliquots were sent to Labor Berlin, Berlin, Germany to determine the ANA 

and RF levels. Analysis was performed as part of their routine work for clinical diagnostics 

and according to their concealed standard protocol. 

2.12 Bone fixation and embedding for cryosection and staining 

Bone pieces were fixed with 1:5 PFA (Electron microscopy science, Hartfield, PA, USA) 

/PBS and fully immersed ON. The bone to solution ratio should be 1:20. The bone was 

transferred to a 10 % sucrose solution at 40 % and incubated at 4 °C for 24 h. It was 

then transferred to a 20 % solution at 4 °C for 24 h and afterwards into a 30 % sucrose 

solution at 4 °C for 24 h. The sucrose solution was carefully removed from the bone 

tissue. Super cryoembedding medium (SCEM)-compound (Leica Microsystems, Tokyo, 

Japan) was added to the embedding mold and bubbles were avoided. Bone was placed 

in media and samples in the mold were moved to cooled n-hexane (Thermo Fisher 

Scientific. Waltham, MA, USA) until the SCEM media started to freeze. More SCEM 

media was added to fill the mold and completely immerse the bone, and it was replaced 

in chilled n-hexane to completely freeze the sample. Then, the mold was directly dipped 

in water and placed in aluminum foil at -80 °C until further processing. 

2.12.1 Synchrotron radiation analysis in cooperation with Xployration Inc 

X-ray fluorescence spectroscopy mapping is a technique used in many scientific fields 

to characterize materials, substances or biological samples on their atomic level. The 

technique uses the physical phenomenon of an atom emitting a photon, when excited 

by x-rays, such as generated by synchrotron sources. If the energy is high enough, 

electrons are expelled from their inner orbitals, which are subsequently filled by electrons 

from a higher orbital resulting in characteristic x-ray photons being emitted. The emitted 

x-ray photon can be detected by energy dispersive detectors. The absorption probability 

of the excitation X-ray beam in the probing volume depends on the energy of the exciting 

photon and the elemental composition of the probing volume. Therefore, the absorption 

probability influences which elements can be detected, and to what extent. One bone 
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scaffold from dynamic culture treated with CoCr and one scaffold from the non-exposed 

group was prepared for XRF. 4 % paraformaldehyde was used to fix samples ON and 

embedded in polymethyl acrylate. Samples were prepared in 10-micron sections. Both 

samples were imaged with 7.8 keV to detect Calcium, Phosphor, Sulfide (for visualizing 

bone, tissue and cells) and Co and Cr for reports on potential osteolysis, each in 30, 3 

Ãć× Ǹəǽ ǟĆ ġĩÛĚġ ɦǹǸǸ Ŀ 100-pixel maps each).  

2.13  Online tools, AI, and other programs 

Microsoft Word 2019 was used to write this thesis. Excel was used for data management. 

GraphPad PRISM was used for statistical analysis and generating plots. Inkscape was 

used to arrange and align figures. Perplexity AI was used to fact check some claims 

made in cross-references. ChatGPT was used for spell checking some sentences. 

Christian Kelly proofreading services were used for English proofreading. Leica software 

and ImageJ were used to analyze and quantify fluorescence microscopy images. Kaluza 

was used to analyze flow cytometry data. Biorender was used to create figures that 

illustrate a process or theory.  
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3 Materials 

3.1 Buffers 

Freezing medium I  
 

  

45 % Human serum 
albumin (HSA) 20 %  
 

Sigma 
 

A5843 
 

2 % 
Penicillin/Streptomycin 
(P/S)  
 

Sigma 
 

11548876 
 
 

RPMI 1640  
 

Biochrom 11835-030 
 

Freezing medium II 
 

  

20 % DMSO  
 

Sigma D8418 
 

80 % HSA  Sigma A5843 
 

Thawing medium (TM) 
 

  

RPMI 1640  
 

Sigma 
 

11835-030 
 

1 % P/S  
 

Biochrom 11548876 
 

10 % Human AB serum 
(hAB) 

 

Sigma 
 

H4522 
 

0.1 % Universal nuclease 
1 mg/ml  
 

Pierce 
 

88700 
 

Osteoblastogenesis 
medium (OM) 
 

  

L-Ascorbic acid 2-
phoshphate 
sesquimagnesium salt 
hydrate (400 µM) 
 

Sigma A8960 
 

Ǖ-glycerol phosphate 
disodium salt hydrate (80 
mM) 
 

Sigma G9422 
 

Dexamethasone water 
soluble (0.8 µM) 

 

Sigma D4902 
 

1 % Glutamax  
 

Thermofisher 35050038 
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1 % hAB  
 

Sigma H4522 
 

DMEM 1000 mg/l low 
glucose  
 

gibco RNBM7526 
 

Staining buffer for flow 
cytometry staining 
 

  

1x PBS  
 

gibco 14190-094 

10 % FCS  
 

Sigma F7524 
 

10 nM HEPES Buffer 
 

Merck H0887 

2 mM EDTA  
 

Sigma E8008 

TBE Buffer 
 

Merck B52 

Expansion media (EM) 

 

  

DMEM 1000 mg/l low 
glucose  
 

Gibco RNBM7526 
 

10 % FCS Sigma F7524 
 

5 % P/S Gibco 15070063 
 

Differentiation media (DM)   
   
DMEM 1000 mg/l low 
glucose  
 

Gibco RNBM7526 
 

2 % FCS Sigma F7524 
 

5 % P/S Gibco 15070063 
 

B cell culture buffer   
   
IMDM gibco 12440053 

 
10 % FCS Sigma F7524 

 
1 % Sodium pyruvate gibco 11360-039 
   
1 % essential amino acids gibco 11130077 
   
Ǖ-Mercaptoethanol gibco 31350-010 
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3.2 Reagents and chemicals 

100 µm cell strainer Falcon 352340 

7AAD BD 51-68981E 

Agarose powder Sigma A9539-500G 

Anti-human CD3 BD 551916 

Anti-human CD28 BD 755600 

Anti-human CD19 BV421 BD 652440 

Anti-human CD20 AA700  BD 302322 

Anti-human CD21 APC BD 561357 

Anti-human CD21/CR2 ELISA Kit Thermofisher EH81RB 

Anti-human CD3 FITC Biolegend 1148723 

Anti-human CD82 PE Biolegend 342104 

Anti-human IgG ELISA Thermofisher RAB0001-1KT 

Anti-human IgM ELISA Thermofisher BMS2098 

Anti-mouse igG Alexa 488 Thermofisher A-11001 

Anti-myosin heavy chain R&D MAB4470 

Apostle Mini Max Isolation kit Beckman Coulter C43459 

Compensation beads anti-mouse BD AB_10051478 

Blasticidin invivogen ant-bl-05 
Ǖ-glycerol phosphate disodium salt 
hydrate  

Sigma G9422 
 

Ǖ-Mercaptoethanol gibco 31350-010 

Cell trace ultra violet Thermofisher C34557 

Chloroform Merck 288306 

Chromium (III) chloride hexahdyrate Roth 9832.2 

Cobalt (II) chloride hexahydrate Roth T889.1 

Complement C3d, Human Merck 204870-100UG 

CSFE Thermofisher C34570 

Cytokine (Human) Antibody Array 5 Raybiotech AAH-CYT-G5-8-RB  

DAPI Thermofisher D1306 

DMEM  gibco RNBM7526 
DMSO Sigma D8418 

DURAclone B cell Panel Beckman Coulter B53318 

DURAclone Basic Panel Beckman Coulter B53309  

DURAclone T cell Panel Beckman Coulter B53328 

Dynabeads untouched beads Bcell invitrogen 11351D 
EDTA  Sigma E8008 

Erylyis buffer  Roche 7248431001 

Erylyis buffer Qiagen 79217 

1 % essential amino acids gibco 11130077 

Ethanol Merck 100983 

FCS Sigma F7524 

Gentlemacs c tubes  miltenyi 130-093-237 

Glyogen sigma 10901393001 
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HEK Blue cell line TLR9 invivogen hkb-htlr9 

HEK-Dual cell line TLR9 invivogen hkd-htlr9ni 
HEPES Buffer Merck H0887 

Histopaque 1077 Sigma 10771 

HMGB1 Biolegend 557804 

Human AB serum Sigma H4522 
human skeletal muscle myoblast 
(HSMM) LONZA CC-2580 

Hydroxychloroquine Sigma H-157 

Hyperladder 1 kb meridian bioscience BIO 33053 

IMDM Gibco 12440053 

Infinite M Plex Tecan 30213614 

iScript  Biorad 1708890 

Isopropanol Sigma 563935 
L-Ascorbic acid 2-phoshphate 
sesquimagnesium salt hydrate  

Sigma A8960 
 

LDH assay Roche 11644793001 

MACSiMAG miltenyi 130-092-168 

Matrigel  Corning 354230 

MEM NEAA gibco 11140-035 

Minilys beads VWR life  432-0285 

muscle dissociation kit miltenyi 130-098-305 

Nanodrop Roche 432-0285 

n-hexane  Thermofisher L09938.AU 

Normocin invivogen ant-nr-05 

Nuclease Pierce 88700 

Nucleospin Gel clean up kit  Macherey-Nagel 11992242 

Null HEK cell line invivogen hkb-null1 

ODN2006 invivogen tlrl-2006 

Paraformaldehyde (PFA) Merck 818715 

Pen Strep gibco 15070063 

PBS  gibco 14190-094 

Prestoblue cell viability reagent Thermofisher A13261 

QUANTI-Blue Solution invivogen rep-qbs 

Quanti-Luc 4 Lucia  invivogen rep-qlc4lg1 

RPMI Medium 1640 gibco 11835-030 

SCEM compound Leica 14020108926 

Sodium pyruvate gibco 11360-039 

Sucrose Sigma S0389 

SybrGreen Quiagen 330513 

TriDAP invivogen tlrl-tdap 

Trizol invitrogen 15596026 

Trustain X  Biolegend 422301 

Ultrapure water Braun 0088986-E 

Versalyse buffer Beckman Coulter A09777 

Zeocin invivogen ant-zn-05 
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4 Results  

4.1 Hipgen clinical phase III study for PLX-PAD cell therapy in 

monotraumatic fractures 

HIPGEN was a randomized, multicenter study in phase III that did not meet the study's 

primary endpoint and, therefore, will not become available as a clinical treatment for 

arthroplasty recovery treatment. The study design was reported elsewhere (WINKLER et 

al., 2022), and clinical findings are available online (Horizon 2020 EU Grant agreement 

ID: 779293). This results section focuses on one of the biological work packages in 

cooperation with Centro di Ricerca E. Menni, Fondazione Poliambulanza, in Brescia, 

Italy. As part of an international multicenter study with many collaborators, this thesis 

specifically addresses the aspects of myofiber regeneration, MoA of PLX-PAD in vitro, 

and the immune cell composition during fracture. This work has been preceded by years 

of work showing the negative impact of prolonged pro-inflammatory stimuli on muscle 

and bone regeneration, as well as the immunomodulatory effects of BM-MSCs and 

pMSCs. (ANDRZEJEWSKA et al., 2019; PRATHER et al., 2009; QAZI et al., 2017; ZAHAVI-

GOLDSTEIN et al., 2017). This results section begins with the assumption that the function 

of human skeletal muscle myoblast (HSMM) can be impaired under the prolonged 

stimulus of activated immune cells and that MSCs exert a rescue potential. As the 

distributing company has also reported, PLacental eXpanded stromal cells (PLX-PAD, 

Pluristem Inc., Haifa, Israel) are a well-characterized and more homogenous cell 

population with similar regenerative properties as conventional MSCs.  

4.2 PLX-PAD cells reduce excessive HSMM proliferation in response 

to inflammatory stimuli 

To investigate the effects of extended pro-inflammatory stimulation and the supportive 

properties of PLX-PAD cells on HSMM in vitro, commercially available HSMM from 

healthy donors were exposed to media supplemented with supernatants from different 

PLX and PBMC cultures. These included conditioned media (CM) from monocultures of 

activated immune cells (PBMC-CM) or PLX-PAD cells (PLX-CM), as well as from co-

cultures of both cell types (PBMC+PLX-CM).  



45 
 

Cultivation of healthy HSMM with PBMC-CM resulted in a significant increase in 

proliferation compared to controls (PBMC, pʖ0.0001). This effect was diminished when 

HSMM were treated with PBMC+PLX-CM, with a notable reduction in their proliferation 

observed after 24 hours (pʖ0.0001, PBMC+PLX, Fig. 4.1 A). This trend continuous on day 

2 (Fig. 4.1 B), with significant differences observed between PBMC-CM and both PLX-

CM (PLX, PBMC, p=0.0023) or PBMC+PLX-CM (PBMC+PLX, p=0.0010). On day 3 all 

culture conditions varied significantly from each other, with still lower proliferation rates 

observed in HSMM cultured with PLX-CM or PBMC+PLX-CM compared to PBMC-CM 

(Fig. 4.1 C, pʖ0.0001, 0.0134ɒ ʖ0.0001). 

 

 

Figure 4.1 Proliferation of HSMM is influenced by the microenvironment HSMM exposed to supernatant 
from activated PBMCs proliferated more after d1 and up to 3 days in culture. Exposure to PLX-PAD can 
revert this effect significantly. On d1, HSMM exposed to PLX supernatant (PLX) proliferated significantly 
less compared to HSMM exposed to activated PBMCs (PBMC, A); PBMCs co-cultured with PLX (PBMC+ 
PLX reversed the effect on HSMM to control level (PLX). The difference was maintained over the course 
of two days (B) on d3 all groups showed no significant differences (C). This showed the impact of a pro-
inflammatory environment on proliferation and how PLX-PAD can shape this environment. Statistical 
analysis was performed with 2-way ANOVA, n=6, data presented with means with SD. 

This shows the potential of PLX-PAD cells for modulating a pro-inflammatory 

microenvironment, which counteracts excessive proliferation, described as non-

functional in regard to producing connective tissue and normal differentiation. 

4.3 PLX-PAD Cells enhance HSMM migration without affecting their 

differentiation capacity 

Previous studies have shown that BM-MSCs enhance the migration ability of HSMM but 

delay their differentiation (PUMBERGER et al., 2016). Therefore, the effect of CM from PLX 

monocultures on the differentiation and migration of commercial HSMM from healthy 
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donors was investigated. No difference was observed in the differentiation capacity of 

the HSMM cultured in differentiation media supplement with PLX-CM (Fig. 4.2 A, PLX, 

p=0.2470). After five days, cultures with PLX-CM exhibited similar fusion indices to the 

control cultures with pure differentiation medium. To test the same effect on wound 

healing, a scratch and migration assay was performed. There were significant differences 

between HSMM cultures (Fig. 4.2 B, pʖ0.0001). While for the PLX-CM group scratch 

closure was 90 % after 22 h, only 40 % of the area was restored in pure media control 

in the same time. 

 

Figure 4.2 Differentiation of healthy HSMM was not altered by PLX-PAD, but wound healing improved 
HSMM exposed to PLX supernatant (PLX) showed no difference in differentiation capacity compared to 
control, which are just exposed to expansion media (A). The migration assay showed an increased wound 
healing effect on HSMM under PLX-PAD exposure (PLX) compared to the control (B). While only 40 % of 
the area was closed under regular conditions, PLX improved this to almost 90 % closure. Statistical analysis 
was performed with an unpaired t test, n=8-9, data presented with means with SD. 

These findings indicate that PLX-PAD cells can foster the migration capacity of HSMM, 

without impairing their differentiation. This highlights their potential benefit for patients 

affected by severe muscle trauma. 
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4.4 PLX-PAD mitigates inflammatory effects of activated PBMC on 

HSMM migration and differentiation 

After showing that PLX-PAD cells do not negatively impact differentiation or migration 

capacity of HSMM, the influence of prolonged inflammation on HSMM behavior was 

tested. Consistent with the previous results, HSMM showed increased migration when 

exposed to PLX-CM for 22 h (Fig. 4.3 A, PLX, pʖ0.0001). In contrast, HSMM exposed to 

CM from activated PBMCs (PBMC-CM) only showed similar migration speed as the pure 

media control (Fig. 4.3 A, PBMC, p=0.5374). The treatment with CM from PBMC-PLX co-

cultures (PBMC+PLX) showed significantly higher scratch closure than media control 

and PBMC-CM but not as efficiently as the PLX-CM group (Fig. 4.3 A, PBMC, PBMC+PLX, 

pʖ0.0001).  

With regard to HSMM differentiation, PLX-CM also induced differentiation of HSMMs 

comparable to that observed in the control conditions (Fig. 4.3 B, PLX p=0.9955). In 

contrast, HSMM treated with PBMC-CM exhibited a significantly reduced differentiation 

capacity (Fig. 4.3 B, PBMC, pʖ0.0001). In HSMM cultures with PBMC+PLX-CM, this 

inhibitory effect was less pronounced, resulting in a significantly higher fusion rate 

compared to the PBMC-CM cultures (Fig. 4.3 C, PBMC+PLX). This was also confirmed 

visually by IHC staining (Fig. 4.3 C). The results indicate that PLX-PAD not only suppress 

the negative effect of activated PBMCs on HSMM differentiation but also enhances 

wound healing under these challenging conditions.  



48 
 

.  

Figure 4.3 Pro-inflammatory environment inhibited HSMM migration and differentiation and were rescued 
by PLX-PAD HSMM migration was enhanced under the influence of PLX compared to the control and 
PBMC-exposed cells (A) and counteracted PBMC exposure. Differentiation was not influenced by PLX (B) 
compared to control. Activated PBMC supernatant blocked differentiation and was partially restored with 
PLX-PAD (B). This was also confirmed with microscopy (C), where myotubes were formed under all 
conditions, but the least differentiation was observed under an activated PBMC condition (lower left panel). 
Statistical analysis was performed with a 2-way ANOVA, n=8, data was presented with means with SD, 5x 
magnification.  

4.5 Establishment of a protocol to isolate HSMM from small biopsies 

gives insights into patient heterogeneity 

In order to validate the findings from HSMM of young healthy donors, it was important 

to further investigate the effects of PLX-PAD cells on the function of patient-derived 

HSMM. While commercially available healthy HSMM are a reliable and reproducible 
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model for initial research, patient-derived cells offer a more clinically relevant model 

system. 

Retrieving functional HSMM from primary biopsies posed a special challenge. Therefore, 

a protocol was established for the isolation of HSMM from small tissue samples of elderly 

patients undergoing THA. The isolation method was based on a combination of different 

protocols (Stricker lab, FU Berlin, Germany and Geißler lab, Charité Berlin, Germany) 

and enabled the successful isolation of patient-derived HSMM from primary human 

muscle tissue (Fig. 4.4 A).  

Cultivation of the isolated cells on Matrigel (MG) for a period of eight days resulted in an 

improved yield of HSMM (Fig. 4.4 B). Since primary HSMM isolation also led to 

contamination with myofibroblasts, and staining of CD82 was used to discriminate 

between both cell types in flow cytometry and IHC (Fig. 4.4 C-D). CD82 proved to be a 

reliable marker for the presence of HSMM in culture and can be identified in one distinct 

peak in flow cytometry analysis (Fig. 4.4 C). Additional DAPI staining showed that HSMM 

on MG exhibited significantly higher CD82 expression levels than the control without MG. 

The proportion of CD82-positive cells increased from approximately 45 % to 80 % 

(Fig. 4.4 D, pʖ0.0001). Even without Matrigel, HSMM displayed higher CD82 levels than 

control myofibroblasts (Fig. 4.4 D, pʖ0.0001). As expected, the collected biopsy samples 

showed high variability in weight. Most samples weighed less than 0.5 g, the weight was 

mostly below 1 g (Fig. 4.5 A). Although isolation from small tissue samples was 

successful, the subsequent expansion, proliferation, and differentiation of the cells 

remained a challenge. The established protocol was used during the HIPGEN clinical 

phase III study, where all patient samples (n=21) were processed and HSMM were 

successfully isolated from all but one biopsy. 
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Figure 4.4 HSMM isolation from very small patient biopsies Primary muscle tissue from patients included 
in the HIPGEN study (A). HSMM grew better on Matrigel (MG) in vitro and helped to isolate the HSMM 
(B). For a further quality check, CD82 served as a validation marker for HSMM in flow cytometry analysis 
(C) and spectral analyzer (D), which showed a separation of suspected myofibroblasts and HSMM and 
the benefit of MG. Statistical analysis was performed with a 2-way ANOVA, n=16, data presented with 
medians with a 95 % CI, 5x magnification. 

4.6 HSMM from elderly patients showed heterogeneous and 

individual responses to the rescue effect of PLX-PAD 

Starting with biopsy weight, the first heterogeneity was introduced into the experiment. 

Sample weights varied depending on the accessibility of muscle tissue during surgical 

intervention (Fig. 4.5 A, mean = 0.3976 +/- 0.24 g). This variability affected the subsequent 

cell culture, particularly the in vitro expansion of the isolated cells from older patients. 

The necessary extensive expansion of HSMM under standard conditions with fetal calf 

serum (FCS) led to an almost complete loss of differentiation capacity (Fig. 4.5 B, second 

row). To address this challenge, an alternative approach was explored by expanding the 

cells using human platelet lysate (hPL) instead of FCS. This adaptation allowed for 

obtaining sufficient HSMM quantities while maintaining their differentiation ability 

comparable to that of the low-passage cell population (Fig. 4.5 B, third row).  



51 
 

 

Figure 4.5 Patient HSMM were diverse and difficult to culture under standard conditions Small biopsies 
were less than 1 g of muscle tissue (A). Due to the small sample weight, it was difficult to expand and 
differentiate HSMM in vitro under standard culture conditions in FBS (B, second row). The use of human 
platelet lysate (hPL) supported the differentiation of HSMM (third row). Only descriptive statistics were 
performed: n=22, data presented with means with SD, 5x magnification.  

After successfully expanding functional HSMM from patients a mechanistic study was 

performed. Cells were exposed to conditioned medium from monocultures of PLX (PLX-

CM), activated PBMCs (PBMC-CM), and the co-culture of both cell types (PBMC+PLX-

CM). In contrast to HSMM from younger donors, it was found that the differentiation 

ability of HSMM from HIPGEN patients was enhanced in the presence of CM from PLX-

PAD cells (Fig. 4.6 A-B, p=0.0066). Elevated levels of fused myofibers were observed in 

cultures exposed to PLX-CM compared to controls under normal differentiation 

conditions (media control, Fig. 4.6 A, first and second column). As seen in healthy HSMM, 
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PBMC-CM inhibited myotube formation (Fig. 4.6. A, third column), but this inhibition was 

significantly reduced in HSMM cultures with PBMC+PLX-CM (Fig. 4.6. A, last column). 

This suggests that PLX-PAD cells indirectly support HSMM differentiation under 

challenging inflammatory conditions through their immunomodulatory capabilities. 

 

Figure 4.6 Positive effects of PLX-PAD were confirmed with patient samples HSMM from patients 
responded to treatment with PLX-PAD with increased differentiation capacity (A, first and second column) 
compared to the control (B), contrary to the healthy younger control HSMM. The PLX-PAD rescue effect 
was measured between activated PBMCs and PBMC+PLX (B). Statistical analysis was performed with a 
2-way ANOVA, n=6, data presented with means with SD, 5x magnification.  

Despite optimization, it was not possible to expand and differentiate all patient-derived 

HSMM (Fig. 4.7 A-B). As mentioned before, extended culture periods can lead to 
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impaired differentiation and even complete loss of differentiation. Patient-derived cells 

benefit from the use of hPL, but some showed no differentiation at all (Fig. 4.7). Different 

concentrations of PLX-PAD-CM dilutions were tested (1:20; 1:40) to further increase the 

chance of differentiation of cultured HSMM. A dilution of 1:40 showed a slightly better 

effect in IHC staining (Fig. 4.7 C). However, this remains a subjective result, since all 

quantifications showed no significant differences between the groups (Fig. 4.7 A). Control 

samples exhibited a high variation. In conclusion, working with donor material remains 

challenging, especially with small biopsy sizes under 0.5 g. Troubleshooting was difficult 

due to the limited material and cells available. Some HSMM did not proliferate, were not 

able to expand to a manageable cell number, and had to be discarded. One last 

consideration was to exclude potential LOT-to-LOT variation between different PLX-PAD 

isolations. 
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Figure 4.7 Some patient HSMM could not be differentiated More than half of the collected samples could 
not be differentiated. Therefore, there were no differences between groups. Statistical analysis was 
performed with a 2-way ANOVA, n=6, data presented with medians with a 95 % CI, 5x magnification.  
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4.7 LOT-to-LOT variation in PLX-PAD products 

Since differentiation failed in several patient samples, even with the beneficial use of hPL 

and subsequent exposure to CM from PLX-PAD, it was important to investigate potential 

LOT-to-LOT variation between different PLX-PAD isolations. Five different LOT numbers 

were tested, which represent PLX-PAD cells isolated from different placentas and are 

commercially available from Pluri Inc. (formerly known as Pluristem, Haifa, Israel). Three 

out of five LOTs showed significant improvement in differentiation of HSMM from 

patients, while two did not enhance differentiation (Fig. 4.8). But due to the small sample 

size, this experiment can only serve as an indicator for batch-to-batch variation.  

In conclusion, the results presented in this chapter demonstrate that PLX-PAD cells can 

support myofiber regeneration under inflammatory conditions and demonstrate their 

therapeutic potential for the treatment of severe muscle injuries. Given the variability of 

patient-derived HSMM and the differences between distinct LOTs of PLX-PAD, it is 

important to gain a better understanding of the injury environment in order to further 

optimize this treatment approach and ensure reproducible clinical results. 

 

Figure 4.8 LOT-to-LOT variation added to the problem of heterogeneous results Batch variation showed 
its effects in differentiation, three of five LOT batches showed limited difference to the control, while the 
other two showed differentiation. Statistical analysis was performed with a 2-way ANOVA, n=3, data 
presented with means with SD.  
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4.8 Distinct immune cell compositions in fracture hematoma 

compared to bone marrow and blood 

The observed differences in the PLX-PAD response to inflammation highlighted the 

importance of understanding the composition of local immune cells in the injury site. 

Although muscle hematoma is present in patients with bone fractures, it is difficult to 

access and does not provide enough sample material for a systematic investigation. Due 

to practical reasons fracture hematoma (FH) was used instead. FH is in close proximity 

to the injured muscle and is routinely collected during surgery and provides sufficient 

material for the analysis of immune cells. In this chapter the composition of immune cells 

in the FH is compared to that in the bone marrow (BM) and peripheral blood. Samples 

from BM, FH, and blood were taken from patients during the HIPGEN study and analyzed 

using flow cytometry. The results showed that FH represents a unique immune 

environment, influenced by both the surrounding BM and infiltrating blood cells. 

Significant differences were observed in the neutrophils, lymphocytes, B cells, and T cell 

subgroups. 
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Figure 4.9 Major subset analyses showed differences between BM, FH and blood Granulocytes are 
consistently present across tissues (A). Measurements of neutrophils (CD16hi) demonstrated no 
differences between BM and FH. FH and BM had fewer CD16hi neutrophils compared to levels in blood 
(B). There were no differences in monocyte levels between BM and blood or FH and blood, but differences 
were visible between BM and FH (C). Lymphocytes were lower in BM and FH compared to blood (D). T 
cells were not changed between tissues (E). B cells were decreased in FH compared to BM (F). Statistical 
analysis was performed with a Friedman test, n=15, data presented with medians with a 95 % CI.  

While granulocytes, including neutrophils (SSC/CD45), showed no significant differences 

between blood, BM, and FH (Fig. 4.9 A, pʒ0.9999, 0.3010, 0.8200), their relative 

proportions varied depending on the patient. In all samples, granulocytes and neutrophils 

accounted for 50-90 % of all viable CD45+ leukocytes.  
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In the distribution of specific CD16hi neutrophils within the neutrophil and granulocyte 

(NGr) population, a more notable reduction was observed in the BM of injured patients 

compared to blood (Fig. 4.9 B, pʖ0.0001). CD16hi neutrophils were also lower in FH 

when compared to blood (p=0.0057). However, no difference was detected between BM 

and FH (p=0.1338). Among the major monocyte subset defined by CD14, FH showed 

fewer monocytes than BM (Fig. 4.9 C, p=0.0057) but not significantly fewer than blood 

(p=0.0529). The total monocyte frequency in FH ranged from 1 to 5 %, whereas it was 

higher in the other tissues, which had about 5-13 %. Lymphocyte levels in FH were similar 

to those of BM (Fig. 4.9 D, p=0.1338), but both BM and FH showed significantly lower 

amounts than blood (p=0.0318, ʖ0.0001). CD3+ T cells showed the same levels across 

all tissues (Fig. 4.9 E, p=0.2037, ʒ0.9999, ʒ0.9999). Frequencies of CD19+ B cells were 

lower in the FH than in the BM (p=0.0008), but there were no significant differences 

between blood and BM (p=0.0529), or between blood and FH (p=0.6037).  

To further investigate the maturation of neutrophils, the expression of CD16 and CD62L 

was analyzed. Neutrophils in the BM predominantly express CD16, indicating an 

immature phenotype, whereas blood neutrophils exhibit high CD16 content (Fig. 4.10). 

This pattern aligns with the physiological developmental process of neutrophils in a 

healthy control group. Furthermore, blood neutrophils displayed high CD62L surface 

expression, distinguishing them from neutrophils derived from BM. CD11b expression 

followed a developmental gradient in the bone marrow, ranging from CD11b- to CD11b+ 

cells, while almost all neutrophils in the blood were CD11b+. 

 

Figure 4.10 Neutrophils in BM and blood are distinguishable as CD15/CD16/CD62L/CD11b Further 
investigation of neutrophils showed adult neutrophils (CD16hi) in blood, which expressed CD62L and 
CD11b, while BM neutrophils showed little expression of CD16/CD62L and gradual expression of CD11b. 
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4.9 Monocyte and NK cell levels differ between the fracture patient 

and control 

Since lower amounts of monocytes were found in the FH compared to the BM and blood, 

a closer investigation was conducted to determine whether this was due to a shift in the 

composition of subpopulations.  

Classical monocytes differed significantly between blood and BM (Fig. 4.11 A, p=0.0016) 

and between blood and FH (p=0.0318). While there is no significant difference 

(pʒ0.9999) between BM and FH, a high interindividual variability was observed. CD14dim 

and CD16- (CD14dim) monocytes were not detectable in blood and therefore differed 

significantly from BM (Fig. 4.11 B, pʖ0.0001) and FH (p=0.0185). No difference was found 

between FH and BM (p=0.0854). The levels of intermediate monocyte showed no 

detectable difference between BM and FH or between blood and FH (Fig. 4.11 C, 

p=0.8200, 0.3010). In contrast, significant difference was observed between BM and 

blood (p= 0.0185). Non-classical monocytes were significantly higher in FH compared to 

blood (Fig. 4.11 D, p=0.0318), but no difference was found between BM and FH or 

between BM and blood (pʒ0.9999, 0.2037).  

A comparison was then made between the levels of CD56+ NK cells in the three tissues. 

NK cells within the lymphocyte population showed also no significant difference between 

the three tissues (Fig. 4.11 E, p=0.6037, 0.4324, ʒ0.9999). Immature NK cells with high 

CD56 expression were significantly more abundant in BM than in FH (Fig. 4.11 F, 

p=0.0078) but not between blood compared to FH or BM (p=0.5127, 0.3010). Their 

frequency across all samples ranged from 2 % to 10 %.  

These results highlight that the immune cell composition in the FH is not simply a mixture 

of peripheral blood and BM, but rather exhibits specific shifts in cell populations. In 

particular, the distinct composition of monocyte subpopulations and NK cells suggests 

selective recruitment or differentiation within the local injury microenvironment. This 

could play a crucial role in the initial inflammatory process and the regulation of 

regeneration cascades. This encouraged the analysis of further subgroups within specific 

immune cell compartments such as T and B cells. 
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Figure 4.11 Monocyte subsets are unevenly distributed between tissues The level of classical monocytes 
was the highest in blood and was decreased in FH and BM. The distribution of classical monocytes did 
not vary between BM and FH but between BM and blood, and also between FH and blood (A). For 
CD14dim monocytes, the distribution was reversed. While most CD14dim monocytes were found in BM, 
there were very low levels found in blood (B) and less in FH. FH showed a higher percentage than blood. 
Intermediate monocyte levels only showed a difference between BM and blood (C), but did not differ 
between BM and FH or FH and blood. For non-classical monocytes, FH showed the highest levels of cells 
compared to blood (D), but no difference between BM and FH, and none between BM and blood. CD56+ 
natural killer (NK) cells showed no difference across samples (E), but CD56hi NK cells were elevated in 
BM compared to FH and blood (F). NK cells were equally distributed between tissues (E) with an average 
percentage of 5-10 % of all lymphocytes. CD56hi NK cells, a subpopulation of NK cells, showed an 
increase in BM compared to FH (F) but no difference between BM and FH or BM and blood. Statistical 
analysis was performed with the Friedman test, n=15, data presented with medians with a 95 % CI. 
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4.10 T cells showed distinct differences in CD4+ and CD8+ subsets 

across BM, FH and blood 

The total number of CD3+ T cells was comparable between all tissues examined, but it 

remained unclear whether there was a shift in the composition of their subpopulations. 

Therefore, the frequencies of CD4+ and CD8+ T cell subpopulations were analyzed and 

then further subdivided based on the expression of CD45RA and CCR7 to compare the 

levels of naïve and (effector) memory T cells. In addition, the expression of the 

checkpoint molecule PD-1 was examined to assess potential differences in T cell 

activation. Upon examination of the two major CD3+ T cell subsets, helper CD4+ T cells 

displayed a notable difference between BM and blood (Fig. 4.12 A, p=0.0057), and 

between FH and BM (p=0.0105), but none between FH and blood (pʒ0.9999). Cytotoxic 

CD8+ T cells also exhibited a significant difference between BM and blood (Fig. 4.12 B, 

p=0.0057), and between BM and FH (p=0.0105). There was again no difference between 

FH and blood (pʒ0.9999). Examining the CD8 to CD4 ratio across the different tissues 

revealed the lowest value in fractured blood, with a ratio of around 0.5. In BM and FH, 

the ratio ranged between 0.5 or 1. A significant difference was observed between BM 

and FH (Fig. 4.12 C, p=0.0006) as well as between BM and blood (pʖ0.0001), while ratio 

of FH and blood were comparable (pʒ0.9999). 

 

Figure 4.12 CD4+ and CD8+ T cells were different between BM/FH/blood but not between blood/FH CD4+ 
helper T cells were more abundant in blood compared to BM (A) and in FH compared to BM but not 
between FH and blood. The same observation was made for cytotoxic CD8+ T cells but inverted for the 
corresponding levels. BM showed higher levels of CD8+ T cells compared to blood (B) and FH, but no 
difference was measured between FH and blood. Ratios of CD8/CD4 levels were significantly different 
between FH and BM (C) and between BM and blood but not between FH and blood. Statistical analysis 
was performed with the Friedman test, n=15, data presented with medians with a 95 % CI. 
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For CD4+ central memory (CM) T cell differences were observed between BM and blood 

(Fig. 4.13 B, pʖ0.0001) but not between FH and blood (p=0.0529) or between BM and 

FH (p=0.2037). CD4+ effector memory (EM) T cells were more frequent in BM than in FH 

(Fig. 4.13 C, p=0.0034) or blood (p=0.0075), while no difference was observed between 

FH and blood (p=0.7510). FH exhibited the highest variability in CD4+ EM T cell levels, 

while BM generally contained higher proportions of these CD4+ memory subpopulation. 

For CD4 naïve T cells, no differences were measured between tissues. All samples 

showed about 30 % CD4+ naïve T cells, while FH had the biggest spread in data points 

(Fig. 4.13 D, pʒ0.9999, ʒ0.9999, 0.2037). CD4+ terminal differentiated memory (TEMRA) 

T cells are not clearly defined in human immunology, but were nonetheless analyzed for 

the sake of completeness. No difference was observed between BM and FH (Fig. 4.13 

A, p=0.8665) however, a significant difference was found between BM and blood 

(p=0.0006) as well as between FH and blood (p=0.0240). 

The CD8+ T cell population exhibited similar patterns as CD4+ subsets. Naive CD8+ 

T cells did not differ between the tissues (Fig. 4.13 H, pʒ0.9999, 0.3348, 0.8665). While 

FH showed greater variability, the median across all tissues remained around 10-13 % 

of total CD8+ T cells. CD8+ CM T cell levels were significantly lower in BM compared to 

FH (Fig. 4.13 F, p=0.0057) and blood (p=0.0105), while there were no differences 

between FH and blood (pʒ0.9999). The lowest frequency of these cells was detected in 

BM, while the highest level was found in blood. CD8+ EM T cells were comparable 

between BM and FH (Fig. 4.13 G, p=0.0854), but significantly higher blood than in BM 

(p=0.0185). No significant differences were found between FH and blood (pʒ0.9999). 

CD8+ TEMRA cells were equally distributed across all tissues and show no significant 

differences between groups with a median of about 40 % of all CD8+ T cells (Fig. 4.13 I, 

pʒ0.9999, ʒ0.9999, 0.6478). 

With regard to marker expression for T cell activation, PD-1 in particular showed greater 

tissue dependent variations. PD-1 surfaces levels on both CD4 and CD8 were the highest 

in BM compared to the other tissues. CD4+ T cells in BM displayed significantly higher 

PD-1 levels than those in blood (pʖ0.0001) and in the FH (p=0.0400) (Fig. 4.13 E). Levels 

of PD1+ CD4+ T cells in FH were higher than in Blood (p=0.0400).  

With regard to marker expression for T cell activation, PD-1 in particular showed greater 

tissue dependent variations. PD-1 surfaces levels on both CD4+ and CD8+ T cells were 

the highest in BM compared to the other tissues. CD4+ T cells in BM displayed 



63 
 

significantly higher PD-1 levels than those in blood (pʖ0.0001) and in the FH (p=0.0400) 

(Fig. 4.13 E). Levels of PD1+ CD4+ T cells in FH were higher than in Blood (p=0.0400).  

The similar distribution was also observed in the CD8+ counterpart and its PD-1 levels. 

As in the CD4+ T cell population, PD-1+ CD8+ T cells was abundantly present in BM 

compared to blood (Fig. 4.13 J, pʖ0.0001) and to FH (p=0.0030). The levels in FH and 

blood were also significantly different (pʖ0.0001). In summary, subset analysis of CD3+ 

T cells revealed distinct subsets at the local injury site as in the periphery that hints 

towards an active migration and recruitment. Particularly, the shifts in the subpopulations 

and their PD-1 expression levels indicate that the FH is not just a transient tissue, but 

rather an immunologically active environment that could be specifically involved in the 

healing process. 
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Figure 4.13 T cell effector and memory subsets showed a diverse distribution across tissues CD4+ TEMRA 
cells are not described in humans, but for the integrity of the data set, the cells were plotted and analyzed 
within a coherent gating strategy. Among the samples, a difference was observed between BM and blood 
(A) and between FH and blood, but none between BM and FH. For CD4+ CM cells the same trend was 
observed, with the same levels in BM and FH (B), but differences in BM compared to blood and between 
FH and blood. CD4+ effector memory (EM) cell levels also differed between BM and blood (C) but, in 
contrast to the CM cells, there was a difference between BM and FH, but none between FH and blood. 
For naive CD4+ T cells, there was no tissue-dependent effect observed (D). As a marker of (recent) 
activation, PD-1+ levels were monitored in all samples and showed significant differences in all groups. 
The highest levels were observed in BM and the lowest in blood (E), with FH between BM and blood 
levels. CD8+ CM cell levels differed between BM and FH (F) and blood but not between FH and blood. 
The same was seen in CD8+ EM cells, with no difference between FH and blood (G). BM varied from 
blood but not FH. CD8+ naive T cell levels were not different between groups (H). CD8+ TEMRA cells did 
not vary between samples (I), ranging around 40 % in every tissue. As seen in CD4+ cells, PD-1+ levels in 
CD8+ were also highest in BM compared to blood (J) and FH. FH levels were lower than BM but higher 
than blood. Statistical analysis was performed with the Friedman test, n=15 or n=16, data presented with 
medians with a 95 % CI. 

4.11 Ratio of injured BM to blood to control indicates if a change in 

subpopulation is trauma-induced or a natural variation  

Flow cytometry data showed that the local and peripheral immune cell composition 

differ. It was difficult to determine whether the differences between BM and blood were 

caused by the trauma response or represent natural differences between the two tissues. 

Therefore, ratios between BM and blood were calculated and compared between injured 

and healthy controls. Differences between the BM/Blood ratios of injured patients and 

healthy controls would suggest differences resulting from the trauma, while no variation 

indicates endogenous differences between both tissues.  

Leukocyte ratios were notably higher in the control group than in the injured group (Fig. 

4.14 A, pʖ0.0001). Lymphocyte ratios were similar between the two groups (Fig. 4.14 B, 

p=0.1070), and monocyte ratios did not differ (Fig. 4.14 C, p=0.6900). On the other hand, 
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classical monocyte ratios were increased in the injured group compared to the control 

(Fig. 4.14 D, p=0.0095), whereas non-classical monocyte ratios remained unchanged 

(Fig. 4.14 E, p=0.1184). There were fewer B cells in the injured group compared to the 

control (Fig. 4.14 F, p=0.0215), while CD3+ T cell ratios were comparable in both groups 

(Fig. 4.14 G, p=0.5454). CD4+ CM T cells were specifically reduced in the injured group 

(Fig. 4.14 H, p=0.0234) but no differences were observed in the other subpopulation 

including CD4 EM, CD8 CM, CD8 EM and CD8 TEMRA (Fig. 4.14 I-L, p=0.9515, 0.9878, 

0.9032, 0.5416). Notably, the ratios of PD1+CD4+ and PD1+CD8+ T cells differed 

significantly between fracture patients and healthy controls, which can be attributed to 

increased levels in the bone marrow of fracture patients (Fig. 4.14 M-N, p=0.0004, 

0.0017). 

These results suggested that the BM can respond to trauma by modulating its immune 

cell composition, particularly in the number of classical monocytes, CD4+ CM T cells, 

and PD1+ T cells. These changes in the BM may indicate that this tissue is not only 

affected by the fracture itself but also plays an active role in the response mechanism to 

the trauma.  
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Figure 4.14 Ratios of injured BM/blood to control BM/blood showed the impact of trauma on immune cell 
subsets. Leukocyte levels were significantly higher in the control group than the injured group (A). There 
was no difference in lymphocytes between groups (B). Monocytes showed no difference between groups 
(C). Classical monocytes were elevated in the injured group compared to the control (D), while non-
classical monocytes showed no difference (E). B cells were decreased in the injured group compared to 
the control (F), while T cells had equal amounts (G). In T cell subsets, CM and EM showed differences in 
injured tissues and only showed a difference to the control in CD4+ CM, which was decreased in the 
injured group (H, Wilcoxon test). PD1+ was elevated in injured in both T cell subsets CD4+ (M, Wilcoxon 
test) and CD8+ (N, Wilcoxon test). All other group comparisons showed no differences (I-L, Wilcoxon test). 
Statistical analysis was performed with a Mann-Whitney test if not indicated otherwise, n=14-15, data 
presented with medians with a 95 % CI. 

4.12 B cell major subsets in fracture hematoma are heterogeneous  

The role of innate cells and adaptive T cells in fracture healing has been well studied. B 

cells have been less investigated. The results showed that B cells are locally present, but 

with lower numbers in FH than BM. Therefore, this work further focused on this cell type 

and its subsets.  
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Early B cells were observed in FH and BM samples but were absent in peripheral blood 

(Fig. 4.15 A, p=0.1425, ʖ0.0001). Most early B cells were found in BM, with levels 

significantly higher than in FH (pʖ0.0001). Naïve B cell levels differed between FH, blood 

and BM (Fig. 4.15 B, p=0.0012, 0.0004), but the same levels of naïve cells were found in 

FH and blood (p=0.9997). The levels of memory B cell and plasmablasts showed no 

significant differences between tissues (Fig. 4.15 C-D, p=0.1962, 0.8328, 0.5802 and 

p=0.1457, 0.2787, 0.9746). Measured B cell levels for BM and blood were consistent with 

previous findings and within the range of clinical parameters. The distribution of B cell 

subsets in FH was interesting, since it has not been studied in detail. Especially the 

presence of early B cells in FH and the similarity to BM in regard to naïve B cells was 

surprising. The question remained what the B cells function is in this tissue and whether 

other interesting markers are expressed locally during injury. 
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Figure 4.15 B cell subsets show differences in FH, BM and blood Early B cells were absent in blood, and 
BM showed the highest level of early B cells in BM (A) and compared to FH. While there were notable 
amounts of early B cells in FH, there was no statistical difference to blood values. Naïve B cells were found 
in all tissues but less in BM compared to blood (B) and FH, with no difference between FH and blood. In 
memory B cell levels, there was no difference detected between samples (C) or in plasmablast levels (D). 
Statistical analysis was performed with the Friedman test, n=15-20, data presented with medians with a 
95 % CI. 
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4.13 B cells show decreased CD21 on their surface upon fracture  

The surface marker CD21 was included in the flow cytometry panels used in the HIPGEN 

study to further characterize B cells. This analysis revealed the unexpected finding of 

high levels of CD21-/low B cells in FH. CD21-/low B cells are typically described in 

autoimmune disorders or as an anergic memory B cell subset in the peripheral blood. 

The frequency of CD21-/low B cells in healthy subjects is variable. They are believed to 

produce autoantibodies in disease while remaining anergic in health. Recent works have 

shown that CD21-/low B cells are heterogenous and appear not only in autoimmunity 

ÐĮĩ ÃĀġĎ îć ÑÃćÑÛĝɒ /ĝĎëćɷġ ×îġÛÃġÛɒ ĹîĝÃĀ îćåections and as a response to vaccination. Yet, 

their role in trauma has not been investigated. 

The analysis of B cells in fracture situations is often limited to CD19+ or CD20+ marker 

expression and further downstream analysis is largely neglected. CD21-/low B cells 

exhibited significantly different frequency in the blood of fracture patients compared to 

blood from healthy controls (Fig. 4.16 A). The mean percentage of CD21-/low B cells was 

14.82 % in patient blood compared to a mean of 9.59 % in healthy controls. After an 

initial increase following fracture, the CD21-/low B cells levels gradually decreased over 

time. This decline was particularly evident between the day 1 (d1) and day 5 (d5) after 

surgery (mean: 7.126 %, 8.851 %) and continued to decrease up to 12 weeks after the 

injury (5.533 %, Fig. 4.16 A). Comparing control blood to all follow up time points, pre-

surgery (fracture) blood, d1 and d5 showed significantly higher levels than control 

(Fig. 4.16 A, p=0.0200, 0.0040, 0.0491). CD21-/low B cells did not return to control values 

until 12 weeks after surgery (p=0.1195). This suggests a time-dependent change in 

CD21-/low B cells and indicates a dynamic display of CD21 on B cell surfaces.  

Locally, CD21-/low B cells are more abundant in BM and FH than in the peripheral blood 

of fracture patients. Their BM contained up to 100 % CD21-/low B cells, and FH also 

showed significantly higher levels (Fig. 4.16 B, p=0.0006). The closer the sample was to 

the fracture line, the more frequently CD21-/low B cells were observed. To test this, 

samples were taken from the proximal femoral head and the distal femoral shaft. BM 

from the proximal femoral head contained even more CD21-/low B cells compared to 

the distal site (Fig. 4.16 C, p=0.0436). Fracture BM showed significantly more CD21-/low 

B cells than healthy BM in the control group (Fig. 4.16 D, p=0.0007). But even in healthy 

controls, the BM inherently exhibited higher levels of CD21-/low B cells compared to 

blood, ranging from 10 % to 30 % (Fig. 4.16 D).  
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FH showed a potential time-dependent variation, as cells migrated to the fracture site in 

waves (Fig. 4.16 E). When CD21-/low levels in FH and blood were analyzed according 

the fracture age (time between injury and sampling), the most dynamic period was 

between 48 and 72 h (Fig. 4.16 E). No statistical analysis has been carried out on this 

figure as the data has merely been restructured to better emphasize changes over time 

within the same data set. These results raised the question if the increase in CD21-/low 

B cells is an active response to the fracture environment.  
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Figure 4.16 /5Ǻǹ Ďć . ÑÛĀĀġ îġ ÃååÛÑĩÛ× îć åĝÃÑĩĮĝÛ ĚÃĩîÛćĩġɷ ÐĀĎĎ×ɒ .a Ãć× CI Over the course of five days, 
fracture blood and post-surgery blood (24 h) had decreased CD21 levels compared to control blood and 
normalized to regular levels after 12 weeks (A). Fracture BM and FH (B) show even higher levels of CD21-
/low B cells, some reaching 100 % negative cells, especially in FH (unpaired t-test). Proximal BM showed 
even higher levels than distal BM biopsies (C, unpaired t-test). B cells in BM are naturally higher in CD21 
levels, but these levels decrease upon injury (D, unpaired t-test). To illustrate the significance of local 
differences in B cells, the data of FH (local) and blood (periphery) CD21-/low B cells patient samples were 
sorted according to their time of fracture (E). Statistical analysis was performed with a 2-way ANOVA if not 
indicated otherwise, n=5-68, data presented with means with SD. 
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4.14 Exposing immune cells to FH leads to a decrease in CD21 levels 

on B cells  

To explore whether B cells lose surface CD21 following the fracture event, peripheral 

blood B cells were exposed to FH supernatant. PBMCs exposed to FH supernatant 

showed a decrease in CD21 levels on B cells (Fig. 4.17 A). In contrast, the control groups 

showed variable results: Levels of CD21-/low B cells did not change after 24 h compared 

to baseline (d0, p=0.2467), but their frequency was significantly increased after 48 h and 

72 h (Fig. 4.17 B, p=0.0013, 0.0198). After five days CD21-/low levels in the PBMC control 

cultures returned to baseline levels (p=0.2467), showing more CD21+ B cells than CD21-

/low B cells. In contrast the FH exposed group showed a continuous increase of CD21-

/low B cell levels over the complete culture period, leading to a stable loss of CD21 on 

the B cell surface. Since the control was the most stable after 24 h, this exposure time 

point was chosen for further experiments.  

When the experiment was repeated with PBMC cultures exposed to FH from different 

donors, fracture sites, and time points, a consistent decrease in CD21+ B cells and an 

increase in CD21-/low B cells was observed over time. After 24 h, the decrease of CD21 

on the surface of B cells was already significant (pʖ0.0001) compared to control. Over 

time, the B cells lost most of their surface CD21 molecules, so that the frequency of 

CD21+ B cells was also significantly reduced after 48 and 72 h compared to day 0 

(pʖ0.0001, ʖ0.0001). By day 5, up to 100 % of live B cells showed no detectable CD21 

on their surface (three data points from day 0 are shown in Fig. 4.17 A and 

B, added again for clarity).  

B cells in bone marrow mononuclear cells (BMNC) from fracture patients exhibited no 

significant differences between experimental groups (p=0.4384). However, there was a 

notable decrease in CD21 levels on B cells when comparing both the control and FH-

exposed groups to day 0 levels (Fig. 4.17 C, p=0.0008, 0.0028). BM cells already 

contained higher levels of CD21-/low B cells than the average control BM. Both groups 

reached high levels of CD21-/low levels after 24 h, a similar observation to the PBMC 

culture. Due to the small sample size and only three donors, this experiment needs to 

be repeated for further conclusions. 
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Figure 4.17 B cells exposed to FH in PBMC culture lose CD21 on their surface FH supernatant on PBMC 
culture led to a CD21 decrease on B cells after 24 h and complete loss after five days, while the control 
culture showed inconclusive dynamics between two and three days in the culture, but normalized after 
five days (A). 24 h seemed enough time to detect CD21 dynamics on B cells in the culture, which differed 
from d0 and continued to significantly decrease CD21 levels over time compared to the control (B). This 
experiment was repeated with FH from different donors and at different time points post-fracture and it 
showed the same effect in vitro. Using fractured BM cells showed no significant difference between 
exposed PBMCs and the control (C, t-test). Statistical analysis was performed with a one-way ANOVA, 
n=3-15, data presented with medians with a 95 % CI. 

4.15 CD21 levels were not lower due to uneven B cell numbers in 

culture or excessive cell death 

To mitigate the influence of dying cells on the analysis result, 7-AAD staining was 

incorporated in the subsequent experiments. Since the loss of surface markers in flow 

cytometry can sometimes be an experimental artefact, it was important to exclude dead 

cells from the analysis (Fig. 4.18 A-B). However, CD21-/low B cells could be the 

consequence of sensing cell death in culture, which naturally occurs in vitro. It was crucial 

to show that the B cell counts were equal and absolute numbers by adding a stop gate 

during acquisition. This approach helps to ensure that the observed differences are due 

to an induced loss of CD21 and not to background noise. B cell counts in the PBMC 

culture did not differ significantly between the treated and control groups (Fig. 4.18 B). 

An absolute decrease in total CD19+ B cell counts occurred due to cell death, but thus 

was consistent across all groups at that time point 

(pʒ0.9999, 0.8228, 0.9800, 0.8228, 0.8228). These findings suggest that the loss of CD21 

on B cells is actively induced by FH exposure rather than resulting from selective cell 

death within the total CD19+ B cell population. 
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Figure 4.18 Changes in CD21 levels are not caused by cell death or uneven cell numbers 7-AAD staining 
showed no cell death in observed CD21-/low B cells (A). Cell numbers dropped in the culture, but equally 
among all groups and days (B). Statistical analysis was performed with a one-way ANOVA, n=3-11, data 
presented with medians with a 95 % CI. 

4.16 Fracture patients show shed CD21 locally and in serum  

The loss of CD21 on B cells raised questions about its biological consequences, such as 

the shedding of surface molecules. To investigate potential CD21 shedding as described 

in the literature (MASILAMANI et al., 2003), patient samples (serum/FH) and culture 

supernatants were analyzed. A significantly higher concentration of soluble CD21 

(sCD21) was found in the serum of fracture patients with a median concentration of 

191.3 ng/ml compared to the corresponding FH with a median of 62.40 ng/ml 

(Fig. 4.19, p=0.0119). Due to the limited availability of control samples, serum samples 

were not included in this experiment, but they should be considered in subsequent 

experiments. CD21 is known to bind not only its ligand C3d but also DNA fragments. 

Cell-free DNA (cfDNA) has been extensively investigated in relation to CD21 but mainly 

in the context of autoimmunity. It was therefore of particular relevance to this thesis to 

explore whether DNA could be found in FH. 
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Figure 4.19 Fracture leads to shedding of CD21 from B cells Shed CD21 was detected in the serum and 
FH of fracture patients. Statistical analysis was performed with the Mann-Whitney test, n=19, data 
presented with medians with a 95 % CI. 

4.17 Fracture hematoma contains cell-free DNA 

CD21 can interact with cell free DNA (cfDNA) and respond with shedding of CD21 

(sCD21). To determine the presence of cfDNA in FH, DNA was isolated using cfDNA-

specific beads. However, variations in coagulation status of FH samples complicated this 

task. When separated by agarose-gel-electrophoresis, the isolated DNA bands ranged 

from 10,000 to 200 bp (Fig. 4.20). Alongside structured apoptotic bands of varying sizes, 

some bands also displayed a smear pattern. All descriptions of isolated DNA sample can 

be found in Table 1. The time between fracture and FH sampling ranged from 1 to 4 days 

and the fracture locations were femur, humerus, tibia, and ulna (Table 1). CD21-/low B 

cell levels were assessed in relation to the isolated DNA content. However, no clear 

correlation was found. 
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Figure 4.20 DNA isolated from serum and fracture hematoma DNA isolated from FH and serum from patients showed necrotic smears (C-D) and apoptotic bands 
(A- B). Except for 200 bp bands in 3 patients, serum showed no bands (B-D). BM plasma showed necrotic smears and apoptotic bands (D). The control serum showed 
no bands (D). 
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Apoptosis and necrosis can be distinguished by gel electrophoresis 

(ZHIVOTOSKY & ORRENIUS, 2001). Apoptotic degradation produces distinct bands of 

200 bp length as part of the controlled degradation of DNA during cell death. In 

contrast, necrotic degradation produces smears ranging from 10,000 to 200 bp. 

Bands at 10,000 bp are generally considered to be genomic DNA (gDNA). Genomic 

DNA bands were detected in all FH samples, but only in a few serum samples (SE, 

n=4). This is probably due to contamination with cell debris during the 

centrifugation step, since all present bands are faint except for one serum band 

(Fig. 4.20). This serum was hemolytic and could contribute to the additional band 

on top of the first band near to the gel pocket.  

FH showed apoptotic fragmentation patterns as well as necrotic smears. 

Interestingly, DNA fragments were detected in blood samples from fracture 

patients. Some serum samples exhibited a distinct band at approximately 200 bp 

(Fig. 4.20 B-D), which was not observed in the control serum from healthy donors. 

This suggests the presence of cfDNA fragments.  

To test the activation potential and the immunogenicity of fracture DNA samples, a 

TLR9 overexpressing HEK cell line was used to further investigate the potential of 

FH to induce this pathway. TLR9 has also been implicated in the CD21 pathway. 

However, CD21 overexpressing cell lines are not available and TLR9 HEK cell lines 

provide a reproducible and reliable model to test the initial hypothesis that FH-

derived DNA can trigger an immune response. 
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Table 1 Different band sizes and amounts of isolated DNA from serum and FH Different fractures 
were collected to analyze the FH and SE: Timepoints were between the fracture event and surgical 
intervention. Antibodies were sent in for routine clinical diagnostics. DNA was isolated, and bands 
were described as they appeared on the agarose gel, with the content retrieved from gel extraction. 

 

4.18 TLR9 can respond to fracture hematoma supernatant 

In order to test the feasibility of TLR9 activation by FH, HEK Blue cells 

overexpressing TLR9 were stimulated with positive and negative controls as 

indicated by the manufacturer. As expected, the cell line responded to the positive 

controls, showed activation at 4 hours, which continued to increase at 10 and 24 h, 

but then plateaued (Fig. 4.21 A). Synthetic oligonucleotide (ODN) 2006 was the 

most potent stimulus on TLR9, as reported by the company.  

FH samples (1:2, 1:10, undiluted), prepared with different methods 

(homogenization using gentleMACS, centrifugation for serum collection, and native 

concentration), were tested in the HEK Blue detection assay. However, direct 

measurement of TLR9 induction by FH was hindered by strong background signals. 

Even controls such as FH without HEK cells (Fig. 4.21 B, dark red) showed 

background signals that were stronger than the positive controls. The hemolytic 

state of native and undiluted FH most likely affected the absorbance 

measurements and led to unreliable results in the plate reader. In conclusion, the 

use of the HEK Blue assay proved unsuitable for the detection of TLR9 activation 

by FH and the experimental set-up had to be adapted. 
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Figure 4.21 TLR9 HEK Blue cells responded diluted FH with strong background signal HEK Blue 
cells incubated with the positive control ODN 2006 showed the highest activation after 24 h (A). FH 
induced TLR9 in HEK Blue cells, but strong background from the hemolytic sample caused false 
positives (B, solid FH, dark red). 

Despite the limitations of the HEK Blue cell assay, a sample dilution strategy was 

tested to reduce the influence of hemolytic components and improve the signal-to-

background ratio. Erylysis of FH samples, a standard procedure in blood sample 

processing, was not feasible because the buffer cannot be subsequently removed 

from the sample and is cytotoxic to cells after prolonged exposure. Background 

was defined as the signal from a (diluted) sample in a well containing all the 

detection reagents, but without HEK Blue cells.  

Undiluted FH showed a difference to the control (HEK cells with detection media 

only), but the background remained strong (Fig. 4.22 A, p=0.0164). A 1:2 dilution of 

FH gave a clear TLR9 signal with a good signal-to-background ratio (Fig. 4.22 A, 

pʖ0.0001). A further dilution of FH samples to 1:10 yielded the most reliable results, 

with minimal background and a clear separation between the sample and control 

signals (Fig. 4.22 A, pʖ0.0001). Background signals were systematically subtracted 

in the following experiments. Heat treatment of FH was also tested but was found 

to be unreliable due to the high background compared to diluted FH and could 

potentially interfere with TLR9 activation due to DNA degradation.  

As coagulated blood is often described as an FH equivalent in literature, it was 

important to test whether coagulated blood clots processed like FH also stimulate 

TLR9 HEK cells. Notably, such in vitro blood clots did not induce TLR9 signaling in 

HEK Blue cells, highlighting the unique properties of FH. Additionally, homogenized 
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and centrifuged coagulated blood also showed no induction of TLR9 signaling in 

the HEK Blue assay (Fig. 4.22 B).  

 

Figure 4.22 FH dilution reduces background; blood control does not induce TLR9 The background 
of undiluted FH was high and completely blocked a true positive signal (A). Diluting FH showed 
background reduction and a significant difference to the control (A). Blood clots did not induce TLR9 
cells (B). Statistical analysis was performed with a 2-way ANOVA, n=3, data presented with medians 
with a 95 % CI. 

After establishing an optimized protocol for the FH dilution, HEK-Dual hTLR9 cells 

(new name HEK-Blue-Lucia) were used to assess TLR9 activation more precisely. 

These cells stably express TLR9 and two inducible reporter genes, SEAP (NF-kB) 

and Lucia-Luciferase (Il-8 promoter), allowing dual pathway (NF-ǝ.ɟ!t-1) 

monitoring. The control cell line HEK-Null (containing the inducible reporter genes, 

but hTLR9 knockout) served as a control to monitor nonspecific activation and 

background signaling. Stimulation with FH supernatant resulted in a significantly 

higher reporter response in HEK-Dual cells compared to HEK-Null (knockout) 

control, which indicated specific TLR9 activation by FH (Fig. 4.23, p=0.0072). These 

results demonstrate that FH-derived DNA can activate TLR9 signaling. 
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Figure 4.23 Indirect reporter cell line HEK-Dual was more suitable for analysis and confirmed FH 
induction of TLR9 Different FH induced TLR9 compared to HEK Null cells. Statistical analysis was 
performed with an unpaired t-test, n=3-9, data presented with medians with a 95 % CI. 

4.19 Chloroquine blocks TLR9 activation in vitro  

Since the soluble composition of FH remains characterized incompletely, 

components other than DNA may also influence the HEK-Dual reporter assay. In 

order to further validate specific TLR9 induction by FH, the TLR9 inhibitor 

chloroquine was used as an additional control in the following experiments. 

Chloroquine significantly blocked the signal induced by the positive control ODN 

2006 (Fig. 4.24 A, pʖ0.0001).  

Exposing HEK-Dual cells to FH for 24 h resulted in significant TLR9 signaling 

activation, which was also blocked by chloroquine treatment prior to exposure (Fig. 

4.24 B, pʖ0.0001). Serum from fracture patients also induced TLR9 signaling, which 

was significantly inhibited by chloroquine pre-treatment (Fig. 4.24 D, p=0.0002). 

This further strengthens the point that FH and serum from trauma patients contain 

DNA fragments with the ability to activate the TLR9 signaling pathway.  

In contrast BM plasma from fracture patients also induced TLR9 activation in HEK-

Dual cells, but this was not attenuated by chloroquine (Fig. 4.24 C, p=0.4780). Due 

to the small sample size and limited access to fracture BM plasma, further 

validation experiments could not be performed.  
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In summary: FH contains cfDNA, which can induce the TLR9 signaling pathway. 

This finding was particularly relevant to this thesis, as it showed that the innate 

immune receptor TLR9 is activated by self-DNA released upon injury. HEK-Dual 

hTLR9 cells were used due to their availability, but the overall aim was to link cfDNA 

and B cell activation, potentially mediated by TLR9 and CD21. Showing TLR9 

activation was therefore the first step in elucidating the role of FH-derived cfDNA in 

immune cell activation. Especially since TLR9 is present almost exclusively in B 

cells.  

 

Figure 4.24 Chloroquine blocks FH induced activation of TLR9 ODN 2006 activates TLR9 and is 
blocked by chloroquine (A). FH activation of TLR9 can also be blocked by chloroquine (B). To see 
the effect of a åĝÃÑĩĮĝÛ ĚÃĩîÛćĩɷġ ġÛĝĮĆ Ďć £[wȁ, cells showed a signal that was also blocked by 
chloroquine (C). BM plasma from fracture patients seemed to induce TLR9 but could not be blocked 
by chloroquine. However, the sample size was very small (D). Statistical analysis was performed 
with a paired t-test and Wilcoxon test (A), n=2-41, data presented with medians with a 95 % CI. 
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4.20 FH exposure leads to CD21 shedding in PBMC culture 

Intracellular ġĩÃîćîćæ Ďå £w[ȁ îć . ÑÛĀĀġ ĺÃġ ĮćġĮÑÑÛġġåĮĀ Ãć× ÑĎĮĀ×ćɷĩ ÐÛ Ã×ÃĚĩÛ× 

to culture PBMCs with FH. Therefore, the observed decrease of membrane-bound 

CD21 and its shedding in patients (Chapter 4.14) was re-evaluated in vitro. As DNA 

can also interact with CD21 and DNA from FH has been showed to be a potent 

immune signaling pathway inducer, it was interesting to investigate if CD21 is 

affected in PBMC in vitro cultures.  

Previous results (Chapter 4.14) have already shown a decrease of CD21 on PBMCs 

exposed to FH supernatant. Therefore, it was important to determine whether CD21 

shedding also occurs upon FH supernatant exposure. To further explore possible 

triggers, PBMC cultures were treated with synthetic DNA (ODN) or a combination 

of ODN with the CD21-ligand C3d and the minor groove binding protein HMGB1 

(a prominent trauma biomarker). The aim was to test if these specific factors 

influence the CD21 decrease and/or shedding on B cells in a similar way to FH. 

The control group showed the expected increase in the CD21-/low B cell levels 

after 48 hours, which slightly decreased again after 72 hours (Fig. 4.25, p=0.9239). 

In contrast, exposure to the combination of ODN, C3d, and HMGB1 led to highly 

variable CD21 values, ranging from 80 % to 20 % CD21-/low B cells at 48 and 72 h 

but were not significantly different from controls (p=0.9431, ʒ0.9999). 
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Figure 4.25 PBMCs exposed to DAMPs present in FH have no effect on CD21 A small sample size 
experiment with prominent FH associated DAMPs ODN, C3d and HMGB1 showed no effect on 
CD21 between groups or compared to control after 48 and 72 h. Statistical analysis was performed 
with a 2-way ANOVA, n=4-5, data presented with medians with a 95 % CI. 

All observations and in vitro experiments showed a decrease of CD21 on the cell 

surface of B cells. This was a first experiment to see if CD21 was decreased and/ 

or shed in response to stimulation with a single DAMP signal (ODN) or the 

combination of ODN, HMGB1 and C3d. The observed variability may be due to 

differences in the individual immune cell composition or donor-specific immune 

experience. 

PBMCs from healthy donors were then exposed to FH supernatant in vitro, which 

indeed resulted in increased CD21 shedding compared to controls (Fig. 4.26 A, 

p=0.0025). Additionally, CD21 shedding was induced at 48 h when PBMCs were 

exposed to ODN alone (Fig. 4.26 B, p=0.0017) or to DNA isolated from FH. A 

combination of DAMPs (C3d, ODN, and HMGB1) resulted in no increased shedding 

at 48 h compared to the untreated control (Fig. 4.26 B, p=0.6596). Attempts to 

further quantify this by qPCR were unsuccessful as CD21 is a rather large gene and 

it was not possible to design a primer that was successful in qPCR (data not 

shown).  
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As CD21 shedding appears to be a regulated process mediate by several factors, 

it was interesting to see if shedding was associated with other B cell responses, 

such as proliferation or antibody production. 

 

Figure 4.26 CD21 shedding can be induced in vitro PBMCs exposed to FH and DAMPs showed that 
shedding was inducible in vitro upon exposure with FH (A). Using mixtures of DAMPs on PBMCs, 
the synthetic ODN 2006 showed the highest shedding with 200-400 pg/ml. ODN, HMGB1 and C3d 
showed almost no shedding in the supernatant and were comparable to Ctrl levels. Exposure to 
DNA isolated from FH showed light shedding (n=1, no statistics, B). Statistical analysis was 
performed with a t test, n=5-19, data was presented with medians with a 95 % CI. 

4.21 B cells proliferate upon DNA exposure in vitro 

To determine whether specific DAMPs, their combinations or FH can induce B-cell 

proliferation in vitro, isolated B cells were exposed to the aforementioned DAMPs 

for five days. This pilot experiment was conducted with only one donor in technical 

replicates and therefore provides only very preliminary results. Stimulation with FH 

(Fig. 4.27 B) or C3d and HMGB1 (Fig. 4.27 C) did not induce B cell proliferation but 

led to a downregulation of CD21 on their surface. In contrast, stimulation with ODN 

and HMGB1 induced a proliferative response while increasing the proportion of 

CD21-/low B cells (Fig. 4.27 D). Notably, stimulation with the combination of ODN, 
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HMGB1, and C3d also led to B-cell proliferation, but the majority of cells remained 

CD21-positive (Fig. 4.27 E). This finding is consistent with the above-mentioned 

flow cytometry data from the PBMC cultures and the levels of sCD21 measured in 

their supernatant by ELISA (Chapter 4.20). Taken together, these findings suggest 

that certain DAMPs, especially in combination, can induce proliferation of B cells, 

but differentially regulate CD21 presentation on their surface. 



89 
 

 

Figure 4.27 Proliferation of B cells in culture upon ODN, C3d and HMGB1 stimulus B cells stimulated 
with FH showed loss of surface CD21 but no proliferation (B). Exposure to C3d and HMGB1 showed 
loss of surface CD21 but no proliferation (C). ODN/HMGB1 alone showed CD21-/low B cells and 
little proliferation activity (D). A combination of ODN, C3d and HMGB1 led to increased CD21 on B 
cells and proliferation after 5 days (E). No statistics were performed. 
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4.22 B cells might respond with antibody production upon 

exposure to fracture hematoma  

In addition to proliferation, a standard response of activated B cells is the 

production of antibodies. These are usually produced against pathogens but can 

also be directed against self-antigens such as cfDNA. Activation of TLR9 and CD21 

in B cells has traditionally been linked to autoantigen response in autoimmune 

diseases. These types of antibodies are part of the anti-nuclear antibody (ANA) 

family, which includes several different antibodies and is used in the diagnosis of 

autoimmunity and RA. Only recent research has suggested the production of ANAs 

during trauma but with inconclusive results (ECKARDT et al., 2024). In line with this, 

two types of autoantibodies, against dsDNA and nucleosome, were measured in 

the cell culture supernatant of PBMCs exposed to FH (Fig. 4.28 A-B). Anti-dsDNA 

antibodies were significantly increased compared to healthy control, while anti-

nucleosome antibodies were detected in only one sample (p=0.0156 and 

p=0.2500). As described by ECKARDT et al., total IgM concentrations may also be an 

indicator of an antibody response to trauma. Because ANAs were detected in 

stimulated PBMC cultures, serum and FH samples from fracture patients were 

subsequently analyzed for total IgM, IgG and ANA levels to further investigate their 

potential role in trauma-induced immune supernatant. 
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Figure 4.28 ANA in PBMC culture after FH exposure B cells exposed to FH might respond with anti-
dsDNA production in vitro compared to control (A) and might not produce anti-nucleosome 
antibodies (B). The sample size was too small to draw final conclusions from this experiment. 
Statistical analysis was performed with a paired t-test (A) and Wilcoxon test (B), n=5-8, data 
presented with medians with a 95 % CI. 

4.23 Total levels of IgM antibodies after 48 h post-fracture 

After the detection of anti-dsDNA antibodies in vitro, a pilot experiment was 

conducted to analyze total IgM antibodies in serum and FH samples from four 

fracture patients. Comparing total IgM antibodies showed more IgM in serum than 

in FH at 48 h (Fig. 4.29). This finding is in line with earlier studies, which reported 

that activated B cells, particularly by TLR9 and/or CD21, respond with the 

production of IgM or ANA. 
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Figure 4.29 IgM levels of fracture patients Patients showed higher levels of total IgM in their serum 
48 h post-fracture compared to patients at 24 h post fracture, while their FH (local) had about the 
same levels present, 200 mg/dl. The sample size was too small for statistics. Means are displayed. 
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4.24 Fracture patients have varying levels of autoantibodies and 

rheumatoid factors  

Building on the initial pilot experiment which focused on total IgM antibody levels, 

a comprehensive analysis was performed using samples from a larger cohort 

(n=15-82) to better understand the variability of autoantibody response in trauma 

patients. Previous clinical case reports and small cohort studies have indicated a 

link between physical trauma and the development of RA (BRAWER & GOEL, 2016; 

JULKUNEN et al., 1974). To investigate this further, serum and FH samples from 

patients were analyzed for anti-dsDNA and anti-nucleosome (both detect cfDNA), 

as well as IgA and IgM rheumatoid factor levels (RF, which bind to DNA-bound 

immunocomplexes) in the routine diagnostic of the Charité (Labor Berlin). This 

analysis showed inconclusive results. No significant differences in IgA RF were 

found between serum or FH from patients and control serum from healthy 

individuals (Fig. 4.30 A, p=0.8192, 0.0853, 0.1737). Although IgM RF levels did not 

differ significantly in the serum from healthy subjects and fracture patients (Fig. 

4.30 B, p=0.5915), FH had lower IgM RF levels compared to both serum sample 

groups (p=0.0019, 0.0164). 

In addition, the analysis revealed a significant decrease in IgG anti-dsDNA 

antibodies locally at fracture sites (mean: 3.132 u/ml) compared to serum from 

fracture patients (mean: 6.881 u/ml, pʖ0.0001) and healthy controls (pʖ0.0001, Fig. 

4.30 C). There was also a difference between the healthy control serum and the 

åĝÃÑĩĮĝÛ ĚÃĩîÛćĩɷġ ġÛĝĮĆ ɦFig. 4.30 C, p=0.0404). Finally, anti-nucleosome antibody 

levels showed significant differences between the serum and FH of injured patients 

(Fig. 4.30 D, p=0.0033). Serum levels of healthy donors were not measured due to 

the limited sample capacity available in the routine diagnostics for the research 

projects. 
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Figure 4.30 Antibody levels in fracture patients show inconclusive results IgA RF showed no 
differences between groups (A). IgM RF in fracture serum and healthy control serum showed higher 
levels compared to FH (B). IgG anti-dsDNA showed differences between all groups. FH had 
significantly lower levels of anti-dsDNA Ab than fracture and control serum (C). The same 
observation was made for anti-nucleosome antibodies were FH levels were also lower than fracture 
serum. No healthy control serum was available for the anti-nucleosome antibody levels. (D, paired 
t-test). Statistical analysis was performed with a 2-way ANOVA, if not stated otherwise, n=15-82, 
and data presented with medians with a 95 % CI. 

The distribution of antibodies in serum and FH was highly variable between 

patients, which is consistent with a previous report by ECKARDT et al. and indicates 

patient-specific heterogeneity. This variability may also reflect a time-dependent 

dynamic, suggesting that the antibody response may change with healing 
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progression. To further investigate this idea, serum and FH antibody levels were 

plotted according to fracture time points. Anti-dsDNA antibodies showed equal 

concentrations in serum and FH about 3-4 days after fracture (Fig. 4.31 A), 

suggesting a possible stabilization of antibody levels at this time point. In contrast, 

IgA and IgM RF concentrations were always lower in FH than in serum (Fig. 4.31 B-

C). These lower levels may indicate that these antibodies are locally bound to 

cognate antigen at the fracture site, or that they are simply not present in significant 

amounts.  

Although the results are inconclusive, they raise important questions about the 

interplay between trauma and the individual immune system, particularly regarding 

similarities with autoimmune responses. This is only possible to a very limited 

extent in human patients and in animal experiments. Advanced human in vitro 

models or organ-on-a-chip systems could help to fill this gap. 

 

Figure 4.31 Time dependent antibody distribution in serum and FH To illustrate antibody level 
distribution according to their fracture time, the data from Fig. 4.30 A-C was plotted again to show 
the time dependency. Anti-dsDNA (A) showed an interesting overlap of 3-4 days post-fracture, 
where most serum and FH levels in injured patients seem to be equally leveled, while this was not 
the case for IgA and IgM RF (B-C). No statistics were performed. 

4.25 Development of a BM chip for in vitro 3D long-term 

observation 

A human bone and BM organ-on-a-chip culture based on primary human cells or 

tissue biopsies allows trauma research independent of direct clinical access. In the 

previous chapters of this thesis, sample collection, stratification and the sample 

quantities have been significant challenges limiting the feasibility of comprehensive 

experimental analysis. Organ-on-a-chip technologies based on patient-derived 
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material provide a valuable alternative as they mimic human biology and enable 

their continuous monitoring over time. These systems allow repeated sampling, 

ensure sufficient sample quantities, and enable reproducible experiments.  

To further examine human BM, a 3D culture system has been developed and 

published (SCHOON et al., 2020). Cancellous (cell-free) bone scaffolds were revived 

by osteoblasts, stromal cells and bone marrow mononuclear cells (BMNCs). In this 

BM and bone chip system, B cells, T cells and monocytes were measured over 

time using flow cytometry. B cells first decreased after 21 days (Fig. 4.32 A, 

p=0.0006) and then increased on day 28 (p=0.0016) and day 42 (p=0.0014) 

compared to d0. The relative frequency ranged from 1.5 % at d21 to 2.5 % d42. 

T cells did not change from d0 to d28 (Fig. 4.32 B, p=0.9964, 0.7932) but increased 

at d42 (p=0.0620). Monocytes did not change over the course of 42 days (Fig. 

4.32 C, p=0.2917, 0.1029, 0.6459).  

After 42 days in culture, extracellular matrix deposition (ECM) was observed under 

light microscopy (Fig. 4.32 D). It was stained for collagen III and exhibited BM 

reticular connective tissue (Fig. 4.32 D). In addition to ECM deposition, cytokines 

were measured over time in the culture supernatant to assess the soluble 

environment and its change over time. Molecules that are important for chemotaxis, 

such as CXCL5, CX3CL1, CCL7, and CCL20, were elevated compared to the control 

media, while EGF and PDGFB were decreased over time (Fig. 4.32 E). This array 

was performed to monitor potential candidates important for bone and BM 

homeostasis and will be included in further experiments. From d5 to day 42, 

cytotoxicity was monitored over time in culture without BMNC, seeded onto the 3D 

tissue chip (Fig. 4.32 F). An OD of 0.4 corresponded with 1.5x105 dead MSCs. The 

developed human 3D culture system serves as a basic tool for investigating the 

dynamic behavior of immune cells, ECM deposition, and cytokine production within 

the context of bone remodeling and regeneration. This system can serve as a 

foundation for advanced research, in exploring the interactions between bone, 

bone marrow and any given disruption. 



97 
 

 

Figure 4.32 BM chip develops extracellular matrix and maintains immune cells Immune cells were 
maintained over 42 days: B cells increased slightly over time (A), while T cell levels remained stable 
except for d42 (B). MĎćĎÑŀĩÛġ ×î×ćɷĩ ×îååÛĝ ĎĹÛĝ ĩîĆÛ ɦ/ɧə /ÃćÑÛĀĀĎĮġ ÐĎćÛ ĺÃġ ÛĜĮîĚĚÛ× ĺîĩë a{/ġ 
and OBs which produced ECM (A) with bone-specific reticular connective tissue (B) on day 28, as 
well as collagen III (B). A cytokine array of various soluble markers showed a decrease of factors 
such as BDNF and IFGB1, and an increase of the chemokines CXCL5 and CX3CL1, and bone 
metabolism markers OPG and OPN (E). Cytotoxicity was measured over time with LDH release, 
which was stable and below a critical limit of 1x105 dead cells (F). Statistical analysis was performed 
with a 2-way ANOVA, n=1-4, and data presented with medians with a 95 % CI, if applicable. 
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Metal debris from orthopedic implants is one agent that disturbs bone and BM 

biology. A corresponding study was published in 2020 and demonstrated its clinical 

relevance. Chromium and cobalt were applied to bone and BM chip system for 28 

days (Fig. 4.33 A-B). These metals, commonly released from knee and hip 

endoprosthesis, destroy soft tissue surrounding orthopedic implants. The 

characteristic accumulation of chromium in the intertrabecular matrix and 

trabecular bone in vivo, could be reproduced in vitro (Fig. 4.33 C). Unexposed 

control tissue showed intact f-actin and cells (DAPI staining), which were destroyed 

in the exposed treatment group. This cytotoxic effect was confirmed with an LDH 

measurement, which showed an increase over 21 days (Fig. 4.33 B). To see if metal 

debris can be integrated into bone and BM, as observed in patients with hip and 

knee implants, synchrotron radiation and XRF mapping (ESRF, France, in 

cooperation with Xployration) was applied. This showed an accumulation of cobalt 

and chromium in exposed culture, near the bone (calcium, Fig. 4.33 C). 

 

Figure 4.33 Chromium and Cobalt exposure reproduces tissue destruction in vitro as observed in 
patients Staining for f-actin showed tissue destruction and cell death upon metal debris exposure 
(A). This was supported by the increase of LDH over time (B). Synchrotron XRF mapping showed 
co-localization of calcium (bone) and chromium and cobalt, indicating metal incorporation in bone 
tissue in vitro, as seen in patients undergoing hip implant revision surgery (C, all images from Schoon 
et al.). No statistics were performed. 
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These results demonstrated that this human bone and BM chip can successfully 

replicate the clinical effects of metal wear of orthopedic implants. It also provided 

valuable insights into the local effects on bone and surrounding tissue of chromium 

and cobalt accumulation. This system could also be relevant for FH research in 

individual patients. To achieve such fracture model, it would need further 

optimization and adjustments to serve this purpose.  

4.26 Individual leukocyte profile is maintained in PRP products 

The global importance of cell therapies is widely recognized, but their clinical 

impact in the musculoskeletal field remains uncertain. In contrast, other biological 

products, such as platelet-rich plasma (PRP), are already used to treat various 

musculoskeletal disorders. However, it is unclear to what extent the composition of 

PRP ɩ and thus its effectiveness ɩ is determined by the individual immune cell of 

the patient or by the processing method. Different PRP products and the paired 

peripheral blood were analyzed regarding their immune cell composition and 

published in 2022 (NIEMANN et al., 2023). The results section has been modified in 

wording but not in its meaning. All immune cell compositions were compared 

between three commercially available products and the donor blood.  

Basic immune profiling showed a significant enrichment of leukocytes in all 

products (ACP: p=0.0030; Angel pʖ0.0001; nSTRIDE APS: p=0.0266) compared to 

donor blood (Fig. 4.34 A). In all but one product, the rise in leukocyte levels was 

associated with a reduction in the relative number of granulocytes compared to 

donor blood (NGr+) (donor blood: 62.3 % ACP: 8.2 % pʖ0.0001; Angel: 8.5 % 

pʖ0.0001; nSTRIDE APS: 39.6 %, p = 0.0160, Fig. 4.34 B). Neutrophils were 

decreased compared to donor blood (Fig. 4.34 C, p=0.0030, ʖ0.0001, 0.0094) in all 

ĚĝĎ×ĮÑĩġə Lć ÑĎćĩĝÃġĩɒ ĆĎćĎÑŀĩÛġ Ãć× ĀŀĆĚëĎÑŀĩÛġ ɦbDĝʙɧ ĺÛĝÛ ĆĎĝÛ ÑĎćÑÛćĩĝÃted 

in all PRP products compared to their levels in donor blood (Fig. 4.34 D, ACP, 

pʖ0.0001; Angel: pʖ0.0001; nSTRIDE APS: p=0.0160). The relative amount of 

CD14+ monocytes was slightly lower in the different PRP products compared to 

donor blood (Fig. 4.34 E, ACP, p=0.0094; Angel, p=0.6831; nSTRIDE APS, 

pʒ0.9999). Subsets of monocytes showed even further differences between 

samples. Non-classical monocytes were significantly reduced in nSTRIDE APS 

compared to donor blood (Fig. 4.34 F, p=0.0054) and the other products (ACP, 

pʒ0.9999; Angel, pʒ0.9999). The classical subpopulation was significantly reduced 
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in ACP compared to donor blood (Fig. 4.34 G, p=0.0009) as well as in Angel 

(p=0.0030) but not nSTRIDE APS (pʒ0.9999), compared to donor blood. The 

intermediate subpopulation of monocytes was significantly more concentrated in 

nSTRIDE APS compared to donor blood (Fig. 4.34 H, p=0.0431) and other PRP 

products (ACP, pʒ0.9999; Angel, p=0.2390). No significant differences were 

observed in the relative proportions oå /5ǻʙ/5ǽǾʟ bY ÑÛĀĀġ ɦFig. 4.34 I, pʒ0.9999, 

ʒ0.9999, ʒ0.9999). CD19+ B cells were not significantly different in PRP products 

compared to blood (Fig. 4.34 J, p=0.1062, 0.9284, ʒ0.9999). Further analyses of the 

CD4+ subpopulation showed no differences between groups (Fig. 4.34 K, ACP 

p=0.1062; ʒ0.9999 for Angel, p=0.6831 for nSTRIDE APS). But in CD8+ levels, there 

was a difference between blood and ACP (Fig. 4.34 L, p=0.0685) but none in Angel 

and nSTRIDE APS (p=0.6831, 0.1611). The TEMRA subset within the CD8 

population showed no difference between products (Fig. 4.34 M, p=0.4919, 

ʒ0.9999, ʒ0.9999). The ratio between donor blood was different from nSTRIDE APS 

(Fig. 4.34 N, p=0.0685) and ACP (p=0.0266) but not from Angel (p=0.6831). 
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Figure 4.34 PRP products reassemble donor heterogeneity Leukocytes were enriched in all samples 
compared to blood (A). Neutrophil/granulocytes were decreased in products compared to blood 
(B) but more abundant in nSTRIDE PRP compared to Angel. CD16hi neutrophils were distributed 
like neutrophils/granulocytes, with a decrease in blood (C) but elevated levels in nSTRIDE 
compared to Angel. Lymphocytes were enriched in PRP products (D), while nSTRIDE was different 
from Angel. Monocytes were only different from blood in ACP (E) levels, but not to Angel and 
nSTRIDE. Non-classical monocytes showed no difference to blood for ACP and Angel (F) but a 
difference to nSTRIDE, which showed decreased levels for non-classical monocytes. Classical 
monocytes were decreased in APS and Angel compared to blood (G) but showed levels equal to 
ć{£wL59ə LćĩÛĝĆÛ×îÃĩÛ ĆĎćĎÑŀĩÛġ ĺÛĝÛ ĆĎĝÛ ÃÐĮć×Ãćĩ îć ć{£wL59 ɦIɧ ÐĮĩ ×î×ćɷĩ ×îååÛĝ ÐÛĩĺÛÛć 
blood, APS and Angel. NK cells did not show any product related differences to blood (I). The same 
was observed for B cells (J). CD4+ T cells showed no difference between products and blood (K). 
But CD8+ T cells differed between samples (L). CD8+ TEMRA levels showed no difference between 
samples (M), as well as the ratio of CD4/CD8, except for blood compared to ACP and blood and 
nSTRIDE (N). Statistical analysis was performed with a Friedman test, n=12, data presented with 
medians with min-max. 

Since it was important to also investigate the soluble composition of PRP and pro-

inflammatory properties of PRP, cytokine profiles of various PRP products were 

compared to those of donor blood samples. Ten cytokine levels were analyzed as 

indicators of the inflammatory composition of the PRP products. In some samples 

from both the PRP products and donor blood, the concentrations of IL-ǹǕɒ L[-12p70 

and IL-13 were below the quantitation limit.  
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Figure 4.35 Cytokine levels in PRP products only differed in nSTRIDE in TNF-ǔ Ãć× LbC-ǖ PRP 
product nSTRIDE showed elevated levels of TNF-ǔ Ãć× LbC-ǖ compared to donor blood (A-B). All 
other measured cytokines IL-2, IL-4, , IL-6, IL-8, IL-10, IL-12p70, IL-13, IL-ǹǕ showed no differences 
between blood and final PRP product (C-J). Statistical analysis was performed with the Friedman 
test, n=12, data presented with medians with a 95 % CI. 

Concentrations of IFN-ǖɒ £bC-ǔɒ L[-2, IL-6, IL-8, IL-4, and IL-10 were detectable in 

all samples. The median concentration of IFN-ǖ îć ĩëÛ twt ĚĝĎ×ĮÑĩġ ĺÃġ 

approximately two to three times higher than in donor blood samples, with 

statistical significance only observed between donor blood and nSTRIDE APS 

samples (Fig. 4.35 A, p=0.0339, 0.7985, 0.2390). TNF-ǔ ÑĎćÑÛćĩĝÃĩîĎć ĺÃġ 

significantly higher in nSTRIDE APS compared to both donor bloods, but not in ACP 

and Angel (Fig. 4.35 B, p=0.0266, ʒ0.9999, ʒ0.9999). These effects were also tested 
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on a chondrocyte pellet culture with their proliferation capacity influenced by TNF-

ǔ Ãć× LFN-ǖə £ëîġ ×ÃĩÃ îġ ĚĮÐĀîġëÛ× îć bîÛĆÃćć et al. The tests were performed by 

colleagues and excluded from this work. To summarize: Pro-inflammatory 

cytokines impair chondrocytes in the same way muscle regeneration is impaired. 

IL-2 concentrations were similar to blood and products (Fig. 4.35 C, 

p=0.4919, ʒ0.9999 ʒ0.9999). IL-4 showed no difference between products and 

donor blood (Fig. 4.35 D, pʒ0.9999, ʒ0.9999, ʒ0.9999). For all other measured 

cytokines IL-6, IL-8, IL-10, IL-12p70, IL-13, IL-ǹǕ ĩëÛĝÛ ĺÃġ ćĎ ġîæćîåîÑÃćĩ ×îååÛĝÛćÑÛ 

observed (Fig. 4.35 E-J).  
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5 Discussion 

5.1 PLX-PAD can improve muscle regeneration  

Immune cells play an important role in tissue regeneration, and cell therapy is an 

advanced way to improve recovery after trauma. PLX-PAD cells have been shown 

to be a promising candidate to support muscle regeneration by modulating injury-

related immune responses. 

5.1.1 Activated PBMCs can negatively influence healthy HSMM and can be 

rescued by PLX-PAD in vitro 

To assess the potential mode of action of PLX-PAD cells on muscle regeneration, 

HSMM from young healthy donors were exposed to conditioned media (CM) from 

PLX-PAD (PLX-CM). PLX-CM enhanced the migration of HSMM from healthy 

subjects in vitro but had no effect on their differentiation capacity. These findings 

confirmed earlier research showing enhanced migration of murine myoblasts in 

response to rodent BM-MSC (Archacka et al., 2021; PARK et al., 2024), which has 

been attributed to the MSCs secretome (KULESZA et al., 2016; SANDONÀ et al., 2021). 

Like BM-MSCs, PLX-PAD cells can secrete a range of growth factors, such as IGF, 

VEGF, and SDF1. These growth factors can stimulate tissue cell function and other 

biological processes to support the healing process.  

In contrast to earlier findings, which showed diminished differentiation of murine 

myoblasts in indirect co-cultures with BM-MSC (QAZI et al., 2015), this study found 

no reduction in the differentiation and fusion of HSMM into myofibers when 

exposed to PLX-CM. These divergent findings may be explained by interspecies 

differences or variations in the basal secretome between BM-MSCs and PLX-PAD 

cells, as the tissue origin of stromal cells at least partially determines their functional 

properties (HOCHMANN et al., 2023; REINISCH et al., 2015). It is most likely that a 

combination of both factors contributes to the differences between these studies. 

In summary, this work underscores the important role of the HSMM 

microenvironment in shaping their cellular function. 

Tissue regeneration is always accompanied by inflammation (QAZI et al., 2017), 

which is a primary driver of the early initiation of the healing cascade. Therefore, 

the experimental approach was expanded to a pro-inflammatory environment. Pro-

inflammatory signals from activated PBMCs caused an increased proliferation of 
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healthy HSMM compared to the control (Fig. 4.3). While in vitro proliferation is 

generally regarded as a positive indicator, excessive myoblast proliferation in vivo 

is associated with necrosis and fibrosis (REINKE et al., 2013; Tu & Li, 2023). CM from 

activated PBMCs also reduced the differentiation and migration of HSMMs (Fig. 

4.3). These findings highlight the negative impact of prolonged inflammation on 

muscle regeneration, resulting in an impaired restoration of functional tissue and 

inferior wound healing outcome.  

The detrimental influence of excessive inflammation on endogenous regenerative 

processes has already been shown in other musculoskeletal tissues (HOWARD et 

al., 2020). For example, cytokine-mediated inflammation inhibited cartilage 

formation in human 3D chondrocyte cultures (NIEMANN et al., 2023). Osteogenic 

differentiation of rat BM-MSCs was arrested under inflammatory in vitro conditions 

(QAZI et al., 2019) and elevated inflammation has been linked to non-union and 

delayed fracture healing in sheep and humans (REINKE et al., 2013; SCHMIDT-BLEEK 

et al., 2012).  

Further experiments in this work revealed that PLX-PAD counteracted PBMC 

activation and pro-inflammatory cytokine release. Consequently, the migration 

potential and differentiation capacity of HSMM were restored. Earlier studies 

showed that pronounced immunomodulatory properties are a common 

characteristic of MSC(-like) cells, which can modulate the T cell and macrophage 

function (CARTY et al., 2017; MÜLLER et al., 2021; VASANDAN et al., 2016). Non-human 

animal studies have reported a positive effect of PLX-PAD injection into skeletal 

muscle (PRATHER et al., 2009). PLX-PAD cells have been shown to block the 

production of pro-inflammatory cytokines like IL-6 (BARKAMA et al., 2020) and 

enhance migration while blocking excessive HSMM proliferation (ZAHAVI-GOLDSTEIN 

et al., 2017). 

Overall, PLX-PAD cells were found to be safe on HSMM and can support the 

resolution of acute inflammation. However, experimental design described in this 

work has certain limitations: 1) Contrary to direct co-cultures of PBMC and PLX-

cells, HSMM and PLX-PAD had no cell-to-cell contact and did not interact directly 

in the chosen set-up. To further investigate the direct effects of PLX-PAD on PBMCs 

and HSMM, future experiments should include direct co-culture with different 

combinations of all three cell types. 2) This study used HSMM from young, healthy 
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donors, which do not reflect the characteristics of the elderly HIPGEN study cohort. 

These commercially available cells are not affected by comorbidities and age-

related alterations. These factors are well known to influence the regenerative 

capacity of HSMM and muscle tissue. To address this limitation, experiments with 

HSMM derived from elderly study participants were performed to validate the 

findings. 

5.1.2 It was challenging to work with small primary muscle biopsies from 

elderly patients 

Muscle biopsies from elderly trauma patients were used to isolate HSMM from a 

clinically relevant cohort. Unlike previous studies, which have predominantly used 

commercial cell lines, this study took a new approach by using patient-derived 

primary HSMM. Less than 0.5 g of tissue was obtained to minimize additional 

damage to the already injured muscle. This small amount of tissue posed a major 

challenge for the successful isolation and cultivation of HSMM.  

A further issue was the separation of HSMM from myofibroblasts. Myofibroblasts 

proliferate at higher rates and compete with HSMM for nutrients, leading to reduced 

HSMM expansion. Unlike HSMM, myofibroblasts are unable to differentiate into 

myofibers but tend to overpopulate the culture flasks. Flow cytometry was used as 

a quality assessment with CD82 as a marker for successful HSMM and 

myofibroblast separation (HALL et al., 2020).  

A significant heterogeneity was observed in HSMM from the elderly patient, both 

in the number of cells isolated per milligram of tissue and in their expansion rates. 

The low expansion rate for some patients could be due to age-related changes or 

trauma exposure. It remains unclear how many cell divisions are needed to lose 

the pro-inflammatory imprint in HSMM, which may impair their differentiation 

capacity. In addition, the isolated cells had to be excessively expanded due to the 

low initial cell yield, which can accelerate the process of in vitro aging and induce 

cellular senescence (GEISSLER et al., 2012). To partially prevent this, human platelet 

lysate (hPL) was used instead of FCS as the media supplement. HPL is a promising 

xeno-free alternative for the expansion of various cells (BURNOUF et al., 2016; 

OELLER et al., 2021; WARNKE et al., 2013). Although its composition is not completely 

defined (as is the case for FCS), it exhibits less LOT-to-LOT variation than FCS 

(BURNOUF et al., 2016; SCHALLMOSER et al., 2009). Additionally, hPL avoids ethical 
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concerns associated with FCS production and eliminates the risk of inauthentic 

growth factor stimulation (SCHALLMOSER et al., 2007).  

5.1.3 PLX-PAD has a greater influence on HSMM from elderly patients 

Human skeletal muscle myoblast (HSMM) successfully isolated and expanded 

from HIPGEN patients were exposed to pro-inflammatory stimuli from PBMCs and 

regular differentiation media. In contrast to HSMM from young donors, which did 

not respond to PLX-CM in the absence of activated PBMCs, HSMM from elderly 

patients exhibited enhanced differentiation in control conditions with PLX-CM. This 

difference may be due to the muscle tissue source. The HSMM from HIPGEN 

patients were already exposed to inflammation caused by the hip fracture. The 

acute inflammatory environment might have conditioned the HSMM to this milieu, 

rendering them more responsive to PLX-CM stimulation in vitro compared to the 

cells from young and healthy donors. However, the age-related physiological 

difference between the two donor groups, particularly their frailty status, must also 

be considered. Even under homeostatic conditions, muscle tissue from older and 

younger donors differs significantly in baseline function, which could generally 

affect cellular responses and regenerative capacity. 

Similar to commercial HSMM from young healthy donors, the differentiation 

capacity of HSMM from HIPGEN patients was also restricted by pro-inflammatory 

conditions. This limitation could be partially alleviated by PLX-CM derived from co-

cultures of activated PBMCs and PLX-PAD, highlighting the potential of PLX-PAD 

to improve muscle regeneration in older patients. However, experiments with cells 

from the older HIPGEN cohort revealed significant donor-dependent variability. 

These differences can be explained by several factors, including longer expansion 

time after isolation and in vitro aging effects (Geissler et al., 2012), or LOT-to-LOT 

variation in the PLX-PAD products. Even in healthy HSMM cultures, significant 

differences in efficacy were observed between different PLX-PAD lots. Future 

studies should investigate the sources of variability in more detail and HSMM-

based assays could be integrated into a routine quality assessment for PLX-PAD 

batches. 

Using primary HSMM from older patients better reflects the properties of aging 

muscle and clinical realities. Compared to C2C12 mouse cell lines or HSMM from 

young donors, patient-derived cells enable a better understanding of the 
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therapeutic mechanisms. But this approach also poses unique challenges: Tissue 

heterogeneity, age-related changes in cell functions, and the impact of chronic 

inflammatory processes can complicate the isolation, expansion, and 

differentiation of the cells, making the reproducibility of results difficult. 

In conclusion, PLX-PAD cells significantly enhanced HSMM differentiation, 

particularly from HIPGEN patients, through their immunomodulatory properties. 

The ability of PLX-PAD to suppress inflammatory responses of activated immune 

cells has been extensively described by colleagues (MALEITZKE et al., 2022; PAPAIT 

et al., 2020). This work gave important insight into the potential mechanism of PLX-

PAD cell therapy. Results from in vitro experiments support the findings of the 

Phase I/IIa and Phase III HIPGEN studies, which demonstrated increased muscle 

volume and strength, while reduced fatty tissue was observed in patients treated 

with PLX-PAD (ALVES et al., 2022). This underscores the potential of PLX-PAD as a 

promising therapeutic option for muscular regeneration in older patients. 

5.1.4 Clinical phase III study HIPGEN failed to meet its clinical endpoints 

Despite reproducing results from Phase I/IIa, the HIPGEN study did not meet its 

primary clinical endpoint. The short physical performance battery (SPPB) was 

chosen as an endpoint even though it was not used in the phase I/II study. SPPB 

evaluates the physical fitness of elderly patients, but there was no pre-operative 

determination of SPPB possible. This hinders group comparisons before and after 

intervention. Overall, the in vitro and clinical data showed a clear enhancement of 

muscle regeneration mediated by PLX-PAD, emphasizing the importance of 

discussing clinical endpoints.  

In order to clinically validate the efficacy of cell therapies, it is essential to not only 

foster close collaboration between research and healthcare partners but also 

conduct more reliable preliminary studies to establish standardized baseline 

profiles of the cells and precisely define clinical endpoints. 
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5.2 Immune cells respond to fracture locally and in the periphery  

5.2.1 The fracture hematoma represents a unique cellular milieu, distinct 

from both blood and bone marrow 

BM, FH, and blood represent a distinct tissue with individual immune cell 

compositions. Immune cells are traditionally analyzed by flow cytometry, which 

detects specific surface markers. However, these markers can vary significantly 

depending on the cell's origin, differentiation state, and activation status. This 

variability makes it challenging to distinguish between specific immune cell subsets 

with upregulated activation markers and immune cells that have migrated from a 

tissue where those markers are constitutively expressed. Since development and 

activation can share similar marker profiles, additional analytical methods beyond 

flow cytometry are often required to fully characterize immune cell populations. 

The presented work provides a descriptive but essential characterization. The aim 

was to identify potentially interesting immune cell subsets involved in fracture 

healing. In this study, key immune cell types and their respective subsets were 

analyzed in BM, FH, and blood. These include leukocytes, neutrophils, T cells, 

B cells, and NK cells. Differences were detected in all tissue types across all cell 

types. The main objective was to characterize early FH to address the hypothesis 

that FH formation is an active process that follows specific steps to initiate bone 

regeneration.  

Differences between BM and blood were already apparent in the main leukocyte 

marker CD45. BM contains immune cells expressing a range of CD45, as it is 

gradually expressed during immune cell development. Immature cells, which 

express no or low levels of CD45+, are characteristic of BM leukocytes. The BM-to-

blood ratio of leukocytes differed between the trauma and control groups. This 

difference suggests a genuine effect in fracture patients rather than solely patient 

heterogeneity or inherent variations between blood and BM. 

When examining leukocytes, FH is more similar to BM than blood. Only 5ɩ18 % of 

cells in FH express the CD45+ marker, indicating a distinct lymphocyte profile. This 

aligns with literature findings, which describe immune cells arriving at the fracture 

site in waves (ONO & TAKAYANAGI, 2017; SCHMIDT-BLEEK et al., 2012). It is important 

to understand that the local environment differs significantly from peripheral blood, 
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as many mature lymphocytes were absent in early FH. Therefore, the passive arrival 

of cells solely due to bleeding is unlikely. This supports the idea that early fracture 

healing is an active and dynamic process. This needs to be considered when 

developing a therapeutic intervention to prevent delayed healing. 

5.2.2 Neutrophils are active in the fracture gap, but their origin is unknown 

Neutrophils are known to arrive first at the fracture site in animal experiments 

(SCHMIDT-BLEEK et al., 2012). In human FH, neutrophils exhibited a distribution more 

closely resembling that of blood than BM (Fig. 4.9). This observation raises critical 

questions about the origin and activation status of these cells. Are these neutrophils 

activated and induced to express new markers? Are they actively recruited, or do 

they simply enter the fracture site passively through injured capillaries? Prior 

studies point to an active recruitment process by demonstrating that supernatant 

from human FH was sufficient to induce the chemotaxis of neutrophils in vitro 

(Bastian et al., 2018). Neutrophils in healthy BM differ from blood neutrophils, as 

confirmed in this work (Fig. 4.9). Blood neutrophils express CD62L and CD16, while 

most BM neutrophils lack both markers (KRAUS & GRUBER, 2021). CD16 expression 

gradually increases during their development in BM, and FH contains neutrophils 

with low and high CD16 expression.  

Neutrophils play a pivotal role in early FH formation: They respond to cytokines 

from platelets, help to recruit monocytes, and most importantly release fibronectin. 

This promotes an anti-inflammatory environment and supports callus formation 

(BAHT et al., 2018; BASTIAN et al., 2016). A study on severely injured patients 

identified a distinct population of immature neutrophils (CD16dim) in the 

bloodstream (JANICOVA et al., 2021), absent in healthy controls. This may represent 

a state of exhaustion or have protective abilities by producing less reactive oxygen 

species (ROS). ROS are a key component of fighting infection by causing tissue 

damage. However, in trauma, additional damage would be counterproductive. In 

this work, these intermediate neutrophils were measured in FH. They show the fine-

tuned response of the immune system to injury, avoiding excessive damage but 

clearing the affected area. 
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5.2.3 FH contains monocytes of various differentiation stages  

All known subsets of monocytes were detected in FH and BM (Fig. 4.11). Yet, 

precisely distinguishing them in these tissues remains challenging. BM hosts 

monocytes at various stages of maturation, exerting a gradual marker expression 

and differing in size, and granularity, thus complicating their identification through 

flow cytometry. Each monocyte subset has a distinct function to either clear the 

fracture site, give anti-inflammatory signals, or secrete pro-inflammatory cytokines.  

Monocytes are precursors of bone-resorbing osteoclasts (ONO & NAKASHIMA, 2018; 

QUINN et al., 1998), which are essential for bone remodeling (VUOTI et al., 2023; 

WEIVODA & BRADLEY, 2023) after callus formation. Classical monocytes were more 

abundant in FH than in the BM, and their BM-to-blood differed between control 

and trauma groups. Interestingly, these findings contrast with previous reports of a 

decrease in classical monocytes in elderly patients with hip fractures (SHEMA et al., 

2024). One possible explanation for this discrepancy could be the divergent clinical 

routines in other countries. In Germany, hip fractures need to be treated within 24 h 

after hospital-admission. This ensures that FH and BM samples are collected within 

a tightly defined timeframe. In contrast, other countries do not adhere to such 

stringent scheduling, resulting in samples taken at varying intervals post-injury 

(SEONG et al., 2020; SIMUNOVIC et al., 2011). These timing differences could account 

for the observed variations in monocyte populations. 

The frequency of non-classical monocytes was higher in FH than blood (Fig. 

4.11 D). Literature indicates that fractures can shift non-classical monocytes toward 

pro-inflammatory TNF-ǔɩsecreting monocytes (Baëhl et al., 2016) and facilitate 

fracture debris clearance (LAFUENTE-GRACIA et al., 2021). In animal experiments, 

non-classical monocytes have been associated with wound repair by differentiating 

into tissue-resident macrophages (OLINGY et al., 2017). Prior studies either heavily 

relied on animal samples, solely focused on blood samples, or investigated only 

one subset of monocytes.  

Monocytes are early responders to inflammation, guided by signals from local 

neutrophils (KAPELLOS et al., 2019). Their capacity to differentiate into macrophages 

and osteoclasts underlines their importance in fracture healing. Animal studies 

showed that insufficient macrophage presence delays bone repair and can lead to 

non-unions (PAJARINEN et al., 2019). Yet the full complexity of how monocytes 
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respond to distinct microenvironments remains unclear. For instance, in vitro 

experiments using monocytes from diabetes patients revealed an altered 

secretome, which may reflect the impaired healing process observed in these 

patients (LINNEMANN et al., 2021)ə £ëÛ ġĩĮ×ŀ ×î×ćɷĩ ×îġĩîćæĮîġë ĆĎćĎÑŀĩÛ ġĮÐġÛĩġ 

and cannot answer whether inherent differences in total monocytes or their 

composition are the reason for the altered secretome in the diabetic group. 

Consequently, the precise role of individual monocyte subsets in fracture healing 

requires more controlled investigations, as this descriptive approach cannot resolve 

their functional complexities. Future studies should employ broader marker panels 

to accurately distinguish monocyte subsets, beyond the basic CD14/CD16 

classification used here. 

5.2.4 NK cells may act as mediators of the pro and anti-inflammatory shift  

NK cells were another cell type analyzed in this study and showed elevated levels 

of CD56hi NK cells in the BM of fracture patients compared to FH and blood. NK 

cells are typically divided based on CD56 expression into CD56low and CD56hi 

subsets (CALIGIURI, 2008). CD56hi NK cells release higher levels of cytokines and 

contribute to inflammation and the recruitment of adaptive immune cells (CRINIER 

et al., 2021). CD56hi NK cells are cytotoxic, yet studies have shown that cytotoxicity 

is suppressed in sterile inflammation (HAUSER et al., 1997). This suppression may 

enhance their role as mediators between innate and adaptive immune cells, 

fostering a pro-inflammatory environment.  

Immature NK cells are more frequently found in lymphoid organs rather than in 

peripheral blood (YANG et al., 2019). CD56low NK cells produce less pro-

inflammatory cytokine INF-ǖ (COOPER et al., 2001), which may explain the reduced 

levels of CD56 hi NK cells in FH (Fig. 4.11 F). In a highly inflamed microenvironment, 

additional INF-ǖ îġ ćĎĩ ćÛÑÛġġÃĝŀ. Therefore, NK cells shift their profile to a more 

immunoregulatory phenotype as described in the literature (HAUSER et al., 1997).  

Most research on fracture-related inflammation focuses on major leukocyte 

subsets such as neutrophils, monocytes, T and B cells. Many significant functional 

differences arise in subsets of these cells. This is particularly evident in T cells, 

which can differentiate into diverse functional subsets, and expand and activate 

upon inflammation.  
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5.2.5 Overall CD3, CD4 and CD8 T cell levels were similar to blood 

No significant differences were observed in the levels of total CD3+ T cells across 

the studied compartments. T cells, key components of the adaptive immune 

system, have gained significant attention in regenerative research. As previously 

reported (DI ROSA & GEBHARDT, 2016), CD8+ and CD4+ T cells showed an inverted 

ratio in BM compared to blood (Fig. 4.12). 

The CD8/CD4 ratio is commonly used as a diagnostic marker for immune-cell 

imbalances, such as in patients with HIV, burn injuries (RIOJA et al., 1993), and 

COVID-19 (DE ZUANI et al., 2022). Lć ĩëîġ ġĩĮ×ŀɷġ åĝÃÑĩĮĝÛ ÑĎëĎĝĩɒ ĩëÛ /5Ǽɟ/5Ȁ ĝÃĩîĎ 

in FH is significantly different from BM (Fig. 4.12) but not from blood. The variation 

in FH data could be influenced by the time-dependent dynamics of FH, which 

warrants further investigation. 

5.2.6 CD4+ CM cells are decreased in fracture patients 

While there was no significant difference in total CD3+ T cell levels, their subsets 

exhibited significant differences in their distribution (Fig. 4.13). The widely accepted 

gating strategy in flow cytometry, using CD45RA and CCR7 (D'ASARO et al., 2006; 

REINKE et al., 2013; SALLUSTO et al., 2004) divides T cells into effector memory (EM), 

central memory (CM), naïve and terminally differentiated memory T cell (TEMRA). 

All these subsets were measured across BM, FH and blood.  

To validate the observed differences, ratios of control BM to control blood and 

injured BM to injured blood were calculated and compared. Significant differences 

between these ratios would suggest that local changes are not simply due to 

natural differences between BM and peripheral blood. While there were local 

differences between cell subsets, only CD4+ CM cells were also different to the 

control ratio of BM/blood. During infection, CD4+ CM T cells assist B cells in 

antibody production and proliferate at higher levels than other subsets (RAPHAEL et 

al., 2020). However, their role in sterile inflammation or trauma remains largely 

unexplored.  

Compared to blood, BM contained higher frequencies of CD8+ and CD4+ EM T 

cells and lower proportions of CD4+ CM T cells. This observation could reflect 

either a natural tissue-specific difference or injury-induced shift in BM composition. 

BM-to-blood ratios of these cell types from the injured and control group indicate 
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that only CD4+ CM levels were significantly affected by the injury. This result 

suggests that the T cell memory population in BM also reacts to trauma.  

Memory T cells in the BM have attracted research interest over the past 10 to 15 

years. Studies have shown that human BM serves as a resting site and major 

reservoir for memory T cells, which are present at three to four times the levels 

found in blood (OKHRIMENKO et al., 2014). These cells also appear to renew 

themselves regularly in the BM (BALIU-PIQUÉ et al., 2018; DERKSEN et al., 2023; 

KÜNZLI & MASOPUST, 2023). This offers the possibility that the BM may also form part 

of the FH. However, it remains unclear whether memory T cells are activated and 

ĝÛÑĝĮîĩÛ× åĝĎĆ ĩëÛ .a Ďĝ ĚëŀġîÑÃĀĀŀ ×îġĚĀÃÑÛ× îćĩĎ ĩëÛ åĝÃÑĩĮĝÛ æÃĚ Ðŀ ĩëÛ ĩĝÃĮĆÃɷġ 

mechanical forces. 

5.2.7 All T cell subsets are present in FH 

FH harbors all T cell subsets observed in blood and BM. Naïve T cells were equally 

distributed across BM, FH, and blood (Fig. 4.13 D), as well as CD4+ CM T cells. 

This supports the claim that FH is neither identical to BM nor to blood, but appears 

to be a combination of both tissues.  

In contrast, levels of CD8+ CM, CD4+ and CD8+ EM in FH were significantly 

different compared to BM but showed similar levels to blood. Tëîġ ×ĎÛġćɷĩ ĎĚĚĎġÛ 

the observation that FH is a distinct tissue. EM T cells are known to arrive early in 

the fracture site and release specific cytokines for immune cell recruitment, e.g. 

INF-ǖɒ £bC-ǔ Ãć× L[-2, primarily in non-human animal studies (BUCHER et al., 2022; 

EL KHASSAWNA et al., 2017; SCHLUNDT et al., 2019; ZHU et al., 2010).  

Interestingly, the CD8+ TEMRA subset did not differ between tissues. TEMRA cells 

are known contributors to non-union and delayed healing in long bones and 

mandibular fractures if not regulated by regulatory T cells (REINKE et al., 2013; VOSS 

et al., 2024). Previous studies described a higher number of locally accumulated 

TEMRA cells in the fracture gap (REINKE et al., 2013; SCHLUNDT et al., 2019). This 

difference in the results could be due to the small sample size or timing of the FH 

collection.  

Although all FH samples were collected within 24 hours of hospital admission, the 

actual age of the fracture may have varied. Particularly elderly patients who 

suffered fractures and were found later by their caretakers may have had FH older 
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than 24 hours. These discrepancies in sampling time could influence the observed 

immune cell ratios, raising the possibility that these findings reflect sample 

heterogeneity rather than true biological differences.  

An additional factor could be that the patients in this study are above the age of 

65. A vast majority of this age group exhibits an experienced immune system 

characterized by high TEMRA levels in blood compared to younger controls (REINKE 

et al., 2013). These results demonstrate that FH contains all the described T cell 

subsets. While T cells play a crucial role in regenerative processes, both their local 

quantity and activation status matter. This activation must be carefully regulated to 

avoid excessive inflammation leading to impaired healing. The T-cell role must be 

tightly controlled to effectively contribute to fracture healing (SCHLUNDT et al., 2019). 

5.2.8 PD-1 on T cells seems to play a role in fracture hematoma  

PD-1 is a T cell activation marker and was significantly higher in FH and BM 

compared to blood in both CD4+ and CD8+ T cells (Fig. 4.13 B&J). The origin of 

this PD-1+ T cell population remains unclear. It could result from a local activation, 

recruitment from the periphery, or the proliferation of specific T cell in response to 

inflammatory stimuli. The literature suggests that PD-1 is predominantly expressed 

by activated T cells (AHN et al., 2018; LIANG et al., 2024; VICK et al., 2023), while its 

ligand (PD-L1) is expressed on various cells to counteract T cell activation. Notably, 

cancer cells express PD-L1 to evade the immune system. Targeting this pathway 

with PD-1/PD-L1 checkpoint inhibitors has shown significant success in cancer 

therapy (HAMANISHI et al., 2016).  

PD-1+ T cells can interact with stromal cells through PD-L1 (CHEN et al., 2024; 

DAVIES et al., 2017; DEZUTTER-DAMBUYANT et al., 2016). This mechanism could play 

a role in the interaction between PLX-PAD cells and activated PBMCs (as described 

in chapter 5.1.1). In this context, PLX-PAD could suppress activated T cells within 

PBMCs through PD-1 signaling and thereby promoting a shift to an anti-

inflammatory phenotype.  

The role of PD-1 in trauma and fracture healing remains poorly understood, but 

recent research suggests that it may have an important function beyond of cancer 

immunity (PATSOUKIS et al., 2020). The PD-1/PD-L1 signaling axis represents a 

promising pathway for improving fracture healing that requires further investigation. 
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Especially in regard to MSC(-like) cells such as PLX-PAD that express and release 

PD-L1 (NORGREN et al., 2024). Understanding the local immune environment, 

including PD-ǹɷġ ĝĎĀÛɒ ÑĎĮĀ× ĚĝĎĹî×Û ÑĝîĩîÑÃĀ îćġîæëĩġ îćĩĎ ĩëÛ ĆÛÑëÃćîġĆġ underlying 

cell-based therapies, thereby enhancing their therapeutic potential for healing.  

5.2.9 B cells in fracture hematoma in humans are not described in detail 

The adaptive immune system comprises both T and B cells. While T cells have 

been studied in trauma, B cells remain poorly described. As expected, the 

descriptive analysis of BM revealed the presence of early B cells, which are absent 

in blood (Fig. 4.15). Interestingly, FH contained low but detectable levels of early B 

cells. This finding provides evidence that BM-derived cells are a component of the 

FH, further supporting the idea that the FH is not merely coagulated blood.  

Naïve B cells were less abundant in the BM compared to FH and blood, which is 

consistent with their typical migratory behavior. Mature but naïve B cells primarily 

leave the BM to the periphery and secondary lymphoid organs. Memory B cell and 

plasmablast levels showed no significant difference between tissues, consistent 

with the established role of memory B cells in homing to and residing in the BM 

(PARAMITHIOTIS & COOPER, 1997; SEIFERT & KÜPPERS, 2016).  

These findings highlight that all major B cell subsets are present in the FH, 

underscoring their potential relevance in trauma research. Given their ability to 

respond to DAMPs, produce natural antibodies, and interact with the complement 

system, B cells contribute to both innate and adaptive immunity. Their role in 

trauma and wound healing will be further elaborated in the following chapter. 

5.2.10 Immune cells are important for bone repair and mediate successful 

healing 

As the central organ for hematopoiesis and immune regulation, BM play an 

important role in research on the pathogenesis of blood-cell disorders and cancer. 

Although extensive studies have characterized murine BM (STUMPF et al., 2020), 

dedicated investigations of human BM remain limited. Over the past two decades, 

healthy human BM and its mature and memory immune cells have increasingly 

become the focus of immunological studies (F. DI ROSA, 2016; DI ROSA & PABST, 

2005; OKHRIMENKO et al., 2014). BM remains primarily focused on hematology and 

immunology, while its role in orthopedic or trauma-related contexts is 
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underexplored. This is particularly striking given that orthopedic surgeons routinely 

encounter BM in fractures treatment and total-joint arthroplasty.  

The findings presented in this thesis suggest that the immunological niche of FH 

cannot be described merely as blood or BM. Instead, FH represents an 

intermediate tissue with distinct characteristics. Studying healthy human BM is 

challenging due to its limited accessibility, as it is typically only obtained during 

surgery or by biopsy. Consequently, researchers are often limited to BM samples 

from a narrow subset of patientsɨmany of whom have a disease-altered BM 

characteristic. Data suggest that BM responds dynamically to surgery and to the 

presence of exogenous materials such as metal implants (SCHOON et al., 2020). BM 

is highly responsive to trauma as well. Long bone fractures create a defect gap that 

fills with hematoma ɩ a complex mixture of immune cells, fibrils, collagens, 

cytokines and growth factors. This FH is essential for bone healing as it acts as a 

scaffold for stromal and bone cells. FH provides the cellular and molecular factors 

necessary for bone regeneration (CAPOBIANCO et al., 2024).  

FH has been studied in animals and in limited human samples (EINHORN & 

GERSTENFELD, 2015; HOFF et al., 2016; KOLAR et al., 2011; MICK & FISCHER, 2022). 

These studies suggest that immune cells arrive in distinct waves and that hypoxia 

in the fracture gap plays an important role in mediating angiogenesis during bone 

healing (DUDA et al., 2023; SUN et al., 2017). A deeper understanding of the 

regenerative processes within the FH could support the development of targeted 

therapies for patients suffering from delayed healing or non-union (WILDEMANN et 

al., 2021).  

Much focus has been placed on the biomechanics of FH and how collagen guides 

bone repair (BRAUER et al., 2024; TORTORICI et al., 2021). The nature of FH remains 

controversial. Some studies describe FH as coagulated blood (PFEIFFENBERGER et 

al., 2021), while others consider it to consist of residual BM-derived cells that have 

extravasated into the fracture gap (FOTI et al., 2021). The data presented in this 

thesis (Fig. 4.11 B, 4.12 A-B, 4.13 E) suggest that the FH is in fact a combination of 

both tissues. Differences in immune cell subsets within FH could be explained by 

upregulation of activation markers or selective recruitment to the fracture site. Hoff 

et al. published the first comprehensive analysis comparing major immune cell 

populations in FH and to BM (HOFF et al., 2016). The results of this thesis are 
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consistent with their findings: total monocytes, granulocytes and T cells were found 

in the fracture gap, while B cells appeared to be less abundant in the early stage 

of hematoma development (Fig. 4.15 A). Unlike other tissue-resident immune cells, 

FH-associated immune cells only appear in the context of injury.  

5.2.11 Longitudinal studies of FH are challenging 

Longitudinal studies of monotraumatic injuries are needed to study the detailed 

immune cell interactions and dynamics within the fracture gap. Conducting such 

studies is challenging since FH is transient and exhibits injury-dependent variability. 

Even in rodent studies, FH composition varies despite controlled and sterile 

conditions. Some data sets in this study were difficult to interpret as differences 

may be due to date and time of FH sampling, natural heterogeneity, or anatomical 

location. The volatility of the FH as a tissue complicates its classification. 

Experimentally, labeling of human cells prior to a fracture is not feasible under most 

circumstances. A potential exception might be labeling cells prior to inducing 

trauma through surgical intervention, such as corrective osteotomy. Even in such 

controlled scenarios, it remains difficult to study the time-dependent recruitment of 

immune cells. In this study, ratios of BM to blood in control and injured donors were 

calculated as an early indicator of trauma-related changes (Fig. 4.14). When these 

ratios showed significant differences between the control and injured groups, this 

strongly suggested that the effects were due to the injury itself. Conversely, in data 

sets that showed no differences, the effects could be due to local and physiological 

changes in BM compared to systemic blood values. Tissue-derived differences 

continue to be studies extensively in immunology. Many new tissue-resident 

subsets of previously described immune cells have been discovered and their 

abundance change during aging (GRAY & FARBER, 2022).  

Patients vary not only in their age, but also in their immune system experience, 

lifestyle, and injury type. These specific confounders were minimized in this study 

by focusing on elderly patients with comparable lifestyles and fracture types. This 

enables a systematic investigation but limits the generalization of the results to the 

whole population. Identifying common factors that are consistent across all patients 

is crucial for pinpointing potential therapeutic targets to improve fracture repair. 

Such insights will advance regenerative medicine by paving the way for 

personalized approaches to orthopedic and trauma approaches.  
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5.3 CD21/TLR9 axis to maintain self-tolerance while scavenging 

self-Ag 

5.3.1 CD21 is lost on the surface of B cells in fractures and can be shed 

B cells were found in all tissues analyzed in this study. Within B cells from fracture 

patients, the most striking observation was the absence of CD21 on their surface. 

High levels of CD21-/low B cells were found in FH and adjacent BM, while 

peripheral blood showed varying levels, but an overall increase compared to 

control blood. This effect was observed in follow-up blood samples from the same 

patients up to 12 weeks post-surgery, when CD21 levels returned to normal (Fig. 

4.16). This was a surprising result because CD21 has not previously been 

implicated in fracture healing. 

CD21 is a receptor molecule on B cells, which is much discussed in the context of 

Epstein-Barr virus infection and autoimmunity (SILVA et al., 2024). While B cells with 

low CD21 expression are often memory B cells (THORARINSDOTTIR et al., 2016), 

some findings in mice indicate that they are anergic/aged B cells called ABCs 

(CANCRO, 2020). The translation of murine concepts to humans is controversial. In 

humans, CD21-/low B cells are known to expand in many diseases, such as SLE 

and RA, but in mice they show a less pronounced function (GJERTSSON et al., 2022; 

REINCKE et al., 2020). Despite CD21-/low B cells being extensively studied in 

autoimmune diseases, their exact contribution to progression of these pathologies 

remains unclear. DNA and other autoantigens are solely discussed as contributors 

to autoimmune diseases such as SLE. The literature and current research have 

shown that CD21 can bind single and double-stranded DNA, as well as histones 

and chromatin structures (ASOKAN et al., 2013). A combination of CD21 and DNA is 

discussed as a trigger for the development of SLE. CD21-/low B cells were detected 

in all fracture patients examined in this study. Interestingly, the closer the sample 

was to the fracture site (proximal BM, Fig. 4.16 C), the higher the levels of CD21-

/low B cells. A signal gradient may be the reason for this observation. FH is an acute 

situation where all the damaged cells are present and high levels of inflammation 

and danger signals are released by injured tissue. A potential signal for CD21 in FH 

is cfDNA and associated proteins like HMGB1, which are known DAMPs. DAMPs 

are studied in many conditions, especially in polytrauma, and will be discussed 

later. 
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To further examine the effect of trauma on B cells, PBMCs were exposed to FH 

supernatant in vitro (Fig. 4.17), resulting in loss of CD21 on B cells. This suggests 

specific triggers in FH, such as DNA fragments. After five days in culture, all B cells 

were CD21 negative, showing the ability of FH to induce loss of surface CD21. 

Control culture showed CD21-/low B cells at 48 h but this effect was reversed later 

at 72 h. The transient CD21 down-regulation in control culture may be attributed to 

the general cell death, which occurred in both culture conditions and can lead to 

increased levels of cfDNA in the supernatant. This further strengthens the 

hypothesis that CD21 can bind DNA, which is also released during apoptosis. There 

might be a way for B cells to discriminate between apoptosis and necrosis from 

îćúĮĝŀə !ĚĎĚĩĎġîġ îġćɷĩ Ã ×ÃćæÛĝ ġîæćÃĀ for B cells, so their CD21 levels on the cell 

surface are quickly restored when all the cfDNA is cleared from the area. FH 

induces a stable signal on CD21-/low B cells and CD21 is not restored over time. 

Other factors in FH might lead to this effect since pro-inflammatory and danger 

signals are present in the FH supernatant. As shown in the follow-up blood samples 

of fracture patients, CD21 is restored weeks after injury. This indicates that CD21-

/low is a dynamic B cell population in trauma settings.  

Loss of surface CD21 on B cells has been described in immune responses during 

activation of BCR/CD19 complex in mice (MATSUMOTO et al., 1991). It is believed to 

be a co-receptor for B cell activation and forms complexes with CD19 for activation. 

In humans, there is evidence that this leads to inhibition of B cell activation (KOVÁCS 

et al., 2021). KOVÁCS et al. proposed that CD21, in combination with BCR, has an 

inhibitory effect in humans and can form clusters with CR1 (CD35) to the exclusion 

of CD19. CR1, CD21 and BCR/CD19 complex could be a flexible and highly volatile 

mechanism to discriminate between self-DNA in trauma and foreign DNA in 

disease. Inhibiting CD21 during trauma could be a protective mechanism against 

autoimmunity. The literature states that CD21 engagement with BCR and 

complement-tagged antigens can lead to the escape of B cells from Fas-induced 

apoptosis (MONGINI et al., 2003). Complement cascade product C3d is also 

released upon injury by cleavage of C3 and the main ligand for CD21. C3d can 

induce CD21/BCR clustering and showed a release of IL-6, which is also found in 

FH (REINKE et al., 2013). BCR and CD21 clustering also seems to inhibit plasmablast 

formation and subsequent antibody production (KOVÁCS et al., 2021; WEN et al., 

2019). Recognizing self-DNA mediated by CD21 and the subsequent inhibition of 
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highly specific antibody production could be a further mechanism to prevent the 

development of an autoimmune disease. Loss of surface molecules can be due to 

shedding, internalization or transcriptional downregulation. The next step was 

therefore to determine whether CD21 is shed from B cells. 

CD21 shedding has been described in the literature, mainly as a sign of B cell 

activation (MASILAMANI et al., 2003). This could explain CD21 shedding observed in 

FH and in the ġÛĝĮĆ Ďå åĝÃÑĩĮĝÛ ĚÃĩîÛćĩġə LćîĩîÃĀ ĹÃĀĮÛġ Ďå åĝÃÑĩĮĝÛ ĚÃĩîÛćĩġ ĺÛĝÛćɷĩ 

available because trauma is not a planned event. Major elective surgeries could 

serve as a suitable patient cohort to further investigate sCD21. Experiments in this 

work showed that B cells exposed to DAMPs, such as synthetic DNA ODN 2006, 

led to a loss of CD21 and increased sCD21 in the culture supernatant. ODN 2006, 

in addition to complement peptide C3d and HMBG1, ×î×ćɷĩ îć×ĮÑÛ ġëÛ××îćæ Ďå 

CD21 in the culture. However, it induced proliferation in B cells and even increased 

CD21 on B cells (Fig. 4.26 and 4.27). This showed how precisely B cells can 

respond to DAMPs, reacting with either shedding or proliferation upon binding of 

CD21 under different conditions. Yet the exact role of sCD21 in fracture healing 

remains unclear. 

To explore alternative mechanisms of CD21 loss, internalization via fluorescence 

microscopy and downregulation via qPCR were tested. However, these 

approaches were unsuccessful. Intracellular staining of B cells was difficult in vitro 

due to the fragile nature of B cells and their poor tolerance to permeabilization. 

Assessing downregulation at RNA level was also hindered by difficulties in primer 

selection, resulting in inconclusive qPCR results.  

In conclusion: B cells can respond to fragments of FH via CD21. CD21 is shed upon 

a fracture event and can be induced in vitro. Although the consequence of sCD21 

is unknown, it is possible that DNA is cleared via CD21 and removed by 

phagocytes. Clearance of DNA can further drive the anti-inflammatory processes 

necessary for successful fracture healing. 

5.3.2 DNA is found in FH and could act as a trigger for B cells via TLR9 

Since the exact mechanism of CD21 biology could not be addressed in this work, 

it was important to demonstrate that CD21 ligands, such as DNA, could be found 

in FH supernatant (Fig. 4.20). DNA fragments can be immunogenic and act as 



125 
 

DAMPs (TAKEDA & AKIRA, 2015). FH must release DNA during trauma events, where 

tissues, cells, and bones rupture and break. In FH, all band sizes of DNA were 

found. Specifically, fragments of approximately 200 bp of cfDNA were identified in 

the serum of fracture patients. This fragment size has previously been described in 

cancer patient sera for cancer type detection and treatment monitoring 

(CISNEROS - VILLANUEVA et al., 2022). CfDNA is generally discussed as a biomarker 

in cancer progression and is typically not found in healthy blood (KHURRAM et al., 

2023). 

DNA can induce CD21, especially when bound to HMGB1 and its main ligand, C3d 

(AVALOS et al., 2010). DNA purified from FH also induced shedding of CD21 

compared to the control (Fig. 4.26). CD21 can interact with the prominent (viral) 

DNA receptor TLR9 and with CR1 and CD35 (GIES et al., 2018). This interaction 

inhibits CD21 and its subsequent antibody production in RA and SLE (WEHR et al., 

2004). During viral infections, B cells undergo affinity maturation and produce highly 

specific antibodies. However, upon binding to self-DNA, affinity maturation can be 

blocked, leading to the production of natural IgM antibodies against self-DNA 

(FEREIDAN-ESFAHANI et al., 2019). This might explain how some aspects of 

ɳÃĮĩĎîĆĆĮćîĩŀɴ ÑĎĮĀ× ÐÛ ÐÛćÛåîÑîal during fracture healing while maintaining self-

tolerance. DAMPs, such as DNA, must be scavenged from the periphery to prevent 

systemic inflammation and initiate regeneration (THURAIRAJAH et al., 2018; TRULSON 

et al., 2023). 

If DNA escapes from the trauma site to the periphery, it could lead to more severe 

conditions, such as Systemic Inflammatory Response Syndrome (SIRS), a life-

threatening condition with inflammation throughout the whole body. There is 

substantial evidence that cfDNA, especially mitochondrial DNA (mtDNA), is 

released during trauma and plays a role in developing SIRS (YE et al., 2023). Post-

surgery, mtDNA levels increased rapidly in the serum of trauma patients (HENRIKSEN 

et al., 2020). High levels of cfDNA have been correlated with mortality rates in 

polytrauma patients in the ICU and after major surgery (GÖGENUR et al., 2017). A 

correlation between SIRS and mtDNA has also been observed (ZHANG et al., 2010). 

MtDNA can be detected by TLR9 and can escape degrading nucleases (PIANTADOSI, 

2020). Since mtDNA is CpG-rich, it binds HMGB1, inducing further release of 

HMGB1 in the periphery by neutrophils and macrophages, which leads to improved 
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activation of TLR9 in mice (IVANOV et al., 2007). B cells respond with antibody 

production after activation, and fractures may trigger such responses through DNA-

mediated CD21/TLR9 signaling. In this thesis, all components necessary for this 

response were detected individually in the shown experiments. In the future, these 

findings must be linked. 

The interaction between CD21 and TLR9 in injury could not be shown in this work 

due to experimental limitations. However, because of the extensive research on the 

interplay between CD21 and TLR9 in autoimmunity (GIES et al., 2018; ISNARDI et al., 

2010), it was important to investigate the potential activation of TLR9 with FH 

supernatant. Unlike in mice, TLR9 is expressed exclusively in human B cells and a 

distinct subset of dendritic cells, highlighting the unique role of B cells in humans. 

According to the literature, B cells begin to produce antibodies upon TLR9 

activation and interact with the complement and the innate immune system (ECKL-

DORNA & BATISTA, 2009; SUTHERS & SARANTOPOULOS, 2017). Fracture debris must be 

cleared from the fracture gap to dampen and eradicate inflammation and initiate 

successful healing. For this experiment, TLR9 involvement was addressed using 

TLR9-overexpressing HEK cells. DNA isolated from FH supernatant and serum from 

fracture patients was able to induce TLR9 in vitro. The anti-malaria drug 

chloroquine, which blocks the TLR9 receptor by increasing endosomal pH 

(preventing the acidification necessary for DNA binding), was used as a control. 

Chloroquine changes DNA structure, further preventing binding to TLR9 (K¨ÁbLY et 

al., 2011). Chloroquine successfully blocked the induction of TLR9 by FH, further 

proving the DNA content in FH.  

5.3.3 Antibody production to self-Ag in trauma remains unclear 

B cells can sense cfDNA via CD21/TLR9 and respond by producing antibodies. 

These antibodies include antinuclear antibodies (ANA) such as IgG anti-dsDNA, 

IgG anti-nucleosome or IgM and IgA rheumatoid factors (RF). In this study, anti-

dsDNA, anti-nucleosome and IgM and IgA RF were found in fracture patients (Fig. 

4.30). ANAs play a significant role in the pathogenesis of various autoimmune 

disorders such as RA, SLE, or multiple sclerosis (MS), and are key components in 

the diagnostic of these diseases. RF and other types of ANA can also be detected 

in healthy individuals. It is believed that about 15 % of the population has ANA in 

their blood (GRYGIEL - GÓRNIAK et al., 2018). Thus, ANA levels alone not sufficient to 
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diagnose autoimmune diseases. A broader set of clinical and diagnostic 

parameters such as symptoms, blood counts and family history, must also be 

considered (DURCAN et al., 2019). 

This suggests that, in addition to their pathological role, ANAs may have 

physiological functions. Given the significant levels of cfDNA detected in FH, it is 

plausible that cfDNA contributes to ANA production in response to an injury, such 

as a femur neck fracture. Analysis of anti-dsDNA and anti-nucleosome antibodies 

in the serum and FH of the patients yielded inconclusive results. Although 

detectable levels of these antibodies were found in many patient samples, similar 

levels were also observed in healthy control samples from volunteers. Higher 

antibody levels were observed in serum compared to their corresponding FH 

samples. A similar observation has been reported by another study that shows 

systemic anti-dsDNA and anti-nucleosome antibodies in fracture patients (ECKARDT 

et al., 2024).  

Anti-dsDNA antibodies can bind free DNA fragments and lead to opsonization for 

phagocytes, potentially promoting a shift to an anti-inflammatory environment. 

Antibodies are fast-acting in the periphery, capturing any cfDNA to prevent 

excessive inflammation. This also be the case in FH, where B cells bind cfDNA 

mediated by CD21 and TLR9. To further support this, anti-dsDNA antibodies were 

detected in the culture of PBMCs incubated with FH, whereas control cultures 

remained negative (Fig. 4.28). This suggests that B cells can respond to FH by 

antibody production to scavenge cfDNA. However, these results must be 

interpreted with caution as the utilized assay is not optimized for tissue culture 

supernatant. PBMC cultures were maintained for five days, including T cells and 

DCs, which may support B cell activation and their antibody production. This is in 

line with results from another study showing TLR9 activation via DNA in vitro 

(CAPOLUNGHI et al., 2008). This supports the notion that ANAs are produced upon 

injury since DNA from FH activates TLR9 (as discussed in Chapters 4.19 and 5.3.2). 

All fracture patients showed anti-nucleosome antibodies in both FH and serum. 

Anti-nucleosome antibodies are an early diagnostic marker for SLE, as 

nucleosomes are released prior to DNA fragmentation, enabling the earlier 

detection of these antibodies. The significance of this result is limited by the 

absence of a suitable control group in the current study. It is unclear whether 
































































