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Abstract

Inflammation, followed by an anttinflammatory phase mediated by immune cells is
essential for tissue healing Prolonged inflammation caused by severe injuries ca 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 postsurgery, which reduces the quality of life and inoeases mortality in this
cohort. Cell therapy could support patients in their regenerative process. This thesis
investigates the immunomodulatory effects of placenta derived stromecell (PLX-PAD)
therapy on muscle repair in a Phase Il studyPLX-PAD promotes the differentiation and
migration of muscle precursor cells /in vitro. Their unique properties counteract pre
inflammatory stimuli from activated immune cells. Injection of PLXPAD during surgery

resulted in improved muscle strength and volume, highlighing 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 loal hematoma, bone
marrow, and peripheral blood. This work revealshow fracture hematoma is a distinct
and transient tissue with diverse immune cell subsets, including B cellsB cells appear
to play a role in fracture healing, but their role in trauma hasiot been characterized well.
B cells in the fracture situation shedthe complement receptor CR2/CD21], likely triggered
by cell-free DNA released from damaged cells. Fracture hematoma also inducedhe
dsDNA Toltlike receptor 9 /n vitro. This activation may help clear cellular debris and
promote an anti-inflammatory environment. As described inthe 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, patientspecific research is challenging. A
bone and bone marrow organon-a-chip system was developedto 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 interactig with pro-inflammatory

immune cells and fostering an antiinflammatory milieu necessary for successful healing.
XVil



Zusammenfassung

Nach einer Verletzung ist die anfangliche Entzindung wichtig, um Heilungsprozesse
einzuleiten. Dieser Prozess wird von Immunellen gesteuert, welche auch die
darauffolgende antrinflammatorische Phase initiieren. Eine verlangerte Inflammation
kann den Heilungsprozess verzdgern, was hafig nach schweren Verletzungen der Fall
ist. Besonders davon betroffen sind altere Patient*inna, die ein schweres Trauma, wie
einen Huftbruch erlitten haben. Die Folge sind Muskelschwund, Fibrose, eine generelle
Verschlechterung der Lebensqualitat und erhéhte Sterblichkeit. In solchen Fallen kénnte
eine Zelltherapie die Patient*innen unterstitzen,indem die Zellen die Entzindung
herunterregulieren und die Muskelheilung férdern. Diese Arbeit untersucht, wie eine
klinische Phase Il Therapie mit Plazentaabgeleiteten Stromazellen (PLXPAD) die
Muskelreparatur beeinflusst. Laborversuche haben gezeigt,dass PLXPAD die
Differenzierung und Migration von Muskelvorlauferzellen fordern. Zudem wirken die
Zellen entzindungshemmend, indem sie die entziindungsférdernden Reaktionen von
aktivierten Immunzellen abschwéchen. Intraoperative PLXPAD Injektionen in den
verletzten Muskel verbessern die Muskelkraft und foérdern die Zunahme des
Muskelvolumens im Heilungsverlauft ein Hinweis auf das therapeutische Potenzial der
Zellen. Die Heilung von Knochenbriichen ahnelt der Muskelregeneration, da eine
anhaltende Entziindung zu einer verzégerten oder sogar ausbleibenden Heilung fihren
kann. Knochenheilung wird stark von der Immunzellzusammensetzung beeinflusst.
Periphere Blutwerte sind nichtimmer aussagekraftig was das lokale Milieu angeht. Die
Analysen dieser Arbeit zeige, dass das Frakturhamatom ein eigenstandiges und
dynamisches Gewebe ist, das verschiedene Immunzelltypen, einschliel3lich Bellen,
enthélt. Diese scheinen eine Rolle bei der Frakturheilung zu spielen, jedoch ist ihre
genaue Funktion in diesem Kontext nochnicht vollstandig geklart. 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 konnte somit die Aufrdumarbeiten nach einerFraktur beschleunigen und
entzundliche Prozesse zum Erliegen bringen. Der exakte Ablauf ist unklar, da die
Antikorperantworten, wie sie in der Literatur fir CD21/TLR9 beschrieben sind, in dieser
Arbeit uneindeutig waren. Zusatzlich wurde eine Knochenund Knochenmarkultur in 3D
in einem mikrofluidischen Chipsystem entwickelt, um orthopadische Fragstellungen,

unabhangig von dem Patient*innenaufkommen in der Klinik zu bearbeén.
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1 Introduction

1.1 The musculoskeletal system and its healing capacities

The musculoskeletal system describes all components of the bodythat 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 areactivated, 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 prolifera¢ and deposit
collagen and matrix proteins.4. Remodeling: Collagen and the extracellular matrix are
crosslinkedand 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, infons the
immune system, and starts a complex regenerative process. A second ardinflammatory
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, norunion in bones and
impaired muscle strength (SCHLUNDT et a/, 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 categorizedas 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 regeneratioror resolve inflammation.
Surgery has its limits,and7 é AT og [ &+ DieUOg§g 7TeU§gAEU] TTN

explored.
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Bone and bone marrow (BM) are heavily affected in a fracture situation. Bone breaks
and the surrounding tissuessuch as BMresident immune cells respond (LIVINGSTON et
al., 2003) During fracture, muscle is damaged as well. Muscle needs to attach to bone
for movement and stability. Theinterplay between bone and muscle regeneration is
important to successfully resbre tissue. Bone healing has been the focus of intensive
research. The adult body is made up of approximately 206 boneswhich 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 hematopaiesis. Yellow BM is found in the bone diaphysis within
the medullary cavity, which stores energy irthe 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 reserwir. It can even be reactivated after the immune system has
been compromised by medication such as chemotherapyor disease (MERCIER et al.,
2012). Bonesare made up of osteons, which run parallel to the axis of the bone. These
structures containcollagen-filled lamellae. Inside the lamellae les the central canal, with
nerves and blood vessels. Within the lamellae are small spaces called lacunae which
harbor osteocytes, the bone cellsthat monitor bone remodeling. Bone remodeling is
achieved with a balance of bone forming (osteoblasts) and bone resorbing cells
(osteoclasts), which renew the skeleton every 710 years. A malfunction or an imbalance
of these cells causes excessive bone loss (osteoporosispr a rare disease of excessive
bone formation called osteopetrosis. Bone is a living tissuethat givesrise 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 FATTOREet al,, 2010) Leukocytes leave
the marrow after differentiation to mature in the periphery. B cells mature within the BM
and leave as nai\e cells. BM has allthe stages of immune cellssimultaneously within its
niches. Flow cytometry of BM is difficult to dissect because cells vary in size, granularity
and surface marker expression. Human BM hadeen mainly investigated as a part of
the haemato-oncological physiopathology, including cances such as leukemia (AMIR EL

et al., 2013) Little is known about BM responding totrauma-induced injury or surgical
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intervention. Memory cells can be found in human BM along with stem cells,
granulocytes, developing cells, naive cells, and even effector cell times. Memory cells
can colonize the BM and reside there until reactivation, whichmakes BM an attractive
focus for many immunological questions from vaccination to cancer research(BALIU-
PIQUE et al,, 2018; F. DI RosA, 2016).

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 SurgeonAAOS)

defines it asT & &rearpelow 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. Intertrdzanteric and
A&UCDgAA ¢UNy &agANT ] §Ug AgU 7 eéUsr@erdFscea® CCDE 1
2020).

Surgical intervention is a burden on the musculoskeletal system, especially when hip
replacement is indicated. The additional muscle trauma during sugery is a significant

stressor on the patient. Treatment is dependent onthe fracture type, EAT T U¢éT g @ AaU
general condition (mobility, bone mass density, level of activity)Hip fractures in younger

patients are treated with screws and plateswhereas elderly patients often receive a hip

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

BM and hematomaare ANNUGg gt DPAUs L¢ | D)  dreatedwitkkiewsUEéT § @
plates and nails, BM is not accessible. Thicould lead to an age-bias in the cohort but

also offersthe possibility to separate inflamed tissuelocally and investigate it individually.

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

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

to the elderly, showing 33% cumulative one-year mortality rates (WINKLERe! &/, 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(LAFUENTEGRACIA 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

3



immediately after trauma. Surrounding capillaries and blood vessels ruptureand 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 72h. 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 pirkish 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 tocalcify, and bony tissue is deposited. In the final phase
osteoblasts and osteoclasts reshape the bone structure and close the fracture gapHig.

1.1). Hip fractures and femur fractures are the largest fracturein humans.
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Figure 1.1 Bone healing phases Upon fracture, a hematoma is formed by proinflammatory cytokine

release (I-:1, IL-6, TNFi ho 1T ¢ &1 AT g AT 1T D¢ nburophilé, mdnbcltesgfautljodytes) ad) AAg h
recruitment of adaptive immune cells (T and B cells). Aftethe initial stimulus, the anti-inflammatory shift

is initiated by immune cells through the release of cytokines (144, IL.-10, IL-11, IL-13). This enables callus
formation with endothelial cells, fibroblasts and osteoblasts secretlng growth factors and revascularlzmg

the new tissue (VEGF, F6, TGFUp . at ha £é0 8471 ¢AA EeéAgU 1176 A &Agx
where bone is restructured into its original shape with the support of osteoblastsosteoclasts and the bone
remodeling molecules RANKL and OPG. This figure is a reprint witkind permission from the Geris lab
(Lafuente-Gracia et al., 2021)

pral
b1

1.1.3 Muscle development, differentiationand regeneration
Since fractures affect the muscle, one aim of fracture therapies i$o support adjacent
tissues. Muscle heals in phases and is one goodexample of a hierarchical tissue

structure. It is composed of thousands of myofibrilsthe actual muscle cells, containing
4



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 Aines, called sarcomeres, which
are composed of the two myofilaments actinand myosin. These filaments enable muscle
contraction, by bringing Zlines in closer proximity. Before myofibrils start to build upthe
actin and myosin must be produced by myoblasts which derive from muscle stem cells
(MuSc). MuSc can be identified byPAX7+ expression, which is essential for maintaining
the stem cell pool (PAwLIKOWSKIet al., 2009;RAHMAN et al,, 2023) Myoblast determination
protein (MyoD) and myogenin are myogenic regulatory factors (MRF) which promote
proliferation and lineage commiiment to muscle progenitor cells. These cells begin to
proliferate and form a pool from which myoblasts develop. Immaturemyoblasts express
PAX7as well as myogenic regulatory factors such as MyoD or myogenir{BoucHE et a/.,
2023). The cells mature to commtted myoblasts and lose PAX7 expression. Committed
myoblasts give rise to myocytes that show increased expression of muscle fiber proteins
such as dystrophin and desmin (PAX7and MyoD+/Myogenin+). Myocytes fuse to form
multinucleated cells which develop pimary myotubes (MyoD+ and Mrf4/Myogenin+)
and further mature into myofibers(ESTEVES DELIMA & RELAIX 2021). Characteristic of the
developing myotubes and myofibers is their embryonic mgsin expression (eMHC). At
the end of their maturation, a myosin isobrm expression switch occurs, mature myofibers
no longer express embryonic myosin heavy chais (MHC/MyoD+/Myogenin+). To
monitor successful myoblast differentiation, myosin heavy chais and nuclei are stained
and the typical myofiber structures become vidble and can be quantified (TABAKOvet a/,
2018; Uezuwmi et al., 2016) It is important to note that myoblasts only differentiate when
growth factor containing supplements (FCS, hPL) are reduced inthe culture medium.
Myofibroblasts can contaminate the culure. 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 regenerationTetraspanin CD82 can be
used to separate myoblasts from unwanted myofibroblasts via flow cytometry
(ALEXANDEREe! 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 envirorment (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 infuenced by pro-inflammation. Thereafter,an anti-
inflammatory shift occurs. Prolonged inflammation disturbs this process(RODRIGUEZet
al, 2024; Xu et al., 2024; KoTsARIset al., 2023;QAzI et al., 2019).

Severe injuries such as muscle trauma or fractures antheir complications such as bone
non-union are challenging for both patients and physicians. Most injuries end in
successful healing. Larger injuries or degenerative conditiondike 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, optionsbecome
exhausted and new concepts of personalized medicine are needed. It is important to
determine the right patient cohort along with dosage. Thecorrect location of application
is especially important in orthopedic treatment. Celltherapies and autologous cell
products such as platelet rich plasma (PRP), could be the answer for patients currently

out of options.

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/ul. Current evidence on its effects is limitedbut PRP is
already used to treat acute musculoskeletal injuriesVarious PRP products are available,
with different manufacturing methods, cellular content (e.g., platelets, leukocytes),
molecular composition (e.g., growth factors, antinflammatory cytokines). PRP products
are believed to have anttinflammatory and immunomodulatory effects, which can be
tailored to meet the specific needof the patient and their condition (NIEMANN et a/., 2023)
The question is whether the specific immune cell composition ismaintained in PRP
products. PRP is injected into the joint or muscle of patients ands 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 nopaid for by insurance
companies. Some studies showed effects outside placebobut some could not find a
significant benefit(BELK et al, 2023;BENNELLet al,, 2017;BENNELLeT al,, 2021) Subjective
improvement after PRP therapy is reported but should alkays be interpreted with

caution.



Multipotent stromal cells, as defined bythe International Society for Cell Transplantation,
ISCT, (ALSULTAN et al,, 2024) are sometimes known as mesenchymal stomal cells or
mesenchymal stem cells (MSG). Mesenchymal stem cells are not recommended to
describe MSCs(VISWANATHANe? 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. MSC
should be labeled with their tissue source such as BM-MSC for BM derived cells to
clarify the origin. MSC therapy has differentpillars of possible modes of action. They
increase regenerationthrough 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 regenerabn
(BIRMINGHAM et al., 2012;MERRITTet al,, 2010) Their paracrine effects mediated byVEGF
improve angiogenesis. MSG also act on immune cells and moduate their inflammatory

response. The interaction between MSGA¢ x T éU EATT U¢T og tCC| ¢ U

an environment beneficial for successful healing(CHEN et al., 2024;DAVIES et al., 2017,
LARANJEIRAEY al., 2015) The combination of paracrine and immunomodulatory effects
was shown in preclinical studies(QAzi et al, 2019) In animal experiments ithas been
shown that MSCs can be beneficial in muscular dystrophy, myocardial infarction and
muscle trauma (PUMBERGERet al,, 2016) These studies show that MSG 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 MSG. Clinical translation has been difficult
because results in humans were inconsistent. In graft versus host dease, MSCs have
been tested globally in different clinical studies However, theyx 1T x ¢ ®T eU01
approval (ALSULTAN et al., 2024). Discrepancies in results of clinical studies and varying
nomenclature have been identified as core issues by the ISCTegarding 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 counteractghe potential of MSCs. Severity of
injury, age, and co-morbidities can lead to conflicting readouts in clinical settings.

Therapeutic optionsthat are more robust to heterogeneity and locally active ag¢ needed.



PLX-PAD, anMSC-like cell was introduced to eliminate some of the mentioned problems

and was tested in preclinical and clinical studies.

PLacenta-eXpanded adherent stromal cells (PLXPAD) is the trademark name of
placenta-derived stromal cells, which are expanded for clinical use.PLX-PAD is an
allogenic, offthe-shelf product derived from donated placenta.These cells are easier to
expand and have lessbatch-to-batch variation. They show a more reliable marker profile
and cytokine expression pattern(NORGRENet 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; WINKLERet al.,, 2009) PLXPAD
cells share surface markers with classical MSCsbut MSCs can also differentiate into
osteoblastsand chondrocytes, PLXPAD cannot,making them MSC-like cells. Studies of
pMSCs have shown promising outcomes inmany biological fields,such asaxon growth
and neuronal activity, breast cancer, graft versus host diseas@Kapri et al., 2023), wound
healing in rabbits and preeclampsia(Suvakovet al., 2020) Safety assessment has shown
no adverse effects(WINKLERe? &/, 2018) Their regenerative capacity is mediated through
their paracrine effects and positive influence on wound healing. Like other MSCs, PL-X
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 nonhuman 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 wellThe local
reduction of pro-inflammatory cytokines such as TNFUi tFN-i A ¢ x islpfopoged as
the primary mode of action. Antrinflammatory cytokines like 1-:10 and IL1RU also
increase (NORGRENet al.,, 2024;PAPAIT et al,, 2020;Roy et al,, 2013) PLXPAD cells have
been tested in several clinical setups including a phase I/l clinical trial which preceded
the phase Ill HIPGEN study, of which the results will be shown in this workWINKLER et
al, 2022) In the Phase I/lla study PLX-PAD was used in a small cohort of elective total
hip arthroplasty (THA) patients. Older patients receiving a hip implant suffer fronpain,
immobility and muscle strengthloss (WINKLER et a/., 2018) THA surgery is an iatrogenic
trauma to the muscle because ofthe muscle's contusion when accessing the hip joint.

The first trial was intended to prove the safety and efficacy of PLXPAD cells in muscle
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regeneration. It was a monocentric, randomized and doubleblinded, placebo-controlled
trial. 21 women and men, aged 50-70, were recruited. A group received a bw (1.5x1C,
150M) dose of cells ora high (3.0x1®, 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 parametes were
tested. This study demonstrated increased muscle strength and muscle volume in the
Gluteus Medius in week 6 Histology showed decreased inflammation in patients wio
received PLXPAD. No adverse effects were reported within the 2year follow-up period
(WINKLER et al,, 2018) These findings suggest that elderly THA patients suffering a hip
fracture could benefit from PLXPAD cell administration to avoid delayed healing, which
was investigated in the follow-up trial, phase Il HIPGEN study. The proposg mode of
action directly affected muscle cells and the inhibition of proinflammatory cytokine

secreting immune cells Fig.1.2).

PLX PAD \

Muscle

4| |7

CD4+ .
CD8+ M1

Figure 1.2 Potential mode of action of PLXPAD cells on musclePlacenta-derived stromal cells (PLXPAD,
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 influencel by PLXPAD preventing an excessive inflammation
phase. M2 and Treg cells are stimulated to lead an antinflammatory shift. This figure was used in the
HIPGEN report and used with kind permission from the Geissler lal§Sven Geissler, 2020)



1.2 Theimmune systemag §DAU T ¢ eUAATé Acécx T gA
The immune system ison alert every secondduringA & ] CA¢é ®g AT &Ua L ECAT
immune cells sense, detect and destroy intruders. Immune cells communicate via
cytokines and chemokines, soluble compounds ofthe blood and lymphatic system. Cells
can receive these signals viamembrane-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 phagog/tize 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 nonclassical 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 CD16lar monocytes can be interpreted as
resting, naive or developing monocytes and are commonly found in BMZHAO et al,
2012). Granulocytes and neutrophils are both granular and can cause massive tissue
damage as part of their strategy to eliminate a threatThe Innate and adaptive immune
systems are linked through DCs important cells that can present antigers to both

immune cell families and orchestrate infammation and clearance of pathogens.

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

subsets and can be divided irto 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 markersbut human double positive

CD4 and CD8 T cells are poorly described. T cells can be divided to Thl, Th2,and

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

this work it is essentialto focus on effectorand memory subsets of CD8 and CD4 T cells

and their inflammatory cytokines, especially FN-iT A¢é x-U& b CDT7T & &§gD] Eg N
divided into naive, memory and effector subsets, defined by marker combinations of

CD45RA and CCRY7. In general, naive cells (CD45RA3CR7+) 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 notundergo 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+/CR7-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 exended period (FRANCESCADI
Rosa, 2016; REINKE et al., 2013;Voss et al,, 2024)

B cells are developed, matured and can home to the BM. B cells are part of the adaptive
immune system. They undergo several checlpoints in the BM to differentiate self
antigens from pathological antigers. B cells attack any foreign invader, by producing
antibodies and signaling other immune cells. B cells can recognizeéhemselves as well,
a therapeutic objective for many autoimmune diseases (YUuki et al, 2024) such as
Systemic lupus erythematosus (SLE)T cellsare 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 infectin, 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 mantain memory, B cells can have innate functions.
These include pattern recognition receptors (PRR) such as Toll-like receptors (TLR)
which bind alarmins and pathogenassociated molecular patterns (PAMPS). B cells
produce low affinity antibodies or naturd 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, 1gG, Ighr 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, IgDis a
specialized, but the most unknown antibody subclass believed to exist only as
membrane bound. Antibodies are keyfactors in humoral immunity (MURPHY et al,, 2012)
Natural antibodies are oftenin the IgM class These antibodiesform pentamers and are
fast acting but not as specific as their classswitched 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 fullyunderstood. B cell receptors are commonly used as therapeutic
targets such as rituximab, which depletes CD20+ B cells in rheumatoid arthritis
(KORHONEN& MOILANEN 2010; KREUZALEREY al.,, 2012). Specific B cell research in trauma
and regenerative medicineis 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 selftolerance (HANTEN et a/, 2008). In case
of trauma, it is important to sense damaged tissue to initiate regenerationbut 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 nhamed CD21.

CD21 or CR2 (sometimescalled Epstein-Barr virus (EBV) receptor) is an immune-cell
receptor for complement factor C3d and commonly found on human B @lls. CD21 is a
145 kDa membrane-bound protein with a large and highly glycosylated extracellular
domain made of 151 16 tandem short consensus repeats (SCRs), a single spanning
transmembrane domain, and a relatively small cytoplasmic domairn{FuJisakuet 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 sequencegERDEI et
al, 2021). Using the CD21 ligand C3d as an adjuvant for vaccines was testedSICARD et
al., 2020). It failed translation Despite C3d being a promising candidatein mice (BOwWER
& Ross, 2006), it x1T x ¢ @7 E§DLU UAULAET 1¢ &) CA¢
(KovAcseral, 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 /n vitro (Fig. 1.3).
Primates show a different isoform of CD21 than norprimate mammals (JACOBSON et af.,
2008). CD21 has been described as apotential therapeutic target in autoimmunity
(ReINKEet al,, 2020). CD21-/low B cells have been identified as memory B cells in humans
(THORARINSDOTTIRe! &, 2016) CD21 and complement fragments are important in B cell
development to establish selftolerance to autoantigens.CD21 is well investigated asan

EBV entry pant but its role in fracture healing is unknown. CD21 can bind free DNAand
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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).
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Figure 1.3 Complement receptors on human B cells and activation by autoantigensHuman 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 fragnents such as C3b and C3d. There is a proposed
interplay with receptors CR3 and CR4leading to different readouts. While autoantigen binding activates
B cellsin mice, the opposite was observedin human cells. Binding of CR1/CR2 lead 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 a/,, 2021)

1.2.4 Danger-associated molecular patterns are released after injury

B cells and other cells inthe body can respond to DAMPs. DAMPs are any structure that
can be identified as harnful to cells in the body. DAMPs are molecules that act as
activators of the innate immune system Theytypically 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 HighMobility-Group-Protein B1 (HMGBL1),
heat shock proteins like S100, DNA or RNA fragments and mitochondrial components
(GaBORIAUDET al., 2022). DAMPs can be recognized byToll-like receptors (TLR), pattern
recognition receptors (PRR) and several Caeceptors like Complement-binding receptor
CD21 and Receptor for Advanced Glycation End products (RAGE). DAMPs have been
discussed in trauma(CAHILL et al,, 2020; GABORIAUDe! al., 2022;HUBERLANG 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 asa 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 Inmune 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 celland 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 specifially and efficiently (MURPHY et al., 2012). Antibodies circle the
body, binding to any cognate antgen 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 DAMPSs especially DNA
fragments (GAUDILLIEREe? al, 2014) Their role in fracture healing and regeneration is
unknown. One speculationis that cell-free DNA (cfDNA) acing as a DAMP could be an
evolutionary conserved trigger for rgeneration or an alarm signal for the body to be able
TD xTgitTée)ige DPUTIOUE EAT éeDaU¢ Aé¢x nigA] CAN
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 biomarkes and potential
treatment options for severely injured patients. One promising candidate is HMGB1
which is only present outside the cellin the case of traumatic events or pathological
processes within the body. HMBG1 can be detected via RAGE on B celland DCs and
can activate the immune system. RAGE is thought to detect HMBG1/DNA

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

TLR9 is an innate intracellular receptor withirB 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 weredescribed as mainly antk
viral receptors but they have subsequentlybeen 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). ODNSs strongly induce TLR9 in humans and in cklines, simulating immune
responses to invaders. ODNs come in three classesA, B and C, depending on their

structure and capacity to activate TLR9 ilpDCs and B cells (IvaNov et al,, 2007 ;KUMAGAI
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et al., 2008; MORBACH et al,, 2016) B cells heavily respnd to class B ODN 2006 This

ODN was used most often in this study. Chloroquine blocks TLR9 signalinghrough
changing endosomal pH which is needed for TLR9 activationK Ab lekal,2011ly £ wa ®g
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 eidence of crosstalk between CD21,

the complement system and TLRO.

The enzyme-based complement cascade is an important innate immune response
mechanism. There are three pathways: classical, leati and alternative. While classical
and lectin pathways need the binding of a pathogen as activation, the alternative
pathway is always active in serum, due tothe spontaneous hydrolysis of C3.A C3
deficiency has been linked to the development of SLEHASOKAN et al., 2013) C3 leads to
several cleavage products, C3a, C3b, iC3b and finally C3dHKig. 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 asa C3d receptor. The alternative complement pathway, the
C3 cascade, is most relevant for this work.The C3 cascadeis a fastacting mechanism
to effectively communicate and eliminate a pathogen. Fracture patients show an
increase in complement activation and crosstalkbetween 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, theyalso act in establishing selftolerance in B cell development (PLATT et al,
2019). Interestingly, C3d has been suggesed as a DNA vaccine adjuvant in recent years
(TOAPANTA& RoOss, 2006). C3d and other complement products share pathways with
HMGB1 as well (GABORIAUD et al., 2022; HUBERLANG 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 recognitioAll
complement pathways (classical, lectin, and alternative) converge into a finatommon 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 gpress 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 onthe B cell surfacefor self-antigen is unclear

Classic B cell response is mediated through the B cell receptor (BCR), CD19 and
sometimes CD21(KovAcset al., 2021;WILFONG et al., 2023) A complete B cell activation
requiresT 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 wnresolved. Inthe case of selfAg, B cells can sense DAMPs either
through RAGE and HMGB1, C3 fragments and CD21 or DNA and intracellular TLR&
a combination of all three. It is believed that especially in CD21sel-DNA can lead to
signalinginhibition, in contrast to what happens in mice (ERDEI ef al,, 2021;FRANCO et al.,
2018). One hypothesis is that all three molecules act together to signato the B cell its
typical fracture DAMP. It seems that Bcell response is highly individual when it comes
to autoantigen responses and confounding factors can either lead to autoimmunity obe
beneficial for regeneration. A direct link between trauma and autoimmunity is currently
under investigation, with diametral results.The literature suggests a combination ofpre-
disposition, severe trauma and the development of multiple sclerosi¢HARRISet 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 antilodies. Upon
activation, B cells undergo several steps to producea 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 cedl 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 cellshave sent a positive feedback signal to
B cells, they rapidly proliferate in a process called clonalexpansion. 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 maturationto 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 withindays. 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 againg the body itself. Diabetes type | 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 betweenown 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 (LubwiG et al, 2017; SUURMOND & DIAMOND, 2015). In SLE anti-nuclear
antibodies (ANA) are used as diagnagtic markers to evaluate disease progression and
severity. Especially antidsDNA and antinucleosome antibodies are used for early onset
of SLE. ANAs can be produced upon TLR9 engagement in B cel(§ILLATREAueT al,, 2021;
WEN et al,, 2023) If trauma caninduce TLR9 or CD21 there is a possibility that B cells
respond with autoantibody production against cellular debris or DAMPs. ANASs are often
class switched antibodies, highly specific and othe 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, arenot pathogenic and are present at birth in most individuals(LoBo,
2016). The role of natural antibodies isonly being explored (BOROCz et al, 2021,
STOECKLEIN et al, 2012). In trauma, they seem to have a protective roleby clearing
DAMPs (OcHANDO et al,, 2023), rapidly respondng to inflammation (HUBERLANG et a/,
2013) and protecting from excessive activation of innate immune cell{GRONWALL et a/,
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 1gG autoantibodies is induced.One aim of this thesisis to link aspects of

~
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1.5 Donor heterogeneity an opportunity and a challenge

As mentioned before, regeneration and immune cell activatiorare individual processes
and in clinical studies it is important to bear in mird that the immune system is asunique
as a fingerprint. Donor heterogeneity iswidely discussed in immunology, especially in
vaccination, hematology, oncology and autoimmunity but not in orthopedic research.
The influence of the individual immune systemm 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 @pacity 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.

To further understand proinflammatory processes and the influence of immune cell
subsets in fracture healing the use of new approach methods (NAM) could be usefil.
3D organ-on-a-chip technology could enable longitudinal observation of FH dynamicsilt
could help answer the questions around the interplaybetween B cells, TLR9, CD21 and
DAMPs. BM chip technologies seem to bea promising approach on showing patient
heterogeneity. Primary human material donated by patients can bebrought 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, skinand parts of the BM. Several requirements must

be met when developing a chip system, such as providing a pump system rather than
18
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gravity-based media flow, developing a suitable blood surrogateand developing realstic

organoids as close as possible tohuman 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 stresqSIEBER et a/, 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 importantwhen mimicking natural conditions. In recent yeas,

scientists attempted to culturecloset tot /7 vivoBM. Despite limitations, organ-on-a-chip
AEEgDANeUg AgU ¢g) NNUgga)] Ao thehumnbn gastrdintesitml] 7 g7 / &
tract to test the influences of diets (RAMADAN et al, 2013) The BM chip with primary
EAT1TU¢T CATU0Ug7T AA RND]Ax CAT¢T AT ¢ T7TéU0 xD¢EDgog
their individual response to exogenous factors, medication and inflammation. Individual

immune cell response is key in regenerative researchand 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 PLXPAD celtbased therapy can substantially
improve muscle healing in elderly patients following traumainduced injuries such as hip
fractures treated with total hip arthroplasty. This is based on the hypothesis thatargeted
modulation of the local microenvironment can significantly enhance musculoskeletal
regeneration. Therefore, the focus is the potential mode of action by which PLL.RAD
cells counteract the pro-inflammatory signals from activated immune cells. Through this
PLX-PAD cells foster an antiinflammatory environment that benefits human skeletal
muscle myoblast (HSMM)differentiation and migrationand 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 weltdefined 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 triggerirtge
complement receptor CR2/CD21 as well as TLR9eading to autoantibody production to

clear seltantigens within the fracture gap.

To help answer some of these questionsthe aim is also to develop an orgaron-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.

£60 Tée1gx &DN)g D& 1é1g I[(Dgy g 7e0 élEDT @&
influences the composition and efficacy of personalized therapies, such as PRP. Immune

cell composition of patients, such as CD8+ TEMRA celland the cytokine profiles of IAN-

~ ~
A~ ~
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2 Methods
2.1 Clinical study phase Ill HIPGEN

Within 24 hours posttrauma, muscle, BM, peripheral bbod, and fracture hematoma
samples were collected during surgery and processed within a strict /h window. All
patients provided informed consent prior to participation. Muscle tissue was stored in
0.5 ml sterile PBS to keepthe tissue viable. Flow cytomety 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 (Beckma@oulter,
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 inclucd a
short physical performance battery (SPPB), a widely recognized toothat 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 hospitaletion.

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

2.1.1 Primary BM tissue and control tissuefor HIPGEN patients

Whole BM, including pieces of cancellous bone was isolated from patients undergoing
hip surgery at Charité Universitatsmedizin 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 Iquid 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 biopsyfor 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 gentldMACS C tube
(Miltenyi, Bergisch Gadbach, Germany) and according to weight, a digestion buffer was
added (muscle dissociation kit, Miltenyi, Bergisch Gladbach, Germany) according tthe
CA¢)] AANT ] §U§ og, tHe gnédia DoNtRied threecenz@ries whigh can digest
muscle tissue, and a single cell suspension can be generatedwith 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. Aterincubation,i € U / 1| PU 1 Ag EAANUx T¢é A 20¢7 AUzc

l17e 70 CA¢) aANT )] gU§gog gUT | E &abDg C|] gNAU
cell suspension added to a 100um cell strainer to remove residues and retrieve a single
cell suspension. Suspension was centrifugedat 350 g for 7 min and the supernatantwas
discarded. Erylysis was performed shortly after withthe commercially available erylysis
buffer (Roche, Basel, Switzerland). The reaction was stopped witta stopping buffer
containing EDTA which inhibits the reaction. Cells were washed in expansion media
once and put over a 70 um strainer and cells were counted. To separateHSMM from
unwanted myofibroblasts, cells were sequentially seeded onto flasks and Matrigel
(protocol adapted from (KoTsARIset 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 minand 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 andmyofibroblasts were kept in culture in this
flask. In flask2, HSMM were cultured. This can be confirmed by differentiation assag

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

Up to 0.5x10° HSMM were used for one complete staining. 01x10° were used as
unstained control and 04x10° were used for full stainng. 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 cellsbut there is no negative alteration to

the results when adding FcBlock. Cells were stained wi € na AN CEhpngad L &D

CD82-PE (Biolegend, San Diego, CA, USA) and incubated for 15 min on i¢éhen stained
with 1:1000 DAPI for an additional 5 min and washed twice with ice cold FACS buffer.
Cells were analyzed using BD Canto Il flow cytometer (BectoDickinson, Franklin Lakes,
NJ, USA).

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.

HSMM were seeded at a density of 2.7x 10° cells/cm? in a 24-well or 96-well plate and
allowed to adhere to the plate overnight at 37 °C in expansion medium (BMEM, 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 untitell
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 ma
RT.A further two washing steps were performedwith PBS and cells were blocked with

3 % BSA in PBS at RTfor 1 h. The primary antibody C D ] ¢ Hluman IgG myosin heavy
chain (clone MF20, R&D systems, Minneapolis, MN, USA) was added at 1:250 dilution
in 1 % BSA/PBS and incubated overnight at 4 °C. Cells were washed twice the next day
Aéx TeU0 gUNDE¢ x Ag l-mousé igé PHBLY IAlexd 48B, AThernib Fisher
Scientific. Walham, MA, USA)was added in a 1:1000 dilution in PBSat RTfor 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 Tabakowet al
(TAaBAKOVvet al.,, 2018) In the indirect co-culture assay, the conditioned media of activated
PBMC from monocultures or from cocultures with PLXPAD cells were dilutedat 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 asa control.

The immunomodulatory potency of PLXPAD cell was determined as described earlier
(ANDRZEJEWSHK et al., 2019; DRzeNIEKet al., 2024; KETTERLe! 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 24well plate (1x10* cells
per cm?). 24 h after seeding, the plate containing PLXPAD was washed gently witha
warm DMEM medium. 1x10 CFSEstained PBMCs in 400 pul RPMI1640 (2.5x10cells/ml)

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

our in-house diagnostics lab ISL, usinganti 54 h Noan A& Oa -CORSE2H A x
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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 coculture plates were kept at 37 °C, 5 % CQfor 5 days, after which cells
and their supernatant (conditioned media; CM) were collected and storedat -80 °C.

Blood was collected pre-surgery, with all patients giving informed consent (EA2/096/11,
EA2/089/20). Blood was processed within 24 h after collectionThe blood was stained
for flow cytometry and serum collected (2000 g, 10 min)The serum samples werestored
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 mlfalcon and
25 ml whole blood was slowly layered onto theficoll 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 asingle-use Pasteur plastic pipet then transferred
to a new falcon and washed with warm RPMI and centrifugedagain 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 pllet was resuspended
in 5 ml and cells were counted and if needed put over a 45 um cell strainer. For blood
collection within the Hipgen study, three time points were used: preOP (pre-surgery,
AADUAUx n DADD xsurfjeny (Iabéldd 05) and\3 ngnthk ddtér Surgery (labeled

w12). Control blood was drawn fromage-matched individuals.

Cancellous bone scaffolds were retrieved from the tissue bank at Charité
Universitatsmedizin Berlin. Scaffolds were precut in cylindric form to fit a 96-well format

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

BM was isolated from BM aspirate from patients undergoing primary hip arthroplasty.
The aspirate was collectal from the femoral cavity of the patients prior to the insertion
of the artificial hip stem. All patients gave informed consen{EA099/10, EA2/089/20)The
BM was put over a 100 um 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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FH comes in different states depending on the fracture stateWhen 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 int@

single cell suspension and centrifuged to retrieve soluble factors.

FH was placed in a gentleMACS C tube (Miltenyi, Bergisch Gladbach, Germany) and
homogenizedusingazeU ¢ 7T AUaDi gD NT AT Dg &abDg &N gUN [T1716 7
for heart muscle dissociation. If the FHvas too viscous one drop (about 50-100 pl PBS)
was added to the paste to liquify the hematoma. 100 ul per staining forDURAclone
panels was set aside and the remairder 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 pl of the FH pellet was stored at-80 °C for further experiments (native).

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

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

the GMP standards of the clinic performingthe 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

CA¢|] &ANT | § U gThegstudy Vs dpprdvéd by the local ethics committee
(EA2/218/21 and EA1/146/21, Ethikkommission Charité, Berlin, Germanyadhering to

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

(GraphPad Prism for macOS, version 9.3.0, GraphPad, San Diego, CA, USAhe ACP®

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

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

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

Arthrexl 0g U0 éeA¢xAUx ANNDgxT éae TD 7860 CA¢)] &ANT | g
produced using 40 ml of peripheral blood (7 ¢ UL ! ¢ eUAhp 1 g7 égUL D
USA). An acidcitrate-dextrose solution (ACDA 30 ml, Zimmer Biomet Holdings, Warsaw,

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

as described by the manufacturer. nSTRIBE® 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. &mples were immediately
processed for flow cytometry and cytokine detection;the longest storage time was 4 h
at RT.

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

established in the ISL, Charité Universitatsmedizin Berlinand was performed by the
NDCEAC¢I @g 1T ¢T7 U@ désA Schlg hé dathl dhdthe nmethddswere already

published in Niemann et al Meso Scale multiplexing immunoassays is asandwich-

based ELISA proinflammatory cytokine panel (WLEX Proinflammatory Panel 1 Human

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

which quantifies the concentrations of interferon gamma @fN-G h o T ¢ 7 Ug-AORQh g1 ¢ 0
IL-2, IL-4, I1L-6, IL-8, I1L.-10, I1L.-12p70, 1L-13, and tumor necrosis factor alpha (TNFU hData

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

in collaboration with ISL Berlin, Germany.

Ready to use DURAclone antibody panels were used for flow cytometry. For basic
immune subset identification, CD16FITC, CD56PE, CD19ECD, CD14PC7, CD4APC,
CD8-A700, CD3APC-A750, and CD45KrO were assessed DURAclonelM Phenotyping
Basic kit #853309, Beckman Coulter, Washington, D. C., USA). For identification of T cell
subsets CD45RAFITC, CD197PE, CD28ECD, CD279PC5.5, CD2%PC7, CD4APC,
CD8-A700, CD3APC-A750, CD5%PB, and CD45KrO were measured DURAclonelM T
Cell Subsets kit #853328, Beckman Coulter, San Diego, CA, USA). For B cell subset
identification, IgD-FITC, CD21PE, CD19ECD, CD2#PC7, CD24APC, CD38APC-A750,
IgM-Pacific Blue, CD45KrO and, if applicable, kappa light chainrA700 and lambda light
chain-PerCP-Cy5.5 were assessed DURAclone IM Phenotyping B cell, kit #B53318,
Beckman Coulter, Washington, D. C., USAAIl panels were stained as indicated by the
manufacturer as described below. For the B celDURAclonestaining, blood, FH and BM
were washed twice with 2 ml PBS according to the CA¢ | aANT | gUawg EgDT
centrifuged at 200 g for 10 min. For each sample, 100 pl of donor blood, BM or respective
hematoma was added to a DURAclonetube with lyophilized antibody cocktails adherent

to the tube. For the Dendritic cell panel, 200 ul was used. The tubes were vortexed and
incubated in the dark at RT for 15 min, according to protcol. 2 ml of VersaLyse erylysis

buffer was added and tubes were incubated in the dark at RT for 15min 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 ul buffer (containing 1x PBS with 5 % v/v of fetal bovine serum, 2

mM EDTA, and 2 nM 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 Kaliza analysis software.
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Figure 2.1 Gating strategy for basic immune cell characterizatiorCD45+ cells were divided intoneutrophil
and granulocytes (NGr) and further analyzed in their CD16 expression to showeutrophils. 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 andCD8 T cells after excluding NK cells via CD56. To further distguish
NK cells, another gate was added forNK-like T cells, via their CD3 and CD56 expression.
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2.2.1 T cell gating strategy
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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 determine central
memory, naive, effector memory and terminally differentiated memory cells. Both subsets were also
analyzed in their PD-1 expression.

2.2.2 B cell gating strategy
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Figure 2.3 B cell gating strakegy B cells were gated through lymphocyte gates. Theseincluded 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 expressionwas used to further divide them into
memory, naive, 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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For flow cytometry staining 0.1x10° cells per 100 pl FACS buffer were usedCells were
washed with 1x PBS on ice and blocked with 1:20 true stainX (Biolegend, San Diego,
CA, USA) blocking agent for 510 min. Thecomplete staining was performed on ice. For
B cell staining 120 CD45-APC (Biolegend, San Diego, CA, USA #304012), 1:100 Cb3
FITC (BD biosciences Franklin Lakes, NJ, USA, #556611), 1:20 CDP& (Biolegend, San
Diego, CA, USA #302208), 1:20 CD2#E-Cy7 (Biolegend, San Diego, CA, USA 311120),
1:10 CD38APC-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 darkfor 15 min. Cells were washed with 200 ul FACS buffer
and centrifuged twice at 300 g for 5 mn. They were resuspended in 50 pl FACS buffer
and stained with 1:1000 DAPI prior to analysis with BD Cantoll (BD biosciences Franklin
Lakes, NJ, USA).

For flow cytometry, 1x10° 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 cellswere stained for 20 min on ice with 50 pl 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 washedtwice with 150 pul ice-cold FACS buffer and
resuspended in 200 plice-cold FACS buffer for acquisition. Before measuring the
sample, 7AAD was added (1:10).

.5h |/ DCEs.AdttaD) gU Len o) bUaxeATT LU0 / DET gDA
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 staired in 50 pl staining buffer and 2 pul of the
respective antibody, then incubated for 20 min on ice and washed before acquisition.

Cells were used at 1x10/ml and pelleted prior to Celltrace (Thermo Fisher Scientific,
Waltham, MA, USA) staining and resuspended in prevarmed PBS 2x1G¢/ml, and 5 mM
Celltrace Violet stock was reconstituted with DMSO as recommended by the
manufacturer. 1 ul of Celltrace was added to each 2 ml of PBS mixed with medium to a
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final working concentration 125 pM. 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 incubatedat RT for 5 min. Cells were
centrifuged at 400 g for 5 min and resuspended in prevarmed RPMI and cellswere
seeded at 1x10° per well with 200 pl cell culture B cell media.

2.3 BM chip culture

To imitate exposure to cdoalt (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 chipand the culture techniques were already published and
are adapted from there (SCHOON et al,, 2020;SIEBER Y al,, 2018) Modifications included
human decellularized cancellous bone as the scaffold and media supplemented with
10 % human AB serum. Cylindricd scaffolds (5 mm in height, 3 mm in radius) were
seeded with 1.5x10° human primary MSC and 1.5x10° 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 £10°
BMNCs were added to each well containing a bone scaffold. On day 7, an additional
2x10° BMNCs were seeded onto the scaffolds, ftlowed by 20 days of culture without
additional growth factors. The exposure to Co(ll) and Cr(lll) ions started on day 8, with
NDE¢NUET §gATTI Dég gUT AT Aee ade C[ UANéos £671 g I
each media change over the 2Gday dynamic culture period until day 28. At the end of

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

The sample was transferred into a new 50ml falcon and the mixed 1:1 with sterie PBS.
The falcon was inverted several times and placed over a 100 um cell strainer to remove
coagulated blood and other micron-sized bone particles. Pieces of cancellous bone wre
removed and stored in PBS forosteoblast isolation. The mixture was centriuged at
800x 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 centrifugd 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. Pravarmed expansion medium (EM)
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was added to the cell suspension and seeded on cell culture flasks at GBx10° 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 osteoblass from bone biopsies

Osteoblasts were isolated using a wellestablished protocol in our lab. Inshort, 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 culturelask 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 MACSInvitrogen dyna beads
PBMBs including B cells were thawed according tothe protocol described in this
methods section and placed at 37 °C for 2 h. Cells were counted after incubation time
Aé¢x E]T Dé T NUe 5F¢APUAxgh " ¢éT7 D] NeUxh || CA¢
MA, USA) were used according tothe CA¢ | & ANT | § Uthexqly didyaiign WasD A b
that 2/3 of the recommended number of beads were used for isolation, e.g. 400 pl for
6x10’ cells. Beads were resuspended with buffer and washed withice-cold buffer, the
beads were then centrifuged at 200x g for 10 min and resuspended inice-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 mixtue 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 FHn vitro

PBMCs were isolated from buffy coats and fraen and thawed as described earlier. 2x10
live cells per well were seeded in a 96well tissue culture plate (Sarstedt) in triplicates
for24 h, 48 h,72 h,4 d, and 5 d. PBS in equal amountsto 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 pl undiluted FH (1:10 dilution) and 180 ul media, or prediluted 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 tohe 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 aminoA N7 x g h 0 amelR&pfpeth&riol(1:1000) in the same manner
as PBMCs.

The cells were resuspended in 5ml PBS and centrifuged again for 5 min at 400x g.
5x10° cells were resuspended in 250 ul xenefree freezing media | and added to a
cryovial. Freezing media Il was quickly added in equal amounts (250 pl) to a total volume
of 500 pl per vial, then placed in a Mr. Frosty cooling container and stored at80 °C for
24 h. They werelater moved to cryotanks.

Thawing media (TM) was prewarmed, 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 meda. Cells were centrifuged at 300x 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 pl pipet, and cells were counted.

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 twostep process utilized in the cytotoxicity detection
kit commercially available from Roche, Basel, Swzerland. 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 aplate reader (Tecan, Mannedorf, 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-a 1 SEAP reporter HEK293 cells expressing human TLR9

HEK Blue cell line is a secreted embryonic alkaline phosphatas€ SEAP) secreting cell
line in response to TLRY9 activation, via a stimuludike (synthetic) oligonucleotides
containing CpG motifs (CpG ODNs). HEK A] Uh b ] AAn 1¢g | gUx Ag

DNA: Unmethylated DNA
with CpG-motifs

Figure 2.4 TLR9 reporter HEK cell lineBinding of DNA to endosomal TLR9 releases MyD88 to induce N
kB transcription factor to release SEAPwhich 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 selectedwith the antibiotics Blasticidin and Zeocin® until
passage 4. Cells were then seeded onto 96well plates at 8x10° cells per well and
incubated at 37 °C for 24 h orovernight (ON). For direct detection cells were cultured in
HEK. A] Uh 507 ONT 1T D¢ CUx® hankagturer Bngl Srialyze&dOwith ab |
TECAN spectral analyzeMannedorf, 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 amouns 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 bythe 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 ODNSs) andhe release of Luciferase which can be detected

34

p2!

—


https://www.invivogen.com/hek-blue-htlr9

using a Quanti-Luc solution. Please note that tis cell line has been renamed. It was
formerly known as "HEK5 | AAh & £ [ w abutindvGyns findef)tke name HEK
Bluel | N7 Ah @& £[ wa [/ UAA g &tlr9figrémaiisAuhchangidDTo Gvoiél & y x
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. Cefl were then seeded onto 96well plates at
5x1 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 96éwell plate and mixed
with pre-diluted Quanti-Luc assay buffer asdescribed by the manufacturer, and analyzed
with TECAN luminescence reader(Mannedorf, Switzerland) at a 0.1 second reading
time. Cells were exposed to 4.5 uM commercially available ODN2006a synthetic
oligonucleotide with high affinity to TLR9which 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-0-D-Glu-
mMDAP (TriDAP) comprised of the iE-5 | t -DRGIU-mDAP) dipeptide and a L-Ala residue
was used (Invivogen, San Diego, CA, USADDN2006was used as a knownTLR9 agonist
and as negative control in addition tothe Null cell lines: 10uM Hydroxychlorine, a TLR9
blocking agent (Sigma, St. Louis, MO, USA), sterile endotoxifree 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 usinga 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, cfDNAwas 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 TLR experiments include: TLR9 agonists Class B 2006, Class A 2216,
Class C 2395 andtheir 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 experimernts.

2.7 Cell-free DNA lIsolation from BM, blood and FH supernatant

l EDgT AU aiéitaAlLh 17 @& 98471 NT UENIF N&as5b! LGgDA/
D.C., USA) was used as described in the manufacturés protocol. 500 pl up to 1000 pl
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(depending on the viscosty 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 NAAU Ag Q§gUNDCCU¢xUx 1¢ 1TeU
Nanoparticles were mixed withthe sample by inverting the tube 10 times and additional
high-speed shaking on a vortex for 10 min to bind the nanoparticles. Elution was
EUgabDgCUx | gice A a! (Mitena Bibtec, Bergiscih GlAdbdRIG
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 compnents. Due © coagulation,

residual samples appeared sticky. Gel separation was used to further purify DNA.
2.8 Agarose gel to determinethe size of cfDNA

To see the different band sizes of cfDNA and search for gDNA residues, the isolated
cfDNA was loaded orto a 1 % agarose gel (Sigma, St. Louis, MO, USAA medium size
gel with 6 pocketswas chosen, and each pocket was loaded with 500700 ng/ul. Hyper
ladder 1 kb (Bio line, Cincinnati, OH, USA) was useds a reference The gel was run in
TBE buffer at 100 Vfor 45 min.

Bands of interest were cut out and added to a 5 ml Eppendorf tube. Nucleospin Gel
clean up kit (Macherey-Nagel, Duren, Germany) was used as described by the
manufacturer. In brief: 100 mg of agarose gelvas mixed with 200 pl buffer NTI (and
scaled up according to the weight of the band). The samples were incubated at 50 °C
and vortexed every 23 min to completely dissolve the gel contents. A NucleoSpin gel
column was placed in a 2 ml collection tube and 700 ul was loaded onto the column.
The column was centrifuged at 11,000x g for 30 s, and the flow through was discarded.
Then, the loading and centrifugation steps were repeated. 700 pl buffer NT3 was added
to the column and centrifuged again at 11,000x g for 30 s and the flow-through was
discarded. This step was repeated once. The tube was then centrifuged at 11,0009 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 pl NE Buffer at R 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 ona glass chip (RayBiotech life, Peachtree
Corners, GA, USA) was performedo determine the soluble environment of the bone
and BM chip. The supernatants were used undiluted and the array performed as
xUgNgiT PUx 17¢ T7eU CA¢) aANT | gUgeg CAC¢) AAs
sandwich ELISA used with streptavidin and HRP detection. In lef: all wells were
blocked with blocking buffer for 30 min. Samples were added to each sub array and
incubated at RTfor 2 h. The arrays were then washed and placed in a clean container
and the whole glass slide wasimmersed in wash buffer 1 with no bubbles in the wells
and washed at RT with gentle rocking. The steps were repeated with wash buffer II.
Biotin-conjugated anticytokine reagent was added to the array and incubated at RTor
2 h. The slide was washed with buffer | and Il as described in the preious step.
Streptavidin was added to each subarray and incubated at RTfor 2 h. The slide was
washed again as previously described and a final wash with deonized water was
performed using a plastic water bottle. The slide was I& to dry and analyzed with a laser
scanner using a cy3 channel at an excitation frequency of 532 nm (Power Scanner,

Tecan, Mannedorf, Switzerland) with a resolution of 2um.
2.10 Sandwich ELISA to detect human shed CD2Jand total IgM

Human CD21/CR2/EBYV receptor ELISA was performeds stated in the protocol by the
manufacturer (Invitrogen, Thermofisher, Waltham, MA, USA). The samples were pre
diluted at 1:20000 except forthe cell culture supernatant, which was used undiluted. A
standard curve was prepared for every run of the ELISAA 100 pl 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 ul biotin conjugate was added to
each well and incubated at RTfor 1 h. The wells werewashed again as described before
and 100 pl streptavidinHRP solution was added to each well and incubated for 45 min
at RT with gentle shaking. Wells were washed again and 100 yul TMB substrate was
added to each well and incubated at RTfor 30 min in the dark, with gentle shaking. After
incubation, 50 pl of stop solution was added and the side of the platewas gently tapped

to mix the solutions. The plate was read at 450 nm with a Tecan plate reader (M&nnedorf,
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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) andrheumatoid factor (RF) analysis from

serum and fracture hematoma

All paired samples were centrifuged at 2000x g for 10 min and 500 pl undiluted serum
and plasma aliquots were sent to Labor Berlin, Berlin, Germanyo determine the ANA
and RFlevels. Analysis was performed as part of their routine work for clinical diagnostic

and according to their concealed standard protocol.
2.12 Bone fixation and embeddingfor 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 inculated 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 fromthe bone
tissue. Super cryoembedding medium (SCEMxompound (Leica Microsystems, Tokyo,
Japan) was added to the embedding mold and bubbleswere avoided. Bone was placed
in media and samples in the mold were moved to cooled nhexane (Thermo Fisher
Scientific. Waltham, MA, USA) untithe SCEM media started to freeze. Moe SCEM
media was added to fill the mold and completely immerse the bone and it was replaced
in chilled n-hexane to completely freezethe sample. Then, the mold wasdirectly 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
technigue 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 orbitalswhich are subsequently filled by electrons
from a higher orbital resulting in characteristic xray 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 othe 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 norexposed
group was prepared for XRF. 4 %paraformaldehyde was used to fix samples ON and
embedded in polymethyl acrylate. Samples were prepared in10-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
Aé¢x Noaa& &C ID0pgké maphaadhN L

2.13 Online tools, Al and other programs

Microsoft Word 2019 was used to write this thesisExcel was used for data management.
GraphPad PRISM was used for statistical analysis and generating plots. Inkscape was
used to arrange and align figures. Perplexity Al was used to fact check some claims
made in crossreferences. ChatGPT wa used for spell checking some sentences
Christian Kelly proofreading services were used for English proofreadind.eica software
and ImageJ were usedto 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 mediuml

45 % Human serum Sigma A5843
albumin (HSA) 20 %

2% Sigma 11548876
Penicilli/ Streptomycin

(P/S)

RPMI 1640 Biochrom 11835-030

Freezing mediumll
20 % DMSO Sigma D8418
80 % HSA Sigma A5843

Thawing medium (TM)

RPMI 1640 Sigma 11835-030
1%PIS Biochrom 11548876
10 % Human AB serum Sigma H4522
(hAB)

0.1 % Universal nuclease Pierce 88700

1 mg/ml

Osteoblastogenesis

medium (OM)

L-Ascorbic acid 2 Sigma A8960
phoshphate

sesquimagnesium salt
hydrate (400 uM)

U-glycerol phosphate Sigma G9422
disodium salt hydrate (80

mM)

Dexamethasone water Sigma D4902

soluble (0.8 uM)

1 % Glutamax Thermofisher 35050038



1 % hAB

DMEM 1000 md|l low

glucose

Staining buffer for flow
cytometry staining

1x PBS

10 % FCS

10 nM HEPES Buffer

2mM EDTA

TBE Buffer

Expansion media (EM)

DMEM 1000 mg| low

glucose
10 % FCS

5% P/S

Differentiation media (DM)

DMEM 1000 md| low

glucose
2% FCS

5% P/S

B cell culture buffer

IMDM

10 % FCS

1 % Sodium pyruvate
1 % essential amino acids

U-Mercaptoethanol

Sigma

gibco

gibco

Sigma
Merck
Sigma

Merck

Gibco

Sigma

Gibco

Gibco

Sigma

Gibco

gibco
Sigma
gibco
gibco

gibco

H4522

RNBM7526

14190-094

F7524

HO887

E8008

B52

RNBM7526

F7524

15070063

RNBM7526

F7524

15070063

12440053

F7524

11360-039

11130077

31350-010
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3.2 Reagents and chemicals

100 pum cell strainer

7AAD

Agarose powder

Anti-human CD3

Anti-human CD28

Anti-human CD19 BV421
Anti-human CD20 AA700
Anti-human CD21 APC
Anti-human CD21/CR2 ELISA Kit
Anti-human CD3 FITC
Anti-human CD82 PE
Anti-human IgG ELISA
Anti-human IgM ELISA
Anti-mouse igG Alexa 488
Anti-myosin heavy chain

Apostle Mini Max Isolation kit
Compensation beads ant-mouse
Blasticidin

U-glycerol phosphate disodium salt
hydrate

U-Mercaptoethanol

Cell trace ultra violet

Chloroform

Chromium (Ill) chloride hexahdyrate
Cobalt (1) chloride hexahydrate
Complement C3d, Human

CSFE

Cytokine (Human) Antibody Array 5
DAPI

DMEM

DMSO

DURAcloneB cell Panel
DURAcloneBasic Panel
DURAcloneT cell Panel
Dynabeads untouched beads Bcell
EDTA

Erylyis buffer

Erylyis buffer

1 % essential amino acids

Ethanol

FCS

Gentlemacs c tubes

Glyogen

Falcon

BD

Sigma

BD

BD

BD

BD

BD
Thermofisher
Biolegend
Biolegend
Thermofisher
Thermofisher
Thermofisher
R&D
Beckman Coulter
BD

invivogen
Sigma

gibco
Thermofisher
Merck

Roth

Roth

Merck
Thermofisher
Raybiotech
Thermofisher
gibco

Sigma

Beckman Coulter
Beckman Coulter
Beckman Coulter
invitrogen

Sigma

Roche

Qiagen

gibco

Merck

Sigma

miltenyi

sigma

352340
51-68981E
A9539-500G
551916
755600
652440
302322
561357
EH81RB
1148723
342104
RABOOOX1KT
BMS2098
A-11001
MAB4470
C43459

AB 10051478
ant-bl-05
G9422

31350-010
C34557
288306
9832.2
T889.1
204870-100UG
C34570
AAH-CYT-G5-8-RB
D1306
RNBM7526
D8418
B53318
B53309
B53328
11351D
E8008
7248431001
79217
11130077
100983
F7524
130-093-237
10901393001
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HEK Blue cell line TLR9
HEK-Dual cell line TLR9
HEPES Buffer
Histopaque 1077
HMGB1

Human AB serum
human skeletal muscle myoblast
(HSMM)

Hydroxychloroquine
Hyperladder 1 kb

IMDM

Infinite M Plex

iScript

Isopropanol

L-Ascorbic acid 2phoshphate
sesquimagnesium salt hydrate
LDH assay

MACSIMAG

Matrigel

MEM NEAA

Minilys beads

muscle dissociation kit
Nanodrop

n-hexane

Normocin

Nuclease

Nucleospin Gel clean up kit
Null HEK cell line
ODN2006
Paraformaldehyde (PFA)
Pen Strep

PBS

Prestoblue cell viability reagent
QUANTIBIue Solution
Quanti-Luc 4 Lucia

RPMI Medium 1640
SCEMcompound

Sodium pyruvate

Sucrose

SybrGreen

TriDAP

Trizol

Trustain X

Ultrapure water

Versalyse buffer

Zeocin

invivogen
invivogen
Merck
Sigma
Biolegend
Sigma

LONZA

Sigma

meridian bioscience
Gibco

Tecan

Biorad

Sigma

Sigma

Roche
miltenyi
Corning
gibco

VWR life
miltenyi
Roche
Thermofisher
invivogen
Pierce
Macherey-Nagel
invivogen
invivogen
Merck

gibco

gibco
Thermofisher
invivogen
invivogen
gibco

Leica

gibco

Sigma
Quiagen
invivogen
invitrogen
Biolegend
Braun
Beckman Coulter
invivogen

hkb-htlr9
hkd-htlr9ni
HO0887
10771
557804
H4522

CC-2580
H-157

BIO 33053
12440053
30213614
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4  Results
4.1 Hipgen clinical phase Il study for PLXPAD cell therapy in

monotraumatic fractures

HIPGEN was a randomized multicenter study in phase llithat did not meet the study's
primary endpoint and, therefore, will not become available as a clinical treatment for
arthroplasty recovery treatment. The studydesign was reported elsewhere (WINKLER et
al, 2022) and clinical findings are available online (Horizon 2020 EU Grant agreement
ID: 779293). This resuli section focuses o 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 PL-RAD /n 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. (ANDRZEJEWSKAEL al., 2019; PRATHER et al, 2009; QAzl et al., 2017; ZAHAVFH
GoLDSTEINet al,, 2017).This results sectionbegins with the assumption thatthe function
of human skeletal muscle myoblast (HSMM) can beimpaired under the prolonged
stimulus of activated immune cells and that MSCs exert a rescue potential. & the
distributing company has also reported, PLacental eXpanded stromal cells(PLX-PAD,
Pluristem Inc., Haifa, Israel) are awell-characterized and more homogenous cell

population with similar regenerative propertiesas conventional MSCs.

4.2 PLXPAD cells reduce excessive HSMM proliferation ingsponse

to inflammatory stimuli

To investigate the effects of extended preinflammatory stimulation and the supportive
properties of PLXPAD cells on HSMM /n vitro, commercially available HSMM from
healthy donors were exposed to media supplemented with sugernatants from different
PLX and PBMC cultures. These included conditioned medigCM) from monocultures of
activated immune cells (PBMGCM) or PLXPAD cells (PLXCM), as well as from co
cultures of both cell types (PBMC+PLXCM).
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Cultivation of healthy HSMM with PBMC-CM resulted in a significant increase in

proliferation compared to controls (PBMC, p50.0001). This effect was diminished when

HSMM were treated with PBMC+PLXCM, with a notable reduction in their proliferation
observed after 24 hours £50.0001, PBMC+PLXFig. 4.1 A).This trend continuous onday
2 (Fig. 4.1 B), with significant differences observed between PBMC-CM and both PLX
CM (PLX, PBMC,p=0.0023) or PBMC+PLXCM (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 PLXCM or PBMC+R.X-CM compared to PBMC-CM
(Fig.4.1 C, p50.0001,0.01340 0.0001).
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Figure 4.1 Proliferation of HSMM is influenced bythe microenvironment HSMM exposed to supernatant
from activated PBMCs proliferatel more after d1 and up to 3 days in culture. Exposure to PLXPAD can
revert this effect significantly. On d1 HSMM exposed to PLX supernatant (PLX)proliferated significantly
less compared to HSMM exposed to activated PBMCs (PBMCA); PBMCsco-cultured with PLX (PBMCr
PLXreversed the effect on HSMM tocontrol 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 ofa pro-
inflammatory environment on proliferation and how PLXPAD can shape this environment Statistical
analysis was performed with 2way ANOVA, n=6, data presented with mean with SD.

This shows the potential of PLXPAD 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 PLXPAD Cells enhance HSMM migration without affecting their

differentiation capacity

Previous studies have shown that BMMSCs enhance the migration ability ofHSMM but
delay their differentiation (PUMBERGERet al, 2016). Therefore, the effect of CM from PLX

monocultures on the differentiation and migration of commercialHSMM 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 PLXCM (Fig. 4.2 A, PLX,
p=0.2470). After five days, cultures with PLXCM 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 performedThere were significantdifferences
between HSMM cultures (Fig. 4.2 B, p50.0001). Whilefor the PLXCM group scratch

closure was 90% after 22 h, only 40 % of the area was restoredin pure media control
in the same time.
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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 PLXPAD exposure(PLX)compared to the control (B). While only 40 % of

the area was closed under regular conditions, PLXmproved this to almost 90 % closure. Statistical analysis
was performed with an unpaired t test, n=89, data presented with mears with SD.

These findings indicate that PLXPAD cells can foster the migration capacity oHSMM,

without impairing their differentiation. This highlights their potential benefit for patients
affected by severe muscle trauma.
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4.4 PLXPAD mitigates inflammatory effects of activated PBMC on

HSMM migration and differentiation

After showing that PLXPAD cells do not negatively impact differatiation or migration

capacity of HSMM, the influence of prolonged inflammation onHSMM behavior was

tested. Consistent with the previous results, HSMM showedncreased migration when
exposed to PLX-CM for 22 h (Fig. 4.3 APLX p50.0001). In contrast HSMM exposed to

CM from activated PBMCs (PBMCGCM) only showed similar migration speed as the pure
media control (Fig.4.3 A PBMC, p=0.5374). The treatment with CM from PBMGPLX co

cultures (PBMC+PLX) showed significantly higher scratch closure than media cadrol

and PBMC-CM but not as efficiently as the PLXCM group (Fig.4.3 A,PBMC, PBMC+PLX,
p50.0001).

With regard to HSMM differentiation, PLXCM 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 PBMCGCM exhibited a significantly reduced differeniation
capacity (Fig. 4.3 B, PBMC, p50.0001). In HSMM cultures with PBMC+PLXCM, 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 resuls indicate that PLXPAD not only suppress
the negative effect of activated PBMCs on HSMM differentiation but also enhances

wound healing under these challengingconditions.
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Figure 4.3 Pro-inflammatory environmentinhibited HSMM migration and differentiationand were rescued
by PLXPAD HSMM migration was enhanced under the influence of PLX compared tahe 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 underan activated PBMC condition (lower left panel).

Statistical analysis was performed witha 2-way ANOVA, n=8, data was presented with meas with SD, 5x
magnification.

4.5 Establishmentof a protocol to isolate HSMM from small biopsies

gives nsightsinto patient heterogeneity

In order to validate the findings from HSMM of young healthy donors, it was important
to further investigate the effects of PLXPAD cells an the function of patient-derived

HSMM. While commercially available healthy HSMM are a reliable and reproducible
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model for initial research, patientderived cells offer a more clinically relevant model

system.

Retrievingfunctional HSMM from primary biopsies posed a specialchallenge. Therefore,
a protocol was established for the isolation of HSMM from small tissue sample®f elderly
patients undergoing THA The isolation method was based on acombination of different
protocols (Stricker lab, FU Berlin, Germany and Geil3ler lab, Charité BerlitGermany)
and enabled the successful isolation of patientderived 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 pmary 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. 4.4C-D). CD82 proved to be a
reliable markerfor the presence ofHSMM 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 CD82positive cells increaed from approximately 45 % to 80 %
(Fig.4.4 D, p50.0001). Even without Matrigel, HSMM displayed higher CD82 levels than
control myofibroblasts (Fig.4.4 D, p50.0001).As expected, the collected biopsy samples
showed high variability in weight. Most sample weighed less than 0.5 gthe 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 Il 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 patent biopsies Primary muscle tissue from patients included
in the HIPGEN study (A). HSMMgrew better on Matrigel (MG) /n vitro and helped to isolate the HSMM

(B). Fora further quality check, CD82 served asa validation marker for HSMM in flow cytometry aralysis

(C) and spectral analyzer (D), which showeda separation of suspected myofibroblasts and HSMM and
the benefit of MG. Statistical analysis was performed witha 2-way ANOVA, n=16, data presented with
medians with a 95 % CI, 5x magnification.

4.6 HSMM from elderly patients showed heterogereous and

individual responses to the rescue effect of PLXPAD

Starting with biopsy weight, the first heterogeneity was introduced into the experiment.
Sample weights varied depending on the accessibility of muscle tissue dring surgical
intervention (Fig.4.5 A, mean=0.3976 ++ 0.24 g).This variability affected the subsequent
cell culture, particularly the /n vitro expansion of the isolated cells from older patients.
The necessary extensive expansion of HSMM under standa 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) insteadof 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).
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Figure 4.5 Patient HSMM were diverse and difficult to culture under standard conditionsSmall biopsies
were less than 1 g of muscle tissue (A). Due to the small sample weightit was difficult to expand and
differentiate HSMM /n vitro under standard culture conditions in FBS (B, second row). The use of human
platelet lysate (hPL) supportedthe differentiation of HSMM (third row). Only descriptive statistics were
performed: n=22, data presented with mears with SD, 5x magnification.

After successfully expandingfunctional HSMM from patients a mechanistic study was
performed. Cells were exposedto conditioned medium from monocultures of PLX (PLX
CM), activated PBMCs (PBMGCM), and the co-culture of both cell types (PBMC+PLX
CM). In contrast to HSMM from youngerdonors, it was found that the differentiation
ability of HSMM from HIPGEN patients was enhanced in the presence of CM from PL-X
PAD cells Fig.4.6 AB, p=0.0066).Elevated levels of fused myofibers were observed in
cultures exposed to PLXCM 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 withPBMC+PLXCM (Fig. 4.6. A, last column).
This suggests that PLXPAD cells indirectly support HSMM differentiation under

challenging inflammatory conditions through theinmmunomodulatory capabilities.
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Figure 4.6 Positive effects of PLXPAD were confirmed with patient samples HSMM from patients
responded to treatment with PLXPAD with increased differentiation capacity (A, first and second column)

compared to the control (B), contrary to the healthy younger cantrol HSMM. The PLX-PAD rescue effect
was measured between activated PBMCs and PBMC+PLX (B). Statistical analysis was performed with
2-way ANOVA, n=6, datapresented with means with SD, 5x magnification.

Despite optimization, it was not possible to expand and differentiate all patientderived
HSMM (Fig. 4.7 AB). As mentioned before, extended culture periods can lead to
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impaired differentiation and even complete loss of differentiation. Patienderived cells
benefit from the use of hPL, but some showed m differentiation at all (Fig. 4.7) Different
concentrations of PLXPAD-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 €ig. 4.7 C). However, this remains a subjective resulf since all
guantifications showed no significant differences between the groups (Fig.4.7 A). Control
samples exhibited a high variation. In conclusion working with donor material remairs
challenging, especially with small biopsy sizes under 0.5 gTroubleshooting 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
considerationwas 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 presentd with medians with a 95 % CI, 5x magnification.
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4.7 LOT-to-LOT variation in PLXPAD products

Since differentiation failed in severapatient samples, even with the beneficial use of hPL
and subsequent exposure to CM from PLXPAD, it was important to investigate potential
LOT-to-LOT variation between different PLXPAD isolations.Five different LOT numbers
were tested, which representPLX-PAD cellsisolated from different placentas and are
commercially available from Pluri Inc (formerly known as Pluristem, Haifa, Israel). Three
out of five LOTs showed significant improvementin differentiation of HSMM from
patients, while two did not enhance differentiation (Fig.4.8). Butdue to the small sample

size, this experimentcan only serve asan indicator for batch-to-batch variation.

In conclusion, the results presented in this chapter demonstrate that PLXPAD cells can
support myofiber regeneration under inflammatory conditions and demonstrate their
therapeutic potential for the treatment of severe muscle injuies. Given the variability of
patient-derived HSMM and the differences betweendistinct LOTs of PLXPAD, 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.
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Figure 4.8 LOT-to-LOT variation added to the problem of heterogereous results Batch variation showed
its effects in differentiation, three of five LOT batches showed limited difference téhe control, while the

other two showed differentiation. Statistical analysis was performed witha 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 PLXPAD response to inflammation highlighted the
importance of understanding the composition of local immune cellsin 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 insteadFH 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 (BV) 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 infiltating 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 bloodGranulocytes are
consistently present across tissues (A). Measurements ofneutrophils (CD16hi) demonstrated no
differences between BM and FH. FH and BM hadewer CD16hi neutrophils compared to levels in blood
(B). There were no differences in nonocyte levels between BM and blood or FH and blood, but differences
were visible between BM and FH (C). Lymphocytes were lower in BM and FHcompared 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 witha 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, p30.9999, 0.3010, 0.820Q) 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 CD16hineutrophils 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, pb0.0001). 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 from1 to 5 %, whereas t was
higherin the other tissues which had about 5-13 %. Lymphocytelevelsin FHwere 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 50.0001).CD3+ T cells showed the same levels across
all tissues (Fig. 4.9 E, p=0.2037,30.9999, 30.9999). Frequencies of CD19+B cells were
lower in the FH than in the BM (=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 exhilit 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 derigd from BM. CD11b expression
followed a developmental gradient in the bone marrow, ranging from CD11bto CD11b+

cells, while almost all neutrophils in the blood were CD11b+.
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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 BMneutrophils showed little expression of CD16/CD62L and gradual expression of CDLb.
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4.9 Monocyte and NK celllevels differ betweenthe fracture patient

and control

Sincelower 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 betweerblood and BM (Fig.4.11 A, p=0.0016)
and between blood and FH (p=0.0318). Whilethere is no significant difference
(p30.9999)between BM and FH, a high interindividual variability was observedCD14dim
and CD16- (CD14dim) monocytes were not detectable in blood and therefore differed
significantly from BM Fig.4.11 B, p50.0001)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 observedbetween BM and
blood (p= 0.0185).Non-classical monocyteswere significanty 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 (p30.9999, 0.2037).

A comparison was then made between the levels of CD56+ NK cells in the three tissues.
NK cells within the lymphocyte populationshowed also nosignificant difference between
the three tissues(Fig. 4.11 E, p=0.6037, 0.432430.9999). 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 hidnlight 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 encourage 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 tissuesThe level of dassical monocytes
was the highest in blood and was decreased in FH and BM. The distribution of classical monocytesdid
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 monocyteswere found in BM,
there were very low lewvels 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 FHor FH and blood. For nonclassical 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)out 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 510 % 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 FHbr BM and blood. Statistical
analysis was performed withthe Friedman test, n=15, data presented with medias with a 95 % CI.
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4.10 T cellsshowed distinct differences in CD4+ and CD8+ subsets
across BM, FH and blood

The total number of CD3+ T cells was comparable between alltissues 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 ath CCR7 to compare the
levels of naive 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 majorCD3+ T cellsubsets, helpa CD4+ T cells
displayed a notable difference between BM and blood ig. 4.12 A, p=0.0057), and
between FH and BM (p=0.0105) but none between FH and blood (p30.9999). Cytotoxic
CD8+ T cellsalso 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 (p30.9999). 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 betweenBM and blood (p50.0001), while ratio
of FH and blood were comparable (p30.9999).
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Figure4.12 CD4+ and CD8+ T cellswere 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+ Tells but inverted for the
corresponding levels. BM showed higher levels of CD8+ T cells compared to blood (B) and FHut 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 presentedwith 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, pb0.0001) 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 freqant 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 naive T cells no differences were measured between tissues All samples
showed about 30 % CD4+ naive T cells while FH had the biggest spread in data points
(Fig.4.13 D, p30.9999,30.9999, 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, p30.9999, 0.3348, 0.8665)While
FH showed greater variability, the median across all tissues remained around 103 %
of total CD8+ T cells. CD8+ CMT 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 (p30.9999). 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 §30.9999).
CD8+ TEMRAcells were equally distributed across all tissues and show no significant
differences between groupswith a median of about 40 % of all CD8+ T cells(Fig.4.13 1,
p30.9999,30.9999, 0.6478)

With regard to marker expression for T cell activation, PEL in particular showed greater
tissue dependent variations PD-1 surfaces levels on both CD4 and CD8wvere the highest
in BM compared to the other tissues CD4+ T cellsin BM displayed sgnificantly higher
PD-1 levelsthan those inblood (p50.0001)and in the FH (p=0.0400) (Fig.4.13 E). Levels
of PD1+ CD4+ T cellsin FH were higher than in Bbod (p=0.0400).

With regard to marker expression for Tcell activation, PD-1 in particular showed greater
tissue dependent variations PD-1 surfaces levels on both CD4 and CD8+ T cellswere
the highest in BM compared to the other tissues CD4+ T cells in BM displayed
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significantly higher PD1 levels than those in blood (p50.0001)and in the FH (p=0.0400)
(Fig.4.13 E). Levels of PD1+ CD4+ T cellsn FH were higher than in Bbod (p=0.0400).

The similar distribution was also observed inthe CD8+ counterpart and its PD-1 levels.
As inthe CD4+ T cell population, PD-1+ CD8+ T cells was abundantly present in BM
compared to blood (Fig.4.13 J, pb0.0001) and to FH (p=0.0030) The levels inFH and
blood were also significantly different (p0.0001).In summary, subset analysis of CD3+
T cells revealed distinct subsets at the localinjury 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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Figure4.13 T cell effector and memory subsets showed a diversedistribution across tissuesCD4+ TEMRA
cells are not described inhumans, but for the integrity of the data set, the cells were plotted and analyzed
within a coherent gating strategy. Among the samples, a difference wasobserved between BM and blood
(A) and between FH and blood, but none between BM and FH. For CD4+ CM dés 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) celllevels 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 tissuedependent effect observed (D). As a marker of (recent)
activation, PD-1+ levels were monitored in all samples and showed significant differencesni all groups.
The highest levels were observed in BM and the lowest in blood (E)with FH between BM and blood
levels. CD8+ CM celllevels differed between BM and FH (F) and blood but not between FH and blood.
The same was seen in CD8+ EM cells, with no dierence between FH and blood (G). BM variedfrom
blood but not FH. CD8+ naive T celllevels were not different between groups (H). CD8+ TEMRA cells did
not vary between samples (l) ranging around 40 % in every tissue As seen in CD4+ cells PD-1+ levelsin
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 withthe Friedman test, n=15 or n=16, data presented with
medians with a 95 % ClI.

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 bbod were
caused by the trauma response or represent natural differences between the two tissues.
Therefore, mtios between BM andblood were calculated and compared between injured
and healthy controls. Differences between the BM/Blood ratios of injured pdients 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, p0.0001). Lymphocyteratios were similar between the two groups Fig.4.14 B,
p=0.1070), and monocye 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 norclassical monocyte ratios remained unchanged
(Fig.4.14 E, p=0.1184)There were fewerB cells in the injured group compared to the
control (Fig.4.14 F, p=0.0215), whileCD3+ T cell ratios were comparable in both groups
(Fig.4.14 G, p=0.5454). CD4+ CNM cells were specifically reduced in the injured group
(Fig. 4.14 H, p=0.0234)but no differences were observed in the othersubpopulation
including CD4 EM,CD8 CM, CD8 EM and CD8 TEMRAK(g.4.14 kL, 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 NN, 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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Figure4.14 Ratios of injured BM/blood to control BM/blood showed the impact of trauma on immune cell
subsets. Leukocyte levels were significantly higher inthe 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 inthe injured group compared to the control (D), while non-
classical monocytes showed no difference (E). B cells were decreased itthe 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 tothe 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+ (MWilcoxon
test) and CD8+ (N, Wilcoxon tes). All other group comparisons showed no differences (L, Wilcoxon test).
Statistical analysis was performed witha Mann-Whitney test if not indicated otherwise, n=1415, data
presented with medians with a 95 % CI.

4.12 B cell major subsets in fracture hematomaare 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 w this cell type

and its subsets.
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Early B cells were observed in FH and BM sampledut were absent in peripheral blood
(Fig. 4.15 A, p=0.1425,50.0001). Most early B cells were found in BM with levels
significantly higher than in FH (10.0001). Naive B cellevels differed between FH, blood
and BM (Fig.4.15 B, p=0.0012, 0.0004)but the same levels of naive cellswere 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 GD, 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 ard 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 naive B cells was
surprising. The question remained what the B cells function is in this tissue and whether

other interesting markers are expressed locally duringnjury.
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Figure 4.15 B cell subsets show differences in FH, BM and bloodEarly B cellswere 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 ncstatistical difference to blood values. Naive B cells were found
in all tissues but less in BM compared to blood (B) and FHwith no difference between FH and blood. In
memory B cell levels there was no difference detected between samples (Cor in plasmablast levels (D).
Statistical analysis was performed withthe Friedman test, n=1520, data presented with mediars 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 analsis revealed the unexpected finding of
high levels of CD2%/low B cells in FH. CD21-/low B cells are typically described in
autoimmune disorders or asan anergic memory B cell subset in the peripheral blood.
The frequency of CD2%/low B cells in healthy subjects is variable. They are believed to
produce autoantibodies in diseasewhile remaining anergic in health. Recent works have
shown that CD21-/low B cells are heterogenous and appear not only in autoimmunity
D] 7T AAgD 17 ¢ NA¢ NUG§ pectibrg ané as egsponsegoaegnation. Yet § AA 1
their role in trauma has not beeninvestigated.

The analysis ofB cells in fracture situationsis often limited to CD19+ or CD20+ marker
expression and further downstream analysisis largely neglected CD21-/low B cells
exhibited significantly different frequeny in the blood of fracture patients compared to
blood from healthy controls (Fig. 4.16A). The mean percentage of CD2¥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 CD2¥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 Y to 12 weeks after the
injury (5.533%, Fig. 4.16A). Comparing control blood to all follow up time points, pre-
surgery (fracturg blood, d1 and d5 showed significantly higher levels than control
(Fig.4.16 A, p=0.0200, 0.00400.0491). CD21-/low B cells did not return to control values
until 12 weeks after surgery (p=0.1195). Thissuggests 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 abundantin BM and FH thanin 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). Buieven in healthy
controls, the BM inherently exhibited higher levels of CD2/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, ascells migrated to the fracture site in
waves (Fig.4.16 E). When CD2%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 emphage changes over time
within the same data set. These results raise the question if the increase in CD2%/low

B cells is an active response to the fracturesnvironmernt.
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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 (unpairedtest). Proxmal BM showed
even higher levels than distal BM biopsies (C, unpaired-test). B cells in BM are naturally higher in CD21
levels, but these levels decrease upon injury (D, unpaired ttest). To illustrate the significance of local
differences in B cells, he 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 2-way ANOVA if not
indicated otherwise, n=568, data presented with mears with SD.
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4.14 Exposing immune cells to FH leads toa decreasein 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 decreasein CD21 levelson B cells (Fig.4.17 A). In contrastthe control groups
showed variable results:Levels of CD21-/low B cells did not change after 24 hcompared
to baseline (d0, p=0.2467), but their frequencywas significantlyincreased after 48 h and
72 h (Fig.4.17 B, p=0.0013, 0.0198). After five daySD21-/low levelsin the PBMC control
culturesreturned to baseline levels (p=0.2467), showing more CD21+ B cells than CD21
/low B cells. In contrastthe FH exposed group showed a @mntinuous increase of CD2L-
/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 repeatedwith PBMC cultures exposed to FH from different
donors, fracture sites, and time points, a consistent decrease in CD21+ B cells and an
increase in CD2%/low B cells was observed over time After 24 h the decrease of CD21
on the surface of B cells was already significant (pb0.0001) 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 dter 48 and 72 h compared to day 0
(p50.0001, 50.0001). 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 Aand

B, added again for clarity).

B cells in bone marrow mononuclear cells (BMNC) from fracture patients exhibited no
significant differences between exgrimental 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 O levels Fig. 4.17 C, p=0.0008, 0.0028). BM cddl already
contained higher levels of CD21-/low B cells than the average control BM. Both groups
reached high levels of CD2Z%/low levels after 24 h, a similar observation to the PBMC
culture. Due to the small sample size and only three donors, this experiment neeslto

be repeated for further conclusions.
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Figure 4.17 B cells exposed to FH in PBMC culture lose CD21 on their surfaceFH supernatant on PBMC
culture led to a CD21 decrease on B cells after 24 h and complete loss after five days, whil¢he control
culture showed inconclusive dynamics between two and three days inthe culture, but normalized after
five days (A). 24 h seemed enough time to detect CD21 dynamics on B cells ithe culture, which differed
from dO and continued to significantly decrease CD21evels over time compared to the control (B). This
experiment was repeated with FH from different donors andat different time points post-fracture and it
showed the same effect /n vitro. Using fractured BM cells showed no significant difference between
exposed PBMCs and the control (C, t-test). Statistical analysis was performed witha one-way ANOVA,
n=3-15, data presented with mediars with a 95 % CI.

4.15 CD21 levels were not lower due to uneven B cell numberan

culture or excessive cell death

To mitigate the influence of dying cells on the analysis result 7-AAD staining was
incorporated in the subsequentexperiments. 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 AB). However, CD2%/low B cells could be the
consequence of sensing cell death in culture, which naturally occurgn vitro. It was crucial
to show that the B cell counts were equal and absolute numbers by adding a stop gate
during acquisition. Thisapproach helps to ensure that the observed differences aredue
to an induced loss of CD21 and not to background noise. B cell counts inthe PBMC
culture did not differ significantly betweenthe treated and control groups (Fig. 4.18 B).
An absolute decrease in total CD19+ B cellcounts occurred due to cell death, but thus
was consistent across all groups at that time point
(p30.9999,0.8228,0.9800,0.8228,0.8228). These findingssuggestthat 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 cellpopulation.
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Figure 4.18 Changes in CD21 levels are not caused by cell death or uneven cell numbers’-AAD staining
showed no cell death in observed CD2Z%/low B cells (A). Cell numbers dropped inthe culture, but equally
among all groups and days (B). Statistical analysis was performed witla one-way ANOVA, n=311, data
presented with medians with a 95 % CI.

4.16 Fracture patients show shed CD21 locally and in serum

Theloss of CD21 on B cells raised questions about its biological consequencessuch as
the shedding of surface molecules.To investigatepotential CD21 sheddingas 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 wih a median of 62.40 ng/ml
(Fig.4.19,p=0.0119). Due to the limited availability ofcontrol 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 C3dbut 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 foundin FH.
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Figure 4.19 Fracture leads to shedding of CD21from B cells Shed CD21 was detected inthe serum and
FH of fracture patients. Statistical analysis was performed withthe Mann-Whitney test, n=19, data
presented with medians with a 95 % CI.

4.17 Fracture hematomacontains 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, variationsn coagulation staus of FH samples complicated this
task. When separated by agarosegel-electrophoresis, the isolated DNAbands ranged
from 10,000 to 200 bp (ig.4.20). Alongside structured apoptotic bands of varying sizes
some bands also displayed a smear pattem. All descriptions ofisolated DNA samplecan
be found in Table 1.The time between fracture and FH sampling ranged froml to 4 days
and the fracture locations were femur, humerus, tibia, and ulna(Table 1). CD21-/low B
cell levels were assessedin 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 hematomaDNA isolated from FH and serum from patients showed necrotic smars (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 smeas 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 producessmears ranging from 10,000 to 200 bp.
Bands at 10,000 bp are generallyconsidered 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 theadditional band

on top of the first band near to the gel pocket.

FH showed apoptotic fragmentation patterns as well as necrotic smears.
Interestingly, DNA fragmentswere detected in blood samples from fracture
patients. Some serum samples exhibied a distinct band at approximately 200 bp
(Fig. 4.20 BD), which was not observed in the control serum from healthy donors

This suggeststhe presence of cfDNA fragments.

To test the activation potentialand 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 TLR9has 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 immuneresponse.
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Table 1 Different band sizes and amounts of isolated DNA from serum and FHDifferent fractures
were collected to analyze the FH and SE:Timepoints were between the fracture event and surgical
intervention. Antibodies were sent in for routineclinical diagnostics. DNA was isolated and bands
were described as they appeaed on the agarose gel with the content retrieved from gel extraction.

Serum (SE) or|time  point dsDNA |dsNucleosome|levels of

hematoma  |fracture antibody|antibody CD21- B cells|isoDNA

(FH) [hours/days] |fracture location [u/ml]  [[u/ml] %] [ng/ul] |band size [bp]

SEHG820-12 [24-48h femur neck 3,9 6,8 22,85 4,8 200 (clear single)

FHHG820-12  [24-48h femurneck 3,4 2,2 30,35 25,2 10000 (clear single)

SEANASS 4 days proximal humerus 7.3 9,5 n/a 0,8 none

FH ANASS5 4 days proximal humerus 23 0,2 n/a 199,4 10000-200 (clear bands at 600,400,200, smear)
SEANAS3 24h proximal tibia 3,8 5 7,35 0,5 none

FHANAS3 24h proximal tibia 39 4,6 71,03 7,1 10000, 600,400,200 (slight smear)
SEANA33 72h femur neck 5,9 7.4 19,56 1,2 none

FHANA33 72h femur neck 8,7 6,7 59,67 3,8 10000, 600,400,200 (slight smear)
FHHG825-02  [24h fernur neck 3,60 nfa n/a 0,5 none

SEANA18 24h proximal humerus 3,1 9,6 n/a 2,4 10000 / above ladder / "dirt"?
SEANA2S 48h proximal ulna 98 184,3 nfa 0,9 none

FHANA25 48h proximal ulna 0 0,8 n/a 162,2 10000-200 (smear]

SEANA28 4 days proximal humerus 3,4 2,4 19,41 2,2 200

FHANA28 4 days proximal humerus 4,5 2,5 59,48 128,6 10000, 800, 600,400,200 (smear)

4.18 TLR9 can respond to fracture hematomasupernatant

In order to test the feasibility of TLR9 activation by FH,HEK Blue cdls
overexpressing TLR9 werestimulated 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 increaseat 10 and 24 h,
but then plateaued (Fig. 4.21 A) Synthetic oligonucleotide (ODN) 2006 was the

most potent stimulus on TLR9, asreported by the company.

FH samples (1:2, 110, undiluted), prepared with different methods

(homogenization using gentleMACS, centrifugation for serumadalection, and native

concentration), were tested in the HEK Blue detection assay. However, direct

measurementof TLR9 induction by FH was hindered by strong background signals
Even controls such as FHwithout HEK cells (Fig. 4.21 B, dark red) showed
background signals that were strongerthan the positive controls. The hemolytic

state of native and undiluted FH most likely affected the absorbance

measurements and led to unreliable resultsin 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 setup had to be adapted.
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Figure 4.21 TLR9 HEKBIue cells responded diluted FHwith strong background signalHEK Blue

cells incubated with the positive control ODN 2006 showedthe highest activation after 24 h (A). FH
induced TLR9 in HEKBIue cells, but strong background from the hemolytic sample caused false
positives (B, solid FH, dark red).

Despite the limitations of the HEK Bue cell assay, a sample dilution strategy was
tested to reduce the influence of hemolytic components and improve thesignakto-
background ratio. Erylysis of FH samples, a standard procedure in blood sample
processing was not feasible because the buffer @annot be subsequently remowed
from the sample and is cytotoxic to cells afterprolonged 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 remainedstrong (Fig.4.22 A, p=0.0164)A 1:2 dilution of
FH gave a clear TLR9 signal with a good signato-background ratio (Fig. 4.22 A,
p50.0001).A further dilutionof FH samples t01:10 yielded themost reliable results,
with minimal background and a clear separation between the sample andcontrol
signals (Fig.4.22 A, pb0.0001).Background signals were systematically subtracted
in the following experiments.Heat treatment of FH was also testedbut was found
to be unreliable due to the high background compared to diluted FHand 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 /n vitroblood clots did not induce TLR9 signaling in
HEKBIue cells, highlighting the unique properties of FHAdditionally, homogenized
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and centrifuged coagulated blood also showed no induction of TLR9 signalingin
the HEK Blue assay(Fig.4.22 B).
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Figure 4.22 FH dilution reduces background; blood control does not induce TLR9he background
of undiluted FH was high and completely blocked a true positive signal (A). Diluting FH showed
background reduction anda significant difference tothe control (A). Blood clots did not induce TLR9
cells (B). Statistical analysis was performed wh a 2-way ANOVA, n=3data presented with medians
with a 95 % CI.

After establishing an optimized protocol for the FH dilution, HEKDual hTLR9 cells
(new name HEK:Blue-Lucia) were used to assess TLR9 activation more precisely.
These cells stably express TR9 and two inducible reporter genes, SEAP (N¥kB)
and LuciaLuciferase (I8 promoter), allowing dual pathway (NFa . } -0)t
monitoring. Thecontrol cell line HEKNull (containing the inducible reporter genes,
but hTLR9 knockout) served as a control to monibr 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 activationby FH (Fig.4.23, p=0.0072).These

results demonstratethat FH-derived DNA can activate TLRSignaling.
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Figure 4.23 Indirect reporter cell line HEKDual was more suitable for analysis and confirmed FH
induction of TLR9Different FH induced TLR9 compared to HEK Null cells. Statistical analysis was
performed with an unpaired t-test, n=3-9, data presentedwith medians with a 95 % CI.

4.19 Chloroquine blocks TLR9activation /n vitro

Since the soluble composition of FH remains characteized incompletely,
components other than DNA may also influence the HEKDual 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, p0.0001).

Exposing HEKDual cells to FH for 24 h resulted in significant TLR9 signaling
activation, which was also blocked by chloroquine treatment prior to expsure (Fig.
4.24 B, p60.0001). Serum from fracture patients also induced TLR9 signaling, which
was significantly inhibited by chloroquine pretreatment (Fig. 4.24 D, p=0.0002).
This further strengthens the point that FH and serum from trauma patients contai

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 thathie innate
immune receptor TLR9 is activated by seHDNA released upon injury. HEKDual
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 Fi-derived cfDNA in
immune cell activation. Especially since TLR9 is present almost exclusively iB

cells.

Chloroquine blocks TLR9 signalling induced by FH
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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)I'o see
the effectofad § ANT | § U EAT 1 U¢ eetisgshoged § sigBal that was dlsw Blocked by
chloroquine (C). BM plasma from fracture patiens seemed to induce TLR9 but ould 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=241, data presentedwith medians with a 95 % CI.
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4.20 FH exposureleads to CD21 shedding in PBMC culture

Intracellularg 7 AT ¢ T ¢ D& £w[a T¢ . NUOAAg 1 Ag | ¢g)] N
to culture PBMCs with FH. Therefore, the observed decrease of membranbound

CD21 and its sheddng in patients (Chapter 4.14) was reevaluated /1 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 /n vitro cultures.

Previous results (Chapter 4.14) have already shown a decrease of CD21 on PBMCs
exposed to FHsupernatant Therefore, it was important to determine whether CD21
shedding also occurs upon FHsupernatant exposure. To further explore possible
triggers, PBMC culures 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 sheddirg on B cells in a similar way to FH.
The control group showed the expected increase in the CD2%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, ad HMGBL1 led to highly
variable CD21 values, ranging from 86 to 20 % CD21-/low B cells at 48 and 72h
but were not significantly different from controls(p=0.9431,30.9999).
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Figure 4.25 PBMCs exposed to DAMPs present in FH have no effect on CD2A small sample size
experiment with prominent FH associated DAMPs ODN, C3d and HMGB1showed no effect on
CD21 between groupsor compared to control after 48 and 72h. Statistical analysis was performed
with a 2-way ANOVA, n=45, data presented with mediars with a 95 % CI.

All observations and /n vitro experiments showed a decrease of CD21 on the cell
surface of B cells. This wa 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 compositionor donor-specific immune

experience.

PBMCs from healthy donorswere then exposedto FH supernatant /n 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 HMGBJ resulted inno increasedshedding
at 48 h compared to the untreated control (Fig. 4.26 B, p=0.6596. Attempts to
further quantify this by gPCR were unsuccessfulas CD21 is a rather largegene and
it was not possible to design a primer that was successful in gPCR (data not

shown).
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As CD21 shedding appears to be a regulated process mediate by several factors,

it was interesting b see if shedding was associated with other B cell responses,

such as proliferation or antibodyproduction.
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Figure4.26 CD21 shedding can be induced/n vitroPBMCs exposed to FH and DAMPs showedhat
shedding was inducible /n vitro upon exposure with FH (A). Using mixtures of DAMPs on PBMGs
the synthetic ODN 2006 showedthe highest shedding with 206400 pg/ml. ODN, HMGB1 and C3d
showed almost no shedding inthe 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 presentedwith medians with a 95 % ClI.

4.21 B cells proliferate upon DNA exposure/n vitro

To determine whether specific DAMPs, their combinations or FH can induce Bcell

proliferation /n 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 provices only very preliminary results. Stimulation with FH
(Fig. 4.27 B) or C3d and HMGBL1 (Fig. 4.27 C)id not induce B cell proliferation but

led to a downregulation of CD21on 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 alsoled to B-cell proliferation, but the majority of cells remaired
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 sSCD21 measured in
their supernatant by ELISA (Chapter 4.20)Taken together, these findings suggest
that certain DAMPs, especially in combination, can induceproliferation of B cells,

but differentially regulate CD21 presentation on their surface.
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Figure4.27 Proliferation of B cells in culture upon ODN, C3d and HMGBL1 stimulu® 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 proiferation (C). ODN/HMGB1 alone showed CD2%¥low B cells and
little proliferation activity (D). A combination of ODN, C3d and HMGBL led to increasd 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 selfantigens 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 antinuclear antibody (ANA)
family, which includes several different antibodiesand is used in the diagnosis of
autoimmunity and RA.Only recent research has suggested the production of ANAs
during trauma but with inconclusive resilts (ECKARDT et al, 2024). In line with this,
two types of autoantibodies, againstdsDNA and nucleosome, were measured in
the cell culture supernatant of PBMCs exposed to FHFig. 4.28 AB). AntrdsDNA
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 byECKARDTet 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, 1gG and ANA levels to further investigate their

potential role in trauma-induced immune supernatant.
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Figure4.28 ANA in PBMC culture after FH exposureB cells exposed to FH might respond with anti
dsDNA production /n vitro compared to control (A) and might not produce antinucleosome
antibodies (B). The sample size was too small to draw final conalsions from this experiment.
Statistical analysis was performed witha paired t-test (A) and Wilcoxon test (B), n=58, data
presented with medians with a 95 % CI.

4.23 Total levels of IgM antibodies after 48h post-fracture

After the detection of anti-dsDNA antbodies /n 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 e&er 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 oftotal 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. Mears are displayed.
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4.24 Fracture patients have varyig 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 variabilityof autoantibody response in trauma
patients. Previous clinical case reports and small cohort studieshave indicated a
link between physical trauma and thedevelopment of RA BRAWER& GOEL, 2016;
JULKUNEN et al., 1974).To investigate this further, grum and FH samples from
patients were analyzed foranti-dsDNA and antinucleosome (both detect cfDNA),
as well as IgA and IgM rheumatoid factorlevels (RF, which bindto DNA-bound
immunocomplexes) in the routine diagnostic of the Charité (Labor Berlin).This
analysis showed inconclusive results.No significant differences in IgA RFwere
found between serum or FH from patients and control serum from healthy
individuals (Fig. 4.30 A, p=0.8192, 0.0853, 0.1737Although IgM RFlevels did not
differ significantly in the serum from healthy subjects and fracture patients (Fig.
4.30B, 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 inlgG antrdsDNA
antibodies locally at fracture sites (mean: 3.132 u/ml) compared to serum from
fracture patients(mean: 6.881 u/ml, p50.0001)and healthy controls (p50.0001, Fig.
4.30 O). Therewas also a difference betweenthe healthy control serum andthe
a9 ANT | §U E AFig.4B6 T, p=¥0.04p4) irjally, afi-nucleosome antibody
levels showed significant differerces 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 resultsigA RF showed no
differences between groups (A). IgM RF in fracture serum antealthy control serum showed higher
levels compared to FH (B). IgG antidsDNA showed differences between all groups FH had
significantly lower levels of anttdsDNA Ab than fracture and control serum (C).The same
observation was made for antinucleosome antibodies were FH levels were also lower than fracture
serum. No healthy control serum was available for the antnucleosome antibody levels. (D, paired
t-test). Statistical analysis was performed witha 2-way ANOVA, if not stated otherwise, n=182,
and data presented with medians with a 95 % CI.

The distribution of antibodies in serum and FHwas highly variable between
patients, which is consistent with a previous report byECKARDT et al. and indicates
patient-specific heterogeneity. This variability mayalso 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. AntidsDNA antibodies showed equal
concentrations in serum and FH about 34 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. 4.3: 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. Thisis only possible to a very limited
extent in human patients and in animal experiments. Advanced humanin vitro

models or organ-on-a-chip systems could help to fill this gap
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Figure 4.31 Time dependent antibody distribution in serum and FHTo 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. AnttdsDNA (A) showed an interesting overlapof 3-4 days post-fracture,
where most serum and FH levels in injured patients seem to be equally levelegwhile this was not
the case for IgA and IgM RF (BC). No statistics were performed.

4.25 Development of a BM chip for /i 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. Orgaron-a-chip technologies based on patientderived
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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 sufficientsample 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 BMNCSs). In this

BM and bone chip system, B cells, T cells and monocyteswere measured over

time using flow cytometry. B cells first decreased after 21 day (Fig. 4.32 A

p=0.0006) and then ircreased on day 28 (p=0.0016) and day 42 (p=0.0014)

compared to dO. The relative frequencyranged from 1.5% at d21 to 2.5 % d42.

T cells did not change from dOto 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 daysHig.

4.32C, p=0.2917, 0.1029, 0.6459).

After 42 days in culture, extracellular matrix deposition (ECM) waobserved under
light microscopy (Fig. 4.32 D). It was stained for collagen Ill 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. Moleculeghat are important for chemotaxis
such as CXCL5, CX3CLICCL7,and CCL20 were elevated compared tothe control
media, while EGF and PDGFB were decreased over timeHig. 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 culturewithout BMNC, seeded onto the 3D
tissue chip (Fig.4.32 F). An OD of 0.4 correponded with 1.5x1¢ 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 systencan serve as a
foundation for advanced research, in exploring the interactions between bone,

bone marrow and any givendisruption.
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Figure 4.32 BM chip develops extracellular matrix and maintains immune cdbk Immune cells were

maintained over 42 days: B cellsincreased slightly over time (A), while T cell levels remained stable
exceptfordd2(BYMD¢ DNF T Ug x1 xéof x1 &80 DLUg 7T1CU h/
and OBs which produced ECM (A) wih bone-specific reticular connective tissue (B) on day 28 as

well as collagen Il (B).A cytokine array of various soluble markers showeda decrease of factors
such as BDNFand 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 1x10 dead cells (F).Statistical analysis was performed
with a 2-way ANOVA, n=14, and data presented with medians with a 95 % Cl, 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 systemfor 28
days (Fig. 4.33 AB). 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 /n vivo, could be reproduced /n vitro (Fig. 4.33 C). Unexposed
control tissue showedintact f-actin and cells (DAPI staining)which were destroyed
in the exposed treatment group. This cytotoxic effect was confirmed with an LDH
measurement, whichshowed anincrease over 21 day (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 o cobalt

and chromium in exposed culture, nearthe bone (calcium, Fig.4.33 C).
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Figure 4.33 Chromium and Cobalt exposure reproduces tissue destructioni? 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 metalincorporation in bone
tissue in vitro, as seen in patients undergoing hip implant revision surgery (C, allimages 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 ofmetal 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 frature 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 musculoskeletalfield 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 1 and thus its effectivenesst 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 regardingtheir 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 andthe donor blood.

Basic immune profiling showed a significant enrichment of leukocytes in all
products (ACP: p=0.0030; Angel p0.0001; nSTRIDE APS: p=0.0266) compared to
donor blood (Fig.4.34 A). In all but one product, the rise in leukocyte levels as
associated with a reduction in the relative number of granulocytes compared to
donor blood (NGr+) (donor blood: 62.3 % ACP: 8.2% pJ0.0001; Angel: 8.5 %
p30.0001; nSTRIDE APS: 39.6 %, p = 0.016@Rig. 4.34 B). Neutrophils were
decreased compared to donor blood (Fig.4.34 C, p=0.0030,00.0001, 0.0094) in all
EgDx]) NTge L¢ NDETgAgT o CDEDNEFTUg Aded Al CEED
in all PRP products compared to their levels in donor blood Fig. 4.34 D, ACP,
p50.0001; Angel: 0.0001; 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,
p30.9999). Subsets of monocytes showed even further differences between
samples. Nontclassical monocytes were significantly reduced in nSTRIDE APS
compared to donor blood (Fig. 4.34 F, p=0.0054) and the othe products (ACP,
p30.9999; Angel, 30.9999). 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 (§0.9999), 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, [10.9999; Angel, p=0.2390). No significant differences were
observed in the relative proportions@& / 5 4B/ 5 &@LFight.341,{z30.0089 h
30.9999,30.9999). CD19+ B cells were not significantly differenin PRP products
compared to blood (Fig.4.34 J, p=0.1062, 0.928430.9999). Further analyses of the
CDA4+ subpopulation showed no differences between groups (Fig. 4.34 K, ACP
p=0.1062;30.9999 for Angel, p=0.6831 for nSTRIDE APS). But 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,
30.9999,30.9999).The ratio between donor blood was differentfrom nSTRIDE APS
(Fig.4.34 N, p=0.0685) and ACP (p=0.0266) but nofrom Angel (p=0.6831).
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Figure4.34 PRP productsreassemble donor heterogeneityl eukocytes 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 cmpared to Angel. CD16hineutrophils 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. Nonrclassical monocytes showed no difference to blood for ACP and Angel (F) but a
difference to nSTRIDE which showed decreased levels for nonclassical monocytes. Classich
monocytes were decreased in APS and Angel corpared to blood (G) but showed levels equal to
¢C{EwL590 LETUGCUxT AT U CDE¢DNITUg 1 0g0 CDagU ADP] ¢ xAC¢T
blood, APS and Angel. NK cells did not show any product related diffeneces 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 celk differed between samples (L). CD8+ TEMRA levels showed no difference between
samples (M), as well as the ratio of M4/CD8, except for blood compared to ACP and blood and
NnSTRIDE (N). Statistical analysis was performed witla 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 I-n U p12p70

and IL-13 were below the quantitation limit.
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Figure 4.35 Cytokine levels in PRP products only differed in nSTRIDE ifTNFi A é x{i ARB C

product nSTRIDE showed elevated levels offNFU

A ¢ x{ conip&ed to donor blood (A-B). All

other measured cytokines I1-2, -4, , IL-6, IL-8, I-10, IL.-12p70, IL-13, IL-h Ghowed no differences
between blood and final PRP product (C-J). Statistical analyss was performed with the Friedman
test, n=12, data presented with mediars with a 95 % CI.

Concentrations of FN-U b

£ o @,ULF6, 1L-8, IL-4, and I1L-10 were detectable in

all samples. The median concentration of FN-G T ¢ T éU t wt E

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). TNFU NDEé¢ NU¢E¢T § AT
significantly higher in nSTRIDE APS comparetb both donor bloods, but notin ACP

and Angel (Fig.4.35 B, p=0.026630.9999,30.9999). These effects were also tested
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on a chondrocyte pellet culture with their proliferation capacity influenced by TNF

U AENO A £67 g xATA 1§ Eta/fhetestd werepetfarmed hyU C A ¢ ¢
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, 30.999930.9999). IL-4 showed no difference between products and

donor blood (Fig. 4.35 D, p30.9999, 30.9999, 30.9999). For all other measured
cytokines IL-6, IL-8, IL-10, I1L-12p70, I-13,ILA U 7T 60§ U [ Ag ¢éD g1 eeéi
observed (Fig.4.35 EJ).
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5 Discussion

5.1 PLXPAD can improve muscle regeneration

Immune cells play an important role in tissue regenerationand cell therapy is an
advanced way to improve recovery after trauma. PLXPAD cells havebeen shown
to be a promising candidate to support nuscle regeneration by modulating injury

related immune responses

5.1.1 Activated PBMCs can negatively influence healthy HSMM and can be
rescued by PLXPAD /n vitro

To assess the potential mode of action of PLXPAD cells on muscle regeneration,
HSMM from young healthy donors were exposed to conditioned media (CM) from
PLXPAD (PLXCM). PLXCM enhanced the migration of HSMM from healthy
subjects /n vitro but had no effect on their differentiation capacity. These findings
confirmed earlier research showing enhancedmigration 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(KULESzAéet al., 2016;SANDONA et al.,, 2021)
Like BM-MSCs, PLXPAD cells can secrete a range of growtHactors, such as IGF,
VEGF,and SDF1. These growth factors can stimulate tissue cell function and other

biological processes to supportthe healing process.

In contrast to earlier findings, which showed diminished differentiation of murine
myoblasts in indirect co-cultures with BM-MSC (QAz! et al., 2015), this study found
no reduction in the differentiation and fusion of HSMM into myofibers when
exposed to PLXCM. These divergent findings may be explained by nterspecies
differences or variations in thebasal secretome between BMMSCs and PLXPAD
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 ther cellular function.

Tissue regeneration is always accompanied by inflammationQAzi et al, 2017)
which is a primary driver of the early initiation of the healing cascade Therefore,
the experimentalapproach 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 positiveindicator, excessive myoblast proliferationin vivo
is associated with necrosis and fibrosigREINKE et &/, 2013; Tu & Li, 2023)CM from
activated PBMCs also reducedthe differentiation and migration of HSMMs Eig.
4.3). Trese findings highlightthe 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 onendogenous regenerative
processes hasalready been shown in other musculoskeletal tissues(HOWARD et
al, 2020) For example, cytokinemediated inflammation inhibited cartilage
formation in human 3D chondrocyte culures (NIEMANN et al, 2023) Osteogenic
differentiation of rat BM-MSCs was arrested under inflammatory/n 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 a/., 2013; SCHMIDT-BLEEK
etal, 2012)

Further experiments in this work revealed that PLXPAD 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 modulatethe T cell and macrophage
function (CARTYet al, 2017;MULLERet al,, 2021;VASANDANe al,, 2016) Non-human
animal studies have reported a positive effect of PLXPAD injection into skeletal
muscle (PRATHER et al, 2009) PLXPAD cells have been shown to block the
production of pro-inflammatory cytokines like 11-:6 (BARKAMA et al, 2020) and
enhance migration while blocking excessiveHSMM proliferation (ZAHAVFGOLDSTEIN
et al,, 2017)

Overall, PLXPAD cells were found to be safe on HSMM and can support the
resolution of acute inflammation. However, experimentaldesign described in this
work has certain limitations: 1) Contrary to direct co-cultures of PBMC and PLX
cells, HSMM and PLXPAD had no celtto-cell contact and did not interact directly
in the chosen setup. To further investigate the direct effects of PLXPAD 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 ofthe elderly HIPGEN study cohort.
These commercially available cells are not affected by comorimities 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.

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 patienderived

primary HSMM. Less than 0.5g of tissue was obtained to minimize additional
damage to the alreadyinjured muscle. This small amount of tissue posed a major

challenge for the succesdul isolation and cultivation of HSMM.

A further issue was the separation of HSMM from myofibroblasts. Myofibroblasts
proliferate at higher rates andcompete with HSMM for nutrients, leading toreduced
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 successfulHSMM and

myofibroblast separation (HALL et al., 2020).

A significant heterogeneity was obseved 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 agerelated changes or
trauma exposure. It remains unclearhow 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 /i vitro aging and induce
cellular senescence(GEISSLERet al,, 2012) To partially preventthis, human platelet
lysate (hPL) was usedinstead of FCS asthe media supplement. HPL is a promising
xeno-free alternative for the expansion of various cells (BURNOUF et al, 2016;
OELLERet al, 2021;WARNKEet al., 2013) Although its composition is not completely
defined (as is the case for FCS), it exhibits less LOTo-LOT variationthan FCS

(BURNOUF et al., 2016; SCHALLMOSERet al,, 2009) Additionally, hPL avoids ethical
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concerns associated with FCS productionand eliminates the risk of inauthentic

growth factor stimulation (SCHALLMOSERef? al., 2007)

Human skeletal muscle myoblast (HSMM) successfully isolated and expanded
from HIPGEN patients were exposed to preinflammatory stimuli from PBMCs and
regular differentiation media. In contrast to HSMM from young donors, whictdid
not respond to PLX-CM in the absence of activated PBMCs, HSMM from elderly
patients exhibited enhanced differentiation in control conditions with PLXCM. 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 envronment might have conditionedthe HSMM to this milieu,
rendering them more responsive to PLXCM stimulation /n vitro compared to the
cells from young and healthy donors. However, the ageelated physiological
difference between the two donor groups, partcularly their frailty status, must also
be considered. Even under homeostatic conditions, muscle tissuefrom 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 preinflammatory
conditions. This limitation could be partially alleviated by PLXCM derived from co-
cultures of activated PBMCs and PLX-PAD, highlighting the potential of PLXPAD
to improve muscle regeneration in older patients However, experiments with cells
from the older HIPGEN cohortrevealed significant donordependent variability.
These differences can be explained by sveral factors including longer expansion
time after isolation and /n vitro aging effects (Geissler et al, 2012), or LOT-to-LOT
variation in the PLXPAD products Even in healthy HSMM cultures, significant
differences in efficacy were observed between diferent PLXPAD lots. Future
studies should investigate the sources of variability in more detailand HSMM-
based assayscould be integrated into a routine quality assessmentfor PLXPAD

batches.

Using primary HSMM from older patientsbetter 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, agerelated 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 signifcantly enhanced HSMM differentiation,
particularly from HIPGEN patients, through their immunomodulatory properties.
The ability of PLXPAD to suppress inflammatory responses of activated immune
cells has been extensively described by colleague{MALEITzKEe! al., 2022; PAPAIT
et al., 2020) This work gave important insight into the potential mechanism of PLX
PAD cell therapy. Results from/n vitro experiments support the findings of the
Phase I/lla and Phase Il HIPGEN studies, which demonstrated increasechuscle
volume and strength, while reduced fatty tissue was observed in patients treated
with PLX-PAD (ALVES et al,, 2022) This underscores the potential of PLXPAD as a

promising therapeutic option for muscular regeneration in older patients.

Despite reproducing results from Phase I/lla, the HIPGEN studyid not meet its
primary clinical endpoint. The short physical performance battery (SPPB) was
chosen as an endpointeven though it was not used in the phase /1l study. SPPB
evaluates the physical fithess of elderly patients but there was no pre-operative
determination of SPPB possible. This hinders groupcomparisons before and after
intervention. Overall the /n vitroand clinical data showed a clear enhancement of
muscle regeneration mediated by PLXPAD, 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 distinguistbetween specific immune cell subset
with upregulated activation markers and immune cells that have migratedfrom 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 requiredto fully characterize immune cell populations.

The presented workprovides 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 typesand 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 taddress the hypothesis
that FH formation is an active processthat 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 rangef 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 Bitb-
blood ratio of leukocytes differed between the trauma and control groug. This
difference suggests a genuine effect in fracture patients rather than solely patient
heterogeneity or inherent variations between bloodand BM.

When examining leukocytes FH is more similar to BM than blood. Only 518 % of
cells in FH express the CD45+ markeg indicating adistinct lymphocyte profile. This
aligns with literature findings, which describeimmune cells arriing at the fracture
site in waves (ONO & TAKAYANAGJ 2017; SCHMIDT-BLEEK et al., 2012) It is important

to understand that the local envirorment differs significantly from peripheral blood,

112



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 earlyfracture
healing is an active and dynamic process. This needs to be considered when
developing a therapeutic intervention to prevent delayed healing.

Neutrophils are known to arrive first at the fracture sitein animal experimerts
(ScHMIDT-BLEEKet al, 2012) In human FH, reutrophils exhibited a distribution more
closely resembling that of blood than BM §ig. 4.9). This observation raises critical
guestions about the origin and activation status of these cells. Are these neutrdpls
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/n 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 developmentin 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, helpto recruit monocytes, and most importantly release fibronectin.
This promotes an anttinflammatory 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 kg 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 FHHTheyshow the fine-
tuned response of the immune system to injury avoiding excessive damage but

clearing the affected area.
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All known subsets of monocytes were detected in FH and BM Fig. 4.11). Yet,
precisely distinguishing them in these tissues remains challengg. BM hosts
monocytes at various stages of maturation, exerting a gradual marker expression
and differing in size, and granularity, thus complicating their identificatiothrough
flow cytometry. Each monocyte subset has a distinct function to either cleathe

fracture site, give antiinflammatory signals, or secrete preinflammatory cytokines.

Monocytes are precursors of boneresorbing osteoclasts(ONO & NAKASHIMA 2018;
QUINN et al, 1998), which are essential for bone remodeling (VuoT! et al, 2023,
WEIVODA& BRADLEY 2023) after callus formation. Classical monocyteswere 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
after hospitaladmission. This ensures that FH and BM samples are collectedithin
a tightly defined timeframe. In contrast, other countries do not adhere to such
stringent scheduling, resulting in samples taken at varying intervals poshjury
(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 canshift non-classicalmonocytes toward
pro-inflammatory TNFUL secreting monocytes (Baéhl et al, 2016) and facilitate
fracture debris clearance (LAFUENTEGRACIA 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 fromdcal

neutrophils (KAPELLOSet 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 microenvironmens remains unclear. For instance,/n vitro
experiments using monocytes from diabetes patients revealed an altered

secretome, which may reflect the mpaired healing process observed in these

patients (LINNEMANN et @/, 2021 £é U g7 | xI x1 x¢é¢®T x1 g

and cannot answer whether inherent differences in total monocyte or their
composition are the reason for the altered secretome in tle diabetic group.
Consequently, the precise role of individual monocyte subsetsin fracture healing
requires more controlled investigations, as this descriptive approach cannot resolve
their functional complexities. Future studies should employbroader marker panels
to accurately distinguish monocyte subsets, beyond the basic CD14/CD16
classification used here.

NK cells were another cell typeanalyzed in this study and showed elevated le\els
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 (CALIGIUR] 2008). CD56hi NK cells release higher levels of cytokines and
contribute to inflammation and the recruitment of adaptive immune cells(CRINIER
etal., 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 frequentlyfound in lymphoid organs rather than in
peripheral blood (YANG et al, 2019) CD56low NK cells produce less pre
inflammatory cytokine INFU (CooPER et al, 2001), which may explain the reduced
levels of CD56 hi NK cells in FHFFig.4.11 F). In a highly inflamed microenvironment
additional INFO 1 g ¢ DT . Tiéetefdre] §li§ celfs Ishift their profile to a more

immunoregulatory phenotype as described inthe literature (HAUSER et al,, 1997)

Most research on fracturerelated inflammation focuses on major leukocyte
subsets such asneutrophils, monocytes, T and B cells. Many significant functional
differences arise in subsetsof 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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No significant differences were obsewred in the levels oftotal 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 immuneell
imbalances, such as in patients with HIV, burn injurieRI0JA et al, 1993) and
COVID19 (DEZuaNietal,2022)L ¢ Té1 g g7 ) xIog 4gANT | g0 NDeé
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 furtherinvestigation.

While there was no significant difference in total CD3+ T celllevels, their subsets
exhibited significant differences intheir distribution (Fig.4.13). The widely accepted
gating strategy in flow cytometry, using CB5RA and CCR7(D'AsARo et al.,, 2006;
REINKE et al, 2013;SALLusTOEet al, 2004)divides T cells into effector memory (EM),
central memory (CM), naive and terminally differentiated memory T cell (TEMRA).

All these subsets were measured across BM, FH and blod.

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 differento 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 subsetyRAPHAEL ef
al, 2020) However, their role in sterile inflammation or traumaremains largely

unexplored.

Compared to blood, BM contained higher frequencies ofCD8+ 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 theinjured and control group indicate
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that only CD4+ CM levels were significantly affected by the injury. This result

suggeststhat the T cell memory population in BM also reacts to trauma.

Memory T cells in the BM haveattracted researchinterest over the past 10to 15
years. Studies have shown that human BM serves as a resting siteand 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 regularlyin the BM (BALIU-PIQUE et al, 2018; DERKSEN et al, 2023;
KUNzLI& MAasopPusT, 2023). Thisoffersthe possibility that the BM may also form part

of the FH. However, it remains unclear whether memory T cells are activated and
gUNg) T7TUx &gDC 760 .a Dg Eél gi NAAALF x1

mechanical forces

FH harbors all T cell subsets observed in blood and BM. Naive T cells were equally
distributed across BM, FH, and blood Fig. 4.13 D), as well as CD4+ CMT cells.
This supports the claim that FH is neitheridentical 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.Té 1 ¢ xDUg ¢ T
the observation that FH is a disinct tissue. EM T cells are known to arrive early in
the fracture site and release specific cytokines for immune cell recruitmente.g.
INF-G b €1 b @& ¢-Z primérilyin non-human animal studies (BuCHER et al., 2022;

EL KHASSAWNAet 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 nonunion and delayed healing in long bones and
mandibular fractures if not regulated by regulatory T cell§REINKEet a/., 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 timirg 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 havéad 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 areabove 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 control@REINKE
et al, 2013) These results demonstrate thatFH contains all the described T cell
subsets. While T cells play a crucial role in regenerative processeboth their local
guantity and activation status matter. This activation must be carefully regulated to
avoid excessive inflammation leading to impaied healing. TheT-cell role must be
tightly controlled to effectively contribute to fracture healing(SCHLUNDT et a/,, 2019)

PD-1 is a T cell activation marker and was significantly higher in FHand BM
compared to blood in both CD4+ and CD8+ T cells Fig.4.13 B&J). The origin of
this PD-1+ T cel population remains unclear. It could result from a local activation
recruitment from the periphery, orthe proliferation of specific T cellin response to
inflammatory stimuli. The literature suggests that PD1 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 onvariouscells to counteract T cell activation. Notably,
cancer cells express PDL1 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 PDL1 (CHEN et al, 2024;
DAVIES et al,, 2017;DEzUTTERDAMBUYANT et al,, 2016) This mechanism could play
arole in the interaction between PLXPAD cells and activated PBMCs (as described
in chapter 5.1.1). In this context, PLXPAD 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 suggess that it may have an important function beyond of cancer
immunity (PATSoOuKIs et al, 2020) The PD1/PD-L1 signaling axis represents a

promising pathway for improving fracture healingthat requires further investigation.
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Especially in regard to MSC(-like) cells such as PLXPAD that expressand release

PD-L1 (NORGREN et al, 2024) Understanding the local immune environment,
includingPDh @g g DAUob RND)] Ax EGDLT xU NaunderlyifgAA T ¢ g1
cell-based therapies, thereby enhancing their trerapeutic potential for healing.

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 thatBM-derived cells are a component of the
FH, futher supporting the idea that the FH is not merely coagulated blood.

Naive B cells were less abundant inthe BM compared to FH and blood, whichis
consistent with their typical migratory behavior. Mature but naive B cellsprimarily
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& KUPPERS 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.

As the central organ for hematopoiesis and immune regulation, BM play an
important role in researchon the pathogenesis of blood-cell disorders and cancer.
Although extensive studies have characterized murine BMSTumPF et al., 2020),
dedicated investigationsof human BM remain imited. 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; OKHRIMENKOet al.,, 2014) BM remains primarilyfocused on hematology and
immunology, while its role in orthopedic or traumarelated contexts is
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underexplored. This isparticularly striking given that orthopedic surgeons routinely

encounter BM in fracturestreatment and total-joint arthroplasty.

The findings presentedin this thesis suggest that the immunological niche of FH
cannot be described merely as blood or BM. Instead, FHrepresents 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 BMsamples
from a narrow subset of patients many of whom have a disease-altered BM
characteristic. Data suggest that BM respondslynamically to surgery and to the
presence of exogenous materials such as metal implant§SCHOON et a/., 2020) BM
is highly responsive to trauma as well. Long bone fractures create alefect gap that
fills with hematoma L 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 providesthe 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 suggesthat immune cells arrive in distinct waves and that hypoxia
in the fracture gap plays an important role in mediating angiogenesisduring bone

healing (DuDA et al, 2023; SUN et al, 2017) A deeper understanding of the
regenerative processeswithin the FH could support the development of targeted
therapies for patients suffering from delayed healing or norunion (WILDEMANN &f
al., 2021)

Much focus has been paced on the biomechanics of FH and how collagen guides
bone repair (BRAUEREe! al., 2024; TORTORICIeT al,, 2021) The nature of FH remains
controversial. Some studies describeFH as coagulated blood (PFEIFFENBERGERE!
al., 2021), while others consider it to consist ofresidual BM-derived cells that have
extravasated into the fracture gap(FoTi et al, 2021) The data presented in this
thesis (Fig.4.11B, 4.12A-B, 4.13 E) suggest that the FH isn fact a combination of
both tissues. Differences inimmune cell subsets within FH could be explained by
upregulation of activation markers orselective recruitment to the fracture site Hoff
et al. published the first comprehensive analysiscomparing major immune cell
populations in FH and to BM (HOFF et al, 2016) The results of this thesisare
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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 abundantin the early stage
of hematoma development (Fig.4.15A). Unlike other tissueresident immune cells,
FH-associated immune cells onlyappear in the context of injury.

Longitudinal studies of monotraumatic injuries are neededto study the detailed
immune cell interactions and dynamics within the fracture gap Conducting such
studies ischallenging since FHis transientand 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, oranatomical
location. The volatility of the FH as a tissue complicates its classification.
Experimentally,labeling of human cells prior to a fracture is not feasibleunder most
circumstances. A potential exception mightbe labeling cells prior to inducing
trauma through surgical intervention, such as corrective osteotomyEven 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 indicatorof trauma-related changes (Fig.4.14). When these
ratios showed significantdifferences betweenthe 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. Tissuederived differences
continue to be studies extensively in immunology. Many new tissueresident
subsets of previously described immune cellshave 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 result$o the
whole population. Identifying common factorsthat 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 seHtolerance while scavenging

self-Ag

5.3.1 CD21 is lost onthe 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 ortheir surface
High levels of CD2%/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 followup blood samples from the same
patients up to 12 weeks postsurgery, when CD21 levels returned to normal Fig.
4.16). This was a surprisingresult because CD21 has not previously been

implicated in fracture healing.

CD21 is a receptor molecule on B cells, which ismuch discussedin the context of
Epstein-Barr virus infection and autoimmunity(SiLvAet al., 2024). While B cells with
low CD21 expression are often memory B cells(THORARINSDOTTIRE! al,, 2016),
some findings in mice indicate that they are anergic/aged B cells called ABCs
(CANCRQ, 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(GJERTSSONet al., 2022,
REINCKE et al, 2020) Despite CD2L/low B cells being extensively studied in
autoimmune diseases, theirexact contribution to progressionof these pathologies
remains unclear. DNA and other autoantigens aresolely discussed as contributos
to autoimmune diseases such as SLE The iterature and current researchhave
shown that CD21 can bind single and doublestranded DNA, as wellas histones
and chromatin structures(AsSoKAN et al,, 2013) A combination of CD21 and DNA is
discussed asa trigger for the development of SLE. CD2%/low B cells were detected
in all fracture patients examined in this study. Interestinglythe 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 gradientmay be the reason for this observation. FH is an acute
situation where all the damaged cells are present and high levels of inflammatia
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.
122



To further examine the effect of trauma on B cells, PBMCs were exposed to FH
supernatant /n vitro (Fig. 4.17), resulting in loss of CD21 on B cells This suggests
specific triggers in FH, such asDNA fragments. After five daysn 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 revesed later
at 72 h. The transient CD21 downregulation in control culture may be attributedto
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 discriminde between apoptosis and necrosis from
T¢u)gle ! EDET Dg1 gfor B geliscso thelr CB2A et gn thg cetie¢ A A
surface are quickly restored when allthe cfDNA is cleared from the area. FH
induces a stable signal on CD2%low B cells and CD21 is not restored over time.
Other factors in FH might lead to this effect since preinflammatory and danger
signalsare present inthe FH supernatant.As shown in the follow-up blood samples
of fracture patients, CD21 is restored weeksafter injury. Thisindicates 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(MATSuUMOTO 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 toinhibition of B cell activation (KOvACSs
et al., 2021) KovAcs et al. proposed that CD21, in combination with BCR, has an
inhibitory effectin humans and can form clusters with CR1 (CD35}o the exclusion
of CD19. CR1, CD21 and BCR/CD19 complex could be a flexible and highly volatile
mechanism to discriminate between selfDNA in trauma and foreign DNA in
disease. Inhibiting CD21 during trauma cou 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 Fasnduced
apoptosis (MoONGINI et al, 2003) Complement cascade product C3d is also
released upon injury by cleavage of C3 andthe main ligand for CD21. C3d can
induce CD21/BCR clustering and showeda release of 1L-6, which is also found in
FH (ReINKEet al,, 2013) BCR and CD21 clustering also seems to inhibit plasmablast
formation and subsequent antibody production (KovAcs et al, 2021; WEN et al.,

2019). Recognizing sefDNA 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 inthe literature, mainly as a sign of B cell

activation (MAsILAMANI et al,, 2003) This could explain CD21 shedding observed in
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available because trauma is not a planned event. Major elective surgeries could
serve as a suitable patient cohort tofurther 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 increasal sCD21 inthe culture supernatant. ODN 2006

in addition to complement peptide C3d and HMBG1, x T x ¢ ®T T ¢ x| NUO
CD21in the culture. However, itinduced proliferation in B cells and even increased
CD21 on B cells Fig. 4.26 and 4.27). This showed how precisl B cells can
respond to DAMPs reacting with either shedding or proliferation upon binding of
CD21 under different conditions. Yet the exactrole of sCD21 in fracture healing

remains unclear.

To explore alternative mechanismsof CD21 loss internalization via fluorescence
microscopy and downregulation via qPCR were tested However, these
approaches were unsuccessful. Intracellular staining of B cells was difficulin vitro
due to the fragile nature of Bcells and their poor tolerance to permeabilization.
Assessing dwnregulation at RNA levelwas also hindered by difficulties in primer

selection, resulting ininconclusive gPCR results.

In conclusion: B cells can respond to fragments of FH via CD21. CD21 is shed upon
a fracture event and can be induced/n vitro. Although the consequence of sCD21
is unknown, i is possible that DNA is cleared via CD21 and removed by
phagocytes. Clearance of DNA can further driveghe anti-inflammatory processes

necessary for successful fracturehealing.

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
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DAMPs (TAKEDA& AKIRA 2015). FHmust 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 sie has previously been described in
cancer patient sera for cancer type detection and treatment monitoring
(CISNEROS- VILLANUEVAet 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 CD35GIEs et al, 2018) This interaction
inhibits CD21 and its subsequent antibody production in RA and SLEWEHR et al.,
2004). During viral infections, B cells undergo affinity maturation and produce highly
specific antibodies. However, upon binding to sefDNA, affinity maturation can be
blocked, leading to the production of natural IgM antibodies against seHDNA
(FEREIDANESFAHANI et al, 2019) This might explain how some aspects of
nNA] TDT CCJ ¢1 7 I N aNlbringdractu biealddiwihiledniaiftaining self
tolerance. DAMPs, such as DNA, must be scavenged from the periphery to prevent
systemic inflammation and initiate regeneration(THURAIRAJAHe! al., 2018; TRULSON
et al., 2023)

If DNA escapes from the trauna 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 mitochadrial DNA (mtDNA), is
released during trauma and plays a role in developing SIRSYE et al,, 2023) Post
surgery, mtDNA levels increased rapidly in the serum of trauma patientéHENRIKSEN
et al, 2020) High levels of cfDNA have been correlated with mortéty rates in
polytrauma patients in the ICU and after major surgerf(GOGENUR et al., 2017) A
correlation between SIRS and mtDNA has also been observe@ZHANG et al,, 2010)
MtDNA can be detected by TLR9 and can escape degrading nuclease@IANTADOS)
2020). Since mtDNA is CpGrich, it binds HMGB1, inducing further release of
HMGBL1 in the periphery by neutrophils and macrophages, which leads to improved
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activation of TLR9 in mice(lvaNov et al, 2007) B cells respond with antibody
production after activaion, and fractures may trigger such responses through DNA
mediated CD21/TLR9 signaling.In this thesis, d 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 autoimmunityGIEs 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 expresseéxclusivelyin 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 eradcate inflammation and initiate
successful healing.For this experiment, TLR9 involvement was addressed using
TLRSoverexpressing HEK cellsDNA isolated from FH supernatant and serum from
fracture patients was able to induce TLR9 /n wifro. The antimalaria 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 TLR&" A b 1e¥
al, 2011) Chloroquine successfully blocked the induction of TLR9 by FH, further
proving the DNA content in FH.

B cells can sense cfDNA via CD21/TLR9 and respondy producing antibodies.
These antibodies include antinuclear antibodies (ANA) such as IgG antdsDNA,
IgG antinucleosome or IgM and IgA rheumatoid factors (RF)In this study, anti-
dsDNA, antinucleosome and IgM and IgA RF were found in fracture patientsKig.
4.30). ANAs play a significant role in the pathogenesis of various autoimmune
disorders such as RA, SLE or multiple sclerosis (MS), andare key components in
the diagnostic of thesediseases. RF andother types of ANA can also be detected
in healthy individuals. It is beleved that about 15 % of the population has ANA in

their blood (GRYGIEL- GORNIAK 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 couns 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 toANA production in response to an injury, such
as a femur neck fracture. Analysis of antidsDNA and antirnucleosome antibodies
in the serum and FH of the patients yielded inconclusive results. Although
detectable levels of these antibodies were found in mary patient samples, similar
levels were also observed in healthy control samples from volunteersHigher
antibody levels were observed in serum compared to their corresponding FH
samples. A similar observation has been reported by another study that shows
systemic antrdsDNA and antinucleosome 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 antrinflammatory environment.
Antibodies are fastacting in the periphery, capturing any cfDNA to prevent
excessive inflammation. Thisalso be the case in FH, whee B cells bind cfDNA
mediated by CD21 and TLR9. To further support this, amilsDNA antibodies were
detected in the culture of PBMCs incubated with FH, whereas control cultures
remained negative (Fig. 4.28). This suggess 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 @timized for tissue culture
supernatant. PBMC caultures 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 /n vitro
(CAPOLUNGHI et al., 2008) This supports the notion that ANAs are produced upon
injury since DNA from FH activates TLR®as discussed inChapters 4.19 and 5.3.2).

All fracture patients showed antinucleosome 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 limitedby the
absence of a suitable control group in the current study. It is unclear whether
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