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Abstract

Abstract

Deutsch: Erkrankungen des Bewegungsapparates gehdren zu den haufigsten Ursachen von
Schmerzen, Immobilitat und Einschrankungen am Arbeitsplatz. Im Rahmen dieser Studie wur-
den altersabhéngige Verénderungen des Immun- und Skelettsystems untersucht, um den Ein-
fluss der gealterten Immunitat auf den Knochen zu bewerten. Bei Patienten mit verztgerter
Frakturheilung ist die Haufigkeit eines Subtyps von T Zellen im Vergleich zu normaler Heilung
erhoht. Es stellt sich die Frage, ob die Erfahrung in der adaptiven Immunitét einen direkten
Einfluss auf den Knochen hat.

Das Skelett- und das Immunsystem wurden bei Mdusen im Alter von 3 bis 24 Monaten analy-
siert. Die Méause wurden in einer SPF Umgebung gealtert, wodurch eine relativ naive Immunitét
aufrechterhalten wurde, oder sie wurden Umweltmikroorganismen exponiert, wodurch das Im-
munsystem eine Erfahrung aufbauen konnte. Die Mduse wurden auf ihren Immunstatus unter-
sucht, welcher dann mit ihrer Knochenstruktur und -kompetenz korreliert wurde. Die Regene-
ration wurde in einem Osteotomiemodell analysiert und der Heilungsverlauf nach 3 und 21
Tagen bewertet. Eine Proteinanalyse wurde durchgefihrt, um die Zytokinmuster zu entschlis-
seln. Zusatzlich wurden MSCs hinsichtlich ihres Differenzierungspotentials und ihrer ECM-
Produktion unter Immunzellsignalen analysiert. Darlber hinaus wurden mehrere immunmodu-
latorische Interventionen getestet, um die beeintrachtigte Heilung unter dem Einfluss einer ge-
alterten/erfahrenen adaptiven Immunitat zu verbessern.

Eine chronologische und biologische Alterung konnte Uber eine Trennung der immunologi-
schen und knochengewebsspezifischen Alterung unterschieden werden. Das Gedachtnis-Kom-
partiment der adaptiven Immunitat war bei Mausen unter exponierter Haltung signifikant er-
hoht. Diese Immunerfahrung fuhrte zu einem signifikant unterschiedlichen Knochenphéanotyp
in Bezug auf Struktur und Belastbarkeit. Der Verlauf der Knochenregeneration war vom Alter
und vom Immunstatus abhangig. Die Heilung war in der Gruppe mit erfahrener adaptiver Im-
munitat beeintrachtigt, und 3 Tage nach der Osteotomie wurden signifikant veranderte Zyto-
kinspiegel beobachtet. Daruber hinaus bildeten die getesteten Interventionen des adaptiven
Transfers von regulatorischen T Zellen oder der Aktivierungshemmung von Immunzellen als
Immunmodulation den Grundstein fur zuklnftige Behandlungsoptionen.

Die adaptive Immunitat wirkt sich direkt auf die Knochenbildung und den Gewebeumbau aus
und fahrt zu strukturellen Unterschieden in der Knochenmaterialorganisation sowie in der me-
chanischen Kompetenz. Dieses Wissen ist flr die Charakterisierung des Heilungsverlaufs von
wesentlicher Bedeutung und bildet die Grundlage flr neuartige Diagnostika und Therapeutika,
die darauf abzielen, die beeintrachtigte Knochenregeneration bei immunologisch anspruchsvol-
len Patienten zu verstehen und zu behandeln. Diese Daten zeigen erstmals, dass die Immuner-
fahrung sowohl in der Diagnostik als auch in der Therapie berticksichtigt werden sollte.



Abstract

English: Musculoskeletal conditions are the leading cause of pain, suffering and disability in
workplaces and have a huge financial burden. Within this study, age-dependent changes in the
immune and skeletal system were investigated in parallel to evaluate the impact of aged im-
munity on bone structures and quality. In patients with delayed fracture healing a subtype of T
cells are at higher abundance compared to normal healing patients. This raises the question of
whether the experience in the adaptive immunity directly influences bone structure and for-
mation.

The skeletal and immune systems were analyzed in mice aged from 3 months to 24 months.
The mice were aged in specific pathogen-free environment thus keeping a relative naive im-
munity or exposed to environmental microorganisms allowing the immune system to establish
memory. The immune status of the mice was examined via flow cytometry, which was then
correlated to their bone structure via microCT and bone competence via biomechanical testing.
Bone regeneration was analyzed in vivo in a mouse osteotomy model, and healing outcome was
evaluated after 3 and 21 days. Protein analysis was done to unravel the diverging cytokine pat-
terns after fracture. In addition, MSCs from these mice were analyzed for their differentiation
potential and ECM production in the presence and absence of immune cell signaling ex vivo.
Furthermore, several immunomodulatory interventions were tested in order to improve bone
fracture healing under the influence of an aged/experienced adaptive immunity.
Age-associated alterations in the immune profile and bone tissue could be itemized between
chronological and biological aging. The memory/effector compartment of adaptive immunity
was significantly increased in mice that were exposed to environmental microorganisms. The
immune experience led to a significantly different bone phenotype both in structure and in com-
petence to withstand loads. The in vivo bone formation was highly affected by age but also by
the immune status. Bone tissue formation during healing was delayed in the experienced adap-
tive immunity group and significant changes in cytokine levels were observed 3 days post-
surgery. Furthermore, the tested interventions of regulatory T cells transfer or inhibition of im-
mune cell activation as immunomodulatory approaches laid the foundation of future treatment
options.

Adaptive immunity directly affects bone tissue formation and tissue remodeling leading to
structural differences in bone material organization as well as mechanical competence. Such
knowledge is essential for the characterization of healing settings and lays the foundation for
novel diagnostics and therapeutics that aim to understand and rescue delayed bone regeneration
in immunologically challenging patients. This data is the first to show that a patient’s immune
experience needs to be taken into account, in the context of diagnostics as well as in therapy.



Introduction

1 Introduction

Self-healing or endogenous regeneration is a remarkable process that our bodies use to over-
come injuries and traumas. In humans, the endogenous regeneration capacity is less obvious
when compared to other species. Humans however are one of the most efficient combatants
against invaders like bacteria or viruses and therefore bear one of the strongest adaptive immune
system.

Bone is one of the few tissues in our body with the capacity for regeneration after injury (resti-
tutio-ad-integrum). Unfortunately, in almost 10% of fracture cases, this capacity is insufficient
and the healing outcome is not satisfactory for patients nor clinicians, eventually leading to
pseudoarthrosis or even non-unions (Figure 1B). Geriatric fracture cases more often lead to
non-healing situations when compared to young individuals and the fracture incidence is in-
creased in this patient cohort (Figure 1A) [1,2]. Additionally, the population worldwide now
tends to live longer, by 2050 the number of people over 60 years will nearly double from about
12% to 22%, to a total of two billion (Figure 1C). There were around 125 million people over
80 years in 2015 and by 2050 there will be around 434 million people over 80 years worldwide.
[3] Trauma is also the most expensive medical condition after heart conditions and the number
of geriatric trauma cases most likely will further increase due to a more active and recreative
elderly population [4]. Thus, this increasing aged population challenges medical care and med-
ical research. Fracture incidence increases with age and the incidence of non-unions correlates
with the patient age. Geriatric fracture patients have the highest bed capacity requirement in
hospitals, even higher than cardiovascular or stroke patients. The healing outcome of geriatric
hip fractures leads in 18,4% of the cases to a re-hospitalization within 30 days, and the mortality
rate is 10% after 4 weeks and 30% within one year. [5,6]
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Figure 1 Bone fractures in geriatric patients. (A) Fracture incidence increases with patient ages, challenging
the health care system (B) X-ray image from a 6 months old fracture from a 73-year old patient, showing
insufficient callus formation leading eventually to a non-union. (B) Demographic distribution of population
age in 2014 and provisioned for 2050, showing the increased elderly population. Combination of increased
fracture incidence and delayed fracture healing in the aged combined with the demographic changes within
the next year depict unmet needs in the clinics. (data: Federal Statistical Office, Wiesbaden, Germany)




Introduction

Despite the substantial capacity to bear loads, bones can break under extreme external forces
and adequate restoration is needed. Bone fractures can heal by two different processes: the di-
rect, primary fracture healing or an indirect, secondary fracture healing. In the case of a sec-
ondary fracture healing, bone regeneration follows consecutive, partially overlapping phases.
With the injury and rupture of adjacent blood vessels, a hematoma is formed within the fracture
gap and clotting occurs. The simultaneously occurring inflammatory phase is characterized by
the infiltration of macrophages, granulocytes, mast cells and T lymphocytes with secretion of
histamine, heparin and pro-inflammatory cytokines. Cytokines and growth factors secreted
within the hematoma are important for the control of cell infiltration, angiogenesis and cell
differentiation. After the pro-inflammatory phase has subsided due to secretion of anti-inflam-
matory cytokines, the hematoma, in which a network of fibrin and collagen as an initial matrix
has already formed, is replaced by granulation tissue with fibroblasts, additional collagen fiber
and sprouting capillaries. Bone integrity is restored by a preliminary cartilage bridge, which is
replaced by woven bone, hypertrophic cartilage and mineralization of the extracellular matrix.
Subsequently, in the remodeling phase, the woven bone is transformed into lamellar bone ac-
cording to the mechanical constraints.

Immune cells have been found to interact with bone cells throughout the healing process. They
are the first cells in the hematoma which readily adapt to the harsh surrounding with lack of
oxygen [7], and increased lactate levels indicating low pH values [8]. With the rupture of adja-
cent blood vessels, macrophages and lymphocytes are submerged within the fracture hematoma
[9,10]. T cells, a subtype of the adaptive immune system, were especially identified as playing
a major role in the regulation of the initial inflammatory cells and in the recruitment of other
cells towards the fracture site [11,12]. These cells of the adaptive immune system can undergo
significant changes during the ageing process. In the protection against pathogens, the innate
immune system provides an early first line of defense with neutrophils, monocytes, macro-
phages, NK cells and dendritic cells, which all interact with the adaptive immune system. The
adaptive immune system gradually matures with age, the innate immune system however is not
able to establish an immune memory. As a result of immune challenges naive T cells undergo
significant changes and memory and effector T cells are generated. Through constant exposure
to pathogens and antigens a memory and effector immune function is developed [13]. This
accumulation of immunological memory is accompanied by the risk of delayed fracture healing
[14]. Aged individuals tend to present with a chronic low-grade inflammatory state that has
been implicated in the pathogenesis of many age-related diseases (atherosclerosis, Alzheimer's
disease, osteoporosis and diabetes) [15,16]. This inflamm-aging is characterized by increased
levels of circulating cytokines and pro-inflammatory markers like tumor necrosis factor a
(TNFa), Interleukin-1 (IL1), Interleukin-6 (IL6) or Interleukin-8 (IL8) [17].

Apart from in injury situations, the immune system has also been acknowledged to play a major
role in bone homeostasis, the formation, resorption and remodeling of bone tissue. Bone pro-
genitor cells (mesenchymal stromal cells/pre-osteoblasts) and immune cells share their tissue
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of origin, the bone marrow. Additionally, hematopoietic progenitor cells can divide through
discriminative signaling cascades during cell maturation into either osteoclasts (OC) or cells of
the monocyte/macrophage lineage, therefore sharing the same ancestors, highlighting the strong
interdependency of the musculoskeletal and immune system. Bone homeostasis is a coordinated
process between formation and degradation of bone, respectively managed by osteoblasts (OB)
and osteoclasts; this ensures the constant adaptation to mechanical loading. In physiological
conditions, canonical osteoclast formation requires macrophage colony-stimulating factor (M-
CSF) and receptor activator factor of nuclear factor kB ligand (RANKL), which act on cells of
the monocyte-macrophage lineage, to induce their fusion to form polynucleated active resorb-
ing cells, the osteoclasts. Osteoprotegerin (OPG) however inhibits the osteoclast formation by
binding RANKL and prevent bone formation over resorption. [18,19] Cells of the adaptive im-
mune system are potent producers of OPG and RANKL and can directly interfere with the
process of bone homeostasis. Li et al. showed that B- and T-cell-deficient mice exhibit a sig-
nificantly increased number of OCs and reduced bone density as compared to controls [20].
Other mechanisms induced by the adaptive immune system could be shown in rheumatoid ar-
thritis, a chronic inflammatory disease characterized by excessive bone loss, where T cells in-
filtrate tissues in the joints and release pro-inflammatory cytokines including IL-17 and TNFa
[21]. TNFa subsequently increases the RANKL expression, favoring the differentiation of os-
teoclasts (osteoclastogenesis) [22]. These data highlight the tight interdependency of the bone
and immune system, especially the adaptive immune system in homeostasis and regeneration.

In current research the standard housing conditions for small research animals is under specific
pathogens free conditions. Under these conditions the variances between animals has been con-
sidered to be small, however, the development of an experienced immune system is abolished
[23]. Therefore, studies considering the impact of the experienced adaptive immune system, the
so called inflamm-aging, on bone structures and regeneration are scarce.

The immune system performs many regulatory tasks inside the body. With a fracture, the im-
mune system is activated via a sterile inflammation. The effect of inflamm-aging on bone tissue
is so far not known. In homeostasis the immune system and their products such as cytokines
and growth factors may be involved, but their influence on bone homeostasis and regeneration
are often neglected. This study aims to understand the influence of an experienced immune
phenotype on bone structures and bone regeneration. Within this study, aging effects were an-
alyzed in a cohort of mice with a more naive immune phenotype (chronological aging) and
compared to a cohort of mice that were allowed to gain an immune memory during aging (bio-
logical aging). Thus, bone phenotype changes due to the aged immunity were identified during
homeostasis, regeneration and adaptation therefore allowing the distinction between age in-
duced and immune induced changes of the bone. Fractures in elderly people represent a medical
need with a high demand for future therapies. Understanding the changes in fracture healing
with an aged/experienced immune system, could lead to new therapeutic options for geriatric
fracture patients and cut hospital costs.
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Materials & Methods

2 Materials & Methods

2.1 Animal experiments, in vivo studies

Female C57BL/6 mice were purchased from Charles River Laboratories with an age of 10
weeks and were used at an age of 3, 12 or 24 months. Animals were imported with a health
certificate and kept under obligatory hygiene standards that were monitored according to the
FELASA standards. The mice were kept under specific pathogen free (SPF) housing or under
nonSPF housing. Food and water was available ad libitum and the temperature (20£2°C) con-
trolled with a 12 h light/dark circle. The nonSPF mice were able to establish an experienced
immune system due to surrounding environmental germs/pathogens compared to SPF housed
mice in individual ventilated cages (1\VC) with restricted environmental exposure. The nonSPF
mice did not contract any infections or similar and still exhibited good health when tested ac-
cording to the FELASA guidelines. All experiments were carried out with ethical permission
according to the policies and principles established by the Animal Welfare Act, the National
Institutes of Health Guide for Care and Use of Laboratory Animals, and the National Animal
Welfare Guidelines, the ARRIVE guidelines and were approved by the local legal representa-
tive animal rights protection authorities (Landesamt fiir Gesundheit und Soziales Berlin: G
0338/13, G 0061/14, G 0008/12, T 0119/14, T 0026/16).

2.1.1 Mouse osteotomy as a model of fracture healing

Bone regeneration was studied by introducing an osteotomy on the left femur. The mice were
anesthetized with a mixture of isoflurane (Forene) and oxygen (Induction with 2% Isoflurane
and maintenance with 1.5%). First line analgesia was done with Bubrenorphine pre-surgery,
antibiotics with clindamycin and eye ointment to protect the eyes. Post-surgery, tramadol
(25mg/l) was added to the drinking water for three days. The surgical area was shaved and
disinfected, and all surgical procedures were performed on a heating pad. Briefly, a longitudi-
nal, lateral skin incision and dissection of the fasciae allowed to expose the femur. The Muscu-
lus vastus lateralis and Musculus biceps femoris were dislodged by blunt preparation with pro-
tection of the sciatic nerve. Thereafter, serial drilling for pin placement (diameter: 0.45 mm)
through the connectors of the external fixator (MouseEXFix, RISystem, Davos, Switzerland)
was performed, resulting in a fixation of the external fixator construct strictly parallel to the
femur. Following rigid fixation, a 0.70mm osteotomy was performed between the medial pins
using a Gigli wire saw (RI1System, Davos, Switzerland). After skin closure, mice were returned
to their cages and kept under warming lamps during the period of immediate anesthesia recov-

ery.

2.1.2 Humanization of NSG mice

Humanization of mice was achieved by injection of human peripheral blood immune cells into
immunocompromised NOD.Cg-Prkdcscd [12rg™™Wil/SzJ (NSG) mice, a mouse strain deficient
in mature lymphocytes and dendritic cells, low NK and macrophages cell activity and absence
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of the complement system and serum levels of antibodies. The human immune cells were iso-
lated from characterized donors and stratified into more or less experienced (immunoaged) do-
nors by the effector T cell markers CD8, CD57 and CD28 (ethical approval EA1/125/10). The
peripheral blood mononuclear cells (PBMC) were resuspended in PBS and injected via the tail
vein at a concentration of 10x108 cells per animal. The cell engraftment was verified at 3 and
21days post-injection and showed a stable infiltration into the bone marrow and other tissues.

2.1.3 Regulatory T cell administration

Regulatory T cells were isolated from the spleen and lymph nodes of donor mice via magnetic
cell isolation (MACS). The CD4+Treg isolation kit (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) was used according to the manufacturer’s instructions. The isolated Treg cells were re-
suspended in PBS and injected via the tail vein at a concentration of 5-8x10° cells per animal.
The host mice were either kept under SPF or nonSPF conditions.

2.1.4 Immune cell activation pathway blockage

Osteotomized animals were injected intraperitoneally with three different signaling pathways
inhibitors post-surgery for 5 days to block the activation pathways of T cells during the initial
inflammatory phase. Tacrolimus (Prograf, Astellas Pharma, Miinchen, Germany) was injected
at a concentration of 1mg/kg BW to block the calcineurin pathway, Rapamycin (Merck, Darm-
stadt, Germany) at a concentration of 3mg/kg BW to block the mTOR pathway and Pepinh-
MYD (Bio-Techne, Minneapolis, USA) at a concentration of 5mg/kg BW to block the MyD88
pathway.

2.1.5 Transgenic mouse RAG/OT

Splenocytes were isolated from Rag2/OT-I mice which are deficient in the recombination acti-
vating gene 2 (Rag2) and therefore do not develop mature T or B cells expressing endogenous
T cell receptors, but virtually all peripheral CD8+ cells express a transgene for a T cell receptor
recognizing a synthetic peptide (SIINFEKL). The CD8+ T cells were isolated via magnetic cell
separation (MACS) with the CD8a+ T Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach,
Germany) according to the manufacturer’s instructions. The isolated T cells were verified by
flow cytometry by staining with DimerX I, a recombinant soluble dimeric mouse H-2K[b]:lg
fusion protein (BD biosciences, Franklin Lakes, USA) bound with the synthetic peptide and
were injected via the tail vein at a concentration of 2x10° cells per animal.

2.1.6 Invivo limb loading

The left tibiae of 3 month and 12 month old mice underwent in vivo cyclic compressive loading,
while the right tibia was not loaded and served as an internal control. The flexed knee and the
ankle of the mice were placed in our loading device (Testbench ElectroForceLM1, TA Instru-
ments, USA) and axial dynamic compressive loading was applied 5 days per week for 2 weeks
while the mice were anesthetized with isoflurane. The loading protocol consisted of 216 cycles
applied at 4 Hz, which is the mean mouse locomotory stride frequency delivering a maximum
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force of -7N for the 3 and -9N for the 12 month old mice, engendering 900ue at the periosteal
surface in the tibia mid-diaphysis. Mice were sacrificed on day 15, 3 days after the last loading
session.

2.1.7 Isolation of bones/samples

Osteotomized animals were sacrificed three or 21 days post-surgery by injection of Ketamin
and Medetomidine to induce a deep anesthesia and subsequently euthanized by cervical dislo-
cation. Bone and other tissue were excised, stored in PBS on ice or directly fixated in a 4%
formaldehyde/PBS mixture.

2.2 Flow cytometry

Samples were either harvested from mouse tissue and isolated from spleen or bone marrow or
isolated from human peripheral blood from volunteers (ethical approval EA1/125/10). Mouse
spleen and bone marrow was isolated via filtration through a 40um strainer (Falcon, BD Bio-
sciences, Franklin Lakes, USA) and the single cell suspension was treated with erythrocyte lysis
buffer (BioLegend, San Diego, USA) to remove red blood cells. Human peripheral blood was
processed via density centrifugation in SepMate tubes and Lymphoprep density gradient me-
dium (both Stemcell Technologies, Vancouver, Canada) to isolate peripheral blood mononu-
clear cells (PBMC). The cells were then incubated with a live/dead stain and subsequent fc
block solution, to remove dead cells from the analysis and unspecific binding of antibodies to
fc receptors. The cells were then incubated for 20 min at room temperature (RT) or 4 °C with
fluorochrome-coupled antibodies according the multicolor panels in Appendix 1. For intracel-
lular markers, the cells were fixed and permeabilized with the True-Nuclear Transcription Fac-
tor Buffer Set (BioLegend, San Diego, USA) according the manufacturer’s instructions and
subsequently stained for 30 min at RT with fluorochrome-coupled antibodies against the re-
spective epitopes. The cells were measured with a BD LSR Fortessa SORP (BD Biosciences,
Franklin Lakes, USA) or CytoFlex LX (Beckman Coulter, Brea, USA) flow cytometer and
analyzed with the software FlowJo v10 (TreeStar, Ashland, USA).

2.3 Micro computed tomography

Samples were harvested from mouse tissue, fixed and washed in buffer saline solutions. Micro
computed tomography was executed with a Skyscan 1172 (Bruker, Billerica, USA) at a nominal
voxel resolution of 8 um at 70 kV and 142 pA source energy with a maximized power at 10W.
A 0.5 mm aluminium filter was employed to reduce the beam hardening effect. Shadow images
were reconstructed with an adapted Feldkamp algorithm with the software nRecon (Bruker,
Billerica, USA). Analysis was performed via self-made scripts within the CTan software and
visualized with CTvox (both Bruker, Billerica, USA).

13
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2.4 Biomechanical testing

The torsional stiffness, the maximum torque, its corresponding angle, workload and post-yield
displacement were assessed in a torsional load to failure experiment. Following harvesting, the
femora were excised and prepared by removing all adjacent muscles and tendons. Subsequently
both epiphyses of the femora were embedded with methylmethacrylate (Technovit 3040,
Heraeus Kulzer, Hanau, Germany) in custom made molds. Bones were mounted into a material
testing device (Bose ElectroForce LM1, Bose Corporation, Eden Prairie, USA) and tested by
first applying an axially preloaded of 0.3 N which remained constant during the following tor-
sional load to failure at a rate of 0.54 °/s. Axial displacement, load, torque and rotation were all
acquired at a 100 Hz sample rate. All parameters were calculated by a routine written in
MATLAB (The Mathworks Inc., Natick, USA).

2.5 Cell culture, in vitro studies

2.5.1 Murine cell culture

Splenocytes and bone marrow cells were isolated from mouse tissue. The spleen was dissected
and mashed through a 70 um mesh to isolate the splenocytes. Erythrocytes were removed by
incubation with the ACK Lysing Buffer (Thermo Fisher Scientific, Waltham, USA). The bone
marrow was isolated by cutting open both end of femora or tibia and flushing the bone marrow
out of the cavity with a 24 G needle and PBS, after filtration through a 40 um mesh strain, red
blood cells were removed with the lysing buffer. The splenocytes were activated with 10 mg/ml
plate bound a-CD3 antibody and soluble 2 mg/ml a-CD28 (BioLegend, San Diego USA). After
48 h the conditioned medium was collected, pooled, filtered and stored at -80 °C. Murine mes-
enchymal stromal cells were obtained via outgrowth culture from bone marrow cells. The iso-
lated single cells from bone marrow were plated in 25 cm? cell culture plates with DMEM low
glucose medium (Biochrom, Berlin, Germany) supplemented with 10 % FBS (Biochrom, Ber-
lin, Germany). Murine MSC were used between passage 5 and 6 for the experiments. Osteo-
genic differentiation of mMMSC was achieved by the supplementation with 100 nM Dexame-
thasone, 0.05 mM l-ascorbic acid 2-phosphate and 10 mM B-Glycerolphosphate. Conditioned
medium was added at a concentration of one part to three parts osteogenic differentiation me-
dium. Medium was exchanged every 3-4 days. After 14 days the experiment was stopped and
the mineralized extracellular matrix was stained with Alizarine Red S (Sigma, St. Louis, USA)
and quantification was achieved by resolving the stain with cetylpyridiniumchlorid (Sigma-
Aldrich, St. Louis USA). Optical density (OD) was measured with a multimode microplate
reader (Tecan, Mannedorf, Switzerland) and the collagen fibers were stained with Picrosirius
Red (Sigma, St. Louis, USA) and analyzed under polarizing light. Pro-inflammatory stimula-
tion with TNFa (BioLegend, San Diego, USA) and IFNy (BioLegend, San Diego, USA) was
performed for 72 h before cell harvesting and mRNA isolation with TRIzol (Sigma, St. Louis,
USA).

14



Materials & Methods

2.5.2 Human cell culture

Human mesenchymal stromal cells (hnMSC) were isolated from bone marrow of patients under-
going total hip replacement (provided by the Center for Musculoskeletal Surgery, Charité-Uni-
versitidtsmedizin Berlin and distributed by the “Cell and Tissue Harvesting” Core Facility of the
BCRT). All protocols were approved by the Charité-Universitatsmedizin ethics committee and
performed according to the Helsinki Declaration. hMSC were cultivated with DMEM low glu-
cose medium (Biochrom, Berlin, Germany) supplemented with 10 % FBS (Biochrom, Berlin,
Germany). After three passaging steps, hMSC were characterized by differentiation assays (0s-
teogenic, adipogenic and chondrogenic). Only hMSC that were capable of differentiation in all
three lineages were used in the experiment within passage 4-8. Peripheral blood mononuclear
cells (PBMC) were isolated from buffy coats (provided with ethical approval by DRK, Berlin,
Germany) via density gradient. Naive T cells were isolated with the naive pan T cell isolation
kit and effector T cells were isolated with the CD8+CD57+ T cell isolation kit (Miltenyi Biotec,
Bergisch Gladbach, Germany) according to the manufacturer’s protocol. The isolated cells and
PBMC were activated with 10 mg/ml plate bound o-CD3 antibody and soluble 2 mg/ml -
CD28 (BioLegend, San Diego, USA). After 48 h the conditioned medium was collected,
pooled, filtered and stored at -80 °C until further use. Osteogenic differentiation of hMSC, un-
der the influence of conditioned medium from hPBMC was developed similarly to murine
MSC. Activation of CD8+ T cells was achieved after isolation with RosetteSep CD8+ T cell
enrichment kit (Stemcell Technologies, Vancouver, Canada) according the manufacturer’s pro-
tocol and incubation in RPMI 1640 (BioLegend, San Diego, USA) supplemented with 10 %
heat-inactivated FBS (Thermo Fisher Scientific, Waltham, USA). The CD8+ T cells were acti-
vated for 24 h with either a-CD3/CD28, HMGB1, S100A8/A9, IL-12/IL-18, IL-1a, IL-33 (all
BioLegend, San Diego, USA) or LPS (strain O111:B4, Bio-Techne, Minneapolis, USA).

2.6 Cytokine secretion, ELISA

Conditioned medium from activated immune cells was harvested as described and processed
for enzyme-linked immunosorbent assay (ELISA). Cardial blood from mice at the finalization
step was collected and centrifuged at 3000 x g to isolate the blood serum. ELISAs for TNFa
(TNF alpha Human Uncoated ELISA Kit, Thermo Fisher Scientific, Waltham, USA) and IFNy
(Interferon gamma Human Uncoated ELISA Kit, Thermo Fisher Scientific, Waltham, USA)
were performed in triplicate according to the manufacturer’s instructions and optical density
was measured with a microplate reader Tecan Infinite (Tecan, Ménnedorf, Switzerland). A
standard curve was generated with a four parametric logistic curve fit. Muliplexed ELISA was
achieved with LegendPlex Kits T Helper Cytokine Panel and Cytokine Panel 2 (BioLegend,
San Diego, USA) for mouse serum and the CD8/NK Panel (BioLegend, San Diego, USA) for
the human immune cell conditioned medium. The assay was run according the manufacturer’s
instructions and acquired on a CytoFlex LX (Beckman Coulter, Brea, USA) flow cytometer,
analyzed with the LegendPlex software available from BioLegend.
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2.7 Gene expression

RNA isolation from TRIzol Reagent dissolved cells was achieved with the RNeasy Mini Kit
(Qiagen, Venlo, Netherlands) according to the manufacturer's protocol. DNA was eliminated
with DNAse | (Thermo Fisher Scientific, Waltham, USA). One microgram of total RNA of
each sample was then used for cDNA synthesis with the iScript Reverse Transcription Super-
mix for RT-gPCR (Bio-Rad Laboratories, Hercules, USA). Quantification was performed using
Probe assays for real-time PCR including PCR primers and a dual-labeled fluorescent probe
with FAM or Cy5 (Bio-Rad Laboratories, Hercules, USA) run on a LightCycler Il (Roche,
Basel, Switzerland). Analysis of housekeeping genes for Ppia, RPL13A and HPRT was used
for normalization of the data.

2.8 Statistics

Due to the small sample sizes of in vivo preclinical studies, a normal distribution of the data
was excluded. Therefore, the Mann-Whitney U-test was used as statistical test. If more than
two samples were compared, the significance value p was corrected by using the Bonferroni
correction. In vitro data was analyzed using the unpaired Student’s t-test (two groups). Data
were seen as statistically significant if p <0.05.

Graphs and statistics were produced with GraphPad Prism (GraphPad Software Inc., San Diego,
USA).
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3 Main results

3.1 Characterization of an aged/experienced adaptive immunity

Cells of the adaptive immune system can change phenotype upon activation and in contrast to
the innate immune response are able to establish an immune memory. Naive T cells can form
long lasting memory cells through repetitive antigen/pathogen challenge. Memory cells accu-
mulate physiologically with age and the naive T cells diminish over time. The memory for-
mation is highly individual due to different genetics and behavior of people. Therefore, the
variance in memory subpopulations in the T cell compartment increases with age. To adopt this
finding of increased experience and interindividual variances in a research setting to develop a
close clinical setting, mice were aged up to 24 months and either kept under specific pathogen
free (SPF) housing conditions, to keep the immune experience low, or kept in cages without
additional hygiene barriers (nonSPF) to allow the development of an experienced immune sys-
tem. Both aging groups with different housing conditions were compared to young (3 months
old) and immunologically naive mice. A thorough characterization was performed, which in-
cluded the innate and the adaptive immune compartments. Significant differences in the im-
mune phenotype could be found in the two mouse cohorts upon aging. The most prominent
changes due to chronological aging was the observation of a significant myeloid shift, the per-
centage of lymphocytes is lower in 12 months old mice compared to 3 months old mice. The
ratio of CD4+ T cells to CD8+ T cells is also shifted towards CD4+ T cells in the aged animals.
The immune experience however had an immense impact on the adaptive immune cell compo-
sition during aging. While the mice under SPF conditions only showed a mild increase in
memory cells, the mice under nonSPF conditions almost completely exhausted their naive T
cell compartment and memory and effector T cells represented the dominant subpopulations
(see Figure 2). The T regulatory (Treg) cell population within the CD4+ T cell compartment
increased with age and significantly increased with experience in the immune system, showing
a mechanism of compensation for the experience level in the immune system. However the

Figure 2 (key results) Experience in the
adaptive immunity as a function of age and
housing conditions. Flow cytometric analysis
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ratio of CD4+ Treg Cells to CD8+ T effector/memory (Tewm) cells, a biomarker for a more prone
pro-inflammatory status, showed a decline in the aged and especially aged experienced animals,
favoring the CD8+ Tem population, resulting in a more pro-inflammatory status. Therefore, the
CDA4+ Treg are only able to combat to some extent the CD8+ Tem in the aged animals, as the
CDB8+ Tem population increased more than the CD4+ Treg in the experienced mouse cohort.

The memory T cells can be distinguished from central memory cells (Tcwm) and effector memory
cells (Tem) by their surface marker expression. They differ in their homing signals as several
markers like CD62L are downregulated for instance in effector memory cells. This allows the
Tewm cells to be more easily trafficked outside of primary or secondary lymphoid organs. This
compartmentalization of memory T cells only allows one to distinguish between trafficking
behaviors but does not reflect a functional aspect of these memory cells. Regardless of whether
the cells are found in the central or effector memory compartment, both cell types differentially
react upon antigen activation. This so-called recall efficacy (activation phenotype) allows one
to distinguish between highly reactive strong responders (pronounced IFNy and Granulysin
production), intermediate responders and low responders (low pro-inflammatory and effector
cytokine production) [24]. The activation phenotype of the memory CD8+ T cells changed sig-
nificantly with age and under different housing conditions (antigen exposure). With age and
antigen exposure (nonSPF) a potentiation of highly reactive immune cells occurred, the pool of
specialized memory immune cells increased (see figure 3). In the immunologically experienced
cohort, the CD8+ T memory population was increased compared to the non-experienced cohort
(as shown in figure 2) and finally those CD8+ T memory cells were even stronger in their recall
efficacy under nonSPF condition, showing an overall increase in the pro-inflammatory signal-
ing and activation behavior in the immunologically experienced cohort.
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Figure 3 (key results) Recall efficacy (activation phenotype) of memory CD8+ T cells. Flow cytometric
analysis of memory CD8+ T cells (gated for CD44+ cells) in the spleen. Memory CD8+ T cells can be distin-
guished by their response efficacy (activation phenotype) by recall antigen challenge. Strong responders pro-
duce high amounts of effector cytokines, whereas low responders are more inert upon activation also they
belong to the same memory compartmentalization (Tem or Tcm). The intermediate responders are increased
under the exposed housing, depicting a potentiation of the experience in the CD8+ T cell compartment. N=6
per group, Mann-Whitney U test, * p<0,05 (adapted from Bucher et al. Front. Immunol. 2019)
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3.2 Changes in bone tissue due to increased experience in the
adaptive immunity

As shown in figure 2 and 3 several and severe changes occur in the immune system due to age
and/or antigen exposure. This study aims to reveal the influence of an experienced adaptive
immunity on bone homeostasis. The same thoroughly characterized groups of aged and immu-
nologically experienced or non-experienced mice were analyzed for their bone properties.
Young 3 month old mice were used as controls compared to 12 month old mice. Age-dependent
alterations of the bone tissue are known [25-27], however the results from this study show that
the experience level in the adaptive immune system intensified those age-dependent changes.
In the diaphyseal region of the bone the cortical thickness increased with age and significantly
increased further in the presence of an experienced immune system without significantly chang-
ing the mineral density (figure 4A). This increase in cortical thickness, as well as the observed
thicker trabecular structures in the metaphyseal bone, led to an overall stiffer bone in the tor-
sional testing for bone competence (figure 4B and C). The smaller post-yield-displacement de-
picted a brittle fracture manner in the aged femora, with even worsened brittleness under high
experience level in the adaptive immune system, compared to a ductile fracture manner in 3
month old femora (figure 4C). Aged bone showed an overall lower bone quality, with the im-
mune experience intensifying the decline in quality upon aging. These immunologically expe-
rienced and aged bones can be found in geriatric patients in the clinical setting.
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3.3 T cell cytokines alter stromal cell behavior

To understand the crosstalk between immune cells of the adaptive immune system and bone
tissue cells, an in vitro experimental set up was established, which tested the immune cell prod-
ucts on mesenchymal stromal cells (MSC). The immune cells, here splenocytes, were isolated
from mice lacking defined populations of the adaptive immune system: RAG” mice lacking
both T and B cells, TCRbd”- mice lacking T cells and JHT"- mice lacking B cells. All three
groups were compared to Wildtype (WT) mice. The isolated immune cells were stimulated with
a common activator of the complete immune cell cascade, Lipopolysaccharide (LPS). The ob-
tained conditioned medium was transferred to MSC under osteogenic differentiating conditions
to investigate alterations in their capacity to undergo osteogenic differentiation. The condi-
tioned medium obtained from immune cells from mice lacking B and T cells (RAG”) and T
cell deficient mice (TCRbd™) significantly altered the extracellular matrix (ECM) deposition
and the mineralization process of MSC, showing a potential deficiency in the bone healing
process, as MSC are required to differentiate into osteoblasts and form adequate ECM during
healing. The conditioned medium from mice lacking B cells (JHT”-) however showed no dif-
ferences compared to the WT conditioned medium (see representative images in figure 5). The
differentiation and ECM production of MSC seemed to be dependent on T cells and independ-
ent of B cells. This is in correspondence with the osteoblast distribution found in vivo in these
animals in histological sections.

TCRbd”~ without T cells

Figure 5 (key results) Extracellular matrix formation under the influence of the adaptive immunity.
Representative images of Sirius Red staining of the newly formed collagen fibrils produced by mesenchymal
stromal cells (MSC) under the influence of immune cell products. Conditioned medium obtained by stimulated
immune cells from B cell deficient mice (JHT) stimulated the matrix formation process of MSC, however
conditioned medium from T cell deficient mice (TCRbd") mice lowered the matrix deposition. (adapted from
El Khassawna et al. Front. Immunol. 2017)
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3.4 Memory T cells alter stromal cell behavior

As T cells were revealed to be key players in the immune cell mediated changes of the bone
tissue, the subpopulations of the T cell compartment (naive or memory) were isolated and tested
for their cytokine profile and crosstalk with MSCs. Naive T cells and memory CD8+ T cells
were isolated from peripheral blood from volunteers. Human samples were used to mimic the
in-patient situation. The isolated cells were stimulated with o-CD3 and a-CD28, a potent in-
ducer of T cell activation. Both groups were compared to unprocessed isolated and activated
peripheral blood mononuclear cells (PBMC). The conditioned medium of naive T cells did not
interfere with the osteogenic differentiation process of MSC, whereas the conditioned medium
of activated CD8+ T cells almost completely abolished the differentiation process (see figure 6
A). The cytokines tested in the conditioned medium revealed a distinct production of TNFa
and IFNy from CD8+ T cells, whereas naive T cells did not produce high amount of pro-in-
flammatory cytokines (see figure 6 C). The increased pro-inflammatory cytokines from CD8+
T cells induced proliferation rather than differentiation of MSC (see figure 6 B). Resting PBMC
especially changed MSC behavior from proliferation towards differentiation, as the mineralized
tissue per cell increased in this treatment group compared to the differentiation group without
conditioned medium.
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Figure 6 (key results) Mineralization of stromal cells under the influence of experienced adaptive im-
munity. (A) Osteogenic differentiation of mesenchymal stromal cells (MSC) under the influence of immune
cell products. Conditioned medium from naive T cells did not interfere with the osteogenic differentiation
process of MSC, however the conditioned medium from activated experienced CD8+ T cells almost abolished
the differentiation process. (B) The increased pro-inflammatory cytokines from CD8+ T cells induced prolif-
eration rather than differentiation of MSC. (C) Cytokine expression analysis of the conditioned medium. Ac-
tivated naive T cells only produced low amount of pro-inflammatory cytokines like TNFa and IFNy, activated
experienced CD8+ T cells however produced high amounts of TNFa and IFNy. N=3 different immune cell
donors and N=2 different MSC donors. Student’s t-test, * p<0,05 (adapted from Bucher et al. Front. Immunol.
2019)
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To test the influence of a pro-inflammatory stimulus, reflecting the initial inflammatory phase
during fracture healing, mesenchymal stromal cells were stressed with the pro-inflammatory
cytokines TNFa and IFNy. The stimulation of undifferentiated MSCs directly with TNFo and
IFNy led to a decreased production of extracellular matrix components and to an increase of
pro-inflammatory cytokines as seen in the gene expression profile (see figure 7). A prolonged
pro-inflammatory phase during the bone healing cascade is able to delay the formation of new
extracellular matrix and even potentiates the invasion of additional immune cells by production
of chemokines and pro-inflammatory cytokines by stimulated MSCs.

Ll Ay ST ELET Figure 7 (key results) A pro-inflammatory stimulus hinders extracellular
107 matrix production of stromal cells and amplifies the inflammation. Gene
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inflammatory phase of fracture healing, showed a decrease of mMRNA levels for
ECM proteins, but showed an increased pro-inflammatory cytokine mRNA and
migratory attractors. N=3 MSC donors in triplicates

fold change
=
i

o

0,01 :

3.5 Fracture healing in an experienced or naive adaptive immune
system

To reveal the tremendous effect of T cells on bone properties and mesenchymal stromal cell
behavior under regenerative conditions the healing cascade in osteotomized femurs in mice
were analyzed. Aged 12 months old mice either immunologically experienced or naive (non-
experienced) were screened for changes in the healing cascade due to the experience of the
adaptive immune system. The immunologically experienced group was compared with the non-
experienced group at 12 months to determine the healing outcome after 21 days post-surgery
by microCT. The altered cytokine levels as well as the immune phenotype was assessed pre-
surgery and after 3 days of healing, to determine the immunological experience induced
changes of signaling molecules in the initial inflammatory phase of bone healing. At the pre-
surgery timepoint, the two groups showed clear differences in the memory and effector T cell
compartments as well as a pro-inflammatory cytokine pattern, seen by the systemically elevated
TNFa levels in the experienced group compared to the non-experienced group, showing the
inflamm-aged status in this cohort. Three days after insertion of an osteotomy the cytokine
levels were measured in the blood by a multiplexed ELISA screening approach to detect signs
of systemic changes due the injured bone and due to the altered immune status (inflamm-aged
status). Three days after introducing the osteotomy the systemic levels of, for example IL-1p,
a potent mediator of inflammation, IL-5, a chemotactic cytokine for eosinophils and GM-CSF,
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a macrophage stimulating factor for the pro-inflammatory M1 macrophages, were significantly
increased in the immunologically experienced group (see figure 8). The cytokine levels demon-
strated overall an amplified initial inflammatory reaction to bone fracture in animals with an
experienced adaptive immune system. These findings suggest that the healing cascade is altered
and delayed due to this modified cytokine pattern, as an altered initial inflammatory phase im-
pacts the healing cascade up to the final stages of bone healing.

cytokine levels, day 3 post-surgery

non-experienced
experienced

Figure 8 (key results) Altered cytokine levels 3 days post-surgery due to experience in the adaptive im-
munity. Multiplexed ELISA from mouse plasma 3 days after introduction of an osteotomy. With an immuno-
logical experience, the cytokine patterns were shifted, showing a more pronounced inflammatory state within
these animals. N=6 per groups, Mann-Whitney U test, * p<0,05

These altered cytokine patterns during the initial healing phase appear to be essentially respon-
sible for the altered healing outcome after 21 days in the two cohorts of immunologically ex-
perienced or non-experienced mice. Chronological aging showed that, compared to young 3
month old mice, both 12 month old groups showed an age-dependent decrease in newly formed
bone tissue. However, bone fracture healing in mice with an experienced adaptive immune sys-
tem was further significantly altered after 21 day compared to non-experienced mice, reflecting
the tremendous effect of immunological experience and altered cytokine patterns in the initial
healing phase. Bone healing in the context of an experienced adaptive immune system showed
decreased newly formed bone and a decreased callus volume compared to the non-experienced
aged cohort. The parameter of torsional stability (MMIp) was significantly decreased in mice
with an experienced adaptive immune system, showing less stable calluses compared to those
formed in mice with a more naive/non-experienced adaptive immune system. The thickness of
the newly formed bone structures (Tb.Th) showed a trend of increased thickness in the context
of an experienced adaptive immune system, which correlated with the bone properties seen
during homeostasis (see figure 9 and figure 4). The experience in the adaptive immunity held a
deleterious effect on the healing capacity and resulted in a less stable callus and delayed fracture
healing.
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Figure 9 (key results) Healing outcome 21 days post-surgery under the influence of an experienced adap-
tive immunity. MicroCT analysis of the osteotomized femur 21 days post-surgery in 12 months old mice
either with an experienced or a non-experienced adaptive immunity. The immunological experience signifi-
cantly altered the healing outcome in the 12 months old mice cohort. Reduced callus volume (TV) and bone
volume (BV) could be observed, however the ratio of bone inside the callus volume (BV/TV) seemed to be
unaltered. However, the mechanical stability measured with the minimal moment of inertia (MMIp) showed a
tremendous decrease within the immunologically experienced cohort. The thickness of the newly formed bone
structures (Tb.Th) showed a slight increase in the experienced group. N=6 per groups, Mann-Whitney U test,
* p<0,05

3.6 Activation of CD8+ T cells during bone fracture healing

T cells and especially the CD8+ T cells need to undergo activation in order to secrete their
cytokines. As CD8+ T cells are known to execute their function primarily by antigen driven
processes, it remains unclear how the adaptive immunity is involved under aseptic conditions
like the bone regeneration process. Non-antigen driven activation includes bystander activation
(following activation of the innate immune system) or pattern recognition by danger/damage
associated molecular patterns (DAMPS). DAMPs are released from necrotic and apoptotic
cells, which can be found within a fracture. To investigate CD8+ T cell activation in detail,
CDB8+ T cells were stimulated with either DAMPs, 1L-12 and IL-18, to simulate bystander ac-
tivation, and a-CD3/CD28 activation, to represent T cell receptor (TCR) activation. Lipopoly-
saccharide (LPS) stimulation was used to activate the pathogen associated molecular pattern
(PAMP) response. Isolated CD8+ T cell secreted differing cytokines and cytokine levels de-
pending on the different activation stimuli used. TCR engaging via a-CD3/CD28 activation
unveiled the most pro-inflammatory cytokine pattern with high secretion of TNFo and IFNy as
well as cytolytic proteins like granzymes, perforin and granulysin, which are all potent cyto-
toxic molecules able to kill parasites and cells. Engaging pattern recognition receptors via LPS
stimulation showed the highest IL-6 secretion. Exposure to high mobility group box 1 protein
(HMGB1), a well-known DAMP, revealed that CD8+ T cells were able to directly react to
molecular patterns, a finding less known in the literature. HMGBL1 is an intranuclear protein
that is only released upon cell necrosis. Exposure to HMGB1 induced a robust granulysin se-
cretion in CD8+ T cells. IL-12/IL-18 stimulation induced the cytokine secretion in a less pro-
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inflammatory manner compared to a-CD3/CD28 (see figure 10). This study showed that the
adaptive immune system directly responds to molecular patterns and bystander activation, and
is able to execute immune functions within the otherwise sterile fracture environment by react-
ing to molecules released by the injured tissue. An important step to understand the involvement
of T cells in the fracture environment and the deleterious effects of experience in the adaptive
immune system on the healing cascade.
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Figure 10 (key results) Cytokine secretion upon activation patterns of CD8+ T cells. Isolated CD8+ T
cells were stimulated with danger signals (DAMPs or PAMPS) or activated via bystander molecules like IL-
12/1L-18 to simulate the activation patterns during bone fracture. The released cytokine patterns were com-
pared to the a-CD3/CD28 stimulated cells. Activation via TCR involvement (a-CD3/CD28) released the most
prominent pro-inflammatory cytokine pattern. The other stimulation however showed a very distinct cytokine
pattern upon different stimuli, but revealed the direct activation via pattern recognition receptors on CD8+ T
cells. N=1 immune cell donor

To exclude the involvement of the T cell receptor during fracture healing another in vivo ap-
proach was used to reveal the activation pattern of T cells after bone trauma. Therefore, a cell
transfer of wild type or transgenic T cells was used to elucidate the influence of CD8+ T cells
in the healing process. Immunologically naive mice (showing an undisturbed healing cascade)
were either adoptively transferred with transgenic CD8+ T cells bearing a transgenic T cell
receptor exclusively recognizing ovalbumin, or polyclonal CD8+ T cells from wild type mice.
The transgenic CD8+ T cells can only be activated via ovalbumin or bystander and DAMP
activation, therefore the TCR involvement can be excluded in this group. The wild type CD8+
T cells are able to be activated via the TCR, bystander or DAMP employment. Healing outcome
was assessed 21 days post-surgery via microCT. The healing outcome showed no differences
between both groups and only showed a mild decrease in bone volume in the callus of both
adoptively transferred groups compared to the control group. The transfer of CD8+ T cells is
known to negatively influence the healing process. As no differences between the adoptively
transferred groups could be found, an antigen driven process could be excluded. Moreover,
either bystander and/or pattern recognition activation might stir the T cell activation during
fracture healing.
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3.7 A humanized mouse model to mimic the in-patient situation

In order to study experienced adaptive immunity in a setting more closely resembling that found
in patients in the clinics, a humanized immune cell mouse model was investigated. Peripheral
blood mononuclear cells (PBMC) from patients with either high or low experience in the adap-
tive immunity were selected (based on the frequency of memory and effector CD8+ T cells)
and the immune cells were isolated. The characterized immune cells from the stratified donors
were further injected into immunocompromised animals to mirror the in-patient situation. The
healing outcome showed a beneficial effect of the transferred immune cells compared to the
group without immune cell transfer (control), as a higher bone mineral density was observed in
the treated groups. Especially the bone volume in the callus volume (BV/TV) was significantly
increased under the influence of a more naive immune system compared to the control and the
experienced immune cells. Furthermore, both groups receiving immune cells showed thicker
trabecular structures in the callus (see figure 11). This model partially mimics the in-patient
situation and can be used for the investigation of new treatment strategies and options devel-
oped for human immune cells and not murine immune cells.
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Figure 11 (key results) Humanized mouse model mirroring the in-patient fracture healing. The human-
ized PBMC mouse model was able to mimic the delayed healing situation found in patients with a strong
immune experience (measured via the expression of end stage effector markers on CD8+ T cells). The bone
volume in the callus volume (BV/TV) was significantly increased under the influence of a less experienced
(more naive) immune system. Measuring the thickness (Tbh.Th) and the mineral density (BMD) of the newly
formed bone revealed a beneficial effect of immune cells during the healing process as well as the advanta-
geous influence of less experienced immune cells during the healing process. N=8 mice per group, N=2 dif-
ferent immune cell donors per group, Mann-Whitney U test, * p<0,05 (adapted from Bucher et al. Front.
Immunol. 2019)
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3.8 Therapeutic options to modulate the immunity during fracture
healing

3.8.1 Inhibition of T cell activation pathways

Targeting immune cells, especially the effector and memory T cells could help to restore age-
dependent alterations of the regenerating cascade towards a more juvenile process. Therapeu-
tics to target immune cells during regenerative processes can be either direct or indirect. A
direct approach to modulate immune cell function could be via blocking of downstream activa-
tion pathways to hinder cytokine secretion or hinder the binding of ligands to their respective
receptors. Antigen, bystander or DAMP driven activation of immune cells employs different
downstream pathways. For example, antigen activation uses the calcineurin pathway whereas
bystander driven activation acts via the mTOR pathway to alter the nuclear transcription of
cytokine genes. DAMP activation uses mostly the MyD88 pathway (one of the main pathways
in toll-like receptor (TLR) signaling), depending on the danger signals and the receptors on the
cell surface. Inhibition of immune cell activation was achieved by systemically blocking each
pathway using therapeutics. Rapamycin was used to block the mTOR pathway, tacrolimus was
used to block the calcineurin pathway and the Pepinh-MYD inhibitor was used to block pattern
recognition activation via MyD88 inhibition. MicroCT analyses of the fracture callus was per-
formed after 21 days of healing, during which time the mice received each therapeutic for 5
days, starting 1 day after introducing of the osteotomy. The fracture callus was difficult to an-
alyze, as some fractured bones had already entered the remodeling phase. Therefore the calcu-
lation of callus volume and bone volume led to misleading data. The BV and TV values showed
no significant differences between all groups, however the MyD88 inhibited group revealed a
more mature healing process under further investigation of the remodeling phase (see figure
12). The MyD@88 inhibited group already showed a recanalization of the bone marrow in the
fracture area, and while this indicated a progression in the remodeling process a decreased cal-
lus and bone volume was observed. By investigating the new “empty” volume due to the re-
canalization process of the bone marrow a significantly higher recanalization volume was found
in the MyD88 inhibited group. The Rapamycin treated group showed overall worsened healing
outcome, due to possible adverse effects of systemic rapamycin administration (see figure 12).
The treatment with MyD88 inhibitor significantly altered the immune phenotype by switching
the ratio of T cells towards CD4+ T cells and the percentage of CD8+ T cells was diminished.
A ratio favoring CD4+ T cells was seen to be beneficial for bone healing as this indicates a
lower pro-inflammatory status in this treatment group (see figure 12).
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Figure 12 (key results) Immunomodulation by activation pathway blockage improves fracture healing.
MicroCT analysis of the osteotomized femur 21 days post-surgery and flow cytometric analysis of the immune
cells in the spleen. The analyses of the callus (TV) and bone volume (BV) and the ratio of BV/TV did not
show significant differences between the treatment groups. However, the Pepinh-MYD (MyD88 inhibitor)
treatment group showed advanced healing by entering the remodeling phase of the fracture callus. The remod-
eling includes recanalization of the bone marrow, and this newly formed volume (volume remodeling) was
significantly increased in the MyD88 inhibited group depicting a more progressed fracture callus. The Pepinh-
MYD treatment significantly altered the immune cell composition and favored CD4+ T cells over CD8+ T
cells in the MyD88 inhibited group. N=6 mice per group, Mann-Whitney U test, * p<0,05

3.8.2 Adoptive transfer of regulatory T cells

CD8+ T cells are efficiently modulated by CD4+ regulatory T cells (Treg). Treg are a counter
player to CD8+ T cells by downregulating the pro-inflammatory environment and inhibition of
proliferation and activation of CD8+ T cells. Administration of syngeneic Treg could therefore
lead to a favorable immune environment and promote regenerative processes by downregula-
tion/shortening of the initial inflammatory phase during bone healing. The adoptively trans-
ferred Treg to wild type mice (host) showed a significant dependency on the experience level
of the host immune system. Administrating CD4+ Treg in mice with a more naive immune
phenotype (SPF housing) led to a significant increase of bone volume and callus volume after
21 days of healing after osteotomy. Treg transfer in immune experienced hosts (non-SPF hous-
ing) however demonstrated a dependency on the ratio of CD4+ T cells to CD8+ T cells. Only
in animals with a lower ratio of effector and memory CD8+ T cells to CD4+ Treg Showed a
beneficial effect from treatment with Treg cells. The healing outcome after 21 days showed a
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higher bone to callus volume in Treg-responder (low CD8+ Tem/CD4+ Treg ratio) mice. Treg
responsiveness was dependent on the CD8+ Tem/CD4+ Treg ratio, Treg responsiveness was only
achieved in animals with a ratio favoring CD4+ T cells after Treg transfer (see figure 13). Em-
ploying CD4+ Treg for bone healing significantly depends on the individual immune status of
the host. The dosage of Treg cells need to be individually evaluated to combat the CD8+ effector
and memory T cells.
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Figure 13 (key results) Treg administration partially improves the healing outcome. Regulatory T cells
(Treg) isolated from the spleen and lymph nodes of donor mice were adoptively transferred into host animals
undergoing an osteotomy surgery. 21 days post-surgery analysis by microCT of the osteotomized femur and
flow cytometry analysis of the spleen revealed diverse healing outcomes. Depending on the host’s ratio of
CDB8+ Tem to CD4+ Treg cells the healing outcome was either progressed (higher TV and BV values), depicted
as +Treg responder, or diminished, depicted as +Treg Non-responder, compared to the control without cell trans-
fer. N=6 mice per group, Mann-Whitney U test, * p<0,05 (adapted from Schlundt et al. Front. Immunol. 2019)

3.8.3 Mechanical loading of the bone

Musculoskeletal exercise shows an effect on catabolic, anabolic and metabolic processes in the
body. However, the underlying processes are still not completely understood. Loading of bone
structures in vivo (comparable to exercise) leads to increased bone formation in young individ-
uals. This process is age-dependent and bone loading has less of an effect in elderly individuals.
To understand how this process is linked to the altered adaptive immunity in aged subjects, a
tibia loading experiment was conducted. Daily loading of the tibia for 2 weeks increased the
bone volume in young animals, however there was no significant increase in bone volume in
aged animals. In accordance with the anabolic effects seen in the bone structures, the immune
system underwent significant changes in the young animals during loading. The CD8+ T cell
compartment underwent a significant switch from effector and memory CD8+ T cells towards
naive CD8+ T cells, favoring the bone remodeling and adaptation process (see figure 14).
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4 Discussion

Age-related alterations on the tissue, matrix, cellular, subcellular, and signaling molecule levels
requires more research in order to realize novel treatment approaches to help patients in need
such as patients with delayed fracture healing who suffer with long term disability, pain and
engender high socio-economical costs. The influence of experience in adaptive immunity seems
to be crucial for determining the outcome of interactions between the immune and skeletal sys-
tems, and provides new leads for novel therapeutic immunomodulatory options to combat de-
layed fracture healing and other musculoskeletal conditions.

Bone homeostasis

Bone tissue is highly regulated by the micromilieu of cells in the bone as well as by systemic
regulators of bone metabolism. The bone milieu is formed of osteoblasts and osteoclasts and a
vast number of different cells like endothelial cells, fibroblasts, immune cells, progenitor cells
and others as well as numerous hormones and cytokines. Changes in this bone milieu caused
by infections, cancer metastases, drugs, disturbed metabolism (e.g. obesity) or autoimmune re-
actions often result in massive changes to the bone structure, e.g. loss of bone tissue or even
ectopic bone formation. Inflammatory changes in particular significantly affect the balance be-
tween bone formation and destruction by osteoblasts or osteoclasts. [28] The bone micromilieu
is altered by age, with aged bone being characterized by an increased pro-inflammatory milieu
and loss of bone mass. Within my work the loss of bone mass could be linked to regulatory
processes of the immune system and immune cell compositions leading to pro-inflammatory
conditions. | have shown that the trabecular bone structure was highly diminished in mass in
the aged, on the other hand the cortical bone increased in thickness with age. This process re-
sulted in a stiffer bone and therefore one would predict a more brittle fracture manner, which |
could prove by biomechanical testing of the bone. Low bone quality in older patients is a major
challenge in the treatment of geriatric patients. Until recently bone quality had not been linked
to the immune system, however the immune system has been shown to be involved in the pro-
cess of bone formation and destruction by regulation of osteoblasts and osteoclasts. Changes in
the immune phenotype by experience in the adaptive immune system alters this interdepend-
ency of bone and immune cells in interrelation. Within this thesis, | have shown that the increase
in experience in the immune system, especially in the adaptive immune system, leads to an
imbalance in the crosstalk between musculoskeletal and immune system. The experiments have
shown that the increased immune experience of T cells leads to a significant aggravation of the
age-dependent changes in the bone, which manifest as a thicker cortical bone and a deteriorated
mechanical competence. Systemic cytokine analysis revealed a higher and constant pro-inflam-
matory cytokine milieu in immune experienced subjects, as seen in the increased systemic lev-
els of tumor necrosis factor alpha (TNFa). This process is called inflamm-aging, as the cells
are constantly exposed to inflammatory cytokines. [29]
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Preclinical studies are important to understand the underlying mechanisms driving patient dis-
eases. Bone healing studies in preclinical models, like mice, rats or sheep are often used to
understand the systemic involvement of different cell types or to understand the contribution of
metabolism, immunology and/or nutrition. It has become increasingly clear that the immune
system plays a major role in the regulation of regenerative processes, as, in most organs, the
initial reaction to an injury is guided by immune cells. Immune cells readily adapt to the harsh
environment in the fracture hematoma and are potent producers of cytokines and chemoattract-
ants. However to date, in most of the studies addressing the immune system in regenerative
processes the phenotype of the immune system is neglected or not stated in the publications
[25-27]. Different cell types have been identified to be beneficial or detrimental in the healing
process [30]. The adaptive immune system is able to retain a memory upon antigen/pathogen
recognition. This memory is reflected by a stronger reaction upon antigen recall, e.g. cytokine
production or proliferation, as well as distinct chemokine receptors, enabling a faster migration
towards the tissue. The ageing process of organisms is widely studied, including bone proper-
ties, which have been studied in preclinical models [25-27]. These studies revealed age-de-
pendent changes in bone structure and competence. However, the immune status of the mice
used in these studies was not considered and it is not possible to identify the housing conditions
of the animals used. Within this thesis, the involvement of memory in the adaptive immune
system has been made clearer and that the changes are significant in bone homeostasis, healing
and adaptation. An experienced adaptive immune system interferes with the age-dependent
changes as well as with regenerative processes in a significantly negative way as shown in this
thesis. Further studies could benefit from more advanced preclinical models (more closely mim-
icking the in-patient situation) to be able to study the interaction between an experienced/aged
adaptive immunity with aged bone structures to reveal potential new targets for the develop-
ment of novel therapeutics tackling bone loss, osteoporosis or delayed healing. The aged but
immunologically naive animal (often used in aging studies) is an artificial model to decrease
the inter-individual variance in research and lacks the translational character required from pre-
clinical models to most closely mimic the in-patient situation.

Bone healing

Bone healing depends on an initial activation of the immune system. Cells from the innate im-
mune system are one of the first cells guiding the process, whilst the adaptive immune system
is a potent regulator found in different phases of the bone healing process. The detrimental
involvement of T cells in the healing process and especially of CD8+ T cells was correlated
with delayed fracture healing in earlier studies [14,31]. The activation of the immune system
can occur via antigen, bystander or danger signals such as damage-associated molecular pat-
terns (DAMPs) or pathogen-associated molecular patterns (PAMPS). Within this thesis | have
shown that the activation of isolated T cells, especially CD8+ T cells via all three different
pathways led to the finding, that T cells can be directly activated via pattern recognition and
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can therefore directly interfere in the initial healing process due to the presence of danger sig-
nals in the surrounding tissue. DAMPSs are released from necrotic tissue, induced by the frac-
ture, or dying cells due to a restricted blood supply as a consequence of the injury. The activa-
tion of CD8+ T cells revealed distinct profiles of released cytokines, which were dependent on
the molecules used for T cell activation. Activation via the T cell receptor revealed the strongest
and most broad cytokine production, however the stimulation with IL-12 and IL-18, a potential
bystander activation, and molecular pattern activation, significantly changed the cytokine mi-
lieu. The presence of toll-like receptors and other pattern recognition receptors on CD8+ T cells
has only recently been described. For example TLR2, TLR3 and TLR9 are known to be in-
volved in the T cell mediated DAMP recognition and subsequent direct activation without the
necessity of T cell receptor (TCR) involvement [32,33]. To verify this hypothesis within this
study a bone healing experiment with injection of transgenic CD8+ T cell recognizing only one
particular antigen (here ovalbumin) was performed. In comparison with injection of polyclonal
CD8+ T cell, the transgenic CD8+ T cells did not show any difference, therefore an antigen
driven process in the aseptic bone healing process could not be confirmed, rather a bystander
or danger signal driven activation of CD8+ T cell can be inferred. Schwacha et al. identified an
increase in toll-like receptors on T cells after burn injuries [34], thereby highlighting the im-
portance of danger/damage signals, DAMPS, during an aseptic injury to initiate and modulate
the immune response.

CD8+ T cells can undergo phenotypic changes upon activation and can establish an experience
level, and are involved in regenerative processes, thus the impact of the immune experience of
T cells needs to be elucidated in order to understand the heterogeneity of fracture healing out-
comes in elderly patients. Age-dependent decline in regenerative capacity is widely acknowl-
edged. My work in a preclinical model has shown that bone forming capacity in aged mice is
diminished when compared to young mice. Additionally,