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Introduction 

 



• Bone:  
• scarless self-regeneration 
• 10-20% delayed healing or non-union 

 
• Osteoblasts and Osteoclasts 

 
 
 
 
 
 

https://www.easynotecards.com/notecard_set/7473 

 

Vorführender
Präsentationsnotizen
OPG: inhibits activation of osteoclasts and promotes their apoptosis



• Bone repair 
 

Initial phase 
• Fracture 

hematoma 
formation 

• Inflammatory 
reaction triggering 
initiation of repair 

• High expression of 
angiogenic factors 

Soft callus 
formation 
• About 7 days after 

fracture in mice 
• Anti-inflammatory 

signaling 
• Chondrocytes 

differentiate 

Woven bone 
(hard callus) 
formation 
• About 14 days 

after fracture in 
mice 

• High expression of 
angiogenic factors 

Remodelling 
• Starting about 21 

days after fracture 
in mice 
 
 

Vorführender
Präsentationsnotizen
Initial phase different from the one in other tissues – without scar formation. Angiogenic factors important for reconstitution of destroyed blood vessels. TNFα induces osteoblast activity, il6 and tgfβ recriut more infammatory cells. First cells of the immune system comedirectly from hematoma, immunologic cells support angiogenesis and differentiation of mesenchymal stem cells
Very important as prolonged inflammation delays the healing pocess. 
Angiogenic factors following formation of hypertrophic chondrocytes -> blood vessels grow back into callus to allow a woven bone apposition (erklären)
Adaption process to mechanical loading –remodellig erklären!!



• Fracture healing and callus formation 
 
 
 
 
 
 
 

 

 

 

https://www.orthobullets.com/basic-science/9009/fracture-healing 

Vorführender
Präsentationsnotizen
OPG: inhibits activation of osteoclasts and promotes their apoptosis



• B- and T-cell interactions with skeletal cell system 
 

• Activated T-cells and osteoclasts: RANKL -> Osteoclastogenesis 
Direct activation of osteoclasts via TNF-α 

• -> bone resorption 
• BUT: CD4+ T-cells promote Osteoprotegerin (OPG) secretion by T-cells and wild 

regulatory T-cells support development and healing 
 

• B-cells and osteoblasts: OPG receptor -> blocks RANK-RANKL ligation -> 
inhibits octeoclastogenesis 

• ->bone apposition 
• B-cell deficient mice are osteoporotic (Li et al., 2007) 

Vorführender
Präsentationsnotizen
RANKL = receptor activator of nuclear factor kappa-B ligand
Opg = osteoprotegerin 
Capaciy of affecting bone homeostasis also dependent on maturation – igd and igm double positive b cells most OPG – also highest amount of circulating b-cells
Cd8+ cells have a negative effect on bone healing outcome



• Osteoprotegerin: decoy receptor for RANKL -> neutralizes its function in 
osteoclastogenesis 
 
 
 
 
 
 
 

 

 

 

 

 

https://clinicalgate.com/bone-modeling-and-remodeling/ 

Vorführender
Präsentationsnotizen
OPG: inhibits activation of osteoclasts and promotes their apoptosis



Methods 

 



• 65 Wild type mice 
• 61 mice with unilateral closed fracture (4 control mice) 

• Opening knee joint with patella dislocation 
• To produce the fracture they placed a pin into bone marrow cavity and used a 

three point bending machine 

 
• Sacrification after 3, 7, 14, 21 and 28 post fracture 

• N = 11 per time point 
• Contralateral bones analyzed 1, 2, 3, 7, 14 and 21 days after surgery N = 6 
• Control group without intervention at t=0 (N = 4) 

 

Vorführender
Präsentationsnotizen
Standadized fracture, all mice at the age of 8-10 weeks; anaesthisia with isoflurane/oxygen, buprenorphin as pain medication



• Flow cytometry 
• Of flushed out bone marrow 
• Staining of CD3, CD4, CD8 and LIVE/DEAD stain 

• Histological analysis 
• Femurs with sourround muscle 

• Immunofluorescence analyses 
• Fractures bones with sourrounding muscle tissue 
• Staining with antobodies for B220, IgM, IgD, IgG1, IgG2ab, CD3e, CD4, 

Laminin, cathepsin K, osteocalcin and OPG (osteoprotegerin) 
• For quantitative analysis: 14d and 21d bones stained for T- and B-cells were 

gritted for counting 
• Gene expression 

• Callus tissue arround intramedullary fixating pin 

Vorführender
Präsentationsnotizen
Histological analysis: fixation for 48h in paraformaldehyd, Decalcification in 1:2 solution of 4% PFA and 14% EDTA at 3° for 3 weeks, 4mikrometer thick slices
Immunofluorescence: fixed in 4% paraformaldehyde (PFA) for 2hs at 4°C, then increasing solutions of sucrose for 24h at 4°C. in cryo embedding medium and then 7mikrom thick sclices were cut and then frozen until use. Rehydrated in pbs, blocking solution, incubated with different antiybodies for 1h. For last three Cathepsin, osteocalcin and OPG secondary antibodies were needed.
Gene expression: tissue flash frozen in liqui nitrogen and stored at -80°C, later homogenized, total RNA was isoltaed with a kit (TRIZOL), DANN was eliminated with DNAse I, RNA quantified with a spectrophotometer, a part used for PCR (polymerase chain reaction), expression levels were normalized to peptidylprolyl isomerase A = Cyclophylin A (optimal housekeeping in fracture healing): students T-test



Results 

 



A B 

Fig. 1: Flow cytometry 
A: comparison of CD3+ T-cells in contralateral bone marrow at different time points 
B: Comparison of CD4+ and CD8+ T-cells in contralateral bone marrow at different time points 

Vorführender
Präsentationsnotizen
A: T cells increase significantly during the first 24 hours and remained high during the 21 days of observation period -> T-cell homeostasis is significantly affected by fracture
B. T-cell composition changes during the first 24 hours from CD8 prominent CD8+ cells to a higher amount of CD4+ cells. Also in bone marrow of healthy mice CD8+ T-cells showed higher percentage than CD4+ T cells



Inflammatory phase still 
ongoing 
 
Hematoma undergoes 
organization evolving into 
granulomatous tissue 
 
T- and B-cells are visible 
througout the complete area 
around fractured bone  - also 
in sourrounding muscle and 
around fracture gap 
 
 
 
 
Fig. 2 
CD3+ T-cells: red 
B220+ B-cells: gray 
Cell nuclei: blue (DAPI) 
 

E 
F 

Vorführender
Präsentationsnotizen
A: histological evaluation of healing
D, E, F: confocal analysis of presence of T- and B-cells



Development of soft 
cartilaginous callus 
 
- Consisting mainly of 
chondrocytes 
 
 
 
T- and B-cells were absent 
from areas of cartilage 
 
 
And maily confined to 
endosteal tissue close to the 
fractured bone ends 
 
Fig. 2 
CD3+ T-cells: red 
B220+ B-cells: gray 
Cell nuclei: blue (DAPI) 
 

K L 

Vorführender
Präsentationsnotizen
Day 7 was choosen because there normally a soft cartilaginous callus develops
A: histological evaluation of healing
D, E, F: confocal analysis of presence of T- and B-cells



Hard callus formation 
Chondrocytes become 
hypertrophic synthesizing 
mineralized matrix 
 
Avascular cartilage is 
vascularized and woven bone 
evolves 
 
Callus originates from 
periosteum and growing to 
fracture gap 
 
T- and B-cells reappear in large 
numbers at areas nearby 
woven bone but not in 
cartilage (S) 
B-cells >> T-cells 
Fig. 2 
CD3+ T-cells: red 
B220+ B-cells: gray 
Cell nuclei: blue (DAPI) 
 

R 

Vorführender
Präsentationsnotizen
At gap cartilage resides the longest
Second wave of lymphocytes: located within the inner callus
D, E, F: confocal analysis of presence of T- and B-cells



Remodelling phase 
No cartilage remaining 
Bone marrow between new 
woven bone 
 
High amount of B- and T-cells 
in callus 
B-cells >> T-cells 
 
 
 
 
 
Completion remodeling 
process 
Bone regained pre-fracture 
form 
CD3+ T-cells: red 
B220+ B-cells: gray 
Cell nuclei: blue (DAPI) 
 

Vorführender
Präsentationsnotizen
Lymphocytes in areas of newly formed woven bone increased 3 fold between 14 and 21 days
T- and B-cell ratio changed between woven bone formation (14 days) and remodeling phase (21) from 1:10 to 1:7 – B-cell percentage increases



14 days after fracture 
2nd wave of lymphocites 
 
Colocation of T-cells and 
vasculature-associated protein 
laminin (A) 
 
T- and B-cells intraluminal 
 
 
-> strongly suggesting 
Infiltration of 2nd wave of 
lymphocytes via inner 
vasculature of callus 
 
 
 
 
Fig. 3 

Vorführender
Präsentationsnotizen
As lymphocytes appeared only next to newly formed bone but not in cartilage areas they wanted to better understand where lymphocyte imigrate
T-cells attached to abluminal side of endothelium – suggesting transmigration via sinusoidal venules



Functional state of B-cells in 
callus 
 
14 days:  
majority: naive B220+ IgM+ IgD+ 
Fewer: B220+ IgM+ IgD-  
 memory or immature 

(arrows) 
 
21 days: 
Naive B220+ IgM+ IgD+ AND 
B220- IgG1 and 2+ (arrows) 
 plasma cells 
 Most potent OPG secretion 
 
 
Fig. 4 
B220+ gray 
IgD green 
IgM red 
IgG1 and 2 purple 

Vorführender
Präsentationsnotizen
B-cells werethe dominant lymphocyte population within the callus. But b220 is a general marker and gives just few informations about differentiation of b-cells (and is not expressed by terminally differentiated plasma cells). To identify the maturation stage, sections were additionally stained for IgM, IgD, IgG1 and IgG2



Cell-cell contact interaction of 
osteoclasts and lymphocytes 
 
14 and 21 days:  
Cathepsin K secreting 
osteoclasts (green) 
Several Lymphocytes directly 
contacting osteoclasts 
 
 
Fig. 5 
CD3+ red 
B220+ gray 
Cathepsin K (Osteoclasts) green 

Vorführender
Präsentationsnotizen
Cathepsin K is a bone resorbing enzyme and osteoclasts occur line the newly formed bone as well as the cortices in large numbers. 
Contact to lymphocytes in entire callus – potential modulation of osteoclast activity by lymphocytes via cell-cel contact possible



Cell-cell contact interaction of 
osteoblasts and lymphocytes 
 
14 and 21 days:  
Osteocalcin positive osteoblasts 
(green) 
 Round shaped precurser cells 
 Paslisade shape activated 

oseoblasts 
 
B-cells have cell-cell contact 
with both types 
 
 
Fig. 6 
B220+ gray 
Osteocalcin (Oseoblasts) green 
Cell nucleii blue 

Vorführender
Präsentationsnotizen
Round: c,d,i,j
Palisade shaped: E,f, i-l
B-cells might affect activity of immature and fully differentiated osteoblasts



Cells producing OPG 
 
14 and 21 days:  
B-cells produced OPG 
 
Also expressed by CD3+, B220- 
cells – probably osteoblasts 
 
T-cells produced OPG 
 
 
 
 
 
 
 
 
 
 
Fig. 7 

Vorführender
Präsentationsnotizen
Previous works indicated that B-cells produce OPG also at stedy state in healthy mice
Surprisingly also T-cells expressed OPG



Balance change of OPG and 
RANKL 
 
A: RANKL 
 
B: OPG 
 
C: OPG/RANKL ratio 
 Increasing shift towards OPG 

 
 
 
 
 
 
 
 
 
 
Fig. 8 

Vorführender
Präsentationsnotizen
Relative OPG expression was upregulated in callus compared to contralateral side but no significant difference between timepoints in the callus (A)
But significant difference between relative expression of RANKL at day 7 and 21 (B)
Bone formation more prevalent than resorption ©



• Summary 
• Lymphocytes enter the fracture callus in two migratory waves 
• In first wave T- and B-cells are equaly distributed across the callus 
• Second wave of T- and B cells 

•  accesses the callus probably via ist inner vessels 
• Higher amount of B- than T-cells 
• OPG secreting capacity progressively increases at further stages of fracture healing 
• B- and T-cells also stay in remodelling phase 
• Direct cell-cell contact of lymphocytes and osteoclasts and osteoblasts 

 

Fig.9 
T-cells (red)  
B-cells (blue) 

Vorführender
Präsentationsnotizen
First wave takes place during the ealiest time after fracture
Schematic representation of T- and b-cell distribution in mouse femur
Second wave statrs with revascularization of the cartilage upon woven bone formation



Discussion 

 



• Bone injury alters bone marrow composition not only in the fracture 
bone but systematically (Fig.1) 
 

• Physiologically higher percentage of CD8+ than CD4+ T-cells in bone marrow 
(Di Rosa and Pabst, 2005) 
 

• Reversed in injury situation 
 
 

 
 

 

Vorführender
Präsentationsnotizen
CD4+ t cells have osteogenic role, cd8+ cells enlong bone healing
important for maturation of chondrocytes (soft callus formation) and their apoptosis (hard callus formation)
Tnfalpha secreted by t-cells and this inforced by a positive feedback loop and B-cells canundergo B-cell receptor independent activation because of Tcell secreted IL-4 and secrete TNFalpha
Reduced TNFalpa: delayed or absent resorption of cartilage



• T- and B-cells might directly affect the bone healing process 
 

• Through OPG and TNF-α  
• Mice with reduced or ablated TNF-α expression showed impaired healing (Aizawa et al., 

2001) 
• OPG deficient mice show osteoporosis due to increased osteoclast activity (Kong et al., 

1999) 
• Lymph node activation correlates with healing (Szczesny et al., 2007) 

 
• Until remodelling phase 

 
• Bone draining lymph nodes are affected by fracture (Szczesny et al.,2007) 

 

 
 

Vorführender
Präsentationsnotizen
CD4+ t cells have osteogenic role, cd8+ cells enlong bone healing
important for maturation of chondrocytes (soft callus formation) and their apoptosis (hard callus formation)
Tnfalpha secreted by t-cells and this inforced by a positive feedback loop and B-cells canundergo B-cell receptor independent activation because of Tcell secreted IL-4 and secrete TNFalpha
Reduced TNFalpa: delayed or absent resorption of cartilage



• Further questions 
• Can also cell-cell contacts between lymphocytes, osteoblasts and osteoclasts 

lead to further differentiation of B- and T-cells? 
• Possibilities of using immune cells to further improve bone healing 

• Regulatory T-cells combined with bone marrow stroma cells enhance healing (Liu et al., 
2011) 

• Cytokines as possible treatment (Mountziaris et al., 2011) 
 
> Newly discovered role of B-cells – is stimulation helpful for bone regeneration? 

 
 

Vorführender
Präsentationsnotizen
Cytokines difficult because of the sometimes fragile regulatory circuits – for example absence of TNF-alpha delays fracture healing but a lasting upregulation destroys the bone
OR: T-cell produced IL-17 supports osteoclastogenesis while IL17F promotes osteoblast activity
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Vorführender
Präsentationsnotizen
CD4+ t cells have osteogenic role, cd8+ cells enlong bone healing
important for maturation of chondrocytes (soft callus formation) and their apoptosis (hard callus formation)
Tnfalpha secreted by t-cells and this inforced by a positive feedback loop and B-cells canundergo B-cell receptor independent activation because of Tcell secreted IL-4 and secrete TNFalpha
Reduced TNFalpa: delayed or absent resorption of cartilage
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