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Burden of Fracture is High

Delayed and Non-Union
➢ 8.1% of fractures were readmitted for healing complications within 2 

years post-fracture

➢ Higher rates in femoral (13.6 %) and tibial (11.7%) shaft

➢ 33% increase in global number of new cases of fracture

➢ 65% increase in years lived with disability (YLD)

Since 1990: 

178M Fracture injuries/year worldwide

➢ Significantly more prevalent in aging population

445M Prevalent fracture worldwide



BMPs Were Not the Magic Bullet

The Journal of Bone & Joint Surgery 93(9):p 801-808, May 4, 2011. | DOI: 10.2106/JBJS.I.01763

Conclusion

The time to fracture union and pain-free full weight-bearing
were not significantly reduced by rhBMP-2/CPM compared
with standard of care alone for open or closed fractures.

The Journal of Bone & Joint Surgery 95(23):p 2088-2096, December 4, 2013. | DOI: 10.2106/JBJS.L.01545

https://journals.lww.com/jbjsjournal/toc/2011/05040
https://journals.lww.com/jbjsjournal/toc/2013/12040


This was Surprising!

- Was the Dosing wrong?

- Was clearance too rapid?

- Wrong timing?



Fracture Healing is a Complex Set 
of Interactions

Shrivats et al. Bone Regeneration. Ch 55, Principals of Tissue 

Engineering. 2014Urist, 1943



Treatments Targeting Bone Remodeling

Osteoporosis:
- Increases bone mineral density
- Reduces fracture risk

Teriparatide (Forteo), Abaloparotide (Tymlos)
- Osteoanabolic
- Act on stem cells and osteoblasts

Bisphosphonates
- Inhibit osteoclasts/anti-resorptive
- Also inhibits osteoblast coupling



Bisphosphonates in Fracture Repair
Inhibiting Bone Resorption

➢ A total of 16 studies involving 5022 patients 

obtained from selected databases were examined

➢ No significant effect on fracture healing time

➢ Significantly increase BMD and prevent 

osteoporosis

➢ Inhibits both bone resorption and bone formation 

markers, resulting in low bone turnover state



Teriparatide (PTH) in Osteoporosis
Targets Bone Formation without Resorption

➢ Teriparatide is a daily subcutaneous injection

▪ $2,998 daily 

▪ $35,976 annually

▪ Maximum 2 years cumulative use

➢ Fracture Prevention Trial: Large RCT of Teriparatide vs. Placebo for 

18 months

▪ 53% risk reduction for vertebral and non-vertebral fractures

▪ Approved for men and women

▪ Efficacy in osteoporosis and glucocorticoid-induced osteoporosis



Teriparatide (PTH) in Fracture Repair
Targets Bone Formation without Resorption

➢ No evidence that PTH treatment caused harm or impeded fracture healing.

➢ Meta-analysis of published data supports the use of PTH improves functional 

outcomes but not fracture healing rate or pain for different fracture types.

➢ Did not decrease the complications, need for reoperation, mortality, rate of 

deformity after fracture healing, or subsequent fracture.

Dosing, optimal duration, sample size??? 



Abaloparatide (PTHrP) 
Targets Bone Formation without Resorption

➢ Newer to the market: approved in 2017 vs 2002 for Forteo

➢ Phase III efficacy in the treatment of osteoporosis shown in the ACTIVE trial

➢ Currently only approved for women, clinical trial completed in men

➢ Numerous preclinical studies showing enhanced fracture healing

➢ Recruiting NCT04249232 Prospective Trial: Abaloparatide and Pelvic 

Fracture Healing

➢ Lower risk of hypercalcemia and greater BMD in hip/femoral neck compared 

to teriparatide 



Wnt Signaling as a New Therapeutic Target

Control

Wnt

➢ Peak Wnt expression in soft callus

➢ Important in cartilage to bone conversion

➢ Preclinical studies very promising in small 

to large animal models



Romosozumab (Anti-Scelerostin) 
Targets Bone Formation

Sclerostin

▪ Produced by osteocytes

▪ Inhibits bone formation and bone resorption

FDA Approval April 2019

Romosozumab (Evenity) monthly SC Injection 

▪ Humanized monoclonal antibody that targets sclerostin 

▪ Inhibits Sclerostin to ACTIVATE WNT pathway

FRAME Trial: Large (7180) RCT of Romosozumab (210 mg) or 

placebo for 12 months

▪ Additional 12 months of denosumab 

▪ 75% risk reduction for vertebral fractures



Romosozumab (Anti-Scelerostin) 
Targets Bone formation without Resorption

▪ Prospective, double-blind phase-2 RCT (N=402)
▪ 1 of 9 Romosozumab groups or placebo for 3 months 
▪ Primary outcome: radiographic fracture healing at 6 months
▪ Romosozumab did not accelerate tibial fracture-healing



Romosozumab (Anti-Scelerostin) 
Targets Bone formation without Resorption

▪ Prospective, double-blind phase-2 RCT (N = 332; over age 55)
▪ Romosozumab (70, 140, or 210 mg) or a placebo until 3 months
▪ Outcomes: mean timed "Up & Go" score and radiographic 

fracture healing 
▪ Romosozumab did not accelerate clinical or radiographic hip 

fracture-healing

Timing, drug target, systemic delivery



Treatments Targeting 
Immunosenescence & Inflammaging



Increased Inflammation and Senescence with Aging 

Chang et al, Bone 2008

Macrophages Osteoblasts

D Clark, Aging Cell 2020
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Macrophage 
precursor

Csf-1

cFMS

Csf-1 – cFMS pathway

Macrophages

cFms Activation Required for Differentiation 
& Function of Macrophages 

Macrophage 
precursor

cFMS

PLX 3397- cFMS inhibitor
(Plexxikon, Berekley, Ca)

Decreased macrophages
In the circulatory system

Csf-1



PLX3397 to Mice Inhibits Migration of Macrophages and 
Stimulates Healing in Old Mice



Clearance of Senescent Cells Improves Fracture Healing



Back to Biology for New Candidates

Need a better understanding of the processes 
during healing to develop therapies.

✓ Origin of stem/progenitor cells
✓ Optimized timing for growth factor delivery
✓ Conversion of cartilage to bone
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Big Data and Bioinformatics of Fracture Healing: 
Finding New Targets

A) B)



Biomaterials for Controlled & 
Sustained Local Delivery 

100x15 um

100x15 um


