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One of the notable exceptions to the para-
digm of self-healing bone is osteonecrosis
of the femoral head (ONFH). In this disease,
obstruction of blood supply and increased
intraosseous pressure to the femoral head
subsequently cause death of osteocytes.
Necrotic bone cannot continually repair
itself, and consequently microfractures accu-
mulate and progress to structural collapse.’
The high incidence of ONFH in young
patients (20 to 40 years old), in partic-
ular, creates major treatment dilemmas.2
While immediate good results of arthro-
plasty are appealing to both patients and
surgeons, the high chances of failure in the
long remaining lifespan justify attempts to
preserve the femoral head. Therefore, regen-
erative medicine for bone regeneration finds
a good niche in the treatment of ONFH.3
Considering that the pathogenesis of ONFH
is related to cell death, replenishing cells
that can make bone or vasculature in situ is
an appealing concept. Core decompression
procedure, in which part of a necrotic bone
is removed to alleviate pain and possibly cure
the disease, provides unique circumstances
for adding cell therapy to the procedure with
minimal additional morbidity. In addition
to cell-based therapy, non-cellular therapies
including growth factor, exosome, and gene
therapy may be employed to regenerate
bone in ONFH.

Cells used for regenerative
treatment

The prototype application of a cell therapy in
ONFH istheinjection of bone marrow aspirate
concentrate (BMAC) in the cavity created by
core decompression, with a view that these
cells may restore the trabecular bone in the
necrotic femoral head.>*> Encouraging results

have been reported by several groups.*®
However, other groups have found no
notable difference between treated patients
and control patients.”’® Overall, the value
of most studies is rather limited because of
low numbers of patients and brief follow-up
periods. A prospective, double-blinded trial
has provided a higher level of evidence for
the effectiveness of BMAC implantation at a
five-year follow-up."

Increasing knowledge and characteri-
zation of stem cells have promoted the use
of these cells instead of BMAC in regener-
ative medicine for ONFH. Among various
cell types, mesenchymal stromal/stem cells
(MSCs) derived from bone marrow have
been put forward as the top candidate.™
However, application of ex vivo expanded
autologous bone MSCs is a more compli-
cated process than using BMAC. In addition,
they are controlled by regulatory authori-
ties.” Most studies reporting the application
of MSCs are uncontrolled case series except
for a few controlled studies. On the other
hand, a meta-analysis of stem cell therapy in
ONFH has shown that complications are all
minor with an unremarkable rate (2.8%).™
While heterogeneous methods of application
make it difficult to directly compare individual
studies, there is an increasing perception
that BMAC or bone marrow MSC (BMSC)
treatment has reasonable, if not remarkable,
effects in early stage (Ficat | or 1) ONFH in
terms of symptomatic relief and preventing
progression of femoral head collapse.”"
While BMSC is the most used stem cell type
in ONFH, adipose stem cells (ASCs) offer
several advantages as a cell source for regen-
erative medicine. ASCs are more easily and
less painfully obtained than BMSCs.” They
are not only more abundant in fatty tissues,
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but also have greater proliferative potential compared
with BMSCs.” ASCs additionally have the advantage of
promoting angiogenesis.?°

Allogenic MSCs have economic advantages compared
with autologous MSCs because allogenic cells can be
made available as an ‘off the shelf’ product, although
they carry the chance of disease transmission and immu-
nological rejection.’ In this sense, there are arguments
on whether allogenic MSC should be appropriate for
non-lethal diseases such as ONFH. On the other hand,
considering that the proliferative and osteogenic poten-
tial of MSCs from ONFH patients is reduced,?-** allogenic
MSCs derived from healthy donors might be effective
in treating those patients. Umbilical cord-derived MSCs
may prove to be a good candidate because of high cell
yield and low immunogenicity.?

Delivery of the cells
The optimal number of implanted cells, which is compa-
rable to the dose of a drug, needs to be determined in
cell therapy for the reason of economy and therapeutic
effects, as well as to avoid possible complications from
overdose. BMAC and stromal vascular fraction are a
mixture of cells, with a small proportion of stem cells.
Also, each kind of adult stem cell is expected to have
different survival and osteogenic potential. Based on
current reported studies, the number of used cells
ranges from 106 to 10°, and the most frequently used
dose is 108 cells.5%2¢ Still, the optimal number remains
to be determined for each type of cell. Cells have most
commonly been delivered at the time of core decompres-
sion.>¢12¢ A couple of studies have also shown that ther-
apeutic cells may be effectively delivered via intra-arterial
infusion to treat ONFH.?”?¢ However, general applicability
and safety of these methods need further investigation.
Given the high cost of regenerative therapy, only
patients who will show a high chance of successful
results may be indicated for this form of treatment.
Post-collapse ONFH may not be indicated for stem cell
therapy,? as implantation of BMAC after core decom-
pression could not lead to any improvement in the clin-
ical course of stage lll ONFH.?° Thus, only early-stage
(stage | or Il) patients may be considered for this form of
treatment. Also, it has been reported that patients with
post-traumatic ONFH have better outcomes than patients
with non-traumatic ONFH, suggesting that hips with a
systemic cause of the disease would show less favourable
response to regenerative medicine than those with local-
ized causes.® Furthermore, it has been found that those
with smaller lesion sizes may achieve better results, which
is also the case with core decompression without additive
cell therapy.®' Therefore, hips with pre-collapse, smaller
size, probably traumatic ONFH are better candidates for
regenerative therapy. A recent study using autologous
BMSCs reported that the mean threshold residual lesion
volume for progression of collapse was 10% (standard
deviation 6%) at three months after implantation.3?

Safety is one of the critical concerns in the application
of cell therapy. Key features of stem cells such as self-
replication, long lifespan, and multidifferentiation are
also shared by cancer cells. This means that stem cells
can undergo malignant transformation, which poses
a key obstacle in the safety of stem cell implantation.3?
Immune rejection can also limit the clinical use of allo-
genic stem cells for ONFH. However, current literature so
far shows no severe complications in stem cell implanta-
tion for ONFH.™3435 Therefore, it can be proposed that
the application of stem cells for the treatment of ONFH
is relatively safe. Nevertheless, longer follow-up results
are still needed to ensure its safety. As in vitro cell expan-
sion process is necessary, the entire process must be
controlled and standardized so that cells may retain their
phenotype and functional potential, and avoid possible
microbial contamination.?*?

One hitherto unheeded and uncharacterized aspect of
stem cell therapy in ONFH is the in vivo fate of implanted
cells. Although stem cells are implanted with the hope
that they will engraft to the recipient area and undergo
differentiation into osteogenic cells, whether implanted
cells will survive on the site has not been investigated
yet. Without adequate vascular supply, these cells will
suffer from hypoxia, hypoglycaemia, lack of nutrients,
and piling up of waste products. In ONFH, the scanty
vascularity at the recipient site may render the local
microenvironment unfit for the survival of stem cells.
These circumstances may account for unsatisfactory
results of stem cell implantation in controlled studies.
Most implanted cells probably go through massive cell
death within a short period of time, exerting a degree of
paracrine effect before they die. Thus, if the survival and
engraftment of implanted cells are to be promoted so
that these cells become osteogenic cells and regenerate
bone within the implanted area, augmentative measures
to enhance the angiogenic potential of implanted cells
will be necessary.?

Other methods such as gene therapy and exosome
have been explored. Gene transfer of therapeutic genes
can be employed to enhance therapeutic efficiency of
MSCs. Bone morphogenetic protein-2 (BMP-2), vascular
endothelial growth factor (VEGF), basic fibroblast growth
factor (bFGF), and platelet-derived growth factors (PDGFs)
are candidate genes that can be transferred to promote
osteogenic and angiogenic properties of MSCs. As
gene transfer techniques which mostly use viral vectors
further complicate the safety issue of cell therapy, gene-
modified MSCs have not yet been applied to treat ONFH
patients. As all data on gene-modified MSCs are from
animal experiments, the efficiency and safety in patients
are not presently known and await evaluation in clinical
trials.>53® Growth factors may be directly implanted in the
lesion site to enhance osteogenesis and angiogenesis.
However, direct implantation of growth factors is compli-
cated by practical problems of peptide therapy, such as
an extremely short half-life and side effects with systemic
or high-dose administration. The combined use of carrier
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materials is thus necessary to enable controlled release
and practical application of growth factors. Recombinant
BMPs and fibroblast growth factor 2 (FGF-2) have been
used for clinical application in combination with various
carriers.?**3 The therapeutic benefit of MSCs is known to
be mostly attributable to factors they secrete.** In addi-
tion to growth factors and cytokines, cells communicate
with neighbouring or distant cells via extracellular vesi-
cles (EVs) including exosomes, which are EVs smaller than
150 nm in diameter.*> Exosomes isolated from human
MSCs showed preventive effects in a rat model of ONFH
by exerting proliferative and antiapoptotic effects,*¢ and
by promoting angiogenesis.*’

Numerous studies have reported positive results.
However, it remains unclear whether regenerative medi-
cine can be the game-changer in the treatment of ONFH
that genuinely alters the natural history of the disease.
While well-controlled randomized studies recruiting
adequate numbers of patients are necessary to define the
place of treatment, the nature of regenerative treatment,
including the cost and individual difference in donor cell
characteristics, makes it rather difficult to perform. In
the case of cell therapy, because an outcome observed
from a type of cell source cannot be projected to another
type of cells, precise definitions of cell sources and types
are mandatory. Also, distinguishing between culture-
expanded and native cells is necessary as well as between
autologous and allogenic sources. In addition to scientific
concerns, regulatory issues complicate regenerative ther-
apies. The implantation of culture-expanded cells needs
approval from regulatory agencies in most developed
countries, which is even more strict for allogenic or genet-
ically modified cells, adding to the cost of cell therapy.
Nevertheless, given that failure to revitalize necrotic bone
inevitably leads to joint arthroplasty in young patients,
further efforts need to be dedicated to the research and
advancement of regenerative medicine for ONFH.

References

1. Mont MA, Hungerford DS. Non-traumatic avascular necrosis of the femoral head.
J Bone Joint Surg Am. 1995;77-A(3):459-474.

2. Sodhi N, Acuna A, Etcheson J, et al. Management of osteonecrosis of the femoral
head. Bone Joint J. 2020;102-B(7_Supple_B):122-128.

3. Im GI. Stem cell therapy in osteonecrosis of the femoral head. Hip Pelvis.
2018;30(3):135-137.

4. Hernigou P, Beaujean F. Treatment of osteonecrosis with autologous bone marrow
grafting. Clin Orthop Relat Res. 2002;405:14-23.

5. Hernigou P, Poignard A, Manicom 0, Mathieu G, Rouard H. The use of
percutaneous autologous bone marrow transplantation in nonunion and avascular
necrosis of bone. J Bone Joint Surg Br. 2005;87-B(7):896—-902.

6. Sen RK, Tripathy SK, Aggarwal S, Marwaha N, Sharma RR, Khandelwal N.
Early results of core decompression and autologous bone marrow mononuclear cells
instillation in femoral head osteonecrosis: a randomized control study. J Arthroplasty.
2012;27(5):679-686.

7. Rastogi S, Sankineani SR, Nag HL, et al. Intralesional autologous mesenchymal
stem cells in management of osteonecrosis of femur: a preliminary study.
Musculoskelet Surg. 2013;97(3):223-228.

8. Tabatabaee RM, Saberi S, Parvizi J, Mortazavi SMJ, Farzan M. Combining
concentrated autologous bone marrow stem cells injection with core decompression
improves outcome for patients with early-stage osteonecrosis of the femoral head: a
comparative study. J Arthroplasty. 2015;30(9 Suppl):11-15.

9. Pepke W, Kasten P, Beckmann NA, Janicki P, Egermann M. Core
decompression and autologous bone marrow concentrate for treatment of
femoral head osteonecrosis: a randomized prospective study. Orthop Rev (Pavia).
2016;8(1):6162.

10. Lim YW, Kim YS, Lee JW, Kwon SY. Stem cell implantation for osteonecrosis of
the femoral head. Exp Mol Med. 2013;45:e61.

11. Gangji V, De Maertelaer V, Hauzeur JP. Autologous bone marrow cell
implantation in the treatment of non-traumatic osteonecrosis of the femoral head:
Five year follow-up of a prospective controlled study. Bone. 2011;49(5):1005-1009.

12. Noth U, Rackwitz L, Steinert AF, Tuan RS. Cell delivery therapeutics for
musculoskeletal regeneration. Adv Drug Deliv Rev. 2010;62(7-8):765—783.

13. Committee for Advanced Therapies (CAT), CAT Scientific Secretariat,
Schneider CK, et al. Challenges with advanced therapy medicinal products and
how to meet them. Nat Rev Drug Discov. 2010;9(3):195-201.

14. Piuzzi NS, Chahla J, Schrock JB, et al. Evidence for the use of cell-based therapy
for the treatment of osteonecrosis of the femoral head: a systematic review of the
literature. J Arthroplasty. 2017;32(5):1698—1708.

15. Wang L, Tian X, Li K, Liu C. Combination use of core decompression for
osteonecrosis of the femoral head: a systematic review and meta-analysis using
forest and funnel plots. Comput Math Methods Med. 2021;2021:1284149.

16. Im GI. Clinical use of stem cells in orthopaedics. Eur Cell Mater. 2017;33:183-196.

17. Zhu S, Zhang X, Chen X, Wang Y, Li S, Qian W. Comparison of cell therapy and
other novel adjunctive therapies combined with core decompression for the treatment
of osteonecrosis of the femoral head : a systematic review and meta-analysis of 20
studies. Bone Joint Res. 2021;10(7):445—458.

18. Baer PC, Geiger H. Adipose-derived mesenchymal stromal/stem cells: tissue
localization, characterization, and heterogeneity. Stem Cells Int. 2012;2012:812693.

19. Wyles CC, Houdek MT, Crespo-Diaz RJ, et al. Adipose-derived mesenchymal
stem cells are phenotypically superior for regeneration in the setting of osteonecrosis
of the femoral head. Clin Orthop Relat Res. 2015;473(10):3080-3090.

20. Kim KI, Park S, Im Gl. Osteogenic differentiation and angiogenesis with cocultured
adipose-derived stromal cells and bone marrow stromal cells. Biomaterials.
2014;35(17):4792-4804.

21. Suh KT, Kim SW, Roh HL, Youn MS, Jung JS. Decreased osteogenic differentiation
of mesenchymal stem cells in alcohol-induced osteonecrosis. Clin Orthop Relat Res.
2005;431:220-225.

22. Houdek MT, Wyles CC, Packard BD, Terzic A, Behfar A, Sierra RJ. Decreased
osteogenic activity of mesenchymal stem cells in patients with corticosteroid-induced
osteonecrosis of the femoral head. J Arthroplasty. 2016;31(4):893-898.

23. Wang B-L, Sun W, Shi Z-C, et al. Decreased proliferation of mesenchymal
stem cells in corticosteroid-induced osteonecrosis of femoral head. Orthopedics.
2008;31(5):444.

24. Maestro-Paramio L, Garcia-Rey E, Bensiamar F, Saldaia L. Osteoblast
function in patients with idiopathic osteonecrosis of the femoral head : implications
for a possible novel therapy. Bone Joint Res. 2021;10(9):619-628.

25. Chen C, Qu Z, Yin X, et al. Efficacy of umbilical cord-derived mesenchymal stem
cell-based therapy for osteonecrosis of the femoral head: A three-year follow-up
study. Mol Med Rep. 2016;14(5):4209-4215.

26. Zhao D, Cui D, Wang B, et al. Treatment of early stage osteonecrosis of the
femoral head with autologous implantation of bone marrow-derived and cultured
mesenchymal stem cells. Bone. 2012;50(1):325-330.

21. Cai J, Wu Z, Huang L, et al. Cotransplantation of bone marrow mononuclear cells
and umbilical cord mesenchymal stem cells in avascular necrosis of the femoral head.
Transplant Proc. 2014;46(1):151-155.

28. Mao @, Wang W, Xu T, et al. Combination treatment of biomechanical support
and targeted intra-arterial infusion of peripheral blood stem cells mobilized by
granulocyte-colony stimulating factor for the osteonecrosis of the femoral head: a
randomized controlled clinical trial. J Bone Miner Res. 2015;30(4):647-656.

29. MaY, Wang T, Liao J, et al. Efficacy of autologous bone marrow buffy coat grafting
combined with core decompression in patients with avascular necrosis of femoral
head: a prospective, double-blinded, randomized, controlled study. Stem Cell Res
Ther. 2014;5(5):115.

30. Hauzeur JP, De Maertelaer V, Baudoux E, Malaise M, Beguin Y, Gangji V.
Inefficacy of autologous bone marrow concentrate in stage three osteonecrosis: a
randomized controlled double-blind trial. Int Orthop. 2018;42(7):1429-1435.

31. Houdek MT, Wyles CC, Collins MS, et al. Stem cells combined with platelet-rich
plasma effectively treat corticosteroid-induced osteonecrosis of the hip: a prospective
study. Clin Orthop Relat Res. 2018,476(2):388—397.

32. Gomez-Barrena E, Padilla-Eguiluz NG, Lopez-Marfil M, Ruiz de la Reina R,
REBORNE Consortium. Volume and location of bone regeneration after autologous

VOL. 12, NO. 1, JANUARY 2023



33.

34.

35.

36.

3

~

38.

39.

40.

4

=y

G. M

expanded mesenchymal stromal cells in hip osteonecrosis: a pilot study. Bone Joint
Res. 2022;11(12):881-889.

Wang Y, Han ZB, Song YP, Han ZC. Safety of mesenchymal stem cells for clinical
application. Stem Cells Int. 2012;2012:652034.

Aoyama T, Goto K, Kakinoki R, et al. An exploratory clinical trial for idiopathic
osteonecrosis of femoral head by cultured autologous multipotent mesenchymal
stromal cells augmented with vascularized bone grafts. Tissue Eng Part B Rev.
2014;20(4):233-242.

Pilge H, Bittersohl B, Schneppendahl J, et al. Bone marrow aspirate concentrate
in combination with intravenous iloprost increases bone healing in patients with
avascular necrosis of the femoral head: a matched pair analysis. Orthop Rev (Pavia).
2016;8(4):6902.

Li R, Lin QX, Liang XZ, et al. Stem cell therapy for treating osteonecrosis of the
femoral head: From clinical applications to related basic research. Stem Cell Res
Ther. 2018;9(1):291.

. Rackwitz L, Eden L, Reppenhagen S, et al. Stem cell- and growth factor-based

regenerative therapies for avascular necrosis of the femoral head. Stem Cell Res
Ther. 2012;3(1):7.

Guzman RA, Maruyama M, Moeinzadeh S, et al. The effect of genetically
modified platelet-derived growth factor-BB over-expressing mesenchymal stromal
cells during core decompression for steroid-associated osteonecrosis of the femoral
head in rabbits. Stem Cell Res Ther. 2021;12(1):503.

Lieberman JR, Conduah A, Urist MR. Treatment of osteonecrosis of the femoral
head with core decompression and human bone morphogenetic protein. Clin Orthop
Relat Res. 2004;429:139-145.

Mont MA, Etienne G, Ragland PS. Outcome of nonvascularized bone grafting for
osteonecrosis of the femoral head. Clin Orthop Relat Res. 2003;417:84-92.

. Seyler TM, Marker DR, Ulrich SD, Fatscher T, Mont MA. Nonvascularized

bone grafting defers joint arthroplasty in hip osteonecrosis. Clin Orthop Relat Res.
2008;466(5):1125-1132.

42.

43.

44.

45,

46.

4

~

Kuroda Y, Ito-lhara T, Abe H, et al. Recombinant human FGF-2 therapy
for osteonecrosis of the femoral head: 5-year follow-up. Regen Med.
2020;15(11):2261-2271.

Kuroda Y, Tanaka T, Miyagawa T, et al. Recombinant human FGF-2 for the
treatment of early-stage osteonecrosis of the femoral head: TRION, a single-arm,
multicenter, Phase Il trial. Regen Med. 2021;16(6):535-548.

Konala VBR, Mamidi MK, Bhonde R, Das AK, Pochampally R, Pal R. The
current landscape of the mesenchymal stromal cell secretome: A new paradigm for
cell-free regeneration. Cytotherapy. 2016;18(1):13-24.

Tkach M, Théry C. Communication by extracellular vesicles: where we are and
where we need to go. Cell. 2016;164(6):1226-1232.

Guo SC, Tao SC, Yin WJ, Qi X, Sheng JG, Zhang CQ. Exosomes from human
synovial-derived mesenchymal stem cells prevent glucocorticoid-induced
osteonecrosis of the femoral head in the rat. Int J Biol Sci. 2016;12(10):1262—-1272.

. Liu X, Li @, Niu X, et al. Exosomes secreted from human-induced pluripotent stem
cell-derived mesenchymal stem cells prevent osteonecrosis of the femoral head by
promoting angiogenesis. /nt J Biol Sci. 2017;13(2):232—-244.

Author information:
G-l. Im, MD, PhD, Professor, Institute Director, Research Institute for Convergence
Life Science, Dongguk University, Goyang, South Korea.

Author contributions:
G-I. Im: Conceptualization, Resources, Writing — original draft, Writing — review &
editing.

Funding statement:
The author received no financial or material support for the research, authorship,
and/or publication of this article.

© 2023 Author(s) et al. This is an open-access article distributed under the terms of
the Creative Commons Attribution Non-Commercial No Derivatives (CC BY-NC-ND 4.0)
licence, which permits the copying and redistribution of the work only, and provided
the original author and source are credited. See https://creativecommons.org/licenses/
by-nc-nd/4.0/

BONE & JOINT RESEARCH


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

	Regenerative medicine for osteonecrosis of the femoral head
	Cells used for regenerative treatment
	Delivery of the cells
	References
	Funding statement:


