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Abstract Osteoarthritis (OA), a common chronic affliction
amongst the elderly and athletes, is increasing every year.
Due to the limited regenerative capacities of the cartilage,
surgical or physical treatments have been developed for
OA. The development of surgical treatment for OA has
evolved from simple joint replacement to cell-based
regeneration. Especially, compared with other types of stem
cells, mesenchymal stem cells (bone-marrow derived stem
cell (BMSC) and adipose-derived stem cell (ASC)) are
well known for their high yield, excellent differentiation
capacities and easy isolation, and hence are widely applied
in tissue engineering. In addition, it has been known that a
capability of chondrogenic differentiation of ASCs (i.e.,
mesenchymal stem cell population from a synovial origin)
is higher than BMSCs. This review summarizes the recent
clinical applications utilizing ASC and its clinical efficacy
for OA treatment, estimated by applying available scoring
systems. Current ASC therapy treatments in the clinical
system include a direct injection of ASC supplemented
with additional compounds such as platelet-rich plasma
(PRP) and stromal vascular fraction (SVF) for enhancing
differentiation of stem cells and the incorporation of ASC
with biomaterial-based scaffolds such as fibrin and
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hyaluronic acid has been developed for more effective
treatment than direct injection. Various scoring systems
have demonstrated the clinical efficacy of ASC, and
numerous results have validated the use of ASC as an OA
therapy by relieving pain and improving the movement of
cartilage. Furthermore, additional PRP or SVF combined
with ASC have exhibited enhanced pain reduction and
physiological movement of cartilage. Hence, clinical
researches suggest that stem cell therapy utilizing ASC
could be an effective OA treatment.

Keywords: adipose-derived stem cell, cartilage, human
clinical trial, tissue regeneration

1. Introduction

Cartilage is a smooth elastic tissue present in the extracellular
matrix (ECM) devoid of vessels, composed of chondrocytes,
glycosaminoglycans (GAG), and hyaluronic acid (HA) [1-3].
Cartilage defect is a focal area of damage to the articular
cartilage sites and osteoarthritis (OA) is one of the most
typical diseases caused by cartilage defect [4-6]. OA is a
common disease in elderly and athletes due to strain on the
cartilage accompanying swelling, uncomfortable movement,
and pain of the cartilage [7,8]. While cartilage has limited
regenerative capacities, OA treatment platform have been
developed adjusting surgical or physiological therapies
[9,10]. Nevertheless, previous techniques temporarily
improve the pain and movements but do not regenerate the
damaged cartilage [11,12]. Current cartilage repair strategies
developed in clinical systems that utilize autologous or
allogenic cell therapies using chondrocytes have a lot of
disadvantages, including donor site morbidity and fibro-
cartilaginous regeneration [13,14]. Stem cell therapy is an
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advanced method of treating damaged cartilage because of
its many advantages, i.e., abundant cell source, high yield
and differentiation capacities [15-18]. Researchers have
developed stem cell treatment using various stem cell
sources (such as bone-marrow derived stem cell (BMSC)
and adipose-derived stem cell (ASC)), different cell
populations, and supplementary substances such as platelet-
rich plasma (PRP) or stromal vascular fraction (SVF).
Especially, the ASCs have a higher yield as compared to
other stem cells, and has the potential to be a therapeutic
agent for damaged joint regeneration [19]. Utilizing
mesenchymal stem cells (MSCs) such as BMSC and ASC
have been investigated in clinical trials by varying the
injected cell number and in combination with PRP or SVF
[20,21]. Autologous MSCs are widely studied and are
advantageous in cell transplantation because of simple
isolation and abundant cell source [22]. Furthermore, the
inhibitory effect of MSCs on the inflammatory reaction
and regeneration of damaged cartilages has been confirmed
in recent clinical trials [22,23]. Since ASC exhibits a
superior ability to differentiate into a cartilage tissue as
compared with BMSC [19], clinical trials for OA are
actively conducted using ASC. OA is characterized by
inflammatory reactions and the degradation of cartilage
ECM due to molecules such as several catalytic factors and
pro-inflammatory mediators [24,25]. Therefore, ASCs
differentiate into cartilage cells and fill the defects of

cartilage. ASCs also help to treat OA through the paracrine
effect. Exosomes of ASCs are considered as mediators of
the paracrine effect, and they downregulate tumor necrosis
factor-o. (TNF-a)), IL-6, prostaglandin E2 (PGE2), and
nitrogen monoxide which cause inflammatory responses.
The exosomes of ASCs prevent cartilage degradation by
inhibiting cyclooxygenase-2 and microsomal prostaglandin
E synthase-1 (mPGES-1), which cause cartilage degradation
and anti-anabolic effect [26]. Various clinical trials using
ASC were developed, from direct injection with different
cell numbers to implantation into defect sites in
combination with additional components like PRP and
SVF in HA or fibrin gel for increasing cell retention,
viability, and possibility of differentiation of ASC [27-31].
Previous trials required an incubation period for expansion
of ASC to obtain a homogenous cell population as well as
additional surgery for patients [32,33]. However, with
developing technology, it is possible to isolate the cells
immediately and efficiently, shorten the duration of surgery,
and reduce inconvenience to the patient [33]. Recently, 41
clinical studies conducted worldwide that apply ASC for
OA treatment are published at Clinical trials.gov. ASC
researches are also being actively conducted in North
America and East Asia under varying conditions (Fig. 1).
Most studies use not only ASC, but are in combination
with PRP and SVF, and other known growth factors such
as transforming growth factor (TGF)-f, insulin-like growth

Colors indicate the number of studies with locations in that region.
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Labels give the exact number of studies.
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Fig. 1. Status of ASC clinical trials by continents (Keyword; Adipose-derived stem cell, Osteoarthritis). Data from

www.clinicaltrials.gov (retrieved Jan 31, 2019).
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factor 1, and fibroblast growth factors. Cell-growth factor-
containing fractions have exhibited enhanced chondro-
genesis of stem cells in in vitro and in vivo experiments
[34,35]. It is thus expected that these fractions will be
clinically more efficacious, and have therefore been applied
by many researchers. This article summarizes an overview
of recent tissue engineering approaches in clinical trials
that report the improvement of damaged cartilage, especially
in OA, by utilizing autologous or allogenic ASC by injection
or implantation at the affected sites.

2. Clinical Evaluation of Cartilage Regeneration
Using Various Scoring Systems

To evaluate cartilage regeneration and functional joint
improvement for OA, a series of scoring systems have
been developed to specifically analyze pain level, physical
activities, and morphology/quality of regenerated cartilage
tissues at the damaged joint sites. Currently available
scoring systems to evaluate progress and restoration of OA
are summarized in Table 1. Visual analogue scale (VAS) is
a unidimensional evaluation of pain intensity, and is self-
completed by the respondent [36,37]. This scale provides
intensity of postoperative pain from the patient's perspective.
In terms of score interpretation, a higher VAS score
indicates greater pain intensity. This method takes less than
a minute to complete, and easily exhibits small changes
and improvements of pain at each given time point.

The American Orthopedic Foot & Ankle Society
(AOFAS) score is a standardized measurement of foot/
ankle functionality to evaluate pain (assessed by patient),
alignment (assessed by physicians), and function (assessed
by both patients and physicians). Its subjective scales have
demonstrated reliability and validity [38], whereas the
objective scales are not predictable for their reliability and
validity [39]. Nevertheless, it is one of the most widely-
used instruments in clinical studies, and provides the best
comparison between various studies [40].

The International Cartilage Repair Society (ICRS) grade
is a validated scoring system that classifies the grade from
0 to 4 in degree of defect repair, integration to border zone,
and macroscopic appearance of tissue morphology [41].
This evaluation for the status of OA sites is primarily based
on hierarchical zonal morphologies and integration.

The Kellgren-Lawrence (K-L) grade was designed to
assess the severity of knee cartilage, and is evaluated solely
by plain radiograph images (Fig. 2) [42]. K-L grade helps
the physicians to make clinical decisions to define useful
surgical management. This system scores from 0 to 4,
based on the comparison between radiographic images of
patients and standard images. Since K-L grade requires

Fig. 2. Representative cartilage region to analyze regenerated
cartilages using MRI images. Reproduced with copyright permission
from [42].

radiographic imaging, evaluations are performed with
limited other investigations [43,44].

The Knee injury and Osteoarthritis Outcome Score
(KOOS) system evaluates consequences during the OA
period, by examining patient responses for symptoms,
stiffness, pain, function of knee, and quality of life.
Furthermore, the KOOS score is useful during examinations
involving short-term and long-term monitoring of the
patient [45-47]. Similarly, the Western Ontario and
McMaster Universities osteoarthritis index (WOMAC) was
developed to evaluate pain, stiffness, and physical function
of the cartilage [48]. Various studies confirm the validity
and reliability of the WOMAC index for OA patients,
based on the correlation with other pain measurement
outcomes [49-51].

The International Knee Documentation Committee
(IKDC) subjective evaluation system is one of the most
reliable outcome reporting tools that evaluates the improve-
ment of symptoms, knee function, and sports activities
[52,53]. This patient-oriented questionnaire is a reliable
method for people afflicted with diverse knee disorders
(i.e., knee-specific measurement), although this is not a
disease-specific evaluation [52,54].

The Lysholm knee scoring system is designed to assess
functional instability of the knee, especially for anterior
cruciate ligament injuries and knee chondral defects
[47,55]. Lysholm scores evaluate condition-specific out-
comes including limp, locking, pain, stair-climbing, use of
supports, instability, swelling, and squatting [55]. However,
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Table 1. Scoring systems for assessing knee function and cartilage regeneration

Ref. Scoring system Purpose Properties Outcomes
[36,37] VAS Evaluate pain of - Hard to compare a scale of pain - No pain (0) — unbearable pain (10) at
patients with other groups 10 cm line scale
- Effectively exhibited changes - Distance on the 10 cm line determined the
within individuals score
[38-40] AOFAS Evaluate pain, - Consist of three parts; pain, - Total 100 points composed of pain (40

[41] ICRS grade

[42-44] K-L grade
[45-51] KOOS
[49-51] WOMAC
[52-54] IKDC grade
[44,56] TAS

[44,47,  Lysholm knee
55,56]  scoring scale

function, and
alignment of foot
and ankle

- Patient: Evaluate
symptoms, activity
level, and function
at injury

- Surgeons:
Evaluate the status
of defects sites

Assess the severity
of knee

Evaluate
symptoms,
stiffness, pain,
function of knee,
and quality of life

Evaluate pain,
stiffness, and
physical function

Evaluate
improvement of
knee symptoms,
function, and
activities

Evaluate level of
activity based on
work and sports

Evaluate
functional
instability of knee

function, alignment of foot and
ankle

- Surveys are included subjective
and objective questions

- Consists of two parts

1) Patient: contained localization,
onset of symptoms, physical
function at injury, activity level
2) Surgeons assess degree of
defect repair, integration to
border zone, and macroscopic
appearance

- Assess by using a plain
radiograph

- Survey work performed with
limited number of films due to
hazard of radiation

- Radiograph images should be
assessed by the same observer or
two observers

- Scoring should be performed
following standard films

- Only evaluated by patients

- Each question belongs to one
subscale; Pain, Symptoms,
Function in daily living, sport and
recreation, Quality of life

- Revealed weakness in stiffhess
subscale with low test-retest
reliability

- Could not detect change of
physical function

- Detect improvement of
symptom, function, and sports
activities

- Subjective scale

- Represent specific activity using
numerical scale

- Requires opinions to the patients
about possible activity

- Emphasized the evaluation of
instability of cartilage

- Requires opinions of patients
about symptoms, own functional
view, and instability

points), function (50 points), and alignment
(10 points)
- High score indicates healthy states

- Grade 0; normal

- Grade 1; almost normal but have
superficial cracks and fissures

- Grade 2; lesion extend down to no more
than 50% of cartilage depth

- Grade 3; lesions extend down to calcified
layer or over 50% of cartilage depth

- Grade 4; lesions extend down to
subchondral bone plate or trabecular bone.

- Grade 0; normal — absence of radiographic
image changes of osteo-arthrosis

- Grade 1; exhibited possibility of
osteophytic lipping and narrowing of joint
space

- Grade 2; exhibited osteophytes and
narrowing of joint space

- Grade 3; exhibited multiple osteophytes,
clear narrowing of joints space, and
possibility of deformation of bone

- Grade 4; large osteophytes, clear
narrowing of joint space, critical sclerosis,
and clear deformation of bone

- Each questions were assigned by the
scores following instructions; None (0),
Mild (1), Moderate (2), Severe (3),
Extreme (5)

- Each average subscale score is converted
by formulae

- High score indicates normal state

- Assessed by 24 questions about pain,
stiffness, and physical function
- High score indicates worse patients

- Each questions were assigned by the score
from 0 (i.e., constant or worst pain) to 10
(i.e., never or no pain)

- IKDC Score is determined by calculating
that (sum of score in each part) / (maximum
possible score in each parts) * 100

- Patients select the level of activity that
they can perform
- Compared present and past injury level

- Each statements described in section have
scores
- High score indicates normal state
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this method exhibits limitations of weak measurements in
daily activities and sports, and suboptimal performance in
consistency with varying knee conditions. Hence, the
Tegner activity scale (TAS) was developed to evaluate
levels of functional activities as a complement to the
Lysholm score. This clinician-administered tool describes
11 levels of activities (from level 0 of “Sick leave or
disability pension because of knee problems” to level 10 of
“Competitive sports-soccer, football, rugby (national elite)”);
both Lysholm and TAS scores are commonly used together
[44,56].

3. Currently Completed Clinical Approaches in
ASC Administration for Cartilage Repair

3.1. Safety and stability of autologous compartments
Recent clinical trials involving administration of ASC
applying various strategies are summarized in Table 2. The
aim for early pilot reports is to evaluate the safety of
autologous compounds such as SVF or PRP for knee OA,
and potential improvement of knee pain [57]. In this trial,
the SVF suspension was injected to 8 knees from 6 patients
(5 female and 1 male, 59 years of mean age). The initial
status of each patient was classified as K-L grades I to III,
and VAS score of 4 or greater. Adipose tissue was harvested
from the abdomen, flanks, and/or lateral thighs, having
average 173.5 mL of lipo-aspirate harvest, with an average
viable SVF cell count of 14.1 million. After aspirating
SmL fluid from the intra-articular space, 3 mL of SVF
suspension in Lactated Ringer’s was injected. Pain and
mobility assessment were conducted by the WOMAC
Index and VAS scoring, preoperatively and postoperatively
at 3 months and 1 year. The clinical outcomes report a
decreased WOMAC score from a preoperative mean 32.9,
to a postoperative mean 10.8 at 3 months, and 9.4 at 1 year.
The VAS score also decreased from a preoperative mean of
5.9 to a postoperative mean of 1.8 at 3 months and 2.1 at
1 year, representing an improved outcome. Orthopedic
evaluation exhibited increased, but not significant, range of
motion (ROM), and the timed up-and go (TUG) testing
reduced by 48% from an initial value of 5.4 sec to 2.6 sec
postoperatively at 3 months. No significant changes were
observed in the MRI images between 0 and 3 months due
to the short period of follow-up. Compared with standard-
of care treatments (i.e., visco-supplementation and corticoid
steroid injections) and other previous studies [58-62], the
procedures in this study are advantageous as a potential
OA therapy due to consequent pain reduction, longer
maintenance time for 1 year, and positive clinical outcomes.
Based on the anti-inflammatory properties of cells in
SVF, a hypothetical mechanism of how adipose-derived

SVF reduces OA knee pain has been proposed. SVF
exhibits a capability of immunosuppression and could
release anti-inflammatory molecules such as IL-1, IL-10,
receptor antagonist (IL-1ra), indoleamine 2,3-dioxygenase,
TGF-B, and PGE2 [63]. To overcome the few obstacles,
following have been suggested for improving clinical
results: (1) using a standard MRI for detecting trivial
changes postoperatively; (2) studies on the OA evaluation
system need to contain multiple questions for clear
investigations; (3) sophisticated injection of SVF into the
intra-articular site; (4) increasing the number of experimental
groups and establishing a control group. In conclusion, the
treatment of OA by administering adipose-derived SVF on
the OA knee has potential future clinical application due to
its safety (the reduction of pain) and feasibility (being
potential therapy).

In addition to the incorporation of autologous SVF and
PRP to facilitate ASC integration, autologous microfrag-
mented fat tissue can alternatively be utilized for OA
treatment [64]. In 2017, Hudetz et al reported that
transplantation of microfragmented adipose tissue into 32
knees of 17 patients improved the deposition of cartilage-
specific ECM components. Increasing proteoglycan contents
on lateral tibial condyle and both patellar facets were
observed at 12 months in the delayed gadolinium-enhanced
MRI of cartilage (dAGEMRIC) images. VAS outcomes of
patients exhibited significantly reduced pain score regardless
of movement or rest, and without significant changes in
inflammation markers including c-reactive protein and
immunoglobulin G glycome level in the both local (synovial
fluid) and systemic (blood plasma) systems. Therefore,
intra-articular administration of autologous microfragmented
fat tissue facilitated the cartilage ECM deposition and
chondrocyte proliferation via trophic and immunomodulatory
mechanisms. Consequently, this approach could also
influence biochemical changes in the cartilage and archi-
tectural restoration without any adverse events, including
chondrotoxicity.

One proof-of-concept phase I/II clinical trial evaluated
the safety and efficacy of intra-articular injection of
autologous ASCs in patients with knee OA [65], including
a 2-year follow-up study that verified the long-term
efficacy of injected ASCs to the OA sites [66]. Abdominal
subcutaneous fat was collected from participants (n=18) by
liposuction, and isolated ASCs prepared in saline were
injected with varying cell populations containing 1 (low), 5
(mid), and 10 (high) x 107 cells. The high dose group
showed significant decrease in the WOMAC score (70%)
at the 1-year follow-up, when compared with baseline
score. In addition, the size of cartilage defect decreased
most efficiently in this group, indicating the regeneration of
thick and hyaline-like cartilages. This resulted in enhanced

@ Springer



Biotechnology and Bioprocess Engineering 24: 839-853 (2019)

844

S¥DI
PUe ‘SV I, ‘O] 0} SuIp10d0E JWOoNO 3s10m Juediyiugis pey ¢ dnoid

Ul WO §°G < SUOISI] JO 9ZIS dAey oym syudned pue jused JYSIOMIAQ T

(51199 40T x 8°€)

(soouy )

A1931ms ordoosoayyre

pug Juamiopun - g dnoip
(s9ouy €7)

S90BLINS 93E[1}IeD PojeIduaFal dnoi3 uorsuadsns K10931ns o1dodsoaypre pug
PanqIuxa safewn A193ns ordoosoryry [1e ur uoneiue[dwl DSV IolFe PISLAIOUI 1M 109S DS PUe SVI '1 DSV Jo uonosfuy juamIapun jou - | dnoin [o€]
dn-morjoj S1e9K 7 38 SOOY JO So[eos Al paaoidwy ¢
IeQA-7 18 9peId -3 Aq passosse snyejs oFe1aed 91005 YA Posea1ns( ‘g qoe) ‘dud Jo (1199 ,01 x T'H)
paurejurew Jo paaoidwr payquyxa syjudned ¢z PaOseaIoul 2JaM SQI00S WOYSAT “| uonoafur Jenorre enuy syuaned Yy 99Uy O€ [12]
syuoned 103unoX oy} uo 9A1OYS oq WS
DSIA Jo uonoa(un jey) Sueorpul ‘SYA Ul jutod /'] SV, pasealodp (S1199 40T x 68'1)
PUE 2100S W]OYSAT] PASeaIoul pAjIqIyxa (s1edA G <) syuaned 1opjo oy, °¢ (Osv
(syurod 7'z pasearoap) M d :dnoig Apmyg
SVA pue ‘(sutod ¢ pasearour) Sy, ‘(syutod g'9g paseaiour) 2109 DSV moynm
¥ opeI3 DI 9soys uey) spuaned sowoono woysAT ay} ur paaoidwur sem I nsal [edrur]do ay) ‘dnosd Apnjs ayp uf ‘g oSV ddd :dnoi3 jonuo))
SVA Paouequa ¢ 9peis Sy 9ABY oym SVA Ut sjutod /'] pasea1odp pue ‘9109s SYA Ul pasearour sjutod Fuureuod uonnjos sdnoi3 yoea
syuanied o) JeY} PANQIYXS SINSI 9peIS SYD] 80 ‘2109s WIoYsAT ul paseaour Jutod 4] A[uo dnoid jonuos ayy uj °| dYd Jo uonosfug ur spuaned YO 29Uy ST [oL]
sdnoi3 [[e ur 9ousIYIp Juijaseq 0} paredwos pasueyud
JUBOIJTUSIS OU SeM I3} PUB SuoI3al ApuedyIusis a1om syjuow g 18 dnoi3 asop-mof ur Xapur SO0 ‘€
oFe[1ed Pasea1odp paqIYXa saSewl PN T qurjaseq 0} paredwod 7' [{ INOGe PaseaIoop
Joquinu [0 Apueoijiugis A[uo a1om syjuow 9 e dnoid osop-mo[ Ul SaI109S SVA T (81199 401 % 0S
pa3oafur Jo sso[pIeSal SOOUIAYIP JuedIUSIS *90UQIQYIP JuBOYIUTIS SI[9401 x 01
ou Sem 219U} INQ Xapul DTYINTDP pasearour PAQIYX3 Jou d1om sdnoI3 JOYI0 Y} PuE SYPUOW 9 J& PISLAIIP suorsuadsns DSy Jo S[[99401 x 7)
PaNqIyxa safewt DIYINAOP [[BIRAQ | Apueoyiugis payqiyxa dnoid 9sop-mof ul sawodNno JVINOM ‘| uonoslur JenonIe-enuy syuaned vy dauy 81 [69]
SIBOA 7 [IIUN PIAIISQO dIom Jeak
dnoi3 asop-aso] ur safueyo Jueoyudis oN ‘¢ | Ym paredwoos s1eak g je sdnoi3 [[e ur Juswosoidw JueoyIugis oN i
SIBOA 7 J& anssn) 93e[111ed pajelduagol 1224 | [nun dnoig 9sop-mo[ ur pasearoul S JO 2109s uonouny oy, ¢
Joisow pareaddesip payquyxe dnois asop-pijA ¢ s1eak 1 je dnoi3 S[[99 401 x 0'[ :9SOp-YSIH
suoIgal 9sop-y3iy pue dnoi3 osop-mo[ ul pasealoul S JO 2100s 2wy Y, 7 SI[[99,01 x 0°S :@SOp-PIA
[eIOWS) [RIPAW UL SZIS JOJOP PIseaIodp Ieak | SI[99 ,01 x ([ :9S0p-moO]
PANQIYXa SIBdA 7 18 dnoa3 asop-y3IH '] 1B 91095 SYA PUB 2109S DVINOM Paonpal panqiyxs dnoi3 asop-y3iH | uondslur sHSV 1021 syuaned v 29Uy 81 [99°69]
"SJU2II0d YD) [enIul anssn asodipe (Osv
s paredwod s2103ul JO SUOISAI UI JUSIUOD 151 1O SJUSWIDAOW JO SSA[PIeTal Saje)s pojuswSe-0I01W JO  JO JUNOWE PIUOHUIW JOU)
DD PaseaIoul Jey) pANQIYXd saTewll DIYINAOP  [e1ul (M paseduiod pasealoop sem dn-moj[og Jse] a3 18 2109S SYA UYL uonosfur Jenopte-enuy syuoned YO ouy] £ [¥9]
(op1s y31y)
SI[90 401 x 6°L * 9 yuaned
(op1s yog)
S[I92 401 x 9°L - G Juslied
(op1s yo7)
S[199 ,01 x 9L'[ - ¥ Justied
(op1s yo7)
S[199 ,01 x [L°] - €Iustied
soSew YA Ul SaSueyo JUBdIJIUSIS ON *¢ (op1s pog)
juawgean) 210joq Yym paredwoo SI[9 401 x 0L : T Jusned
PaONpaI 2I9M SYIUOW ¢ I8 S)NSAI DT, ‘T (op1s ya1)
jueoryrugis IedK | [un paseaIodp A1om $AI03S SYA T uorsuadsns JAS Jo SI[9 ,01 x [y | Jusned
A[Teone)s Jou sem nq paseasour INOY ‘| Jedk | [pun pasearodp 2103 DVINOM 1 uonoa(ur Jenonre-enuy syoned v 29Uy 9 [Ls]
swoono Aderoy) ear3ojorsAyd pue ydeiSorpey QWI0dNO FULI0dS uonensIuIwupy dnoin RENT

SW9ISAS [edUId Ul DSV Suisn Aq juswgean yQ Jo Arewwuns *g d[qeL

pringer

H's



845

29Uy 9y} JO OPIS [BIPAW AU} UO dNss}
1[-9Fe[13180 PaseaIoul PNIqIYX? saSew YN
dn-mofjoj 1se] 1 pasoadun Appuesyyiugis

K4

JUSWBDI) IS SOdM 9] pue jusunyeanaid

d4d Sutureuoo

(Osv
JO junowre pauonuaw Jou)

pringer

Hs

ASC Administration for Cartilage Repair

1om ¢ pue ‘z ‘1 uaned Jo INOY UL ‘1 ud9M}0q Pasearddp Apueoliudis a1om ¢ g ‘| syuoned Jo 21008 YA YL VH jo uonejueduy syuoned yO ouy ¢ [¥8]
(Osv
JO Junoure pauonudwW J0u)
(sepyue
TN Aq pazATeue d1om uonoafur ‘sypoeq Mo ‘sdiy ‘saauy)
Jeyp sputof £z UI UOIJBULIOJ JOWN) JO QOUPIAD ON| AAS Joye syjuow ¢ [run pasearoap APuedlyiuss a1om $a100S SYA AAS Jo uonoafuy syuared VO 16 [¢8]
SoFe[11Ied SNOSIuSW
JO SSOUNDIY} Ay UT SBAIOUI JUBOIUSIS
panqryxa sjudrjed Yoy pue paiy) 2y, ¢ 99U 9} JO UOIXY
uoneuULIO} XLIjew auoq Jo Ajfiqissod pasroxduwr pue 2109 YA PISeaIddp pAIqIYxd syuaned Yoy oyl ‘¢
B )M S)O9JOp duoq JO Sulf[ij JuedIugis uonow Jo d3uel pue U JO UOIXA[J (Osv
pajeorpur syuaned puooss Jo ofewlt YN ‘7 PIseaIoul PUB 2109S SYA PSeaIoap payqiyxa syusned payy Yy g JO junowre pauonuaw jou)
TMIA Ul 399J2p 2uoq Jo uopow Jo Qouy] :sudned ¢
Supy yueoyrudis pAIqIYxe syuoned 3suy oyl ] 9Suel pue a109s SYA paroxdun payqiyxe syuened puoods pue ISy Ay, | qoeD ‘VH dud diy :syuoned g [z8]
AAS paurejuod
SYDI Suisn Aq opei3 *0j2 ‘uonyed0] ‘a3e ‘oz1s uoisa] Jurziue31o 7 dnoisd ur SOOUIYIP 198 uLiq1 :zdnoin
1o | se passasse a1om ¢ dnois ur syuoened o486 "7 JUBOIIUTIS OU PAAQIYXD SYNSA SV, pu. Sa109s D] :¢ dnoin g (SI199 401 x 6°€)
I dnoi3 ur (g €1 apei3 SYDI) els [euriou SV Pue 2109s DS][ Ul SOWO0IIN0 3SI0M A[JUBOIJIUSIS [98 uLIqyy AAS :1dnoin
-IeaU JO [BULIOU B POARIYOR PRy SUOISI] JO 9% €T °| PINQIYXS ,Wd /G uey) 133Ie] SUOISI] dABY Oym spuaned a1 dnoin °| 10 JAS Jo uonodsfug syuaned QO 29Uy 96 [L2]
SSO[ 93e[1}1ed SSOUOI} dn-mojjoy [euy DSV Sulurejuoo
-[InJ Jo 9Seuaoiad pue eale sso| 93e[1Ied JO 9ZIS Je opeI3 | pue ( ayp ur syudned Juepunge PaQIYX S)NSA SV YL ‘T 198 unqyy uonejueldun (S99 401 x t'F)
U} Ul OpeI3 PAOUBYUD PAIGIYXD $2100S SIVOIN dn-mo[[og [eur} oy} Je pasealoul A[JUBOLIUSIS a1oM $2100s DM UL 1 ordoosoayiry syuaned v 29uy 07 [82]
's189K ()9 JOpUN PAAIISqO
Sem SV, AQ passasse [9A9] AJAIOR JO JUSWOUBYUD JUBOYIUSIS 7 DSV Sulurejuod [958 (S[199401 x €%)
- dn-mo[|oJ [eul} Je PaseaIoul sem 109s D] Aq PISSasse 9zIS uoIsa ‘| uLqy jo uonjejueduy syuaned YO 29Uy 6f [6L]
(81199 401 x 6°€)
A pue Adoosodure Joo[-puodas (sopque 1¢)
£q PaAI2SqO S}oJop 9Fe[1Ied PI[[I) PANQIYXD uone[NWIS MOLIEW
suonodsfur DSV Juamidpun oym syuaned ayg, g dn-mojjoj [euyy oy 1e g dnois ur [9A9] Joy3iy ardoosouyre £q pamor|oy
AN Aq PIAI2SQO SUOIS] Ay} UI S$)OJP yum sdnoi3 usamiaq 2oUdIPIP JUBSHIUSIS B PAIQIYXS 2109S SV YL ‘€ ‘uonoafur DSIAl :g dnoin
9Fenueo (11 pue A1031ns o1doosolyyre oo| v dnoi3 yym paredwods juswaoidur (sopque £¢)
-pu0d3s £q PIAIISQO UOISI] Y} Ul UOTIRISUSTAI 1978013 panqIyxa g dnois ur 2109s A[SpPneJA pue s[0Y YL, T uone[nwins
anss1} onoiqyy (1 payqIyxs suonosfur dn-morjoj 1eury e paaoidun uorsuadsns modrew drdoosoayyre
DSV o313pun jou pip oym sjuaned ayJ ‘| Apueorjiusis a1om dnoi3 yoes Jo 2100s SYHOV pue 2109s SYA YL ‘| DSV Jo uonoafuy ym pajean 1y dnoin [¥L]
Q0URISYIP JUBIYIUTIS © pey 7 pue |
dnoi3 usamiaq dn-morjog reury Je sepeis YD1
dn-moJjoJ [eul I8 o4¢ Tf Sem ¢ dn-mojjoj [eur Je 7 pue | dnoi3 usamiaq so100s
opei3 pue 0,8°¢ sem | aper3 YOI ‘¢ dnoi3 uj "¢ SVAOV Pue SVA UBaW 9y} Ul SOOUILJIP JUBDIJIUSIS OU 2I19M IO, °¢
dn-mojjoy [eury Je | dnoi3 ur z opesd Aep [euyj e 7 (SI190 401 x 1'p)
SYUDI se pajen[eAs a1om syuoned Jo o41°97 'z dnoiS pue | dnoi3 ur pasearour APUedJIUSIS d10Mm $9100S SYAOV YL T Qnpadoid uone[nuns DSV Yum :Sapjue 97
dn-morjoj [euty e dn-mofjoj -modrewr o1doosouyyre DSV MNOyNM SIPJUe €7
1 dnoi3 ur aredar | opes3 QYD ou sem 1YL ‘| [euy Je Z pue | dnoi3 ur paseardop A[JUBOIJIUSIS 1M SAI00S SVA YL ‘| Joyge DSV Jo uonoofug ‘syuaned vO opUY 6F  [€L4CL]
swooino Aderoy) ear3ojorsAyd pue ydeiSorpey QWI0dNO FULI0dS uonensIuIwupy dnoin RENT

panunuo) g JqeL



846

Biotechnology and Bioprocess Engineering 24: 839-853 (2019)

ICRS grade in the medial femoral and tibial condyle, as
observed in the second-look arthroscopy. Moreover,
histological evaluation of biopsy using Safranin O, type I
collagen and type Il collagen staining showed marked
improvement in the medial and femoral condyle defects
due to newly regenerated articular cartilage tissues.
However, no significant differences were observed in the
lower dose groups at the 2 years follow-up. Knee Society
Clinical Rating System (KSS) score in the high-dose group
exhibited a significantly increased score (78.6%) at the 1-
year follow-up as compared to the baseline, while but a
low-dose group reveled 117.9% increase at the 1-year
follow-up. A similar pattern was presented for the KOOS
score, except for sports and quality of life subscales.
Structural outcomes by K-L grade exhibited medial
compartment regeneration at 6 months in the high-dose
group. MRI evaluations indicated regenerated articular
cartilages in the medial femoral and tibial condyles, and
decreased defect size and increased cartilage volume in the
medial femoral, in high-dose group up to 2 years, with no
significant difference in the low dose groups. Overall, these
results reveal that administration of high-dose ASC results
in regenerated cartilage regions, decreased pain, and
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enhanced movement in the elderly. This indicates that cell
therapy using ASC improves the OA over 2 years, and
number of cells injected should be considered for enhancing
the efficacy.

3.2. Controlling parameters for ASC-mediated OA
treatments

Although the number of injected ASCs is perhaps an
important regulatory parameter for OA treatment, clear
evidence for ASC dose is still under investigation, especially
at the clinical level. For example, Orozco et al. reported
that 4.0 x 10" BMSCs improved the cartilage morphology
and quality in 11 of the 12 patients after 1 year of treatment
[67]. Sekiya et al. suggested that injecting 4.7 x 10 synovial
MSCs in 10 patients enhanced their outcomes in terms of
MRI score, qualitative histology, and Lysholm score [68].
However, Pers ef al. reported no dose-dependent clinical
outcome observed in the Phase I trial of ASC administration
(Fig. 3) [69]. In this trial, all participants were diagnosed at
3 to 4 grade of K-L scale and were divided into 3 groups
being administered different doses of ASC (2 x 105, 10 x
10°, and 50 x 10° cells). Clinical outcomes exhibited
significantly improved pain, function, and stiffness of the

dGEMRIC

10 mm

4 months

T,,[ms]

Fig. 3. dGEMRIC and MRI images of patients. Left images exhibited dGEMRIC and Ty, values of different dose group at before and 4
months after the treatment. MRI images exhibited cartilage changes in low-dose group observed by dGEMRIC and Tj,. Increased
dGEMRIC and decreased T, described improved cartilage regeneration. Reproduced with copyright permission from [69].
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OA knee as compared to pre-treatment states in only the
2 x10° dose group. A clear correlation between ASC
numbers and clinical outcomes for OA treatment was not
observed due to the small sample size (6 patients in each
dose group). Nevertheless, the highest pain level at baseline
in pre-treatment states (i.e., inflammatory milieu) of patients
in the low-dose group might prime the injected ASCs to
exert their immune-modulatory functions and subsequently
improve the patient responses. Another clinical trial reported
using infrapatellar fat pad derived MSCs, and proposed
that 1.2 - 2.3 x 10° stem cells in 3 mL of PRP carrier is
optimal for clinical chondrogenesis in knee OA treatment
[70].

In general, clinical outcomes of ASC administration for
the treatment of knee OA could be evaluated using
arthroscopic inspection [30,71]. Koh er al. performed a
series of clinical trials to investigate the effect of intra-
articular injection of ASCs using the Lysholm score,
KOOS, VAS score, radiographic evaluation, and second-
look arthroscopic findings. One of their early trial included
30 elderly patients (5 men and 25 women, mean age 70.3
(range 65-80) years) who had failed nonsurgical treatment
and were diagnosed as idiopathic or secondary knee OA
(K-L grade 2 or 3 OA in multiple compartments). ASCs
were prepared from the subcutaneous fat tissue extracted
from the patients’ buttock, and a mean of 4.0 x 10° cells
(ie., 9.7% of 4.2 x 10" SVF cells) in 3.0 mL of PRP were
implanted with arthroscopic lavage. After surgery, the
patients underwent clinical assessments conducted at the 3-
month, 12-month, and 2-year follow up visits. Clinical
outcomes indicated that the ASC injection was effective in
cartilage healing, alleviating pain, and enhancing functions
in the elderly patients with knee OA, showing significantly
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increasing mean Lysholm and VAS scores, from the
preoperative to the 2-year follow-up. The median KOOS
was also improved in all five categories including pain,
symptoms, activities of daily living, sports/recreation, and
quality of life (Fig. 4). A statistically significant association
between patient’s age and mean improvement from baseline
was observed in all KOOS subscales only at the 2-year
follow-up. On second-look arthroscopy, 14 of the 16 elderly
patients (87.5%) experienced improved or maintained
cartilage status at least 2 years postoperatively, and only 5
patients demonstrated worsening of the K-L grade. A
subsequent study also investigated the clinical efficacy of
ASC injection on knee OA treatment and the downstream
factors that influence the results after MSC [30]. This study
enrolled 56 patients (60 knees) diagnosed with K-L grade
1-2 and presenting with symptoms of knee joint pain and/
or functional limitations. Joint function and sports activities
of the patients were evaluated both pre- and post-operatively
by IKDC score and TAS. Patients were classified into two
groups, depending whether they had undergone a previous
second-arthroscopic procedure. Following removing all the
unstable and damaged cartilages from the lesion, the
prepared ASC suspension (isolated from the patients’
buttocks 1 day prior to arthroscopic surgery) containing a
mean of 3.8 x 10° cells/mL was filled into the cartilage
lesion under arthroscopic guidance. The clinical outcomes
revealed improved mean IKDC score (from 38.0 to 61.0)
and mean TAS score (from 2.5 to 3.6) at the final follow-
up (mean 26.5 months). Interestingly, when associations
between patient characteristics and outcomes were
considered, statistical significance was found between
patient weight and clinical and arthroscopic outcomes.
Overweight patients (BMI > 27.5 kg/m?) and patients with
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Fig. 4. Analyzed data of ASC treated patients using KOOS at 2-year follow-up by grouping A. age, B. gender, and C. K-L grade. QoL:

Quality of life. Reproduced with copyright permission from [71].
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size of lesions > 5.4 cm? had significantly worse outcomes
with respect to the IKDC score, TAS score, and ICRS
grade, indicating that both factors affect the clinical
outcomes in ASC implantations. In the second-look
arthroscopic findings, 2 of the 37 lesions (5%) were grade
I (normal), 7 (19%) grade II (near normal), 20 (54%) grade
I (abnormal), and 8 (22%) grade IV (severely abnormal),
indicating only 24% of lesions had achieved a normal or
near-normal state (ICRS grade I or II) at the second
arthroscopic procedure. Taken together, these results
indicate that compared to conventional treatment such as
microfracture surgery in OA knees, ASC implantation
exhibits improved clinical outcomes, thereby implying it to
be a potential efficacious therapy for OA patients.
Another clinical trial investigated how ASC injection
improves the cartilage regenerative efficacy of patients
who underwent marrow stimulation with lateral sliding
calcaneal osteotomy for varus ankle OA [72]. Apart from
mechanical improvement of the lateral sliding calcaneal
osteotomy via altering weight-bearing axis and suitable
mechanical environment for halting degenerative changes
in the articular cartilage, cartilage regeneration of medial
osteoarthritic lesions is inevitable for the fundamental
recovery of joint cartilage sites. A previous study reported
that patients with osteochondral legions of the talus show
superior clinical outcomes by combined administration of
MSC and marrow stimulation, as compared to marrow
stimulation alone [73,74]. The arthroscopic marrow-
stimulation procedure for arthritic lesions was performed in
a standardized manner in patients with Outerbridge
classification grade 4: (1) debridement of all unstable and
damaged cartilage in the lesion, (2) microfracture or abrasion
arthroplasty, and (3) injection of ASCs (4.5 x 10’ SVF
cells, containing a mean of 4.1 x 10° stem cells) into the
lesion site after microfracture. All patients were clinically
and radiologically evaluated preoperatively and during
follow-up using VAS score and AOFAS ankle-hindfoot
score for clinical evaluations, and weight-bearing antero-
posterior and later radiographs for radiologic evaluations.
In an effort to evaluate cartilage regeneration, second-look
arthroscopy was conducted with ICRS grade, following
removal of the screws after radiologic and clinical
confirmation of the osteotomy site. The clinical results
showing improved VAS and AOFAS scores as well as
enhanced ICRS grade with a significant correlation
(Kruskal-Wallis test), demonstrates the viability of dual
treatment using arthroscopic marrow stimulation and ASC
injection after lateral sliding calcaneal osteotomy with
varus ankle OA, as compared with marrow stimulation
alone. Therefore, it was speculated that marrow-stimulation
treatment recruits the progenitor cell population in the bone
marrow, leads to coverage of the lesion with fibrous
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cartilage, and additional injection of ASCs effectively
facilitates cartilage regeneration MSCs as a supplementary
strategy [75]. Additionally, an important mechanism of
ASCs for osteoarthritis therapy is paracrine signaling
mediated stimulation of endogenous cell proliferation,
prevention of apoptosis, improvement of blood flow in
defected or diseased joints, and subsequent initiation of
repair procedure [42,76-78]. Moreover, easy preparation
and handling, adhesive selection of ASCs onto plastics
from heterogenous crude stromal fraction, and prolonged
differentiation potential as compared to the bone marrow
derived progenitor cells are advantages of the ASC-based
cell therapy.

Furthermore, Kim et al. investigated the intrinsic factors
associated with clinical outcomes in the ASC injection for
knee OA treatment [79]. In this study, 49 patients were
classified into subgroups depending on age (< 50, 50-59,
and > 60 years), sex, side of involvement (right and left),
BMI (< 20.0, 20.0-24.9, 25-29.9, and > 30.0 kg/m?), lesion
size (< 3.0, 3.0-5.9, 6.0-8.9, and > 9.0 cm?), and lesion
location (medial femoral condyle, lateral femoral condyle,
and trochlea). Autologously obtained ASCs (an average of
4.3 x 10° cells) were mixed with fibrin glue as a scaffold,
and implanted into the defected lesion under arthroscopic
guidance. For clinical evaluation during the 26.7 months of
the mean follow-up period, all participants were evaluated
by following the OA scoring system, IKDC and TAS to
detect improvement or deterioration in symptoms, function,
and sports activities due to knee impairment. The clinical
results indicated that ASC implantation resulted in an
increase in mean scores of both IKDC and TAS, from 37.7
and 2.2 to 67.3 and 3.8, respectively. There were significant
differences at final follow-up with respect to the age and
lesion size groups; however, genders, side of involvement,
or BMI groups showed no difference. Hence, after
multivariate analyses, it was concluded that (1) two major
factors that influence the clinical outcomes of ASC
administration are age of the patient and lesion size at the
OA sites, and (2) the age of 60 years and a lesion size of
6.0 cm? were considered as a cutoff value for resulting
recommended outcomes.

While most clinical trials have investigated the safety
and efficacy of localized injection of ASCs in knee defect
sites, a possibility of systemic transplantation of MSC
through intravenous (IV) injection has recently been
examined [80,81]. This phase I study with 9 rheumatoid
arthritis patients evaluated the safety and tolerability of
umbilical blood-derived MSCs with the intravenous
infusion. After four injections of 2.5 to 10 x 10" MSCs,
vital signs of patients demonstrated no negative safety
issues in all groups up to 4 weeks. Interestingly, a test for
serum cytokine level reveals reduced expression of IL-1f,
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IL-6, IL-8, and TNF-a after 24 h of MSC IV injection in
the high-dose (10 x 107 cells) group. In addition to the
general route of stem cell administration into the local knee
defects, this clinical study demonstrates that systemic
administration could also be a feasible option, especially
for immune-suppress treatment.

4. Biomaterials as a Scaffold for Enhanced ASC
Localization

Based on previous studies, recent clinical ASC
administrations have often been combined with utilizing
biomaterial matrix as a scaffold for localization of
transplanted progenitor cell populations at the specific
defect sites [27,28]. A direct intra-articular injection of
ASCs in suspension form might result in dissipation of the
delivered cell population, limited cell retention and survival,
and subsequently low levels of cellular engraftment at the
damaged sites. Although a need of scaffold materials in a
clinical setting is still under investigation for optimizing
outcomes [29], a series of trials have recently investigated
the clinical efficacy of tissue engineered materials-based
ASC implantation for OA treatment.

Fibrin is the most frequently used biomaterial for ASC
transplantation [31]. Due to its high biodegradability,
biocompatibility, injectability, and ease of handling, recent
approaches have evaluated its superior clinical outcomes
on ASC implantation. For instance, in a previously discussed
article, Kim et al. reported that a direct ASC implantation
into the large size of the cartilage lesion (> 5.4 cm?) in knee
OA defect results in poor clinical outcomes [30], hence, a
subsequent clinical trial by the same research group
evaluated the efficacy of clinical and second-look
arthroscopic outcomes of MSC implantation using fibrin
glue as a scaffold [27]. In this study, the second-look
arthroscopies were conducted among OA patients with K-
L grades 1-2 at a mean of 12.3 months postoperatively.
Combining lyophilized human plasma fibrinogen (71.5 -
126.5 mg/mL) in 1 mL of aprotinin solution, thrombin (4.9
- 11.1 mg/mL) dissolved in calcium chloride solution (13.9
- 15.6 mg/mL), and a mean of 4.2 x 10’ SVF cells
containing an average 3.9 x 10® ASCs instantaneously form
a fibrin gel mixture. Along with significantly enhanced
clinical outcomes at 28.6 months of final follow up with
increased IKDC and TAS scores in both groups, with or
without fibrin materials, the prognostic factors (i.e., body
mass index (BMI) and size of cartilage lesions) in ASC
implantation were also investigated. Patients with high BMI
(> 27.5 kg/m?) had significantly worse clinical outcomes
than those with a lower BMI (< 27.5 kg/m?) in the group
administered without fibrin assist. However, this was not

found in the high BMI patient group administered ASC
implantation with a fibrin scaffold. Moreover, 58% of the
lesions had achieved a normal or near-normal state (ICRS
grade 1 or II) in patients with fibrin assisted ASC
implantation, as compared to 23% in the group without
fibrin. Also, strong correlations between size and ICRS
overall repair grades were identified in both groups. These
results support the theory that lesion size might be an
important prognostic factor, and fibrin glue could be an
effective scaffold in ASC implantation in OA knees, if
some limitations (sample size, follow-up period, the
optimized method for fibrin-cell mixture, and number of
ASCs) are improved. In addition, analyzing MRI images
also verified the improved efficacy of ASC implantation
with fibrin gel [28]. Totally, 24 patients presenting with
knee joint pain, limited movement, and experiences of
nonsurgical treatments within 3 months, underwent ASC
implantation (notably, regardless of cell number) with
fibrin glue. MRI evaluations as per the MRI Osteoarthritis
Knee Score (MOAKS) system evaluated the cartilage
lesions before and after surgery for size and depth of the
damaged cartilage. In addition to increased IKDC and TAS
score, MRI outcomes exhibited that grade of the size of
cartilage loss area was enhanced, and percentage of full-
thickness cartilage loss grade was improved. Hence, this
clinical report also concluded that ASC implantation
embedded in fibrin glue to the damaged cartilage sites
could treat cartilage defect and full-thickness cartilage loss
region.

Further studies were undertaken to investigate if HA
could support the ASC-associated physiological perfor-
mance at the OA sites. Park reported the outcomes of
clinical trials in 4 individuals with osteonecrosis of hips
(the first two cases) and OA of knees (the latter two cases)
[82]. For investigating the regenerative efficacy, autologous
ASCs along with PRP, HA, calcium chloride (CaCl,), and
dexamethasone were percutaneously implanted. Experi-
mental procedures included (1) initial patient classification
according to degree of VAS pain score and MRI results, (2)
preparation of autologous ASCs from each patient,
injection of ASCs into the affected area, and subsequent
injection of PRP/CaCl,, and (3) clinical assessment by
MRI scan, VAS, and functional rating index scoring system
during follow up periods. In terms of knee joint treatment,
the third case concerned a 70-year-old Korean woman with
OA having over 5 years history of right knee pain and VAS
score 7 at rest. An 8.5 cm® mixture of ASCs, PRP,
dexamethasone, and HA was injected into the medial and
lateral sides of the knee, and she was also provided
additional PRP and dexamethasone injections over the next
four weeks. During the follow-up at the 7th week and 12th
week of ASC injection, the VAS score indicated improvement
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3 months after
treatment

Pre-treatment

Fig. 5. Sagittal T2 view images of the knee observed by MRI.
MRI images exhibited increased thickness of medial meniscus
cartilage. Reproduced with copyright permission from [82].

of pain to more than 80% and 90%, respectively. Flexion
of knee and range of motion were also improved, along
with significant increase in the thickness of meniscus
cartilage on the medial side of the right knee, as observed
in the post-treatment MRI images. The final case was a 79-
year-old Korean woman with bilateral knee pain (VAS
score 8), mild joint swelling, deformity of the knee, a
decreased range of motion, and tenderness with flexion due
to OA. After the same ASC treatment, the pain improved
over 50% and 90% indicating improvement of flexion of
the knee, in the follow-up from the 4th week to 12th week,
respectively. A significant increase in the height of her
meniscus cartilage on the anterior medial side of the left
knee is presented in Fig. 5. This series of clinical case
reports presents clear MRI evidence of apparent bone
regeneration in osteonecrosis of femoral heads and
meniscus cartilage regeneration in OA of human knees.
Combinatorial administration of ASCs, PRP, HA, and
CaCl, therefore offers a possibility of successful human
clinical outcomes for bone and cartilage regeneration.
Another study investigated the safety standards regarding
human orthopedic applications using ASCs in the form of
SVF with PRP by implanting into articular joints [83]. The
retrospective study was performed for 91 patients with 100
articular joints including knees, hips, lower back, and
ankles. Adipose tissue was harvested from the patients’
lower abdomen area, and 10 mL of ASC-containing SVF
was obtained. The prepared ASCs was mixed with 2 mL
PRP derived from autologous blood. The final mixture was
prepared with 0.5% (w/v) HA and supplemented with
CaCl,, to be used as the scaffold and for activation of
platelets, respectively. This ASC mixture was injected into
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the specific joint under ultrasound guidance, and patients
were administrated additional autologous PRP each week
over a one-month period. After ASC/PRP implantation, the
VAS score gradually decreased from 26.62 at pre-treatment
to 4.43 at the end of the 3 months follow-up. A similar
administration approach using SVF, PRP, and additional
HA has recently been conducted for 3 patients [84]. At the
start and end point, the VAS, functional rating index (FRI),
range of motion (ROM), and MRI were performed and
compared. In all 3 patients (60 to 87 years old, over 7 VAS
score before treatment), they reported (1) pain relief (i.e.,
lower VAS scores), (2) formation of increased cartilage-
like thickness tissue by MRI evaluation after 16 weeks, and
(3) enhanced ROM. This report therefore suggests that
ASC injection with autologous PRP improves the FRI,
VAS, and ROM with morphogenic changes in MRI, over
a longer duration. It could also be speculated that (1) a
variety of native growth factors in PRP stimulate the
chondrogenic differentiation of ASC to mature chondro-
cytes, and (2) HA functions as a scaffold for cellular
adhesion and localization. Therefore, these series of clinical
trials demonstrate the functional advantages of utilizing
autologous PRP as native biological stimuli, HA for
supporting scaffold biomaterials, and CaCl, as biochemical
activator for an enhanced ASC administration strategy.

5. Summary

Several clinical trials have been carried out for the
regeneration of cartilage tissue by utilizing various stem
cells and components. Previous in vitro and in vivo studies
suggest that ASC exhibits potential advantages over other
stem cells for advanced treatment of OA. Hence, ASCs
have been injected or implanted at the damaged cartilage
sites. Clinical trials were performed by changing (1) ASC
population, (2) method of administration (i.e. direct injection
or implantation suspended in hydrogel), (3) combination
with PRP or SVF, and (4) surgical procedure. The patients
were carefully monitored by radiography and scoring
systems for any physiological changes over 6 months after
treatment. Although patients who underwent ASC treatment
showed no significantly enhanced recovery between the 1-
year and 2-year follow-ups, clinical ASC therapy outcomes
exhibited (1) decreased pain, (2) improved movement of
joint, and (3) decreased size of defect sites in the radiograph
outcome. Taken together, ASC appears to be potential
therapeutic agents which could be utilized as promising
OA regeneration candidates. Furthermore, development of
scaffolds and the combination of additional compounds
would help overcome the current clinical limitations.
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