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climbing stairs) attributable to knee osteoarthri-
tis alone is greater than that associated with any 
other medical condition in people 65 years of age 
or older.10,11

 Pathoph ysiol o gic a l A spec t s 
of Os teoa rthr i tis  a nd the 

Effec t of Ther a py

The pathogenesis of osteoarthritis is perhaps best 
understood as excessive mechanical stress applied 
in the context of systemic susceptibility.12 Suscep-
tibility may be increased in part by genetic factors 
(a family history increases risk), older age, ethnic 
background (e.g., hip osteoarthritis is more com-
mon among white Americans than among Chinese 
people), nutritional factors (vitamin D or K defi-
ciency), and female sex.13 In persons vulnerable 
to the development of knee osteoarthritis, local 
mechanical factors such as abnormal joint con-
gruity, joint malalignment, muscle weakness, or 
alterations in the structural integrity of the joint 
environment, such as meniscal damage or liga-
ment rupture, can increase susceptibility to and 
progression of osteoarthritis. Loading can also 

be affected by obesity or joint injury (either acute, 
as in a sporting injury, or after repetitive overuse, 
such as in occupational exposure). The pathogen-
esis of osteoarthritis is characterized by progres-
sive cartilage loss, subchondral bone remodeling, 
osteophyte formation, and synovial inflammation 
(Fig. 1).

Hyaluronate is a naturally occurring compo-
nent of the cartilage and the synovial fluid. It is 
a polysaccharide composed of continuously repeat-
ing molecular sequences of β-D-glucuronic acid 
and β-D-N-acetylglucosamine, with a molecular 
mass in normal synovial fluid ranging from 6500 
to 10,900 kDa.14 Within the normal adult knee, 
there is approximately 2 ml of synovial fluid, with 
a hyaluronate concentration of 2.5 to 4.0 mg per 
milliliter.15 Hyaluronate is responsible for the rheo-
logic properties of synovial fluid, enabling it to act 
as a lubricant or shock absorber, depending on the 
forces exerted on it.16 In osteoarthritis, synovial 
hyaluronate is depolymerized (molecular mass, 
2700 to 4500 kDa14) and cleared at higher rates 
than normal.17 In a normal joint, the average 
intrasynovial half-life of hyaluronate is approxi-
mately 20 hours.15 In an inflamed joint, this 

Figure 1. Schematic of the Knee Joint, Showing the Synovial Joint Tissues Affected in Osteoarthritis.

This schematic shows the way in which each structural part of the knee is affected by osteoarthritis, an observation 
that is consistent with the theory that osteoarthritis is a disease of the entire synovial joint.
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might be the predominant ADAMTS involved in OA 
pathogenesis. A study using chondrocytes and carti-
lage explants from bovine and porcine species, however, 
demon strated that ADAMTS-4 is induced upon stimula-
tion with IL-1β and TNF, whereas neither of these cyto-
kines altered ADAMTS-5 expression.31 This finding 
is consistent with the results of a study of human OA 
syno vium, in which upregulation of ADAMTS-4, but not 
ADAMTS-5, was dependent on IL-1β and TNF.32

Effects on inflammatory responses
In articular cells, IL-1β and TNF amplify and perpetu-
ate the OA disease process by inducing the produc-
tion of proinflammatory cytokines such as IL-633 and 
chemo kines such as IL-8,34 monocyte chemoattractant 
protein 135 and CC-chemokine ligand 5 (also known as 
RANTES).36 IL-1β and TNF also stimulate the production 
of a number of other inflammatory mediators implicated 
in OA pathology. For instance, treatment of chondro-
cytes with these cytokines upregulates the expression of 
genes encoding inducible nitric oxide synthase (iNOS), 
soluble phospholipase A2, cyclooxygenase 2 (COX-2) 
and microsomal prostaglandin E synthase 1, and also 
stimulates the release of nitric oxide (NO) and prosta-
glandin E2 (PGE2). NO and PGE2 contribute to articular 
inflammation and destruction by enhancing the activa-
tion and production of MMPs, inhibiting the synthesis 
of anabolic macromolecules such as collagen and proteo-
glycan, inhibiting the production of IL-1Ra, and promot-
ing chondrocyte apoptosis.4 IL-1β and TNF also induce 
the production of reactive oxygen species (ROS)—mainly 
NO and the superoxide anion—that generate hydrogen 
peroxide, peroxynitrite and hydroxyl radicals,37 which 
contribute to cartilage degradation. In addition, IL-1β 
and TNF downregulate the expression of the antioxidant 
enzymes that scavenge ROS, including superoxide dis-
mutase, catalase and glutathione peroxidase,38,39 thereby 
accelerating the damaging effects of ROS on cartilage.

Mediators of IL-1β and TNF activity
The proinflammatory and catabolic effects of IL-1β 
and TNF are mediated through the activation of several 
signal ing pathways including the c-Jun N-terminal kinase 
and p38 mitogen-activated protein kinase (also known as 
extracellular signal-regulated kinase) pathways and, most 
importantly, nuclear factor κB (NFκB) signaling. NFκB 
mediates the expression of several inflam matory genes 
such as those that encode iNOS, COX-2 and chemo-
kines, and also contributes to the induction of MMP-1, 
MMP-9, MMP-13 and ADAMTS-4.40 Indeed, adenovirus-
 mediated delivery of small interfering RNA specific for 
the p65 subunit of NFκB reduced disease progression in 
a rat model of surgically-induced OA.41

The Wnt–β-catenin signaling pathway has been shown 
to be among the major contributors to OA joint patho-
logy. Expression of Wnt ligands and β-catenin is upregu-
lated in OA cartilage,42 and activation of Wnt–β-catenin 
signal ing enhances IL-1β-mediated matrix catabolism 
and stimulates MMP and ADAMTS expression in articu-
lar cells.43 Elevated levels of the natural Wnt antagonists 

such as dickkopf-related protein 1 have been associated 
with reduced progression of hip OA in elderly women.44

Several endogenous molecular mechanisms are also 
involved in downregulating the effects of IL-1β and TNF in 
OA. Among them is the peroxisome  proliferator-activated 
receptor γ (PPARγ), a ligand- activated transcription 
factor and member of the nuclear receptor superfamily. 
Activation of PPARγ results in the downregulation of 
several inflammatory and catabolic responses mediated 
by IL-1β and TNF in chondrocytes,45 and a reduction in 
the progression of cartilage lesions in vivo in experimental 
OA models.46,47

Box 1 | Evidence of a role for IL-17 in OA

IL-17 is a proinflammatory cytokine thought to have a role in the pathophysiology 
of OA. IL-17 is secreted primarily by activated memory CD4+ T cells and binds 
to specific receptors that are expressed by virtually all cells and tissues. 
CD4+ T cells have been detected in the sublining layer of the synovium of patients 
with OA,109 and T-cell reactivity against chondrocyte surface antigens has also 
been detected in patients with OA.110 It is still uncertain as to whether T cells 
produce IL-17 in OA. Although the exact role of IL-17 in the pathophysiology 
of human OA is unclear, evidence suggests that IL-17 is involved in the early 
phase of the inflammatory process and induces the release of proinflammatory 
mediators in a wide range of cell types. In chondrocytes, IL-17 has been shown to 
induce IL-1β, TNF and IL-6 to upregulate the production of nitric oxide and matrix 
metalloproteinases and to reduce proteoglycan levels.105,111,112 IL-17 has been 
shown to inhibit chondrocyte proteoglycan synthesis in intact murine articular 
cartilage, which is thought to be mediated by nitric oxide.106 IL-17 is also known 
to stimulate the release of the angiogenic factor VEGF in synovial fibroblasts 
isolated from patients with OA.113 Future studies need to be directed towards 
identifying whether IL-17 is actually involved in OA.

Abbreviations: IL, interleukin; OA, osteoarthritis; TNF, tumor necrosis factor; VEGF, vascular 
endothelial growth factor.
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Figure 1 | The role of proinflammatory cytokines in the pathophysiology of OA. The 
levels of proinflammatory cytokines, including IL-1β, TNF and IL-6, are elevated in 
OA. These cytokines contribute to the pathogenesis of OA through several 
mechanisms including downregulation of anabolic events and upregulation of 
catabolic and inflammatory responses, effects that result in structural damage to 
the OA joint. Abbreviations: ADAMTS, a disintegrin-like and metalloproteinase with 
thrombospondin type 1 motifs; IL, interleukin; MMP, matrix metalloproteinase; OA, 
osteoarthritis; TNF, tumor necrosis factor.
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differentiation of MSCs [32]. Additionally, hypoxia prevents hyper-
trophic maturation of MSC-derived chondrocytes enabling optimal
MSC-based articular cartilage tissue engineering [30]. Calcium chan-
nels that are regulated by physical stimuli (primarily voltage operated
calcium channels and transient receptor potential channels) also play
important role in chondrogenic differentiation of MSCs [33]. These
channels increase intracellular calcium concentration which results in
the initiation of the signaling pathways that induce the expression of
cartilage specific genes and promote synthesis of cartilage specific
proteins (collagen type 2, collagen type 9, aggrecan, and cartilage oli-
gomeric matrix protein) during chondrogenic differentiation of MSCs
[33].

Successful chondrogenic differentiation of MSCs is verified by the
detection of these cartilage specific proteins without an increase in
hypertrophic chondrocyte markers (Collagen Type X Alpha 1 Chain
(COL10A1) and matrix metalloproteinase (MMP)-13) [30,34]. Presence
of cartilage-specific proteoglycans in the culture is usually confirmed by
Alcial blue staining while on the gene level, the chondrogenic nature of
MSC-derived chondrocytes is verified by the expression of COL2A1
(which encodes the alpha-1 chain of type II collagen) and SOX9, tran-
scription factor necessary for early chondrogenesis [34].

3.2. MSC: based modulation of joint inflammation

MSCs have also been shown to possess broad immunoregulatory
abilities and are capable to suppress all immune cells that play im-
portant pathogenic role in the development and progression of OA
(Fig. 1). In juxtacrine (cell-to-cell contact) and in paracrine manner
(through the production of soluble factors), MSCs inhibit activation of
inflammatory M1 macrophages and promote their conversion in anti-
inflammatory, M2 phenotype; attenuate proliferation and cytotoxicity
of NK cells, prevent activation of autoreactive B cells and production of
autoreactive antibodies, suppress activation of inflammatory CD4+
Th1 cells and promote generation of immunosuppressive CD4+T
regulatory cells (Tregs), enabling attenuation of joint inflammation.
Through the production of TNFα-stimulated gene/protein 6 (TSG-6),
prostaglandin E2 (PGE2) and indoleamine 2,3-dioxygenase (IDO),
MSCs induce conversion of TNF-α and IL-1 producing inflammatory M1
macrophages into immunosuppressive, IL-10 producing M2 cells that
attenuate joint inflammation and promote cartilage regeneration.
During joint inflammation, endogenous as well as exogenously injected
MSCs which engrafted in the joint, secrete TSG-6 in response to TNF-α
produced by activated M1 macrophages. MSC-derived TSC-6 interact
with CD44 on macrophages to decrease TLR2/NFκ-B signaling and
consequently alleviate secretion of inflammatory mediators (nitric
oxide, TNF-α and IL-1) [35–38]. MSC-derived PGE2 binds to EP2 and

EP4 receptors on macrophages and promotes production of im-
munosuppressive IL-10. MSC-derived PGE2 is also involved in mod-
ulation of cytokine profile of effector CD4+T cells. PGE2 inhibits
production of IFN-γ in NK cells and activated CD4+T cells resulting in
the attenuation of Th1 cell-driven inflammation [39]. IDO, induced in
MSCs following exposure to the inflammatory microenvironment of the
inflamed joints (due to the high concentrations of Th1 cell derived IFN-
γ and macrophage derived TNF-α), catalyzes the degradation of tryp-
tophan into immunomodulatory kynurenine, which, on turn, promotes
conversion of M1 macrophages into IL-10 secreting, CD206+ anti-in-
flammatory M2 phenotype and, at the same time, induces generation of
immunosuppressive Tregs by enhancing conversion of effector CD4+T
cells in Tregs. In line with these findings, we recently developed an
immunomodulatory product (“Derived Multiple Allogeneic Proteins
Paracrine Signaling, D-MAPPS”) which activity is based on MSC-de-
rived IDO and its interaction with several other growth factors and
cytokines (growth related oncogene (GRO) and interleukin 1 receptor
antagonist (IL-1Ra)) capable to attenuate inflammation and to promote
regeneration of injured cartilage [40]. MSC-derived GRO attenuate
maturation and antigen-presenting function of inflammatory, TNF-α
and IL-12 producing dendritic cells (DCs) and suppress generation of
Th1 immune response that has important pathogenic role in the pa-
thogenesis of OA. MSC-derived IL-1Ra has an important anti-in-
flammatory role in cartilage protection and regeneration. When IL-1Ra
binds to the IL-1 receptor (IL-1R), interaction between inflammatory IL-
1 and IL-1R is prevented. Accordingly, apoptosis of chondrocytes as
well as various pro-inflammatory events, initiated by IL-1:IL-1R inter-
action, including the synthesis and release of matrix degrading enzymes
and chemokines are inhibited [41]. In line with these observations, our
preliminary results showed that injection of D-MAPPS, which contains a
high concentration of immunosuppressive GRO and IDO, managed to
significantly increase thickness of articular cartilage and to significantly
attenuate pain in OA patients, indicating therapeutic potential of MSC-
derived secretomes in the treatment of OA [40].

In addition to paracrine mechanisms, MSCs may modulate function
of immune cells in cell-to-cell contact-dependent manner. Through the
interaction between inhibitory molecule programmed death 1 (PD-1)
on MSCs with its ligands PD-L1 and PD-L2 on effector T cells, MSCs
inhibit proliferation of activated T cells [26]. Additionally, since MSCs
lack surface expression of co-stimulatory molecules (CD80 and CD86),
during interaction with T cells, MSCs do not provide secondary signal
and, consequently, render T cells anergic [42]. In similar manner, MSCs
suppress proliferation of autoreactive B cells. MSCs inhibit phosphor-
ylation of extracellular signal–regulated kinases (ERK)1/2 and induce
activation of p38 mitogen-activated protein kinase (MAPK) in B cells
leading to the cell cycle arrest in the G0/G1 phase [43].

Fig. 1. MSC-based suppression of immune response in osteoarthritis. MSCs inhibit migration, activation and production of inflammatory cytokines in immune
cells and attenuate inflammation in osteoarthritic joints. MSCs suppress migration of macrophages and reduce their capacity to produce pro-inflammatory TNF-α.
MSCs inhibit maturation of DCs and alter their secretion profile resulting in decreased production of TNF-α and IL-12 and increased production of IL-10 which leads
to the attenuated activation of inflammatory Th1 and Th17 cells. Also, MSCs can directly decrease production of Th1 and Th17 cytokines in effector T cells and
induce their polarization towards immunosuppressive Tregs. Moreover, MSCs decrease activation and proliferation of autoreactive B lymphocytes and attenuate
production of autoantibodies.

C.R. Harrell et al.

MSC-based Suppression of Immune 
Response in Osteoarthritis 

(C. Randall Harrell, Biomedicine & Pharmacotherapy, 2019) 



Macrophage Accumulation in The Synovial Lining is 
One of The Characteristics of Synovial Inflammation 

(Xiaoxin Wu., Journal of Orthopaedic Translation, 2020)

Exosomes in synovial inflammation

During the synovial inflammation process, macrophages play a sig-
nificant role in disease progression [61]. Macrophage accumulation in
the synovial lining is a significant characteristic of synovitis. Once
stimulated by certain environmental stimuli and inflammatory media-
tors, these highly plastic cells can change their phenotype, going fromM1
macrophages to M2 macrophages [62]. M1 macrophages are capable of
presenting antigen and activating Th1 responses, thus displaying proin-
flammatory functions. M2 macrophages can be divided into three
different subtypes: M2a, which are stimulated by IL-4 or IL-13 and are
considered to ameliorate proinflammatory stimuli [63]; M2b, which are
induced by immune complexes and Toll-like receptors or IL-1 receptor
agonists [64]; and M2c, which are stimulated by IL-10 or transforming
growth factor beta (TGF-β) and glucocorticoids and suppress

inflammation by downregulating proinflammatory cytokines while pro-
moting neovascularisation and tissue remodelling [64,65]. Generally,
M2 macrophages contribute to antiinflammation and the repair of
injured tissue [66]. Lo Sicco et al. reported for the first time that exo-
somes secreted by adipose tissue-derived MSCs induced the polarisation
of macrophages toward the M2 phenotype, which exhibited antiin-
flammatory ability [67]. Similarly, Cosenza et al. showed that
BMSC-derived exosomes inhibited macrophage activation and likely
induced a shift to the M2 phenotype [68]. Interestingly, M2macrophages
have been widely reported to show an antiinflammatory effect during the
immune response process, which could promote cartilage repair and
ideal joint conditions by suppressing inflammation in arthrosis. There-
fore, the immunological property of exosomes may also lay a foundation
for clinical therapy in OA patients by manipulating macrophage polar-
isation in synovial tissues (Figure 3).

Figure 3. Macrophage cell accumulation in the sy-
novial lining is one of the characteristics of synovial
inflammation. Synovial inflammation promotes the
polarisation of macrophages into the M1 phenotype,
and they could produce pro-inflammatory cytokines.
TNF-α, IL-1, IL-12, and IL-16 abound in inflamed
synovium. Previous studies showed that MSCs could
change the phenotype of macrophage. Consistent with
this, exosomes derived from MSCs may also be
macrophage polarisation switchers. Polarised from the
M1 phenotype into the M2 phenotype (subdivided into
M2a, M2b, and M2c), macrophages could display anti-
inflammatory functions and repair the injured tissue.

X. Wu et al. Journal of Orthopaedic Translation 21 (2020) 73–80
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Structure and function of IPFP
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Structure
• An intra-capsular but extra-

synovial structure.
• Compose of approximately20

cm3 of adipose tissue.

Function
• Nutritional potential.
• Mechanical function in

distributing the synovial fluid.
• Adsorbing loads.



Infra-patellar Fat Pad and 
Its Interaction with Other Joint Tissues

(Jiang LF., World J Clin Cases, 2019)

• Densely vascularized and 
innervated extra-synovial tissue 

• A source of stem cells for 
regeneration after knee 
injury

• Resident immune cells

• Infiltrating immune cells

Infra-apatellar
Fat Pad 



Balance Between M1 and M2 Macrophages 
within The IFP and Synovium 
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Greif et al. IFP/Synovium in Early Osteoarthritis

FIGURE 2 | Schematic showing the intricate balance between M1 and M2 macrophages within the IFP and synovium. Differentiated M2 macrophages exhibit
anti-inflammatory effects and preserve the health of the joint, whereas an imbalance favoring M1 macrophages promotes the IFP’s secretion of pro-inflammatory
cytokines and catabolic factors that are seen within an inflamed/fibrotic knee.

These findings suggest that type B synoviocytes, though non-
immune in nature, play a key role in autoimmune andOA disease
development due to their inflammatory properties.

Type B synoviocytes can also produce a wide variety of
anti-inflammatory factors such as TGF-beta, Type 1 interferons,
VEG-F, indoleamine 2,3-dioxygenase (IDO enzyme), and certain
prostaglandins, though some of these factors depending on
concentration and exposure time may also be pro-inflammatory
(Tu et al., 2018). However, the ability to harness the anti-
inflammatory properties of these cells remains unknown. The
recent proposition that type B synoviocytes may also contain
multiple subtypes within the synovial lining which determine
their secretory properties provides a future avenue for studies
attempting to fully elucidate the role of these cells in arthritis
development or modulation (Frank-Bertoncelj et al., 2017).

On the other hand, type A synoviocytes are far less known
due to the limited number of these cells in vivo and their
poor proliferative potential in vitro. They constitute resident
macrophages, derived from both embryonic hematopoietic
precursors and from bone marrow, although their definitive
origin is still elusive (Tu et al., 2018). These resident macrophages
need to be discriminated from monocytes/macrophages that
extravasate into the synovium from peripheral circulation after
injury or in disease. Nevertheless, it has been established that they
have pro-inflammatory tendencies while exhibiting an intimate
crosstalk with type B synoviocytes, especially in disease (Tu
et al., 2018, 2019). Type A synoviocytes secrete soluble CD14,

IL-1b, and TNFa, further potentiating the pro-inflammatory
properties of type B synoviocytes and CD4 T helper cells. They
also induce monocyte/macrophage-derived osteoclast activity
via RANK-L secretion resulting in enhanced bone resorption
(Yoshitomi, 2019). It is interesting to note given the above pro-
inflammatory properties that the presence and activity levels of
these tissue-resident macrophages significantly correlates with
advanced stages of OA and poorer clinical outcome scores
(Kriegova et al., 2018; Gomez-Aristizabal et al., 2019).

Similar to the IFP, the synovium contains a small population
of cells compatible with MSC (sMSC), which will be discussed in
detail in section “MSC-Induced Immunomodulation: Focus on
Macrophage Polarization.”

IFP/Synovium Molecular Interactions

Beyond the proximity the IFP and synovium share, there are
molecular interactions between both components that support
their view as a single anatomical and functional unit. For instance,
both IFP and adjacent synovium experience similar structural
e�ects in KOA, including increased inflammatory infiltration,
vascularization, and thickness (Favero et al., 2017). The IFP has
been shown to release prostaglandin F2a (PGF2a), IL-6, IL-8, and
TNFa, inducing a profibrotic e�ect on the synovial membrane
(Bastiaansen-Jenniskens et al., 2013; Eymard et al., 2014).
Specifically, Bastiaansen-Jenniskens et al. (2013) cultured human
fibroblast -like synoviocytes (type B) obtained from OA patients
in conditionedmedium derived from IFP tissue with and without

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 4 July 2020 | Volume 8 | Article 860

(Dylan N. Greif., Frontiers in Bioengineering and Biotechnology, 2020) 
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FIGURE 3 | Macrophages within the IFP can polarize into M1 (pro-inflammatory) or M2 (anti-inflammatory, tissue repair) variants. Both variants are associated with a
multitude of unique surface markers with varying levels of expression that allow for proper identification.

knowledge regarding the interactions with macrophages given
their pivotal role in the initiation and progression of the disease
as source of inflammatory and degradative mediators.

Numerous studies have explored macrophages as potential
therapeutic targets, including their pharmacological depletion
from synovium and IFP and manipulation of their phenotype
[reviewed in Fernandes et al. (2020) and Wu et al. (2020)]. Initial
evidence suggests that polarization of macrophages back to an
alternative anti-inflammatory M2 phenotype can be induced.
M2 macrophages represent the other extreme in terms of
functionality, as they play a major role in local tissue repair by
secreting low levels of anti-inflammatory cytokines such as IL-
10 at a much more accelerated rate compared to unpolarized
“naïve” resident macrophages (Figure 3) (Zeyda et al., 2007;
Fernandes et al., 2020). In fact, it has been proposed thatMSC can
indeed promote M2 macrophage polarization in vitro (Harrell
et al., 2019). Furthermore, our group recently reported the
switch of IFP macrophages from an M1 to an M2 phenotype
in vivo, after a single intra-articular injection of a subset of BM-
MSC (CD146+) in rats with induced synovitis and IFP fibrosis
(Bowles et al., 2020).

The e�ects of IFP-MSC in macrophage polarization are
far less defined. Nevertheless, it has been described that
Substance P within IFP actively participates in immune responses
and inflammatory cascades (i.e., neurogenic inflammation),
enhancing the migration of monocytes to sites of inflammation

(Mashaghi et al., 2016; Spitsin et al., 2017; Suvas, 2017).
Relatedly, our group recently reported that upon exposure
to a pro-inflammatory environment (Kouroupis et al., 2019a)
and when manufactured under regulatory-compliant conditions
(Kouroupis et al., 2020), IFP-MSC become enriched for
CD10/neprilysin, an ectopeptidase that e�ciently degrades
Substance P both in vitro and in vivo. The resulting CD10-rich
IFP-MSC exhibit an innate ability to selectively migrate to areas
of active synovitis, reverse inflammation and fibrosis of synovium
and IFP. Interestingly, these e�ects are directly related with the
level of positivity for CD10 (Kouroupis et al., 2020). Furthermore,
Substance P has been reported to induce the di�erentiation of
pro-inflammatory macrophages into a special phagocytic M2
phenotype (M2SP), di�erent from previously reported M2a and
M2c subphenotypes (Lim et al., 2017).

Efforts to Translate Pre-clinical Findings
Into Clinical Protocols
MSC-based therapy to treat OA has received attention based on
promising pre-clinical reports. Various cell sources have been
successfully used in early-phase clinical trials, including bone
marrow (Orozco et al., 2014; Vega et al., 2015; Soler et al.,
2016), umbilical cord (Matas et al., 2019), and adipose-derived
stromal vascular fraction (Garza et al., 2020). A recent systematic
review summarizing available studies testing intra-articular MSC

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 9 July 2020 | Volume 8 | Article 860
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Donor Matched IFP MSC vs. SC ADSC
• Higher chondrogenic potential of IFPMSCs compared to ASCs.
• More GAG and type II collagen, less type I and type X collagen

European Cells and Materials Vol. 27 2014 (pages 298-311)
12

H & E and Alcian blue staining of pellets



Rationales for using IFP-ASCs to 
Treat OA
• Better chondrogenic 

differentiation compared to 
MSC from BM, UC, SC.

• Embryonic development from 
interzone.

• Easy harvest during 
arthroscopy or HTO 

• Immune modulation
• Suppress T cell
• Suppress macrophage
• Modulate macrophage 

phenotype from M1 à M2

13



Studies of IPFP-ASCs for 
OA Treatment

• Most are animal studies.

• Only one human subject clinical trial:
• Koh YG, Choi YJ. Infrapatellar fat pad-derived 

mesenchymal stem cell therapy for knee 
osteoarthritis. Knee. 2012;19:902-

• 25 patients
• Arthroscopic debridement
• IFP-SVF (not cell culture expansion) + PRP 

injection



2017 TFDA Proved Phase I Trial
Use Regstem© IFP-ASC
Co-operated with EMO Biomedicine Corp.

15
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Table 1 
Inclusion and exclusion criteria 

Inclusion 

 

1. Signed an informed consent form 
2. Had Kellgren–Lawrence grade 2–3 osteoarthritis, as determined using X-ray 

radiographs taken within 1 month 
3. Were aged 50–75 years 
4. Were postmenopausal (no period for at least 12 consecutive months) if 

female 
5. Had a knee pain score between 50 and 90 mm on the visual analog scale 

(VAS) for daily and sports activities 

Exclusion 

 

1. Had abnormal hepatic or kidney function: GOT/GTP >100 IU/L, BUN > 22 
mg/dL, or creatinine level > 1.2 mg/dL 

2. Were positive for HIV, HTLV 1/2, or syphilis  
3. Were pregnant or lactating women 
4. Had serious medical conditions such as a blood coagulation disorder, 

cardiovascular disease (e.g., arrhythmia, myocardial infarction, or history of 
heart surgery), kidney disease (e.g., chronic kidney failure), liver disease 
(e.g., liver cirrhosis), type I diabetes, or a history of malignancies  

5. Had other knee disorders, such as knee deformity (knee varus deformity 
angle ≥ 10° or valgus deformity angle ≥ 20°), rheumatoid arthritis, gouty 
arthritis, septic arthritis, severe meniscus tears, or other knee arthritis caused 
by an autoimmune disease 

6. Had a skin infection at the knee joints 
7. Had knee pain resulting from a problem with the spine, a hip joint, or another 

part of the body, or a combination of these  
8. Were receiving immunosuppressant treatment 
9. Had received hyaluronic acid or platelet-rich plasma injections in the 

preceding 6 months 
10. Had a body mass index (BMI) greater than 30 kg/m2 (BMI = weight [kg] ÷ 

height2 [m2]) 
11. Had a known history of hypersensitivity to drugs 
12. Had participated in another clinical trial in the preceding 3 months 
13. Was considered by the investigator to be unsuitable for the study 
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Inclusion and Exclusion Criteria 

(Submitted)
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Table 2 
Release tests of IFP-MSCs 

Release tests Release criteria 

Cell viability >80% 
Safety Endotoxin <0.5 EU/mL 
 Mycoplasma Negative 
 Sterility Negative 
Identity CD29, CD73, CD105 ≥95% 
 CD11b, CD19, CD45, HLA-DR ≤2% 
Potency – IDO quantification For information 

Suppression of autologous T cell proliferation 

Autologous peripheral blood mononuclear cells (PBMCs) were isolated from the 12 

patients and labeled with carboxyfluorescein succinimidyl ester (CFSE); 2 × 105 

CFSE-labeled PBMCs stimulated with Dynabeads Human T-Activator CD3/CD28 (Life 

Technologies Corp., Carlsbad, CA, USA) were cocultured with autologous mitomycin C–

treated IFP-MSCs at different ratios of PBMCs:IFP-MSCs (1:0.5, 1:0.25, 1:0.1, and 1:0.05) 

for 5 days. PBMCs were stained with fluorescence-labeled antibodies against CD4 and CD8 

and then analyzed using BD FACSCanto II (BD Biosciences, San Jose, CA, USA). To 

calculate the suppression rate, the proliferation percentage of PBMCs in the presence of 

IFP-MSCs was divided by the proliferation percentage of PBMCs without IFP-MSCs. The 

quotient was subtracted from 1 and then multiplied by 100. 

Outcome measures 

The primary outcome was safety. Safety was assessed through physical examination of 

the knee joint, vital signs, laboratory tests (complete blood count (CBC) and biochemical 

examinations), and adverse events (AEs). The severity of an AE was graded using the 

National Cancer Institute-Common Terminology Criteria for Adverse Events v4.0. 

The secondary efficacy outcomes were assessed with questionnaires and radiological 

Release Tests of IFP-MSCs 

(Submitted)
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Table 3 
Baseline characteristics of patients 
Variable Data 
Age, mean (SD), years 61.2 (4.9) 
Sex, number (%)  

Male 3 (25) 
Female 9 (75) 

Race, number (%)  
Taiwanese 12 (100) 

Weight, mean (SD), kg 66.9 (8.7) 
Height, mean (SD), cm 158.3 (9.4) 
Body-mass index, mean (SD), kg/m2 26.6 (1.9) 
Evaluated knee, number (%)  

Left knee 4 (33.3) 
Right knee 8 (66.7) 

Kellgren-Lawrence grade, number (%)  
Grade 2 7 (58.3) 
Grade 3 5 (41.7) 

Baseline of VAS, mean (SD)  
Daily activities 62.3 (8.8) 
Sports activities 73.5 (10.2) 

Baseline of IKDC, mean (SD) 36.4 (9.8) 
Baseline of KOOS, mean (SD)  

Pain 63.2 (17.1) 
Symptoms 53.6 (15.9) 
ADL 73.7 (12.9) 
Sport/Rec 34.2 (23.6) 
QoL 33.4 (16.5) 

Baseline of MOAKS, mean (SD) 100.2 (33.0) 
n = 12 
SD, standard deviation; VAS, visual analog scale; IKDC, International Knee Documentation 
Committee; KOOS, Knee Injury and Osteoarthritis Outcome Score; ADL, function in daily 
living; Sport/Rec, function in sport and recreation; QoL, knee-related quality of life; MOAKS, 
MRI Osteoarthritis Knee Score. 

 

  

Baseline Characteristics of Patients 

(Submitted)



Summary of Adverse Events During The Study 

(Submitted)
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and sports activities approached zero and reached the lowest value (5.8 ± 13.8), respectively. 

Pain relief rates were 98.8% and 93.0% in daily and sports activities at 48 weeks after 

IFP-MSC injection (Figure 1). 

 

Figure 1. Changes in visual analog scale (VAS) for daily (A) and sports (B) activities during 

48 weeks after IFP-MSC injection. The pain relief rate significantly increased 1 week after 

injection and approached 100% during the subsequent 47 weeks. VAS scores are presented as 

the mean and standard deviation. The mean pain relief rate was the percentage of the relief 

scores at each time point relative to the score at baseline. ***p < 0.001  
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IKDC scores obviously increased, from 36.4 ± 9.7 to 65.5 ± 18.5 (45.1% improvement 

rate; p < 0.001) 1 week after injection. The scores continued to increase until they reached a 

plateau (83.7 ± 9.5) at 12 weeks postinjection and remained the same throughout the 

remainder of the follow-up period. KOOS, with five subscales, were significantly increased 

after IFP-MSC injection (Figure 2). 

 

Figure 2. Improvement in International Knee Documentation Committee (IKDC) score (A) 

and five subscales of the Knee Injury and Osteoarthritis Outcome Score (KOOS) (B) during 

the 48 weeks following IFP-MSC injection. The IKDC score and improvement rate increased 
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(Submitted)

Improvement in IKDC Score &
Five Subscales of KOOS Score 

During The 48 weeks Following IFP-MSC Injection
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noticeably with time. The KOOS on each subscale also increased significantly. The IKDC 

score and KOOS are presented as the mean and standard deviation. The mean improvement 

rate was the percentage of score increase at each time point compared with the score at 

baseline. ADL: function in daily living; Sport/Rec: function in sport and recreation; QoL: 

knee related quality of life. ***p < 0.001, **p < 0.01 

 

We analyzed the improvement rate of the WOMAC score in comparison with that 

reported in five similar clinical trials [16–20] (Figure 3). The improvement rate was the 

percentage of decrease in the WOMAC score at 24 and 48 weeks in comparison with the 

initial scores at baseline. Each bar represents one clinical trial for OA treatment with similar 

numbers of adipose or bone marrow–derived MSCs (4 × 107, 5 × 107, or 1 × 108). Overall, 

most trials reported a 50% improvement rate at 24 and 48 weeks after MSC injection. In our 

results, labeled “F” in Figure 3, the improvement rates were 76.6% and 89.2% at 24 and 48 

weeks, respectively. 

 

Figure 3. Comparison of efficacy in six clinical trials for osteoarthritis treatment with MSCs. 

Data are presented as the improvement rate on the Western Ontario and McMaster 

Comparison of Efficacy in Six Clinical Trials for 
Osteoarthritis Treatment with MSCs

(Submitted)
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Figure 4. (A–C) X-ray and MRI images for three patients. (a) and (d) series images show the 

X-ray and MRI results before IFP-MSC treatment, (b) series show X-ray images post–

IFP-MSC treatment at the 24-week follow-up, (c) and (e) series images show X-ray and MRI 

results at the 48-week follow-up. (D) Cartilage quality was assessed using MRI and 

quantified as an MRI Osteoarthritis Knee Score (MOAKS). The perfect value for MOAKS is 

zero. Each circle corresponds to one patient; the open circle is the only one whose MOAKS 

was increased 48 weeks after IFP-MSC injection. **p < 0.01 
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(Submitted)
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IDO expression levels of patients 

The expression level of IDO of resting and IFN-γ–primed IFP-MSCs was quantified 

through flow cytometry (Figure 5A). The distribution of MSC IDO% of the 12 patients in our 

study was quite close and greater than 95% after priming at middle and high IFN-γ 

concentrations (Figure 5B). However, the IPBv and total IPBv of IDO were rather different in 

the patients. The IPBv and total IPBv of IDO of the patient with the highest values were two 

to four times those of the patient with the lowest IPBv and total IPBv (Figures 5C–D). 

 

Figure 5. IDO expression in IFP-MSCs from 12 patients, IFN-γ-primed at three 

concentrations. (A) Representative result from flow cytometry for resting and IFN-γ–primed 

IFP-MSCs. (B) In 12 patients, more than 80% of IFP-MSCs had the capability to express 

IDO Expression in IFP-MSCs From 12 patients  
IFN-γ-Primed At Three Concentrations (Data from EMO)

(Submitted)



Page 24 of 38 

Suppression of autologous T cell proliferation 

The suppression capability of IFP-MSCs from the 12 patients was analyzed using their 

own T cells. At the highest ratio of PBMCs:IFP-MSCs (1:0.5), the suppression rates of CD4+ 

and CD8+ T cells were both approximately 100%. However, the IFP-MSCs from the 12 

patients exhibited individual variability at other ratios (Figure 6). 

 

Figure 6. Suppression capability of the IFP-MSCs from 12 patients in responses of their own 

CD4+ and CD8+ T cells. (A) Representative result from flow cytometry for PBMCs only and 

four ratios of PBMCs: IFP-MSCs. (B–C) Suppression rates of CD4+ and CD8+ T cells 

increased with the PBMC:IFP-MSC ratio. 

  

Suppression Capability of The IFP-MSCs From 12 Patients In 
Responses of Their Own CD4+ and CD8+ T Cells

(Submitted)
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Relationship between the IPBv of IDO and immunosuppressive activity 

Suppression of autologous T cell proliferation in the IFP-MSCs of the patients was 

compared with the expression of IDO. The suppression of CD4+ T cell proliferation by 

IFP-MSCs was highly correlated with the IPBv of IDO in the IFP-MSCs, especially when the 

IFP-MSCs were primed with 50 U/mL IFN-γ (Spearman’s ρ = 0.511–0.685 and p < 0.05). 

However, the suppression of CD8+ T cell proliferation was not correlated with the IPBv of 

IDO (Figure 7). 

 
Figure 7. Correlations of the IPBv of IDO for three concentrations of IFN-γ (50, 200, and 

800 U/mL) with the suppression rate of CD4+ or CD8+ T cells. Spearman’s rank correlation 

coefficients (ρ) are represented on the heat map, and stronger correlations are displayed in 

darker colors. **p < 0.01, *p < 0.05 

Correlations of the IPBv of IDO for three concentrations of IFN-γ (50, 200, 
and 800 U/mL) with the suppression rate of CD4+ or CD8+ T cells



(Submitted)
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Figure 8. (A) Correlations of the total IPBv of IDO and three concentrations of IFN-γ (50, 
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Figure 8. (A) Correlations of the total IPBv of IDO and three concentrations of IFN-γ (50, 

Correlations of The Total IPBv of IDO and Three Concentrations of IFN-γ (50, 
200, and 800 U/mL) With Clinical Outcomes During The 48-week Follow-Up 



⼈體試驗銜接特管辦法：
脂肪間質幹細胞治療膝關節炎之細胞治療技術

• 2019-12-26通過全台第⼀家核准幹細胞治療膝關節炎(衛部醫字第1081673151號)
• 2020-1-17送新北市衛⽣局進⾏⾃費核備(亞醫務1090117002號)
• 2020-6-30通過新北衛⽣局核備(新北府衛醫字第1091200127號)

• 2020-7-20執⾏第⼀例



Case 01 居⼩姐 : 43 y/o Female (X-ray)
健⾝房教練 GTP01-S06

29

• Gr III à Gr II after HTO
• Both knees: HTO + multiple drilling Treatment



Case 01 居⼩姐 : 43 y/o Female (Scope)

30

• Gr III à Gr II after HTO
• Both knees: HTO + multiple drilling Treatment

GTP01-S06



Case 01 居⼩姐 : 43 y/o Female (Scope)

31

• Gr III à Gr II after HTO
• Both knees: HTO + multiple drilling Treatment

GTP01-S06

Trochlea OA à use flexible tool for multiple drilling 



Case 01 居⼩姐 : 43 y/o Female
• Gr III à II after HTO
• HTO + multiple drilling Treatment + RegStem®

GTP01-S06

RegStem® Under Microscope 
Observation RegStem® Preservation

RegStem® Injection



Case S01: 43 y/o female
GTP01-S06

33

• Gr III knee OA
• Both knees: HTO + multiple drilling Treatment + RegStem®

• One month after RegStem® injection



Case S01: 43 y/o female
GTP01-S06

34

• Gr III knee OA
• Both knees: HTO + multiple drilling Treatment + RegStem®

• 6 month after RegStem® injection
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Case 02 F先⽣ : 76 y/o male (X-ray)

39

GTP01-S06

• Gr IV à Gr III after HTO + DFO
• Left knees: HTO + DFO + multiple drilling Treatment
• Right knee: multiple drilling Treatment



Case 02 F先⽣ : 76 y/o male (X-ray)

40

GTP01-S06

• Gr IV à Gr III after HTO + DFO
• Left knees: HTO + DFO + multiple drilling Treatment
• Right knee: multiple drilling Treatment

2021.03.222019.10.9



Case 02 F先⽣ : 76 y/o male (Scope)
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GTP01-S06

• Gr IV à Gr III after HTO + DFO
• Left knees: HTO + DFO + multiple drilling Treatment
• Right knee: multiple drilling Treatment



Case 02 F先⽣ : 76 y/o male (Scope)

42

GTP01-S06

• Gr IV à Gr III after HTO + DFO
• Left knees: HTO + DFO + multiple drilling Treatment
• Right knee: multiple drilling Treatment
• Remove loose bodies



Case 02 F先⽣ : 76 y/o male  

• Gr IV à Gr III after HTO + DFO
• Left knees: HTO + DFO + multiple 

drilling Treatment
• Right knee: multiple drilling Treatment
• One month after RegStem® injection

43

GTP01-S06

Post injection
1 month 

Post injection 
3 months



Case 02 F先生 : 76 y/o male 
(Post both knee MSC injection 6 month)

44
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KOOS score
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IKDC score 

48

HTO
(左膝)

HA
(右膝)
POP
follow

MSC
(雙膝)

Scopy
(雙膝)

HA
(雙膝)

37.9 40.2 41.4

64.4
74.7

62.1

41.1 41.1

67.7
74.4

0

10

20

30

40

50

60

70

80

術前 注射後一週 注射後一個月 注射後三個月 注射後六個月

左膝 (取脂) 右膝

Score



Case 2 的啟示

• Although not recommended
• With corrective osteotomy + drilling + MSC,
• A 76 y/o male with Grade IV severe knee OA, 

can still preserve knee joint without knee 
replacement 

• Keep follow-up

49



Case 03  63 y/o Male 

50

The patient stated he had constitutional 
varus knee since childhood, so he 
refuse corrective osteotomy and only 
ask arthroscopic drilling + MSC



Case 03  63 y/o Male 
Rt knee scope: Drilling + Synocectomy

Harvest fat pad for MSC
No HTO
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Case 03  63 y/o Male 
Rt knee scope: Drilling + Synocectomy

Harvest fat pad for MSC
No HTO
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Case 03  63 y/o Male 
(Post both knee MSC injection 1 month)
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Case 03  63 y/o Male 
(Post both knee MSC injection 3 month)
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IKDC Score 
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Case 3 的啟示

• A patient with constitutional varus knee
• Mild to moderate knee OA but refuse HTO
• Scope synovectomy + drilling + MSC
• Scope is less invasive than HTO
• Keep follow-up
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Case 04  60 y/ Female

60

• Rt TKR and Lt HTO in other 
hospital

• Not satisfied with Lt HTO
• Still pain and ask MSC



Case 04  60 y/ Female 

Rt knee scope: 
Drilling + Harvest fat pad for MSC 

+ Synovectomy + Removal loss bodies
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Case 04  60 y/ Female 

Rt knee scope: 
Drilling + Harvest fat pad for MSC 

+ Synovectomy + Removal loss bodies
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Case 04  60 y/ Female 

Rt knee scope: 
Drilling + Harvest fat pad for MSC 

+ Synovectomy + Removal loss bodies
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Case 04  60 y/o Female 
(post left knee MSC injection 1 month)
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Case 04 60 y/o female 
(Post left knee MSC injection 3 month)
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VAS score (Sport)
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VAS score (Sport)
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VAS score (Daily activity)
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KOOS score
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IKDC score 
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Case 4 的啟示

• HTO alone not enough to have satisfactory 
result

• Scope synovectomy + drilling + Removal of 
loose bodies + MSC injection may improve 
HTO result

• Keep follow-up
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Case 5 
72 y/o female, normal coronal alignment, 
PFJ OA 
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Case 5 
Multiple drilling on PFJ OA 
+ Removal marginal spur + Harvest MSC
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Case 6
66 y/o male 
multiple drilling + HTO
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Case 6
66 y/o male 
multiple drilling + HTO
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HTO + BMMSC better than HTO 

Keng Lin Wong: Injectable cultured bone marrow-derived mesenchymal stem cells in varus knees with cartilage 
defects undergoing high tibial osteotomy: a prospective, randomized controlled clinical trial with 2 years' follow-up 
(Arthroscpy 2013)

N=28 for HTO; N=28 for HTO+MSC   by James 
Hui

HTO+BMMSC better than HTO only (IKDC, Lysholm, MRI)
~1.5*107 cells

Higher

Higher Higher



HTO + ADSC for OA Treatment？

Yong Sang Kim. Comparative Matched-Pair Analysis of Open-Wedge High Tibial Osteotomy With Versus Without an 
Injection of Adipose-Derived Mesenchymal Stem Cells for Varus Knee Osteoarthritis: Clinical and Second-Look Arthroscopic 
Results  (AmJSportMed 2018)

HTO HTO + ADSCN=100

~12 
months~38

months

HTO+ADSC slight better than HTO (IKDC and Lysholm 
scales )~4*106 cells



HTO + ADSC + PRP for OA Treatment？

Yong-Gon Koh. Comparative outcomes of open-wedge high tibial osteotomy with platelet-rich plasma alone or in 
combination with mesenchymal stem cell treatments. (Arthroscopy 2014)

HTO+PRP HTO+PRP+ADSC
N=23

~24 months

HTO+PRP+ADSC better (VAS, KOOS)

N=21

53y woman
Post-OP 
17 months

fibrocartilage

PRP: ~1,300*103/mL 3mL, ADSC: ~4*106 cells

HTO+PRP+ADSC



Conclusion 
• First human clinical trial in world using cultured 

IFP-MSC with promising result.
• Easy harvest in knee surgery (scope or HTO).
• IDO can be a potential bio-marker for monitor 

treatment result.
• 臨床試驗順利銜接至特管辦法.
• Concomitant therapy like HTO, arthroscopic 

synovectomy, loose body removal, drilling, can be 
helpful.

• National clinical data collection.
• Comparison between cell source, concomitant surgery

79



80

Acknowledgement
-Department of Medical Research, Far Eastern Memorial Hospital-
-Team of Orthopedic Research, Far Eastern Memorial Hospital-

-EMO Biomedicine Corp.
-National Taiwan University
-Far Eastern Memorial Hospital
-Taiwan Adventist Hospital
-Ministry of Science and Technology
-Technology Research Institute

Grant Support
-Far Eastern Memorial Hospital 

FEMH-2014-SCRM-A-005
FEMH-2013-SCRM-A-006
FEMH-2012-SCRM-A-003

-Ministry of Science and Technology
MOST 101-2320-B-418-001-MY3

Chih-Hung Chang
Yu-Chun Chen
Yuan-Ming Hsu

Ruo-Yu Chen
Kinn Poay Tan

Yi-Shan Shen
Ni-En Jiang


