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Abstract: Cell-based therapies, particularly utilizing mesenchymal cells, have garnered significant global attention for treating knee
osteoarthritis (OA). However, interpreting clinical outcomes remains challenging due to substantial heterogeneity in study designs, cell
sources, and preparation methods. This narrative review aims to clarify the evolving nomenclature, outline defining criteria, and
elucidate the fundamental mechanisms of these therapies. We highlight the critical scientific transition from “mesenchymal stem cells”
to “mesenchymal stromal cells”, an adjustment strongly supported by recent clinical approvals emphasizing immune recalibration over
direct tissue regeneration. Currently, robust evidence indicates that mesenchymal stromal cells exert their therapeutic effects primarily
through paracrine signaling and immunomodulation, predominantly orchestrated by exosomes, rather than through lineage-driven
direct structural repair. Furthermore, we address the practical implications of cell processing—differentiating between minimal
manipulation (e.g. cell concentrates) and in vitro expansion—and the stringent regulatory frameworks governing them. Ultimately,
standardizing the mechanism-accurate “stromal” terminology and optimizing cell preparation protocols are essential steps for
advancing the efficacy and reliability of regenerative treatments in knee OA.
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Introduction

Degenerative osteoarthritis (OA) of the knee is a prevalent musculoskeletal disorder that requires various therapeutic
interventions depending on the severity of joint damage.' > While surgical options are effective for end-stage OA, non-
surgical treatments for early to moderate stages often focus on symptom management without definitive regenerative
outcomes.' > Consequently, regenerative medicine has garnered significant interest, with extensive research focused on
joint cartilage repair using stem cells. Medical Subject Headings (MeSH) defines “regenerative medicine” as a field
concerned with developing and utilizing strategies to repair or replace damaged, diseased, or metabolically deficient
organs, tissues, and cells.*

A fundamental understanding of stem cell biology is essential for accurately implementing these treatments and
effectively explaining their clinical course and efficacy to patients.">® MeSH defines “stem cells” as relatively
undifferentiated cells that retain the capability to divide and proliferate throughout postnatal life, providing progenitor
cells that can subsequently differentiate into specialized cell types.”® Historically, however, the terms “mesenchymal
stem cells” and “mesenchymal stromal cells” have been used interchangeably or incorrectly in various studies.'*”’
Therefore, a precise understanding of the distinct characteristics of these cells is required to ensure clinical safety and
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Table | Definitions of Key Technical Terms

Terms Definition

Plasticity The inherent capacity of a cell to differentiate into multiple distinct cell lineages or phenotypes depending on the
microenvironment.

Plastic Adherence A fundamental characteristic of mesenchymal cells to attach and proliferate on tissue-culture treated plastic surfaces
under standard in vitro conditions.

Mesenchymal Stem A population of progenitor cells defined by their functional ability for self-renewal and potential to differentiate into
Cells tissues of mesodermal origin (eg., bone, cartilage, and fat).

Mesenchymal Stromal | A more heterogeneous cell population that meets specific in vitro criteria (adherence, markers) and primarily exerts

Cells therapeutic effects through secretory, immunomodulatory, and paracrine functions.

therapeutic efficacy."> To clarify these conceptual and technical distinctions, key terms and their definitions are
summarized in Table 1.

Currently, the existing clinical evidence regarding cell-based therapies for knee OA is often limited by substantial
heterogeneity across studies. This includes significant variations in cell sources, preparation and manufacturing methods,
administered doses, and delivery techniques, all of which complicate the standardization of expected outcomes.'® To
address these complexities, this narrative review aims to provide a comprehensive overview of mesenchymal stromal
cells in the context of knee OA, focusing on clarifying the evolving nomenclature, outlining defining criteria, and
elucidating their fundamental clinical mechanisms — particularly paracrine-mediated actions and immunomodulation
rather than definitive direct cartilage regeneration.

Classification and Biological Characteristics of Stem Cells

The defining characteristics of stem cells include self-renewal, the ability to generate multiple daughter cells with
identical morphology and potential, and differentiation into various specialized cell types (Figure 1).® Stem cells are
broadly categorized into three types based on their potency:

Clonal Multipotency &
Self-renewal Proliferation Differentiation
Stem Cell

Parent Stem Cell
Stem Cell 1 Stem Cell 1

Stem Cell Stem Cell 2

Daughter Stem Cell
- Osteocyte Adipocyte
Un_I|m|t§d Generates (Bone cell) Chondrocyte  (Fat cell)
proliferation identical copies

Figure | Core Biological Characteristics of Stem Cells. The defining properties of stem cells are characterized by three fundamental processes: |. Self-renewal: The capacity
of stem cells to undergo unlimited proliferation while maintaining their undifferentiated state through symmetric or asymmetric division. 2. Clonal Proliferation: The ability of
a single parent stem cell to generate multiple identical daughter cells, ensuring the maintenance and expansion of the stem cell pool. 3. Multipotency and Differentiation: The
potential of multipotent stem cells, such as mesenchymal stem cells (MSCs), to differentiate into various specialized mesodermal lineages, including osteocytes (bone cells),
chondrocytes (cartilage cells), and adipocytes (fat cells), depending on specific microenvironmental signals.
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¢ Totipotent stem cells: Embryonic cells existing immediately after fertilization that can differentiate into all
embryonic and extra-embryonic cell types.

e Pluripotent stem cells: Cells capable of giving rise to all cell types of the body; embryonic stem cells are the
representative example.

e Multipotent stem cells: Cells with a more restricted potential than pluripotent cells, capable of developing into
multiple related cell types within a specific lineage; this group includes adult stem cells.

Mesenchymal stem cells (MSCs) are multipotent cells with diverse differentiation lineages that can develop into various
musculoskeletal tissues, including bone and soft tissues.'' Due to their ability to differentiate into osteogenic and
chondrogenic lineages, they are widely utilized in regenerative medicine to address cartilage damage. To formally
identify true MSCs, it is necessary to confirm their microscopic differentiation potential into specific lineages, such as
osteocytes, chondrocytes, or adipocytes.'?

Evolution of MSC Nomenclature: from “Stem” to ‘“Stromal”’

Historical Context and Terminological Confusion

The terminological confusion between “mesenchymal stem cells” and “mesenchymal stromal cells” originated in the
early 1990s and emerged as a prominent academic issue by the mid-2000s. In his 1991 paper, published in the Journal of
Orthopaedic Research, Professor Arnold Caplan coined the term “mesengenic process” to describe the in vitro differ-
entiation of specific cell populations into bone, cartilage, and other lineages. He designated these cells as “mesenchymal
stem cells”, a milestone that catalyzed the global research and commercialization.'?

Over time, however, it became evident that when administered in vivo, MSCs do not actually survive by directly
differentiating into bone or cartilage tissues. The scientific dilemmas of this period are detailed in a later paper,
“Mesenchymal stem cells: time to change the name!”, in which Professor Caplan explicitly advocated for a change in
nomenclature.'* Repudiating the very name he established, Caplan clarified that these cells do not function as multipotent
stem cells in vivo; rather, they serve to secrete immunomodulatory and trophic factors at the site of injury. Consequently,
he proposed retaining the acronym “MSC” while redefining it as “medicinal signaling cells”.

Mechanism-Aligned Terminology and Recent Regulatory Approvals

The rationale for transitioning the MSC nomenclature from “mesenchymal stem cells” to “mesenchymal stromal cells” is
to accurately reflect their true biological mechanisms of action and to mitigate public misconceptions associated with the
legacy term “stem cell”.'® Historically, the “stem cell” designation was adopted based on the clonogenicity and multi-
potency observed during in vitro culture. However, accumulating clinical data have revealed that, in vivo, MSCs exert
their therapeutic effects primarily through the secretion of paracrine factors and immunoregulatory mechanisms, rather
than through direct, lineage-driven tissue regeneration.

Consequently, both the International Society for Cell & Gene Therapy (ISCT) and the Japanese Society for
Regenerative Medicine (JSRM) are spearheading the movement to replace “stem cells” with “stromal cells” to better
align with these biological functions. Through its 2019 official recommendation, the ISCT advised retaining the acronym
“MSC” while adopting “mesenchymal stromal cells” as the full designation.'® Echoing this international convergence,
the JSRM has also officially recommended the use of this mechanism-accurate terminology.'’

Furthermore, the generic term “stem cells” can instill regeneration-centric expectations in patients, creating the
misconception that damaged tissues will unconditionally regenerate. Transitioning the nomenclature clarifies that the
primary objective is immune recalibration and inflammation control. Globally, the clinical application of mesenchymal
stromal cells has been extensively evaluated in trials spanning the last two decades for the management of steroid-
refractory acute graft-versus-host disease (aGVHD).'® Notably, in December 2024, the first MSC product approved by
the United States Food and Drug Administration (U.S. FDA) was indicated for steroid-refractory pediatric aGVHD.'?
Similarly, in January 2025, a product conditionally approved by China’s National Medical Products Administration was
also targeted at aGVHD.'> The approval of these therapies primarily for immune-mediated diseases corroborates that the
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predominant mechanism of MSCs is immunomodulation, strongly reinforcing the argument for unifying the nomencla-
ture as “stromal cells”.

Minimal Criteria for Defining Mesenchymal Stromal Cells

To standardize scientific investigations and preclinical studies, the ISCT’s Mesenchymal and Tissue Stem Cell Committee
proposed a set of minimal criteria to define human mesenchymal stromal cells.® First, these cells must exhibit adherence to
plastic surfaces when maintained under standard culture conditions. Second, the cell population must demonstrate a specific
phenotypic profile, characterized by the expression of positive surface antigens such as CD105, CD73, and CD90 (= 95%),
while remaining negative (< 2%) for hematopoietic markers including CD45, CD34, CD14 or CD11b, CD79a or CD19, and
HLA-DR molecules.’ Finally, in vitro assays must demonstrate the capacity of the cells to achieve trilineage differentiation
into osteoblasts, chondroblasts, and adipocytes under standard differentiating conditions.

Mechanisms of Action: The Shift to Paracrine Signaling

From Direct Regeneration to Paracrine Action

The therapeutic effects of mesenchymal stromal cells are understood through two primary mechanisms. The “old school”
theory previously suggested direct cell differentiation, positing that mesenchymal stromal cells participate in the repair
process by structurally differentiating into tissue-specific chondrocytes. However, contemporary understanding has
shifted way from expectations of definitive, direct cartilage regeneration.

Instead, current evidence emphasizes paracrine action. In this model, mesenchymal stromal cells migrate from their
perivascular niches to the site of injury in response to inflammatory signals, where they secrete bioactive molecules to re-
establish tissue homeostasis. This paracrine secretion reduces inflammation, oxidative stress, and apoptosis while
promoting the recruitment of endogenous regenerative cells. Due to this dominant functional role, the term “medicinal
signaling cells” has been proposed as a more accurate alternative.'* Therefore, the efficacy of these therapies should
primarily be evaluated based on their immunomodulatory capacities and symptom management, rather than structural
cartilage regeneration.

Biogenesis of Exosomes and Macrophage Polarization
Exosomes are cell-secreted nanovesicles, ranging from 30 to 150 nm in diameter, that encapsulate a diverse array of
bioactive substances, including proteins, deoxyribonucleic acid, messenger ribonucleic acid (mRNA), and microRNA
(miRNA). The biogenesis of exosomes follows an intracellular endosomal pathway. This process is initiated by a double
invagination process to form an “early endosome”, which subsequently matures into multi-vesicular bodies. These multi-
vesicular bodies then fuse with the plasma membrane, discharging their internal vesicles into the extracellular space. It is
only upon this release into the extracellular environment that these vesicles are formally designated as “exosomes”."’
Historically, it was believed that administered mesenchymal stromal cells directly differentiated into new cartilage.
However, it is now widely accepted that exosomes secreted by mesenchymal stromal cells orchestrate the regeneration of
surrounding endogenous cells. In regions of OA or tissue injury, pro-inflammatory M1 macrophages are highly active,
driving destructive inflammation. When mesenchymal stromal cell-derived exosomes are internalized by these macro-
phages, their bioactive cargo induces macrophage polarization, shifting them toward an anti-inflammatory and tissue-
regenerating M2 phenotype.?’ Furthermore, the secreted exosomes fuse with target cells — such as mechanically
degraded and senescent chondrocytes — to deliver their payload, which inhibits apoptosis, stimulates cell proliferation,
and promotes the synthesis of extracellular matrix, ultimately establishing a microenvironment conducive to endogenous
tissue repair.

Clinical Applications, Efficacy, and Regulatory Frameworks

Cell Sources and Processing Methods
For successful treatment using mesenchymal stromal cells, the initial step involves selecting an appropriate source for
adult cell collection.” Cells can be harvested from diverse tissues, including bone marrow, adipose tissue, synovial fluid,
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and umbilical cord. The clinical pathway for mesenchymal stromal cells-based treatment in knee OA can be categorized
based on the cell source and processing method.?! Clinicians must decide whether to utilize cell concentrates obtained via
centrifugation or cells expanded through in vitro culture. To provide a clear overview of the current clinical landscape,
address the heterogeneity of available products, and clarify their regulatory classification based on processing methods,

we have summarized the clinical approaches and main outcomes associated with different MSC product types in Table 2.

Clinical Efficacy and Managing Heterogeneity

While regenerative medicine has garnered significant interest, evaluating the true clinical efficacy of these therapies is
challenged by substantial heterogeneity across clinical studies.”***2® This heterogeneity stems from diverse cell
sources, processing methods, and patient indications, making direct comparisons difficult. Despite this, several systema-
tic reviews have reported positive symptomatic outcomes. Ha et al*> reported that intra-articular injections provide
notable improvements in pain and function during short-term follow-up, though definitive evidence of macroscopic
cartilage regeneration remains inconclusive. Additionally, Zhang et al** highlighted that human umbilical cord-derived
MSCs offer advantages in terms of abundant supply and convenient extraction processes, while promoting

a chondroprotective microenvironment.

Regulatory Frameworks for Cell Culture Expansion

The regulatory classification of mesenchymal stem/stromal cells hinges critically on the manufacturing process, speci-
fically in vitro culture expansion. Across major global jurisdictions, cell expansion is universally recognized as exceeding
“minimal manipulation”. Consequently, cultured MSCs are regulated under stringent biological drug frameworks rather
than as simple tissue grafts.

For instance, the U.S. FDA classifies expanded cells as Section 351 biological products requiring a Biologics License
Application due to exceeding minimal manipulation criteria, while non-expanded tissues may be regulated under
Section 361 as simple tissue grafts.”’” The European Medicines Agency designates expanded cells as Advanced
Therapy Medicinal Products based on Regulation (EC) No 1394/2007.%® Similarly, South Korea regulates expanded
cells under a specific advanced biopharmaceutical framework, the Advanced Regenerative Medicine and Advanced
Biopharmaceuticals Safety and Support Act.>” Notably, Japan possesses one of the most flexible regulatory frameworks
globally. Commercial cell therapy products fall under the Pharmaceuticals and Medical Devices Act,*® which utilizes
a “conditional and time-limited approval” system to enable early commercialization based solely on Phase II clinical trial
results. Conversely, physician-led cultured cell procedures are governed by the Act on the Safety of Regenerative
Medicine®' and are strictly managed according to their respective risk classifications.

Table 2 Summary of MSC-Based Treatments: Classification, Processing Methods, and Clinical Outcomes

Product Type Cell/Tissue Processing Method & Clinical Main Clinical Efficacy and Results References
Source Approach

Progenitor Cell Concentrate Autologous Minimal manipulation (eg., Clinically feasible procedure; effective in providing Kim et al*

(eg., Bone Marrow Aspirate Centrifugation); One-step symptomatic relief and functional recovery

Concentrate) procedure

In Vitro Expanded Autologous | Autologous Extraction followed by cell Demonstrated safety in moderate to severe OA; Al-Najar et al;'?

MSCs (eg., Bone Marrow MSCs) expansion (exceeds minimal provided short-term pain relief and functional Doyle et al*®

manipulation); Two-step procedure | improvement via paracrine effects

In Vitro Expanded Allogeneic | Allogeneic Pre-cultured and cryopreserved; Abundant allogeneic supply; provides symptomatic Zhang et al**

MSCs (eg., Umbilical Cord Ready-to-use one-step procedure relief and helps establish a chondroprotective

MSCs) environment.

Abbreviations: MSC, Mesenchymal Stromal Cells; OA, Osteoarthritis.
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Conclusion

Nonsurgical treatments utilizing cell-based therapies for knee OA are garnering significant global attention. However,
while the biological concepts underlying these therapies—particularly paracrine-mediated signaling and immunomodula-
tion—are highly promising, their therapeutic efficacy and capacity for true cartilage regeneration remain areas of ongoing
investigation rather than definitively established clinical outcomes. To define the real clinical role of these therapies,
future efforts must prioritize better standardization, clearer product characterization, and higher-quality clinical studies.
Ultimately, to accurately reflect these paracrine-driven mechanisms and to ensure precise communication in both clinical
and academic settings, we strongly recommend the adoption of the term “Mesenchymal Stromal Cells” over
“Mesenchymal Stem Cells”.
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