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Orthobiologics are gaining increasing attention in the musculoskeletal field. 
In particular, the local application of biological substances through injections 
represents a promising minimally invasive treatment approach. The use of 
blood derivatives as well as cells derived from various sources and tissues 
with the goals of improved and faster healing is growing in clinical practice. 
Orthobiologics: Injectable Therapies for the Musculoskeletal System pro-
vides an authoritative and timely reference that summarizes the rationale for 
these different strategies together with the available evidence exploring the 
role of this approach for lesions ranging from muscle, ligament, tendon, bone, 
meniscus, cartilage as well as early osteoarthritis.

The first part of the book provides scientific and clinical foundations of 
this field. A broad range of creative thinking and strategic approaches were 
inspired by the potential of orthobiologics to meet the clinical demand for 
more effective therapies. At the same time, the sheer number of potential 
disease targets, cell sources, cell types, processing options, composition, 
and associated variables can be overwhelming and confusing for clinicians, 
patients, as well as the scientists working in the field. The rational design, 
development, deployment, and rigorous assessment of evolving clinical strat-
egies require unified frameworks and nomenclature on which to build clear 
communication. To this aim, this textbook seeks to advance the field by bring-
ing a diverse array of current approaches together in a unified conceptual 
model. The book starts with a chapter specifically dedicated to introducing 
core themes, biological paradigms, engineering principles, and nomencla-
ture (including a glossary on cell-related terms) that each subsequent chapter 
builds upon to effectively explore and define the current state and evolving 
opportunities in cellular injection therapies for musculoskeletal diseases.

The first part of the book also explores the preclinical evidence supporting 
a diversity of approaches. This includes cell-based as well as non-cell-based 
strategies. It is important to note that evidence in an evolving field comes 
preferably through rigorously controlled science. However, insight and evi-
dence can accumulate through anecdotal, uncontrolled, and even controver-
sial observations. Objective findings are necessary to validate new treatments, 
but legitimate practical and ethical concerns can frustrate exploration based 
solely on objective clinical data. This diversity is presented and analyzed in 
the hope of educating the reader, as well as animating and enabling scientific 
debate in the coming years.
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Injectable orthobiologics are fashionable treatments that have a risk of 
false expectations and over hype. Patients are attracted to the allure of these 
emerging therapies, and this fact imposes a large psychological component 
on any objective assessment of biological effects. For this reason, a specific 
chapter in the second part of the book is dedicated to the concept of the 
placebo effect. All proposed products will need to demonstrate efficacy in 
randomized clinical trials where the placebo effect can be controlled. This 
largest portion of the book systematically examines the available clinical 
evidence for each approach for specific musculoskeletal tissues. For tis-
sues/diseases where there was larger body of current evidence, the topic has 
been split into specific chapters focusing on cell-based and non-cell-based 
treatments. The third part of the book is dedicated to new and emerging 
orthobiologic options.

The spirit in this book is a tone of cautious optimism sometimes mixed 
with frank skepticism. Applications in some tissues and diseases have more 
evidence than others. Overall, the editors and authors of this book broadly 
agree that, at the present time, biological therapies have not been optimized. 
The magnitude of improvement and probability of success associated with 
specific approaches has been rigorously defined only for few indications. 
Clear indications and contraindications have not been established. As a result, 
orthobiologic therapies for musculoskeletal conditions remain imperfectly 
developed and in many settings “unproven.” Each of the chapters in this text 
examines the progress that has been achieved to date, while also pointing out 
gaps in evidence, current contraindications, and specific opportunities for 
future improvement. Clinical judgment and ethical principles strongly sug-
gest that the current use of bioactive or cellular injection therapies should 
only be performed as part of rigorous trials or registries. Only in this way can 
patient safety be assured, and definitive evidence can emerge to justify a 
broader use in clinical practice.

The field will not be limited to current formulations or products, the clini-
cal demand for minimally invasive restorative therapies and the rapid ongo-
ing advance of biological and cellular sciences will continue to offer new 
opportunities. That fact places important responsibilities on us now to define 
and build clinical systems and tools for rigorous systematic assessment, as 
well as appropriate protections for patient safety and responsible reporting of 
outcomes. Clinicians and professional organizations as well as regulatory 
bodies will need to work assertively to facilitate and enable the establishment 
of collaborative interinstitutional networks, registries, and cooperative study 
groups. With all of these goals and principles in mind, we hope that 
Orthobiologics: Injectable Therapies for the Musculoskeletal System will 
provide the reader with an approachable and rigorous point of entry into the 
foundational science, clinical needs, and the preclinical and clinical evidence, 
and provide them with tools to both understand and potentially contribute to 
the next phase of rigorous ongoing development of biological and cellular 
injection therapies to serve current and future patients.
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The Stem and Progenitor Cell 
Paradigms and Engineering 
Principles Guiding the Clinical Use 
of Cells or Cell-Derived Products 
for Regenerative Medicine

George F. Muschler, Hannah Simmons, 
Venkata Mantripragada, and Nicolas S. Piuzzi

1.1  Overview

This chapter introduces core themes, biological 
paradigms, engineering principles, and nomen-
clature that each subsequent chapter builds upon 
to effectively explore and define the current state 
and evolving opportunities in cellular injection 
therapies for musculoskeletal disease.

This chapter introduces key concepts, terms, 
and definitions that are essential to the rigorous 
design and execution of cellular therapy strate-
gies and to ensuring clarity and rigor in oral and 
written communication in this rapidly evolving 
field. These terms, as well as additional terms 
introduced in subsequent chapters, are collected 
in the Glossary of Terms provided at the end of 
this chapter.

Regenerative medicine is defined as any inter-
vention that seeks to repair, replace, augment, or 
regenerate new tissues. In the context of this 
book, we limit our focus on regenerative 

medicine to therapies that are nonsurgical and 
can be delivered by percutaneous injection. Our 
particular focus is on injection therapies that uti-
lize viable cells or cell-derived materials (e.g., 
secretory products, extracellular matrix, or exo-
somes). However, the biological concepts, engi-
neering principles, therapeutic targets, and 
clinical outcome assessments that are articulated 
in this text are also applicable to injection of 
drugs and synthetic bioactive agents that may be 
developed in the future.

Why develop injectable cell-based therapies? 
Current musculoskeletal therapies are robust and 
alleviate or prevent tremendous clinical burdens 
for individual patients and our broader commu-
nity. However, many conditions still have imper-
fect or unpredictable outcomes. The cost and risk 
of some therapies can be high. Much greater 
interest is being expressed for preventive thera-
pies and early interventions with less risk that 
may improve function, reduce cost and risk, and 
delay or eliminate the need for invasive therapies. 
Moreover, scientific advances in cell biology and 
biomaterials have generated a broad array of new 
therapeutic options. This alignment of clinical 
demand and biological potential inspires a broad 
range of creative thinking and strategic 
approaches.

Why this book? The sheer number of poten-
tial disease targets, cell sources, cell types, 
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Orthopaedic Surgery and Biomedical Engineering, 
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processing options, composition, and associated 
variables can be overwhelming and confusing 
for clinicians, patients, as well as the scientists 
and engineers working in the field.

The rational design, development, deploy-
ment, and rigorous assessment of evolving clini-
cal strategies demand unified frameworks and 
nomenclature on which to build clear communi-
cation. Communication in turn leads to clear and 
rigorous clinical and scientific consensus regard-
ing clinical objectives, tools and methods com-
parisons between approaches, and ultimately 
clear evidence-based decision-making about the 
optimal use of new therapy options.

This textbook seeks to advance the field by 
bringing a diverse array of current approaches 
together in a unified conceptual model. In doing 
so we seek to inspire innovation, quantitative 
rigor, and objective communication. However, 
this must be done without oversimplification of 
the many variables involved. Moreover, if con-
cepts are to be communicated clearly, they must 
be done with terminology that is precisely defined 
and used. To that end, this chapter introduces a 
set of key terms. Each is underlined when intro-
duced. Specific definitions for these terms are 
provided in a glossary that is provided at the end 
of the book.

1.2  Domains of Progress

Three essential domains of progress recur 
throughout each chapter in this book and in the 
development and testing of any future cellular 
therapy:

 1. Clinical Assessment—Assessment of safety 
and efficacy in specific clinical settings.

 2. Cell Sourcing—Clinical cell harvest and iso-
lation of cell source materials.

 3. Cell Processing /Expansion/Fabrication—In 
vitro processing,  expansion and  potential 
modification of cells for optimal therapy.

Each of these activity domains involves a 
series of generally consistent process steps that 
can directly influence the outcome. Moreover, 
drilling deeper, each of the process steps inevita-

bly  involves a series of individual elements or 
variables that must be defined and controlled in 
order to study its effects, and optimize the repeat-
ability and reproducibility of outcome.

Ishikawa diagrams provided in Figs. 1.1–1.3 
provide an efficient conceptual paradigm with 
which to organize and illustrate key process steps 
and variables in each of these activity domains. 
Reading from left to right, diagonal arrows illus-
trate the order in which key process steps come 
into play. Along each diagonal arrow is a partial 
list of the process variables that must be defined 
so that critical process parameters (CPPs) in each 
process step that may be controlled and contrib-
ute to the ultimate outcome.

On the far right of the diagram for each activ-
ity domain is the specific outcome that is 
achieved. These outcomes represent critical 
resources of materials or information that are 
needed to guide the rational development and use 
of injectable therapies, specifically:

• Clinical Assessment (Fig. 1.1)—Clinical 
assessment provides generalizable evidence 
of safety and efficacy of a specific therapy in a 
specific clinical setting or patient population. 
An essential premise in clinical assessment is 
that it is performed in a manner that is repeat-
able and potentially reproducible. Executed 
appropriately, clinical assessment both 
informs us about clinical performance and 
enables the design and execution of future 
studies with greater precision.

• Prospective randomized controlled trials 
(RCTs) are the “gold standard” for clinical 
assessment, where single variables can be iso-
lated and alternative treatment options are 
very similar. Given the diversity of product 
and process variables associated with current 
cellular therapy approaches, comparative 
effectiveness trials (CETs) may be more com-
monly employed. The available RCTs and 
CETs are systematically explored in this text. 
However, there is also a productive history in 
musculoskeletal medicine of systematic 
enrollment in prospective clinical registries 
(PCRs) (https://www.aaos.org/registries/) [1, 
2]. Registries lack power and precision with 
respect to direct comparisons; however they 

G. F. Muschler et al.
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have an important role to play in the environ-
ment where (a) concerns about safety (the risk 
of adverse events) are low, (b) equipoise is 
present (potential benefits equal and poten-
tially outweigh the risks), and (c) diversity of 
approaches is already available and in clinical 

use in a definable range of patients and clini-
cal settings, making investment in paired com-
parisons impractical. The value of registries 
include (a) engagement of otherwise indepen-
dent clinical teams in collaborative discussion 
and analysis; (b) standardization and 

Clinical Variables Therapy

Genetics

Phenotype

Systemic Health

Pharmacological Effects

Patient 

Local Disease

ECM Composition

Stem Cell Niches

Remodeling State

Anatomic Site

Tissue Type

Progenitor Cascades

Cell Composition

Therapy

BMI extremes

Trauma

Skill Applied

Mental Health

Comorbidities

Delivery Method

Dose/RedoseTiming

Dose

Execution

Technique

Medications

Physical Therapy

Exercise

∆ Pain

Durability

Value = Outcome/Cost

Composition

Adjunct Therapies

Variables Contributing to Clinical Outcomes

Clinical Outcome

Outcome Assessment
Timing

PROM Instruments

Money

Time

Opportunity Cost

Cost

∆ Health

∆ Function

Lot Variation

Education

Social Support

Loading Restrictions

Delay

Age

Gender

Diabetes/Endocrine
Pulmonary

Renal/Liver
Neuromuscular

Neoplasm

Immunological

Disease Severity
Biomechanics

Orthotics

Success Achieved

Clinical Setting

Inclusion Criteria

Exclusion Criteria

Exceptions to Criteria Performance Metrics

Imaging Metrics

Biochemical Metrics

QALY Metrics

Outcome

Fig. 1.1 Clinical assessment—Ishikawa diagram illustrating process steps and variables associated with clinical care 
and assessment of clinical outcome

Starting Material Tissue Processing

Genetics

Phenotype

Systemic Health

Pharmacological Effects

Donor State

Source Tissue

Local Tissue Health

Stem Niches

Remodeling State

Anatomic Site

Tissue Type

Progenitor Cascades

Cell Composition

Harvest Method
Tools

Sample Composition

Techniques

Skill Applied

Contamination

Anticoagulation

Sampling Bias

Cell Isolation

Mechanical

Chemical

Enzymatic

Wash Steps

Delay in processing

RBC Depletion

Density Separation

Selective Retention

Magnetic Separation

Flow Cytometry - FACS

Viability

Transport Conditions

Cell Selection

Gradient Separation

g Force

Time

Multi-spin sequences

Cell Harvest and Point of Care Processing

Cell Population Available for 
Therapy or Culture Expansion

RBC Lysis

Harvest Efficiency

Fractionation Method

Yieldx

Efficiency –Cells/Time 

Process Metrics

#Cellx
[Cellx]
Px

Attributesx

Biological Performancex

Contamination
Purityx = Cellx/All Cells

Composition Metrics

Fig. 1.2 Cell harvest and point of care processing—Ishikawa diagram illustrating process steps and variables associ-
ated with cell harvest and rapid point of care processing

1 The Stem and Progenitor Cell Paradigms and Engineering Principles Guiding the Clinical Use…
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consensus around capture of key clinical vari-
ables, key cell product variables, outcome 
metrics, and time points of outcome assess-
ment; (c) capture of utilization data and trends 
(patients being treated and approaches being 
used); (d) high-level assessment of which 
treatments are enduring and are being aban-
doned (an early warning system for unsuc-
cessful approaches), and (e) a first-order 
estimation of the relative magnitude and dura-
tion of benefit that may be expected with spe-
cific approaches in specific settings. These 
data can sometimes identify and focus atten-
tion on best practices. However, most often, 
registries provide a sieve that enables the most 
effective approaches to rise to the top, where 
more rigorous analysis through prospective 
RCTs and CETs can be framed and the critical 
network of aligned clinical teams that are 
capable of executing those trials can be 
established.

• The authors of this book generally agree that 
at the present time, (a) cellular therapies have 
not been optimized, (b) the magnitude of 
improvement and probability of success with 
specific approaches has not been rigorously 
defined for more than a few indications, and 
(c) clear indications and contraindications 
have not been broadly established. In this con-
text, cellular therapies for musculoskeletal 

conditions remain imperfectly developed and 
in many settings “unproven.” At this time, 
patient care and professional ethics suggest 
that all clinical use of cellular injection thera-
pies should be performed as part of RCTs, 
CETs, or PCRs.

• Cell Sourcing: Point of Care Processing 
(Fig.  1.2)—Cell sourcing provides a freshly 
isolated cell population, from a specific indi-
vidual and tissue type and location, with a 
measurable yield (number of cells harvested) 
and composition (i.e., concentration, preva-
lence, and viability of various cell types), each 
with definable biological potential. Cell sourc-
ing is an essential starting point for any cell- 
based or cell-derived injectable product. In 
many current approaches, the output of cell 
sourcing is, in fact, the actual cellular product 
[e.g., bone marrow aspirate concentrate 
(BMAC), platelet-rich plasma (PRP), stromal 
vascular fraction (SVF) of processed fat]. 
However, the repeatability and reproducibility 
of cell sourcing is often compromised by wide 
variability in clinical patient variables, donor 
tissue health (or disease), and the harvest effi-
ciency (a function of harvest methods and pro-
cessing methods). These, in turn, impose 
variation in total cell yield and composition, 
even when concerted effort is made to stan-
dardize other process steps [3–15]. As a result, 

Plating Density

Sampling Bias

Cryopreservation

Delay from Processing

Expansion Media

Serum Lot

Antibiotics

Media Composition

Change Frequency

Culture Environment

Plate/Substrate Properties

 Gas Levels (O2, CO2, N2) 

Temperature

Humidity

Clone Competition

Proliferation Rate

Paracrine/Contact Signaling

Cell-Cell Adhesion vs Migration

Proximity

Passage #-Senescence 

Serum Free?

[Serum] [Lysates]

Viability

Freeze Method

Cryostorage

Thaw Method

Storage Conditions

Survival Bias

Passage Methods

Enzyme digestion

Confluence Threshold

Chelating Agents

Mechanical Release

Single Cell Suspension?

Re-plating Density

Wash Steps

∆ Volume Fraction

Wash/Centrifugation Steps

Attachment -Detachment

In Vitro Cell Expansion/Cell Fabrication

In Process Controls

“Weeding”

Clonal Picking

Image-Based Metrics

Genomic Screening

Marker-based Selection

SecretomeAnalysis

Gene Expression Analysis

Culture Expanded
Population

Available Cell Population for 
Therapy or Culture Expansion

#Cellx

[Cellx]

Px

Attributesx

Biological Performancex

Contamination

Purityx = Cellx/All Cells

Composition Metrics

#Cellx

[Cellx ]

Px

Attributesx

Biological Performancex

Contamination

Purityx = Cellx /All Cells

Composition Metrics

Performance-Based Selection

Fig. 1.3 In vitro cell expansion and cell product fabrication—Ishikawa diagram illustrating process steps and variables 
associated with in vitro cell expansion and the fabrication and release of a culture-expanded cell product
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when freshly isolated cells are used, the dose 
(number of cells administered for therapy), 
cell composition, as well as intrinsic biologi-
cal potential of the cells may be different in 
every episode of therapy.

• Moreover, the heterogeneous mixture of cells 
in given injection may contain effector cells 
(i.e., cells that directly benefit the desired out-
come, either directly by generating new tissue 
or secretory products or indirectly by synergy 
with other effector cells); inhibitor cells (i.e., 
cells that actively block, compete with, or 
inhibit the desired outcome); and contaminat-
ing cells (i.e., cells that are passive “bystand-
ers,” playing no active role in outcome, but 
which may still adversely impact outcome by 
(a) competing with effector cells for space or 
local nutrients or (b) by degenerating and cre-
ating secondary debris and inflammation) 
[16]. Extending this paradigm, it can be 
assumed that there is some definable optimal 
range of dose, concentration, and composition 
of effector cells and delivery strategy (e.g., 
disease state, site preparation, delivery 
method, carrier medium) for any given clini-
cal problem. Furthermore, it can be assumed 
that minimizing inhibitor cells and other con-
taminating cells will further optimize the per-
formance of any population of effector cells 
that is implanted. However, at present, the 
optimal dose, composition, and delivery 
method are not known for any clinical setting. 
Each of the subsequent chapters explores and 
defines the state of current progress.

• While it is clear that current cell sourcing 
methods cannot yet be relied upon to provide 
a cell population that is repeatable and repro-
ducible, nor a dose or composition that is opti-
mized for a specific clinical application, there 
is tremendous room for improvement. 
Moreover, a perfect dose and composition of 
cells is not a necessary requirement to provide 
safe and effective clinical benefits. Current 
use is not based on the premise that any cur-
rent cellular therapy has been optimized. 
Decisions for current use are based on expedi-
ency (i.e., default to the most practical and 
available current option) in service to patients 
seeking help today.

• This can be justified, even if optimization is 
not yet achieved, provided clinical assessment 
of specific cellular products (i.e., specific har-
vest and processing protocols) (a) established 
clinical therapies are inadequate and do not 
provide satisfactory clinical benefits estab-
lished that clinical therapies have not yet 
achieved satisfactory benefits, (b) appropriate 
legal and regional guidelines are respected 
and followed, (c) rigorous clinical judgment is 
used to assess and limit risks, (d) patients are 
informed in clear and transparent terms, (e) 
the therapy utilized is clearly documented, 
and (f) the outcome of clinical use is evaluated 
and reported with appropriate institutional 
(e.g., Institutional Review Boards) and regula-
tory oversight, either as part of an internal 
quality control process or through a prospec-
tive process of clinical assessment in RCTs, 
CETs, or PCRs with the intent of providing 
generalizable recommendations. Each of the 
chapters in this text examines and reports on 
the progress that has been achieved to date 
through responsible clinical development and 
assessment while also pointing out gaps in 
evidence, contraindications for current use, 
and specific opportunities for future 
improvement.

• It is important to note that, even in a point of 
care “same day” setting, cell processing to 
improve the concentration and prevalence of 
effector cells is not limited to the choice of 
donor tissue and harvest methods. As Fig. 1.2 
illustrates, a variety of options are available 
for improving cell isolation and yield. The 
most common current method is density sepa-
ration (DS) (e.g., use of a centrifuge to 
 separate high density cells from low density 
cells). DS is most often used to deplete red 
blood cells (RBCs), the most common and 
abundant contaminating cell population in 
most settings, and for separation and concen-
tration of nucleated cells and platelets. Other 
common methods for cell selection include 
selective retention (i.e., use of the native ten-
dency of some effector cells to attach prefer-
entially to some surfaces), magnetic 
separation (i.e., selective capture or removal 
of cells based on labeling with a ferromag-
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netic tag allowing cells to be captured or 
diverted in a strong magnetic field), or 
fluorescence- activated cell sorting (FACS) 
(i.e., automated cell selection based on immu-
nofluorescent labeling using one or more sur-
face markers).

• The regulatory environment around each of 
these strategies will vary from country to 
country. In the USA, DS processing is cur-
rently the only one of these that is compliant 
with the FDA definition of “minimal manipu-
lation” required for the so called 361 exemp-
tion [17].

• Cell Expansion/Cell Fabrication In Vitro 
(Fig. 1.3)—In vitro cell expansion can be used 
to provide a population of cells that is more 
numerous and more uniform than the mixed 
cell populations that are derived from native 
tissues. In theory, it is possible to utilize 
expansion as a means of enriching for “effec-
tor” cells and depletion of inhibitor and con-
taminating cells.

• However, if culture expansion is to be effec-
tive, the process of in  vitro expansion  must, 
(a) preserve  the desirable intrinsic biological 
potential of effector cells, if not enhance this 
potential in culture, and (b) insure that effector 
cells outcompete other inhibitor cells or con-
taminating cell populations during the expan-
sion process. The experience of the past 
30  years has shown that these two critical 
assumptions are not necessarily true.

• The history of culture-expanded cell popula-
tions for musculoskeletal applications and the 
nomenclature that has been used are important 
to understand and define. The field of culture- 
expanded bone marrow-derived cells was born 
out of hematopoietic research [18]. Bone mar-
row stromal cells were originally identified as 
adherent fibroblastic cells from bone marrow 
that were  essential to support hematopoietic 
differentiation in  vitro. Friedenstein and 
Owen, however, demonstrated the capacity of 
marrow-derived stromal cells to express mark-
ers of bone, adipose, or cartilage differentia-
tion in addition to a fibroblastic 
phenotype  (referred to as “trilineage poten-
tial”) [19, 20]. In 1991, Caplan introduced the 
concept of a mesenchymal stem cell or 

“MSC,” which was initially defined as a puri-
fied, homogeneous culture-expanded cell pop-
ulation that retained trilineage potential, as a 
possible product for clinical therapy [21]. It 
was assumed that culture-expanded MSCs 
would be capable of survival after transplant 
and generation of new tissues; however, this 
assumption proved to be generally incorrect 
and rarely achieved. Subsequently, Caplan 
revised his definition of MSC to “medicinal 
signaling cell,” arguing that the biological 
effects sometimes documented following 
injection of culture-expanded MSCs must be 
due to the secretome of these cells, since they 
did not need to persist to have an effect 
[22]. This assertion continues to be based on a 
premise of reproducibility and repeatability 
that has not been demonstrated, and does not 
necessarily capture or acknowledge the large 
variation that is present from batch to batch 
when MSC populations are expanded from 
different patients, tissues, or even the same 
heterogeneous sample of starting cells.

• After a period in which the term “MSC” was 
requently  applied relatively indiscriminately 
in the literature to any culture-expanded fibro-
blastic cell, regardless of phenotype or repro-
ducible function, the ISCT proposed redefining 
the term MSC as “mesenchymal stromal cell” 
(not “stem” cell) [23]. Moreover, the minimal 
criteria were defined  as necessary before  a 
designation of  multipotent MSCs could be 
used. Specifically, the ISCT limited the use of 
“mesenchymal stromal cell”  to culture- 
expanded plastic adherent cells with in vitro 
or in  vivo demonstration of  “trilineage” 
 differentiation potential (i.e. differentiation 
into progeny expressing  adipocyte, chondro-
cyte, and osteoblast features) AND cells  that 
expressed CD73, CD90, and CD105 but were 
negative for hematopoietic and endothelial 
markers. This definition has subsequently 
been further refined by ISCT to include other 
markers [24].

• Unfortunately, however, cells meeting these 
ISCT criteria at MSCs can easily be obtained 
from various adult or embryonal tissues. They 
have been frequently used in clinical trials. 
Yet, repeatable and reproducible fabrication of 
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MSC populations have been difficult to 
achieve and to document, based on both 
in vitro cellular performance and clinical per-
formance criteria.

• Some of this challenge is illustrated in the 
upper half of Fig. 1.4. The starting population 
of connective tissue progenitor (CTP) cells in 
native tissues is inevitably heterogeneous [6, 
25, 26]. When this diverse mixture of cells is 
placed into culture, the attachment and prolif-
eration of individual cells inevitably generates 
a diversity of clonal populations that are placed 
into a setting of competition for space and sol-
uble nutrients. The growth, migration, mixing, 
and interactions in this “competitive expansion 
(CE)” environment are inevitably associated 
with early winners and losers, based on prolif-
eration rate. However, as time progresses in 
culture and subsequent passage, cell senes-
cence and the secretion of paracrine cytokines 
may favor the evolution of the population and 
the rise of additional  clones over others. 
Moreover, due to stochastic variation in the ini-
tial separation or co-location of various clones, 
the outcome of CE may be different even when 
the same sample and a similar diversity of 
clones is plated in different culture wells.

• This unavoidable variation and evolution in the 
outcome of CE processing influences the fea-
tures of MSCs, both batch to batch and over 

time. As a result, the experimental results and 
clinical efficacy is  often highly vari-
able between batches and lots of product. This 
recognition of heterogeneity, despite a homog-
enous appearance under the microscope, and 
the fact that  MSC cultures undergo massive 
clonal selection over time. This clonal compe-
tition and evolution over serial passages during 
expansion has recently  been  quantiatively 
demonstrated using multicolor fluorescence 
labeling and deep sequencing by Selich et al. as 
shown in Fig. 1.5 (reprinted from REF) [27].

• An alternative to CE that is now emerging is 
the use of performance-based selection (PBS) 
(lower section of Fig. 1.4), in which early sin-
gle founding  cell attributes or  clonal col-
ony  performance (prior to overgrowth and 
mixing between clones) may be used to iden-
tify preferred “effector” clones or “inhibitor” 
or “contaminating” clones,  which can then be 
selectively isolated or depleted using auto-
mated methods [28, 29].

1.2.1  Choice between Rapid Point 
of Care Processing and Cell 
Expansion

The intrinsic dilemma between the use of autolo-
gous cellular products derived from rapid point 

Senescence Residual
Contamination

Competitive Expansion Strategy

Source
Tissue Early Performance-Based Selection

Control/Documentation

Cost

Quality/Performance

Fig. 1.4 Diagram comparing competitive expansion vs 
performance-based selection. Competitive expansion 
(CE) of polyclonal populations inevitably forces clones to 
compete with one another for space and resources. The 
outcome of this method is the persistence of the clones 
with the fastest and longest proliferative potential in vitro. 
However, outcome will vary depending on time and pas-

sage number  in culture and small variations in starting 
conditions. Performance-based selection is defined by the 
purposeful choice of a preferred clone or clone type, 
rather than the passive acceptance of the “winner” of CE, 
but depends upon knowledge of clonal attributes that are 
associated with preferred future performance. Copyright 
Cleveland Clinic
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of care (POC) cell processing vs highly pro-
cessed cellular products that are derived by 
in vitro cell expansion and modification is worth 
highlighting here. Neither page space nor clini-
cal data permit rigorous, data-driven compari-
sons of these approaches. However, a few key 
and recurring nodes of tension in this compari-
son are worth pointing out, as they recur through-
out discussions in this text and in future 
development and regulation of cellular thera-
pies.  Both strategic  options have serious 
drawbacks.

The inevitable variation among patients and 
samples has been cited as a reason to discount 
the use of freshly isolated cells, because the 
composition of the materials injected cannot be 
completely controlled or duplicated from one 
patient to the next, even if the anatomic site, har-
vest method, and all other downstream process 
steps and CPPs are controlled. This is a common 
reflex from a purely traditional regulatory per-
spective of pharmaceuticals. However, this phar-
maceutical mindset  may be misguided when it 
comes to cell populations. Minimally processed 
autogenous cells have a preferential safety pro-
file (immunological reaction, infection, onco-
genic risk) and often greater intrinsic biological 
 potential over more aggressively processed and 
expanded cell populations.  Even  if the number 
of cells and some attributes of processed and 
expanded allograft cells can be better controlled, 

patient to patient variation in immunological 
responses and cell-cell interactions represent 
a  substantial barrier to allograft cell perfor-
mance, far beyond the recent recognition of the 
need for “personnalization” in assessment of 
responses to otherwise pure and truely homoge-
neous pharmaceuticals. This suggests that the 
burden of purity, absolute homogeneity, and pre-
cise compositional reproducibility that is applied 
to pharmaceuticals  may be inappropriate, and 
impose expectations that are incompatible with 
biological realities of patient to patient variation 
in genetics, tissue source health, and cell sourc-
ing options. Rather than imposing pharmaceuti-
cal chemical standards of purity and quantitative 
compositional reproducibility, an alternative but 
no less rigorous focus on reproducible safety and 
relative clinical impact that accepts unavoidable 
individual variation in cell source composition 
and the absolute magnitude of intrisic biological 
potential of individual autogenous cellular ther-
apy may be required to best serve patients. The 
potential  benefits of a less pharmaceutical 
approach that would enable alternative metrics 
for compositional documentation and optimiza-
tion of autogenous cellular therapies are a poten-
tial  acceleration of active investigation of 
autogenous cellular therapies as well as a  sub-
stantial improvement in the safety, efficacy, cost, 
and risk associated with current approaches to 
in vitro expansion strategies.
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Fig. 1.5 Time-dependent 
variation in clone dominance 
during in vitro expansion of 
polyclonal progenitor-derived 
cells—This figure, reprinted 
from Selich et al. [27], illustrates 
the rise and fall of various clones 
in prevalence within a culture-
expanded population of “MSCs” 
over time. Each clone is 
represented as a different 
color. (Reprinted with 
permission from “Selich et al 
from Stem Cell and 
Translational Medicine, 
2016;5:591–601, 2016”)
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1.3  Conceptual Paradigm 
of Stem and Progenitor 
Biology in the Context 
of Regenerative Medicine: 
Cell Composition 
and Cellular Kinetics

Cells are the foundation of life and medicine. 
Every new life, every stage of development, 
every change in health status, and every response 
to injury or therapy are mediated by the function 
of cells. As a result, cells are the target of virtu-
ally every medical therapy intervention. This 
includes drugs as well as biological implants and 
endoprosthetics. Over 200 different cell types are 
recognized.  Therefore, while the concentration 
and dose of a drug therapy may be defined, the 
cell composition of the target organ or organ sys-
tem of each patient may vary widely. The cell 
composition of any given tissue can be defined by 
the concentration and prevalence of each cell 
type. The cell composition of a tissue is directly 
related to its health and function and will inevita-
bly be changed in the setting of disease.

All cells are transient. They have an origin, as 
well as a fate. Growth, repair, and remodeling all 
require the generation of new cells. However, they 
also require the systematic loss or removal of cells 
(such as surface shedding from the skin and gut) 
or apoptosis (in situ cell death). Cell migration 
also plays a huge role, both in arrival (e.g., inflam-
matory cells) and departure (e.g., maturing hema-
topoietic cells leaving bone marrow).

In an adult, a state of health (homeostasis) is 
defined by the balance of the rate at which cells are 
added or removed from a given tissue, and the resi-
dence time or life span of a given cell or cell type 
in that tissue [30]. Disease is inevitably associated 
with (if not caused by) an imbalance in the addi-
tion or loss of cells of various types in an involved 
tissue, and an associated change in the cell compo-
sition. Moreover, the success of many medical 
therapies can be defined as the restoration of nor-
mal cellular kinetics (i.e., the balance of prolifera-
tion, migration, differentiation, and survival of 
diverse cell types within a tissue).

In this context, life and health can be viewed 
as a “river” of cells of every type that flow through 

each tissue, each at their own rate. The cellular 
kinetics of any individual cell type is defined on 
one side by the rate at which new cells are added 
(e.g., local proliferation and differentiation or 
migration from another site) and on the other side 
by the rate at which they are removed (migration 
or death) and the mean life span for a given cell 
type in that tissue. Mean life span for cells can 
vary from hours (in the case of macrophages 
responding to infection) to decades (in the case of 
neurons, chondrocytes, or osteocytes). The phe-
nomenon of cellular senescence and the accumu-
lation of scenescent cells, which fail to undergo 
apoptosis at the end of their functional life, is 
increasingly recognized as a feature of aging and 
disease. Senescent cells can further shifts the bal-
ance of concentration and prevelence, but also 
open a new potential therapeutic target cell popu-
lation, which itself will be highly heterogeneous. 

The mathematics and mechanisms of cellular 
kinetics are often applied to studies of neoplasm 
or infection. However, these same principles are 
equally relevant to tissue engineering applica-
tions and particularly to cellular therapies. These 
concepts have been effectively illustrated in the 
context of bone formation and remodeling and 
the balance of function of osteoblasts and osteo-
clasts, and their separate stem/progenitor cell 
systems that are coresident in bone and bone 
marrow tissue [30, 31].

1.3.1  Stem and Progenitor Cell 
Systems and Niches

Stem cells and progenitors are present in virtu-
ally all normal tissues [30, 32–35]. The concept 
of a stem cell and the difference between stem 
cells and other downstream progenitor cells are 
particularly important to clarify in the discussion 
of cellular therapies. For the purposes of this 
chapter and this book, we bypass the complexity 
of embryological growth and development, or 
neoplasm, and focus instead on the stem and pro-
genitor cell systems present in native adult tis-
sues, particularly connective tissues.

Throughout life, the process of generating and 
sustaining each of the 200+ adult cell types 
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begins with a “stem cell.” It is estimated that 
there are at least 30 separate stem cell systems 
associated with the maintenance of health and 
homeostasis in adults [36]. The most prominent 
and best characterized systems include hemato-
poietic cells in the bone marrow, skin, gut, 
 vascular endothelium, and nervous system. In the 
adult, each of these systems is biologically sepa-
rate and distinct, and each system may generate a 
plurality of mature cell types.

For the purposes of this book, and our focus 
on musculoskeletal therapy, the most important 
systems to consider are those that give rise to 
cells with connective tissue phenotypes, other 
than the blood, specifically the bone, cartilage, 
tendon, ligament, fat, synovium, or meniscus/
labrum. We refer to systems that generate prog-
eny with the potential to differentiate into one or 
more connective tissue phenotype as tissue- 
specific connective tissue stem and progenitor 
cell systems (CTP systems) and the cells them-
selves as CTPs (discussed in more detail below).

Stem cells are critically important in biological 
systems, and the term “stem cell” has come into 
public awareness through a series of impactful 
events over three decades, including the success 
of bone marrow transplantation (hematopoietic 
stem cell (HSC) transplantation), the discovery 
and debate over embryonic stem cells (ES cells), 
and the Nobel Prize in 2011 for the generation of 

induced pluripotent stem cells (iPSCs). Each rep-
resented profound discoveries and advances with 
transformational effects and potential. However, 
in recent years, the term “stem cell” has been 
degraded through widespread misuse as a market-
ing term, often with unsupported and even “magi-
cal” implications that misrepresented the nature 
and biology of a true stem cell. Misuse of the term 
“stem cell” has corrupted effective communica-
tion between clinicians, scientists, and particu-
larly patients [37]. We have paid particular 
attention in this textbook to avoid this trap and 
limit the use of the term “stem cell” to its biologi-
cal definition and avoid its use as a gratuitous, col-
loquial, or marketing term.

The core concept of a stem cell system and 
important differences between stem cells and 
progenitor cells are illustrated in Fig.  1.6. This 
illustrates a hypothetical stem cell (green) that is 
activated to proliferate and give rise to a group of 
progeny (progenitors) (pink) that progress 
through a series of cell divisions, and a series of 
progressive differentiation states, to ultimately 
provide a population of mature functional cells 
(amber), all derived from a single activation of a 
single stem cell, which ultimately die (black). The 
essential defining feature of a true adult stem cell 
is that after cell division, one of the two cells 
retains the properties and remains in the niche of 
the cell that divided, and preserves the functional 

The Stem Cell Life Cycle

Activation

Self Renewal

Proliferation

Migration

Differentiation

Apoptosis/Death

Fig. 1.6 Stem cell and 
progenitor cell expansion 
cascade. This simplified model 
illustrates the attributes of the 
stem cell (self-renewal without 
differentiation). It also 
illustrates the attributes of the 
downstream proliferating 
progenitor cell 
population. Progenitors 
inevitably vastly outnumber true 
stem cells (i.e. they have much 
greater prevelance). They also 
demonstrate much greater 
diversity (heterogeneity) 
through the capacity to 
differentiate through a diversity 
of stages and potential 
differentiation paths and 
outcomes
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potential for further identical cell divisions that 
may spawn future generations of proliferating 
progenitors. This unique “stem cell” function and 
process is referred to as asymmetrical cell divi-
sion and “self renewal”.

Because many adult stem cells are capable of 
generating progeny that can follow more than 
one path to terminal differentiation, each stage of 
proliferation is also associated with a probability 
that progeny will go down one path or another. 
This probability is influenced by a combination 
of local signaling molecules, chemical conditions 
(e.g., pH and O2 concentration), and mechanical 
environment.

In this model, the total cells (Nc) generated fol-
lowing a given stem cell activation event are a 
function of the number of cell divisions (n) before 
terminal differentiation, and the cumulative prob-
ability (p) of differentiation along specific path-
ways, where (Nc = 2n × p) [30].

This diagram is, of course, highly simplified. 
Even so, it is applicable as a first approximation 
to virtually every stem cell system in adult tissues 
and illustrates five key features of stem cell sys-
tems that we have laid out in more detail in a 
prior publication [30]:

 1. Stem cells, almost by definition, divide by 
“asymmetrical” cell division, producing two 
daughter cells: one daughter cell that goes on 
to expand and generate progeny that ulti-
mately differentiates into mature cell pheno-
types and a second cell that retains the features 
of the original stem cell, effectively “self- 
renewing” the original stem cell, leaving it 
available to divide again in the future. Were 
this “self-renewal” not to occur, each activa-
tion of a stem cell would result in the loss of a 
stem cell, rapidly depleting the sparse stem 
cell pool.

 2. The number of mature cells formed as a result 
of each stem cell activation event is  determined 
by the number of cycles of symmetrical cell 
division during proliferation prior to differen-
tiation, and the probability that cell products 
of each division cycle will become committed 
to a specific end cell type (e.g., osteoblast or 
adipocyte). Note that, in contrast to the dia-
gram in Fig. 1.6, in most systems 10–20 cell 

divisions occur prior to differentiation, so 
rather than 64 cells, as illustrated here, each 
stem cell activation may generate between 
1000 and one million new cells. Shifting the 
kinetics of cell division or the probability of 
differentiation events can have rapid and pro-
found impact on cell composition within a 
given tissue.

 3. True stem cells will divide rarely, and much 
more slowly than the downstream progenitor 
population. Any single stem cell division is 
magnified immensely by the expansion of 
downstream progenitors. In adult tissues, 
under normal conditions a stem cell will be in 
G0 (not dividing). The work of expanding cell 
numbers is done by progenitor cells. This pro-
tects the upstream stem cell population from 
accumulating chromosomal abnormalities 
damage through transcription errors or 
senescence.

 4. The prevalence of true stem cells in any tissue 
is always vastly smaller than the number of 
progenitors (i.e., cells that are active in or 
capable of proliferation and differentiation 
into a mature phenotype).

 5. The number of mature cells will always be 
vastly great than the number of progenitors 
because the life span of cells in the mature cell 
state is vastly longer (3  days to 30+ years) 
than the life span of cells at any stage of 
upstream proliferation (generally 1–5  days); 
each stem cell in a given tissue may support 
many layers of mature cells. As a result, at 
steady state in healthy tissue, the ratio of 
downstream progenitors to true stem cells will 
generally be in the range 1000:1 to 100,000:1).

The stem cells that are at the apex of these 
stem cell systems are almost always located in a 
particular anatomic site or “stem cell niche” 
within a tissue. These sites are often character-
ized by either a unique population of local sup-
port cells that provide a specific extracellular 
matrix or a secretory environment that spatially/
directionally orients, supports, and protects long-
term stem cell function and asymmetrical cell 
division. Detailed characterization has been 
accomplished for many stem cell niches (e.g., 
hematopoietic stem cells), but niches in 
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connective tissue have been more elusive [36, 
38]. Perivascular cells (e.g., pericytes  or other 
cells in the perivascular adventicia) are at least 
one proposed niche for connective tissue stem or 
progenitor cells [39]. However, niches are also 
proposed in the trabecular bone surface [40], 
synovium [41], and the superficial zone of carti-
lage [15].

1.3.2  Tissue-Specific Kinetics 
and Stem/Progenitor 
Populations

In many stem cell systems, including the connec-
tive tissue stem and progenitor cell system, the 
progeny arising from a given stem cell activation 
may be induced to differentiate along a number 
of pathways (e.g., bone, cartilage, fat, fibrous tis-
sue) as part of normal tissue generation and turn-
over. This may involve a series of commitment 
events or stages of differentiation before commit-
ment to a particular differentiation fate well 
beyond the simple diagram in Fig. 1.6 [30, 42]. 
Moreover, in many systems, progenitors them-
selves may become arrested for periods of time at 
a particular stage as “transit expanding popula-
tions” or even migrate from one location to 
another (e.g., through systemic circulation) [30, 
43–45] before resuming the process of prolifera-
tion. This has the effect of creating multiple sets 
of progenitor cell types and states that may be 
induced to “home” to a specific tissue location, or 
to be activated and proliferate in response to par-
ticular therapeutic stimuli.

It is self-evident that the kinetics and func-
tional hierarchy of the stem or progenitor cell 
populations in any given tissue (marrow, fat, 
muscle, bone, cartilage, synovium, tendon) will 
be tissue-type specific and reflect the  composition 
and dynamic state and health of the tissue of ori-
gin. Some literature has pointed to the fact that 
multilineage potential (bone, cartilage, fat, 
fibrous tissue) can be demonstrated among pro-
liferating progenitors that are isolated in  vitro 
from a variety of connective tissues (marrow, fat, 
periosteum) [41, 46–48]. However, increasing 
evidence has accumulated that the stem and pro-
genitor populations from different tissues are dis-

tinct with respect to local tissue niches, biological 
attributes, and performance [46, 48–50]. 
Biological needs, developmental history, and cur-
rent state of each tissue type will define different 
stem cell niches, activation signals, migration 
pathways, and differentiation options for the cells 
in that tissue. Populations of stem and progenitor 
cells isolated from fat tissue will inevitably be 
different in concentration, prevalence, and bio-
logical attributes than cells from marrow [7]. It is 
therefore most accurate to think and communi-
cate in terms of “tissue-specific” connective tis-
sue stem/progenitor populations [51].

1.3.3  Tissue-Derived Cell 
Populations: Heterogeneous 
Mixes of Cells and Biological 
Potential

As illustrated in Fig. 1.1, native tissues will inevi-
tably provide the starting materials on which any 
cell therapy may be based. Based on the discus-
sion above, it is also self-evident that any sample 
of tissue will contain a highly heterogeneous 
mixture of cells. This includes connective tissues, 
which are sometimes considered to be less com-
plex and more homogeneous than other tissues. 
The vast majority of cells found in connective tis-
sues will be mature cells which have long func-
tional life span (residence time) in tissue from the 
time of maturation to the time when they are 
removed due to senescence, apoptosis, remodel-
ing activity, or injury. The mean survival time of 
an osteocyte, for example, can be estimated to be 
15–25 years. This is even longer for cartilage tis-
sue. A much smaller fraction of cells will repre-
sent progenitor cells which are either in the 
process of expansion through proliferation or 
represent quiescent progenitors that can be stim-
ulated to reenter the cell cycle.

Methods for liberation and isolation of cells 
from connective tissues are varied, but most are 
designed to generate suspensions of viable single 
cells. These methods also seek to preserve the 
intrinsic attributes and biological potential of any 
progenitor  cells that are isolated, but they may 
not be perfect, and some selection bias may be 
expected due to loss of some relevant cells.
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If cells are placed into culture, under appropri-
ate conditions, any cell that has retained prolif-
erative capacity may grow and generate 
observable progeny. If the clones derived from 
individual proliferating cells are sufficiently sep-
arated, the progeny of individual cells can be 
identified as discrete groups of cells or “colo-
nies,” where the originators of each colony are 
defined as “colony-forming units” (CFUs). 
Moreover, the biological attributes and perfor-
mance of the cells in each colony provide insight 
into the intrinsic biological potential of each indi-
vidual colony founding CFU.

When thinking about the number of CFUs and 
the diversity of performance among the progeny 
of each CFU, it is important to remember the 
complexity and kinetics present in the source tis-
sues. Cells with proliferative potential may come 
from a diversity of stem cell systems (connective 
tissue, vascular, neural), even hematopoietic 
cells, in the case of cancellous bone or bone mar-
row. Colony founding CFUs will be drawn from 
every stage of maturation between the stem cell 
and mature cell phenotype and every possible 
variation in levels of commitment along potential 
paths of differentiation. True stem cells will give 
rise to a very small number of colonies. Moreover, 
because the extraction process has likely removed 
the few stem cells that are isolated from their 
native stem cell niche, the properties of the true 
stem cell will be unlikely to be preserved. Even 
so, the progeny of true stem cells may still exhibit 
and be identifiable based on  unique in  vitro 
 performance (proliferation, migration, morphol-
ogy, markers, etc.).

It is also important to recognize that culture 
conditions strongly influence which cells survive 
and which cells proliferate in  vitro. Therefore, 
while any given subpopulation of CFUs (“X”) 
will have a true prevalence (tPCFUx), the number 
of CFU-derived colonies that is observed (oPCFUx) 
will almost always be lower depending on the 
efficiency with which colony formation is acti-
vated in a given setting (colony forming effi-
ciency (CFE)), where oPCFUx = tPCFUx x CFE, and 
CFE is always less than 1.0 [5, 52–54].

CFE may also be influenced by interactions 
between CFUs and their progeny, as well as by 
other non-proliferating non-progenitors in the 

cultures. In fact, initially, the secretory products 
of non-progenitors will dwarf the secretory prod-
uct or RNA expression profile of any stem or pro-
genitor cell population in the sample. This 
interaction between the culture-expanded prog-
eny of colony founding progenitor cells as well 
as the vastly more numerous non-progenitors in 
tissue-derived cell populations results in a high 
probability of stochastic variation in the outcome 
of in  vitro isolation and expansion procedures 
that rely on mixed polyclonal cell cultures.

Recognizing this milieu in vitro also reminds 
us that when using freshly isolated cells for thera-
pies (e.g., BMAC), it is entirely inappropriate to 
refer to these therapies as “stem cells” or “stem 
cell therapy.” In fact, if stem cells are present in 
these preparations, they are the least common 
cell in the mixture and have very  likely been 
altered from their native state during harvest and 
isolation.

This complexity does not however preclude a 
potential benefit from the harvest, processing, 
and transplantation of the mix cell populations 
that are derived from native tissues. Rare stem 
and progenitor cell populations may have the 
ability to preferentially survive and even to pro-
liferate after transplantation.

Moreover, that fact that this mixed population 
will inevitably contain cells that may have a posi-
tive effect (“effector cells”) and cells that may 
have a negative effect (“inhibitor cells”) inspires 
and catalyzes optimism that further optimization 
is possible through the application of scientific 
and engineering principles. This quest defines the 
purpose and mission of this book.

1.3.4  Tissue-Specific Connective 
Tissue Progenitors

Among all of the stem and progenitors in native 
tissues, it is only a subset of those cells that are 
capable of proliferating and generating progeny 
capable of forming one or more connective tissue 
(bone, cartilage, tendon, ligament, meniscus, fat, 
scar, stroma). This heterogeneous population of 
stem and progenitors represents a hierarchy of 
stem and progenitor cells that are collectively 
referred to as “connective tissue progenitors” or 
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CTPs [16, 30, 31]. CTP populations are by nature 
tissue specific and heterogeneous [5, 6, 14, 15, 
25, 26, 48, 55, 56]. While other populations of 
progenitors may be important in musculoskeletal 
applications (vascular endothelial progenitors, 
hematopoietic-derived immune cells), the mea-
surement and characterization of CTP population 
represents the main focus of the remainder of this 
chapter and subsequent chapters in this text.

1.4  Engineering Principles

Engineering is the discipline of applying the 
basic knowledge and tools of biology, chemistry, 
physics, and mathematics to solve practical prob-
lems [16]. In the context of cellular therapies, the 
engineering “mission” can be defined as:

Provide clinical benefit by delivery of effective cell 
populations to the right location in the right way at 
the right time in the right patient for the right rea-
son (disease state), safely and reproducibly.

The potential benefits of cellular therapy could be 
to repair, replace, augment, or regenerate new tis-
sue through long-term cell survival and direct 
contribution. However, benefits may also involve 
short-term survival and indirect contribution 
through modulation of the signaling environment 
by secretory products or by cell-cell interactions 
[57, 58].

This is a complex challenge. The pathophysi-
ology of each disease state and each tissue is 
unique. As a result, the underlying deficits in cell 
composition, cellular function, and signaling 
environment will differ. For each clinical setting, 
the preferred cell(s), cell composition, dose, 
mode of delivery, and timing of delivery will 
vary.

The path to successful therapy for any clinical 
setting must start with a rational clinical mecha-
nism, and a strategy to systematically optimize 
the identity, composition, and dose (cell number) 
(i.e., the “product” to be used) as well as the 
method, location, and timing of delivery.

Systematic and quantitative application of 
engineering concepts begin and end with mea-
surement and documentation. As outlined in 
Figs.  1.1–1.3, measurement and control is 

required in each domain of clinical cell therapy: 
clinical assessment, cell harvest and isolation, 
and (when applicable) in  vitro expansion and 
processing.

This universal theme of disease-specific ther-
apy and application of rigorous measurement and 
engineering principles is an underlying principle 
of cellular engineering that is revisited through-
out this book. The following provides an over-
view of the paradigm and nomenclature used for 
measurement and engineering optimization 
throughout this text.

1.4.1  Clinical Assessment 
Measurement

Clinical assessment includes two main domains 
of assessment—clinical setting and clinical 
outcomes.

Clinical Setting: Diagnosis, Disease State, 
and Clinical Context—A specific diagnosis is 
essential and often recorded in the form of an 
ICD or WHO code. The stage or severity of dis-
ease is equally important. This is most often doc-
umented using established disease-specific 
scoring systems based on physical findings or 
imaging (e.g., Kellgren-Lawrence scores for 
osteoarthritis or Ficat stage for osteonecrosis). 
Other disease-specific clinical variables may also 
be relevant (e.g., time since onset, laxity, strength, 
laboratory measures). Finally, the clinical context 
of care must be defined, including standardized 
measures of demographics (age, gender, work 
and social status, education, height, weight, BMI) 
and disease-defining laboratory measures, as 
well as the burden of comorbidities (e.g., 
Charlson, Elixhauser).

Clinical Outcome—Clinical outcome is the 
most basic objective assessment relevant to the 
efficacy and value of a given therapy. The effi-
cacy (E) can be defined as the magnitude of 
improvement (or decline) by documentation of 
difference between a starting state of health (H1) 
and an ending state (H2), where E = H2-H1. The 
value (V) of a given therapy is a function of effi-
cacy per unit cost, where V = E/C, and C repre-
sents the total cost of the therapy. Cost can be 
measured from various perspectives, 
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however: cost to the patient (money, time, and 
risk), cost to the insurer (immediate cash and 
probability of future liability), and cost to society 
(economic impacts of disability).

We focus here on clinical efficacy, which itself 
can and should be measured in several domains: 
general health, function, pain, and metrics of tis-
sue health or function.

General Health and Function—These mea-
sures are generally provided by using standard-
ized patient-reported outcome metrics of pain 
(e.g., visual analog scale (VAS)), general health 
(e.g., SF-36, VR-12, EQ-5D, PHQ-9), as well as 
disease-specific measures of function (e.g., 
HOOS, KOOS, WOMAC, DASH).

Target Tissue Health and Function—The sta-
tus of disease at the local tissue level will have 
profound effects on any biological therapy. The 
tissue where cells will be delivered is directly 
analogous to the “soil, sun, and water” where the 
“seeds” (cells) will be planted. The biological 
starting state of a tissue can be directly measured 
by a combination of anatomy and dynamic physi-
ological parameters: structure, composition (cells 
and/or extracellular matrix (ECM)), kinetics 
(metabolic rate, oxygen tension, cell division, 
cell migration, gene expression), and/or signaling 
environment (local secretome, including growth 
factors, cytokines, and ECM).

Similarly, the biological efficacy of therapy 
can also be measured by the change in structure, 
composition, kinetics, or environment in the tar-
get tissue—when before and after therapy assess-
ment can be performed.

In some settings, the starting state of a tissue 
may be routinely measured in the course of diag-
nostic biopsy procedures, where histological and 
histomorphometric data can be captured. 
However, with rare exceptions, the starting and 
ending states of target tissue at a histological 
level  are only available in preclinical animal 
studies.

Structural status and changes are often mea-
sured based on alteration of anatomy (tissue loss 
or formation) using clinical imaging modalities 
(e.g., CT, MRI). Some compositional or kinetic 
tissue attributes may also be measured before and 
after treatment through noninvasive imaging tech-
niques (e.g., DGEMRIC, T1Rho, PET) [59–61].

Note that the tissue structure, composition, 
and kinetics may also be relevant to the selection 
of tissue donor sites for either autogenous or 
allograft cells. Some starting states are likely to 
be incompatible with successful cell transplanta-
tion. However,  to date, little available data 
 addresses this question.

1.4.2  Defining the Cellular Product 
and Process

A fundamental principle in providing clinical 
therapy is to know what therapy was provided:

• What is the composition of the cell product?
• What cells are being isolated?
• What is the number, concentration, and preva-

lence of the cells being used?
• What is the identity of the effector cells being 

used?
• What are the biological attributes that are used 

to identify the effector cells?
• What inhibitor cells or contaminating cells are 

present, and in what prevalence?
• What is the variation in composition, dose 

(cell number), or biological attributes from 
patient to patient or batch to batch?

• What methods are used to increase the preva-
lence of effector cells and reduce the preva-
lence of inhibiting or contaminating cells?

These questions have been surprisingly diffi-
cult to answer. This is particularly true for cellu-
lar therapies (products) that are generated through 
a process of cell harvest and point of care pro-
cessing, as illustrated in Fig. 1.2. However, they 
can still be challenging for cellular products that 
are fabricated through culture expansion, as in 
Fig. 1.3.

Basic information about the number, concen-
tration, composition, and biological attributes of 
the cells that are processed and delivered are often 
missing from clinical publications on injectable 
cellular therapies for musculoskeletal disease. 
One reason for this dearth of information is that 
much of the early phases of investigation involve 
autogenous cell populations derived from the 
blood, marrow, or fat, which were processed at the 
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bedside. In this setting, concerns about biocom-
patibility and sterility were low. Regulatory barri-
ers are low. The threshold for equipoise in potential 
patient benefit was low for many benign musculo-
skeletal conditions, particularly when considering 
care that may delay potential surgery and associ-
ated costs and risks. Moreover, the analytical tools 
for counting and characterizing cells were often 
not available. As reported in the following chap-
ters of this book, the literature findings point the 
potential benefit of injection therapies but also 
highlight to the critical need for the field of cellu-
lar therapy in general, and  musculoskeletal ther-
apy in particular, to step up to a higher standard of 
documentation and reporting.

1.4.3  Cell Composition

Cell composition is defined by number, concen-
tration, prevalence, and biological attributes of 
each cell population in a tissue or cell sample.

The overall composition of all cells in this 
mixture can be characterized by the number and 
concentration of each cell type (X), i.e., NCell X 
and [Cell X]. The composition of the whole mix-
ture of cells is the sum of the number and concen-
tration of all cell types and each cell stage. 
Concentration can be measured in cells per ml for 
cell suspensions but can also be represented as 
cells per mg of tissue.

The most abundant cells in any tissue will 
always be mature nondividing cells. This will 
include a diversity of cell phenotypes. For exam-
ple, bone marrow will include hematopoietic 
cells, vascular and perivascular cells, fat cells, 
fibrous stromal cells, and osteocytes embedded in 
bone fragments, and osteoblasts, osteoclasts, and 
lining cells on the surface of bone fragments. As 
in any healthy remodeling tissue, isolated cells 
will also include a small composition of the native 
tissue-specific stem cells that are involved in gen-
erating the cells that are needed to preserve these 
individual cell types and tissue compartments and 
replace cells that are lost to injury or senescence 
and apoptosis. This will include the full range of 
downstream progenitors on their developmental 
journey from a stem cell to a fully differentiated 
mature cell phenotype. As a result, tissue-derived 

cells will include a small population of CTPs and 
their downstream progeny on their way to become 
bone, fat, or stromal cells [16, 31].

Each individual cell type “x” has a prevalence 
(Px) within the whole cell population, defined as: 
Px = NCell X /(Ncells). The mean prevalence of col-
ony founding CTPs in cells isolated from bone 
marrow and from subcutaneous fat is roughly 
50/106 cells and 2000/106 cells, for example [6, 7, 
56]. However, prevalence can also be represented 
as a percentage, particularly for more abundant 
contaminating cells (e.g., lymphocytes or 
monocytes).

The identification of individual cell types is a 
point or rapid ongoing development and is not yet 
standardized. Identification is generally deter-
mined by physical attributes (e.g., size, granular-
ity, morphology, adherence, or surface markers), 
or functional performance attributes (e.g., colony 
formation, migration, secretory proteome, or the 
differentiation of  downstream progeny). 
However, functional performance is the most 
clinically relevant of all of these parameters.

1.4.4  Analytical Method for Cell 
Composition Analysis

Manual or automated differential cell counts are 
routinely performed on fresh cell suspensions 
isolated from bone marrow or other tissues. 
Anticoagulation is necessary (e.g., heparin, 
EDTA, acid citrate dextrose). Manual counting is 
subject to large subjective variation between 
observers. Auto-analyzers (while standard-
ized, and generaly parse cells based on size and 
light refraction) are generally calibrated for assay 
of cells from peripheral blood. As a result, mea-
surement for other cell types must be specifically 
validated before autoanalyzer data can be trusted. 
Cells from bone marrow, contain  a diversity of 
immature hematopoietic cells, endothelial cells, 
and cells from fat or other tissues. Each cell type 
requires a  tissue-specific profiles to quantia-
tively capture the diversity of cell subtypes.

Flow cytometry can be used to resolve the 
prevalence of individual cell types by parsing 
cells into groups based on size, granularity, or the 
presence of one or more cell surface or 
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intracellular markers (e.g., CD34, CD146). A suf-
ficient number of cells (e.g., 105) must be assayed, 
however, to allow estimation of populations of 
cells with a low prevalence, such as CTPs, even if 
a specific set of CTP-associated markers could be 
established.

Colony-forming unit assays (i.e., in vitro mea-
surement of the number of cells that are capable 
of proliferation under specific in  vitro growth 
conditions and characterization of the biological 
attributes of the progeny of the individual colony 
founding cells that make up each colony pro-
vides) are a powerful analytical tool. CFU assay 
is the only precise method for the assay of hema-
topoietic stem cells (HSCs) and downstream 
hematopoietic progenitors (e.g., BFU-E, 
CFU-GM, CFU-GEMM) in bone marrow. CFU 
assay is also the only reliable way to assay the 
prevalence and heterogeneity of CTPs derived 
from connective tissue. It is important to note, 
however, that all  colony-forming assays are 
dependent on media conditions. Change in media 
and other culture conditions can result in large 
differences in the observed prevalence of colony 
formation by a given cell type “x.” The efficiency 
of colony formation (CFE) is dependent on pro-
cessing and media conditions and that the 
observed prevalence (oPx) is always an approxi-
mation of the true tPx, and oPx = tPx x CFE. It is 
tempting to assume that CFE is equal to 1.0 (i.e. 
100% conversion of possible colony forming 
cells into colonies.  Howwever, as media 
conditions, oxygen tension and other variables 
are refined, incremental advances in CFE con-
tinue to be made, refining our analytical 
systems.

Single-cell RNA sequencing (scRNAseq) is a 
rapidly emerging tool for assay and analysis of 
the number of different cell types in a given tissue 
samples. However, scRNAseq is expensive 
($2–4  K per sample) and does not yet provide 
resolution for rare cell populations (like stem and 
progenitor cells).

1.4.5  Sampling Bias

Quantitative comparison of cell composition and 
yield from different tissue sources is also depen-

dent on efficient methods for cell extraction and 
isolation. Each tissue will require a different 
method for mechanical, chemical, and often 
enzymatic processing to optimize the yield, via-
bility, and biological performance of the cells that 
are isolated. Each isolation method may impose a 
sampling bias that increases or decreases the 
probability that a cell of a given type will be pre-
served in the sample. For example, bone marrow-
derived cells are generally isolated and preserved 
in a single cell suspension, just using an antico-
agulant to prevent the formation of fibrin clots. 
However, BMA samples can also contain frag-
ments of tissue and fat that are buoyant and float 
to the top of a sample. Any cells that are trapped 
in a floating layer of tissue may be lost unless 
processing is added to isolate and release those 
cells. Similarly, BMA samples inevitably contain 
some fragments of cancellous bone. This bone is 
dense and will sink to the bottom of a harvest res-
ervoir and will be discarded in the red cell mass, 
unless processing is added to specifically capture 
these fragments. Fat- and bone-associated cells 
may be particularly relevant to some BMA appli-
cations as a significant portion of the CTP popu-
lation may be resident in tissue fractions on or 
adjacent to bone or in perivascular tissue associ-
ated with intramedullary fat. These elements of 
BMA harvested materials are often neglected 
when considering the potential yield of bone 
marrow aspirate as a source tissue.

1.4.6  Defining and Documenting 
the Process

The composition of cells that are available from an 
individual patient will be critically dependent on 
the patient health status and the health and dynamic 
state of the tissue of origin. Those two factors will 
always be variables which have a profound effect 
on the quality of the starting material that is avail-
able at the beginning of a cellular therapy process. 
In the case of autogenous cellular therapy, the 
patients and their health are not a variable that can 
be controlled or standardized. This is a unique 
aspect of autogenous cellular therapy that is dis-
tinct from drug development and testing, where 
starting materials can be highly standardized. 
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However, many other aspects of the harvest, isola-
tion, and processing of cells can be standardized. 
These standardizable process steps comprise most 
of the content of Figs. 1.2 and 1.3.

It is sometimes said in regulatory circles that 
“process is product.” The assumption is that if 
each individual process step is defined and per-
formed in a highly regulated and reproducible 
manner, then the outcome (composition) of any 
cell sample that is passed through this process 
will also be repeatable and reproducible.

Substantial effort is invested in defining both 
rigorous process steps and controls. Systematic 
comparison of outcome allows process parame-
ters that influence outcome to be defined and con-
trolled. A well-characterized process will include 
well-defined Critical Process Parmeters (CPPs) 
(e.g., g force, time, temperature, oxygen tension, 
media composition) that are particularly impor-
tant to the quality, repeatability, and reproducibil-
ity of outcome. The individual chapters in this 
text frequently explore and report on the CPPs 
that have been identified for specific products and 
clinical applications.

Critical quality attributes (CQAs) are another 
part of process and defined as attributes that are 
necessary for confirmation of the quality and 
potency of an end product. CQAs are used as 
quality metrics as well as “release criteria” for 
individual batches of a fabricated product. In the 
case of cellular products, CQAs are specifically 
those parameters of composition or biological 
performance that predict efficacy.

As present, CQAs are generally not known for 
cellular therapy products. CQAs can be guessed 
at and used in early stages of production or 
clinical trial. However, ultimately, CQAs will 
need to be discovered, and refined for each clini-
cal setting, by linking product composition to 
measurable clinical outcomes.

1.4.7  Defining the Efficacy 
of Processes and Process Steps

While CPPs and CQAs are the goal, the process 
of optimizing and refining processes to achieve 
the best possible outcome involves a series of 
measurable steps.

Each phase of cell harvest and processing in 
Figs. 1.2 and 1.3 can be defined by measurement 
of the effect of that processing step on the num-
ber, concentration, prevalence, or biological 
behavior of cells. Those effects can be measured 
in terms of defined process metrics:

Yield—The total number of cells isolated.
Yield Efficiency—The fraction of the cells that 

were present at the beginning of a process that 
remained at the end.

Enrichment—Increase in the relative prevalence 
of one cell type over another based on the 
selective retention or removal of one popula-
tion over another.

Purification—Increase in prevalence of one cell 
type to the point of near homogeneous repre-
sentation in the population.

Repeatability—The capacity to achieve the same 
result when a process is repeated on the same 
or similar sample at the same location (e.g., 
same lab or operating room team).

Reproducibility—The capacity to achieve the 
same result with a process is repeated on the 
same or similar sample at a different location 
(e.g., another lab or another operating room 
team).

Measurement and refinement of those CPPs 
that optimize yield, efficiency, enrichment, 
purity, repeatability, and reproducibility repre-
sent a next critical phase of clinical cell sourcing 
and processing and must be central in our ongo-
ing development of cellular therapies.

Differences among various patients, tissue 
sources, harvest techniques, or processing meth-
ods are each readily identified and compared 
based on the relative differences in cell number 
(yield), concentration, and/or the prevalence 
(purity) of individual cell types of interest.

1.5  Conclusion

The clinical use of injection therapies and par-
ticularly the use of cells and cell-derived prod-
ucts in both nonsurgical and surgical settings 
have become a highly active area of interest and 
progress. However, the translation of this 
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promise into safe and effective therapies 
demands advancement in three key domains of 
progress:

 1. Clinical Assessment—Assessment of safety 
and efficacy in specific clinical settings.

 2. Cell Sourcing—Clinical cell harvest and iso-
lation of cell source materials.

 3. Cell Expansion/Cell Fabrication—In vitro 
expansion and modification of cells for ther-
apy or generation of cell-derived products.

Advancement of the field also demands clear, 
precise, and accurate understanding and use of 
unified conceptual paradigm of stem and progen-
itor cell biology and application of rigorous 
engineering principles of quantitative measure-
ment, process analysis and reporting related to 
cell sourcing, expansion and cell-based fabrica-
tion, and particularly clinical assessment.

In addition to traditional physiological and 
biochemical methods, measurement and report-
ing will increasingly demand rigorous measure 
of the cell composition and biological attributes 
of Stem or Progenitor cell that are proposed for 
use in cellular therapies, defining those cell pop-
ulations that are presumed to be “effector cells,” 
“inhibitor cells,” or “contaminating” cells in any 
preparation. The outcome of processes of sourc-
ing and expansion (i.e., yield, efficiency, effi-
cacy, purity, repeatability, reproducibility) must 
be based on quantitative changes in composition 
and attributes. Processes themselves must be 
defined and reported with specific CPPs. 
Clinical outcomes must be linked to measurable 
and relevant CQAs.

The strategic development and refinement of 
cell sourcing, in particular, will be dependent 
upon ongoing advances in our understanding of 
stem cell niche biology and the kinetics associ-
ated with the in vivo proliferation, migration, dif-
ferentiation, and survival of stem and progenitor 
cell systems in health and disease states.

Finally, the use of nomenclature (naming 
conventions) must be consistent and adopt 
generalizable consensus-based standards. In par-
ticular, the casual, gratuitous, and reflexive use of 
the term “stem cell” in both scientific publication 
and clinical marketing needs to be abandoned.

We hope that this introductory chapter and 
the work that follows contribute directly to 
achieving these goals, for our patients and for 
the entire field of musculoskeletal sciences and 
medicine.

Take-Home Messages

• Translation of injection therapies into 
safe and effective therapies demands 
advancement in three key domains: clin-
ical assessment, cell and material sourc-
ing, cell expansion/cell fabrication.

• Advancement of the field demands uni-
fied conceptual paradigm of stem and 
progenitor cell biology and application 
of rigorous engineering principles of 
quantitative measurement, process anal-
ysis, and reporting.

• Measurement and reporting will increas-
ingly demand rigorous measure of the 
cell composition and biological attri-
butes of “effector cells,” “inhibitor 
cells,” or “contaminating” cells in any 
preparation.

• Cell sourcing, processing, and expan-
sion steps must be defined quantitatively 
and compared with respect to yield, effi-
ciency, efficacy, purity, repeatability, 
and reproducibility.

• Processes must be defined and reported 
with specific critical process 
parameters.

• Clinical outcomes must be linked to 
measurable and relevant critical quality 
attributes.

• Strategic targeting of cellular therapies 
will increasingly demand an under-
standing of the changes in stem cell sys-
tems and their kinetics, associated with 
health and disease states.

• Nomenclature (naming conventions) 
must be consistent and adopt generaliz-
able consensus-based standards. In par-
ticular, the casual gratuitous use of the 
term “stem cell” in both scientific publi-
cation and clinical marketing needs to 
be abandoned.
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Glossary of Terms

Asymmetric cell division A mitotic process that 
results in two daughter cells with different cel-
lular fates. Is essential to the maintenance of 
stem cell populations through the process of 
“self-renewal”

Cell expansion The process in which cells are 
cultured under controlled conditions in  vitro 
with the intention of increasing their number 
while preserving their biological potential

Cell fabrication The process in which cells are  
expanded and potentially modified in vitro to 
generate a cellular product. In vitro modifica-
tion may include one or more of the following: 
In vitro adaptation or selection resulting from 
competition; exposure to agents that result 
in reprogramming or change of cell fate via 
differentiation; or genetic modification that 
results in purposeful control or optimization 
of current biological performance or future 
biological potential

Cell product (or cellular product) A defined 
composition of viable cells which is intended 
for use in treatment of a specific condition 
or as a source material for research or for 
cell fabrication. Cell products are defined by 
cell composition, chemical composition, and 
concentration

Cell sourcing The purposeful choice of a spe-
cific donor, tissue, anatomic site, or cell type 
to provide the source material from which a 
cellular or cell-based product is fabricated

Cell-derived product A product whose active 
ingredients are the direct result of cellu-
lar metabolic function (e.g., secreted fac-
tors, exosomes, etc.). A cell-derived product 
does not contain viable cells as the active 
ingredient

Cellular kinetics The mathematical description 
or approximation describing the number of 
various cells in a tissue and the rate of flow 
of cells from one cell state or one cellular 
compartment to another. Dynamic kinet-
ics may be used to describe the number of 
cells in each cell compartment or state, and 
the rate or probability of activation, prolifera-
tion, migration, differentiation, survival, and 
functional life span of cells in each state or 
compartment

Clinical assessment The process of gathering 
clinical information about the demograph-
ics, diagnosis, disease stage, clinical history, 
comorbidities, and current status of general 
health, pain, and function for an individual 
patient

Clinical efficacy Efficacy is generally measured 
as a change in health, pain, or functional sta-
tus from the beginning to the end of a treat-
ment episode.  Efficacy is also defined by a 
magnitude of variation in possible outcomes, 
and the probability that a given treatment will 
give the intended or expected result as well as 
the probability of adverse events compromis-
ing outcome

Clinical efficiency Work or outcome accom-
plished per unit time

Clinical evaluation The evaluation of the safety 
and efficacy of a given treatment in a specific 
therapeutic setting. This process can include, 
but is not limited to, prospective randomized 
trials, comparative effectiveness trials, and 
clinical registries

Clinical function The state of physical or mental 
or emotional performance at a specific point 
in time. Most often defined using standard-
ized measures or strength or speed (e.g., site 
to stand or timed walking or stair climbing) or 
use of standardized patient-reported outcome 
measures (PROMs) (e.g., HOOS, KOOS, 
WOMAC, and DASH)

Clinical outcome The ending state of a patient 
after a given treatment episode

Clinical safety A measure of the presence or 
absence of side effects and adverse effects 
caused by a treatment or drug

Colony-forming unit (CFU) The single found-
ing cell that gives rise to an identifiable group 
of progeny that are its direct decedents. This is 
commonly used as an assay in tissue-derived 
cells to estimate the prevalence of biologically 
potent stem and progenitors of a particular 
type under specific conditions. However, a 
CFU assay can be performed on any cell pop-
ulation to provide a measure of the prevalence 
and diversity of cells in a population that is 
capable of ongoing proliferation

Comorbidity One or more disease or condition 
co-occurring with, and generally independent 
of, another disease or conditions
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Comparative effectiveness trials 
(CETs) Research directly comparing the 
benefits, risks, and usefulness of two or more 
treatment approaches that differ in multiple 
variables (e.g., treatment modality, timing, 
stage, sequence, dose regime, active agent or 
intervention, cost). CET is generally distinct 
from prospective randomized clinical trials, 
where a limited number of variables are sys-
tematically changed, keeping others purpose-
fully constant

Competitive expansion (CE) An environ-
ment and process that is created when mul-
tiple colony founding cells are placed into a 
vessel with limited space and nutrients. As 
a result clones will compete for space and 
nutrients

Composition The property defined by the con-
centration, prevalence, and biological poten-
tial of each cell type in a mix of cells

Concentration [cell] The number of cells of a 
particular type per unit volume (e.g., millili-
ter) or cells per unit of tissue mass (e.g., gram)

Conditioned media Growth medium that has 
been used to support the viability and growth 
of a defined cell population and thereby has 
accumulated in it the secretory products that 
are derived from that cell population

Connective tissue progenitors (CTPs) Cells 
resident in native tissue that are capable of 
proliferation and generation of progeny that 
can differentiate into one or more connective 
tissue phenotypes (e.g., bone, cartilage, fat, 
tendon, muscle, scar, stroma)

Contaminating cells Cells present in cellu-
lar product that do not play a direct role in 
improving or inhibiting a desired outcome

Critical process parameters (CPPs) Key vari-
ables in a manufacturing process that must be 
defined and controlled in order to achieve suc-
cessful fabrication of an effective repeatable 
and reproducible end product

Critical quality attributes Measurable features 
in an end product that, when present, pro-
vide evidence that the product has clinical 
potency, appropriate purity, and minimal risk 
of adverse events

Delivery strategy The method used to place a 
cell product or drug product at an intended 

location where it will be made bioavailable at 
an appropriate concentration and state

Demographics General personal and sociologi-
cal information that are commonly used to 
define the life state and environment in which 
a patient is seeking care. Demographic data 
generally includes age, biological sex, employ-
ment, social status, education, height, weight, 
body mass index, home environment, sexual 
history, and use of drugs, tobacco, or alcohol

Density separation (DS) A class of methods for 
isolating individual cell populations based on 
differences in density (i.e., buoyancy or sedi-
mentation rate) in the aqueous environment 
of serum or culture medium. This is generally 
accomplished using a centrifuge

Diagnosis A defined disease state and stage of 
pathology or severity

Dose The prescribed amount of a drug recom-
mended to be taken at a specific time. For cell- 
based products, dose is defined by the total 
number of cells of one or more cell types that 
are delivered with therapeutic intent

Effector cells Cells, which by their metabolic 
function, actively contribute (directly or indi-
rectly) to the positive or desired therapeutic 
effect of a cellular product

Equipoise The state of genuine uncertainty 
within a patient, provider, or the medical com-
munity at large regarding whether or not one 
treatment will be more beneficial than another

Exosome A subset of membrane-bound extra-
cellular vesicles that are 30–150 nm in diam-
eter, produced by a cell in the endosomal 
compartment, and released upon fusion with 
the plasma membrane. These vesicles share 
a common structure, biogenesis, trafficking, 
and cell-type-associated pathophysiological 
functions. They contain a diversity of signal-
ing molecules, mRNA, microRNA, and lipids 
which are cell-type specific and contribute to 
intercellular communication and modulation

Extracellular vesicle Cell-derived membranous 
structures of various sizes (30–1000  nm in 
diameter) surrounded by a phospholipidic 
bilayer that function as intercellular messen-
gers via receptor-mediated interactions and by 
ferrying bioactive lipid, protein, and nucleic 
acid cargo to recipient cells to stimulate regen-
erative processes and homeostasis
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General health The physical, mental, and social 
state of a patient. Can be measured by metrics 
like SF-36, VR-12, EQ-5D, and PHQ-9

Harvest efficiency A measure of the yield of a 
specific cell population per unit time

Homeostasis The state of equilibrium where 
composition and function of cells and tissue 
are maintained in a constant state, through 
balance of the rate of cell and tissue loss and 
regeneration

Homing The biological process by which cells 
at one anatomic location or transit state (in 
circulation) are induced to migrate or become 
resident in another location through signaling 
interactions associated with chemical gradi-
ents and local adhesion molecules interacting 
with cell surface receptors (e.g., SDF-1 and 
CXCR4)

Inhibitor cells Cells, which by their metabolic 
function, actively inhibit (directly or indi-
rectly) the positive or desired therapeutic 
effect of a cellular product

Magnetic separation (MS) The process of iso-
lating specific populations of cells by label-
ing them with a ferromagnetic tag that allows 
them to be captured or diverted in a strong 
magnetic field

Mesenchymal stromal cell (MSC) Culture- 
expanded, plastic-adherent cells that express 
CD73, CD90, and CD105 but not hematopoi-
etic and endothelial markers (CD11b, CD14, 
CD19, CD34, CD45, CD79a, and HLA-DR) 
which possess the capacity for differentiation 
into osteoblast, chondrocyte, and adipocyte 
lineages [23, 24]

MicroRNA (miRNA) A class of noncoding 
RNA that function to posttranscriptionally 
regulate gene expression within a cell. They 
do this through base pairing with complemen-
tary sequences in mRNA molecules and cause 
either (1) cleavage of the mRNA, (2) destabi-
lization of the mRNA through shortening the 
poly-A tail, or (3) interfering with the transla-
tion of the mRNA by ribosomes

Performance-based selection (PBS) A method 
active choice of the starting materials to be 
used in generating a cellular product, based 
on specific physical or metabolic performance 
or acquired attributes that enable prediction of 

the future performance of the progeny of the 
selected cells or cell population

Point of care (POC) The time and immediate 
physical location in which care is provided to 
a patient

Prevalence of cell type X (Px) Total num-
ber of cells of type X (e.g., CTPs) divided 
by the total number of cells present in a 
population

Process steps The sequential series of events, 
interventions, or decisions that define an over-
all process or protocol and determine its out-
come or end products

Progenitor cells Cells with the capacity to 
generate progeny that will adapt, evolve, or 
differentiate into a phenotype state that is 
different than the current state of the cell. A 
“stem cell” is a specific subset of progeni-
tor cell that has the capacity to divide asym-
metrically, and thereby renew itself, while 
generating new progenitors, whose progeny 
will contribute to new tissue formation or the 
replacement of cells being lost to disease, 
senescence, or programmed cell death (e.g., 
apoptosis)

Prospective clinical registries (PCRs) A data-
base containing documentation of patients 
with consistently definable attributes of dis-
ease type and disease state, as well as docu-
mentation of the specific treatment that was 
provided and the outcome that was achieved. 
Effective registries are designed to provide 
unbiased and complete prospective documen-
tation of the treatments being applied and the 
outcome of those treatments so that retrospec-
tive can be used to estimate the efficacy or 
available treatments, identify patient groups 
or treatment approaches that are not resulting 
in sufficient benefit (i.e., value), and define 
areas of opportunity where specific ques-
tions of comparative effectiveness or clinical 
randomization should be addressed in formal 
clinical trials

Prospective randomized controlled trials 
(RCTs) A study in which participants are ran-
domly allocated into experimental groups to 
measure difference in efficacy resulting from 
the modification of a single or limited defined 
set of defined well-controlled variable
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Repeatability The ability to repeat a protocol or 
process in a single location (e.g., lab or hospi-
tal setting) and achieve the same outcome

Reproducibility The ability to repeat a pro-
tocol or process that has been established at 
one location (e.g., lab or hospital setting) and 
achieve the same outcome in one or more new 
locations

Selective retention (SR) The process of iso-
lating specific populations of cells based on 
the innate natural ability or response of cells 
to attach to a surface. Note that SR pro-
cessing may involve surfaces that are flat, 
porous, fibrous, or granular or bead-like in 
geometry

Self-renewal The process of cell division that 
results in offspring that are identical to the 
founding cell, with no loss of biological 
potential

Senescence The process in which a cell ages, 
loses the ability to continue to divide or to 
provide biological functions of mature cells, 
but remains alive as a passive non-contrib-
uting member of the population. Senescenct 
cells may also have adverse effects, by com-
peting with functional cells  for nutrients or 
proucing a secretome that mediates undesired 
effects

Signaling environment The conditions sur-
rounding a given cell of soluble bioactive 
molecules or molecules embedded in or on the 
surface of the extracellular matrix that inter-
act with cell surface receptors and thereby 
modulate the response of the cell. This sig-
naling environment may include growth fac-
tors, cytokines, extracellular matrix proteins, 
small inhibitor RNAs, as well as exosomes. 
Autocrine, paracrine, or endocrine signals all 
contribute

Stem and progenitor cell systems Groups of 
cells that have a definable/discoverable rela-
tionship within a biological hierarchy that 
supports the formation, preservation, and 
remodeling of diverse tissue and organ systems 
beginning in embryonic life through adult life

Stem cell niche The anatomic sites and signaling 
environment that enables the preservation of 
the stem cell phenotype and the capacity for 

asymmetric cell division of a stem cell or stem 
cell type

Stem cells Generally, resting cells that possess 
the capacity for asymmetric cell division and 
self-renewal. Stem cells are most often char-
acterized and preserved in their function by 
residence within a niche of extracelllar matrix 
or other cells that enable asymmetrical cell 
division

Symmetrical cell division A mitotic process 
that results in two daughter cells with equiva-
lent biological potential

Tissue composition The full inventory of cells 
and/or extracellular matrix components pres-
ent within a tissue

Value (V) The magnitude of improvement (I) 
(i.e., change) in health status, pain, or function 
per unit cost (C), where V = I/C. note that cost 
may be measured from a diversity of perspec-
tives (e.g., patient, payer, employer, govern-
ment, or society at large)

Yield (Y) The absolute magnitude or material 
resulting from a process step (e.g., the number 
of cells of a given type, or the mass of a given 
chemical or secreted product)

Yield fraction A measure of the efficacy of 
a process that is defined by the amount of a 
given material in a final product (e.g., cells of 
a certain type), divided by the maximum that 
was theoretically achievable (e.g., the amount 
of cells of that type that was present in the 
starting material before a process step)
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2.1  Introduction

This chapter builds upon and extends the quanti-
tative engineering principles and the paradigm of 
stem and progenitor cell biology that are outlined 
in the first chapter and applies these tools and 
tenants to the clinical harvest, rapid point of care 
processing, and quantitative characterization of 
human bone marrow-derived cells for use in cel-
lular therapy.

The aims of this chapter are as follows:

 1. Define best practices for safe and effective 
bone marrow aspiration (BMA).

 2. Define means for measurement of the compo-
sition and quality of a given BMA sample or 
BMA-derived product prior to injection.

 3. Provide an overview of what is known about 
the outcome of clinical cell sourcing using 
BMA, including variation between patients, 
aspiration site, and aspiration methods.

 4. Define parameters that can be used effectively 
to report out and compare the composition, 
efficacy, efficiency, repeatability, and repro-
ducibility of BMA when used for clinical 
therapy.

2.2  Bone Marrow as a Cell 
Source

Autologous bone marrow harvested as a bone 
marrow aspirate (BMA) is perhaps the most fre-
quently used cell source for musculoskeletal 
applications [1–4]. Lindholm and Urist [5] were 
among the first to add unprocessed BMA to bone 
matrix to enhance clinical bone healing in the late 
1970s. In the mid-1980s, Connolly and Shindell 
[6, 7] reported successful treatment of tibia non-
union with percutaneous injections of unpro-
cessed BMA. Many subsequent reports describe 
the use of BMA in osteonecrosis [8–12], non-
union [13–17], bone defects [18–20], surgical 
fusion procedures [21], augmentation of distrac-
tion osteogenesis [22], chondral defects [23–25], 
osteoarthritis [26–29], tendinopathy [30], and 
tendon repair augmentation [31].

As outlined in Chap. 1, bone marrow, like all 
tissues, contains a heterogeneous mixture of 
mature cells representing the diversity of tissues 
that are present in the harvest site, as well as a 
much smaller population of stem and progenitor 
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cells that support the preservation of those tissues 
over time. When bone marrow is harvested from 
bones such as the pelvis or vertebral body, hema-
topoietic stem cells and hematopoietic progenitor 
cells are the most abundant population, approach-
ing 1–2%. Vascular endothelial progenitors are 
also present. However, a small fraction of the 
population of cells is derived from the connective 
tissue stem and progenitor population, defined as 
connective tissue progenitors (CTPs) [16, 32–
41]. CTPs include progenitors of bone marrow 
stromal cells that support hematopoiesis, as well 
as progenitors capable of bone, cartilage, fat, and 
other connective tissues. The prevalence of CTPs 
varies widely from one individual and one bone 
site to another, ranging from 1  in 5000 to 1  in 
100,000 (0.5–0.0001%) [42]. CTPs are defined 
as a class of heterogeneous stem and progenitor 
cells that are present in native tissues and capable 
of proliferation to generate progeny that can dif-
ferentiate to express one or more connective tis-
sue phenotype. This definition of CTPs as a 
heterogeneous class of native stem and progeni-
tor populations, by design, establishes a para-
digm of communication that stimulates and 
enables the description and exploration of (a) the 
tissue-specific hierarchy of CTPs from different 
tissues, (b) the tissue-specific impact of aging 
and disease on CTPs, and (c) tissue-specific dif-
ferences that may impact the sourcing of CTPs 
for specific clinical applications [33, 41, 43–47].

There is no one phenotype for CTPs that can 
be defined by cell size or surface markers, though 
some markers have been associated with some 
CTPs (e.g., STRO-1, CD146, CD90, PDPN hyal-
uronan) [48, 49]. However, the concentration and 
prevalence of CTPs in a given sample can be 
measured directly based on the primary attribute 
of this population of cells, which is to survive, 
attach to a diversity of surfaces (including tissue 
culture plastic, many ceramics, as well as bone 
matrix), and then proliferate to form an observ-
able colony of progeny in vitro [50, 51]. Several 
assays are available using a variety of plating sur-
faces and media conditions. The grounding 
assumption of these assays is that each colony 
that is observed is derived from a single colony 
founding CTP.  When CTPs are assayed in this 

way, the assay may include a small subset of cells 
that were pulled from true stem cell niches in 
bone marrow tissue. However, the colonies 
observed will also represent the diversity of cell 
states that may be present in the tissue among 
CTPs that are on their way to a variety of future 
differentiation states [32, 52–54].

The term CTP is not unique to marrow. Every 
organ system contains connective tissue and 
therefore will contain CTPs that are associated 
with preservation of the homeostasis of the con-
nective tissue population in that tissue. However, 
because the composition and mature connective 
tissue phenotypes in each tissue are different, the 
CTP populations that are assayed in cells from 
each tissue will be “tissue specific.”

It is important to note that the term CTP is 
specific only to the cell that was present in native 
tissue and then went on to form a colony in vitro. 
By definition, when CTP populations are allowed 
to form colonies in vitro, the cells in those colo-
nies are the progeny of CTPs, but they are not 
CTPs themselves. These progeny can be 
expanded in  vitro into large batches of CTP- 
derived progeny. If they meet specific criteria, 
they may be categorized as “marrow stromal 
cells” or “mesenchymal stromal cells” (“MSCs”). 
The International Society for Cell & Gene 
Therapy (ISCT) has defined standardized termi-
nology and minimal criteria for classification of 
culture-expanded cells as “MSCs.” These criteria 
include (1) adherence to tissue culture plastic in 
standard culture conditions; (2) the presence of 
surface markers, including CD73, CD90, and 
CD105; (3) the absence of hematopoietic mark-
ers CD34, CD45, CD14, CD19, and HLA-DR; 
and (4) the ability to differentiate to osteoblasts, 
adipocytes, and chondrocytes in vitro (aka “tri- 
lineage differentiation”) [55, 56].

2.3  Clinical Rationale for Bone 
Marrow-Derived Cells 
in Cellular Therapy

As outlined in Chap. 1, for any given clinical 
application, there are some cells that may con-
tribute to outcome (“effector cells”). There may 
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also be some that may actively inhibit outcome 
(“inhibitory cells”). Furthermore, many cells 
may have no direct action pro or con. However, 
these “contaminating cells” (“bystanders”), just 
by their presence at the local site, will inevitably 
compete with effector cells for space and nutri-
ents and thereby reduce any positive effect that 
may be accomplished by effector cells. Therefore, 
the clinical goal in using bone marrow-derived 
cells for therapy is to (1) optimize the delivery of 
effector cells and (2) minimize the delivery of 
inhibitory and contaminating cells. The obvious 
strategy, of course, depends on developing a 
knowledge of which cells are effector cells (con-
tributing directly or indirectly to outcome), which 
may be inhibitory, and which are contaminating.

In the current clinical paradigm in the use of 
bone marrow for cellular therapy, we often 
assume that CTPs are the primary “effector cell.” 
However, this may not always be true. Vascular 
endothelial cells or hematopoietic cells, or other 
populations of cells, may contribute to outcome 
in some settings. The preferred composition 
remains an open question in almost every clinical 
application.

In settings of bone or cartilage defects or defi-
ciencies, it is generally assumed that a loss or 
deficiency of local stem and progenitor cells is 
part of the pathophysiology and, therefore, that 
replacing or supplementing the population of 
potential tissue-forming cells will improve out-
come [9, 57, 58]. Transplantation of cells and 
matrix from autologous cancellous bone (ACB) 
was reported by Phemister in the 1920s [59, 60] 
and further characterized by Burwell [61] as a 
process dependent on transplanted cells. ACB 
grafting remains the gold standard for local 
enhancement of bone regeneration [62, 63]. ACB 
provides several components that are thought to 
contribute to clinical efficacy: bone matrix (the 
extracellular component of ACB); “osteoconduc-
tive” properties, i.e., providing a matrix surface 
that facilitates the attachment; and migration of 
osteogenic and vascular endothelial cells through-
out a given tissue volume. Bone matrix may also 
provide “osteoinductive” signals that are embed-
ded in the matrix or released from the matrix, 
which induce proliferation and differentiation of 

local progenitors along a bone differentiation 
pathway. However, the presence of CTPs with the 
capacity to differentiate into new osteoblasts (aka, 
connective tissue progenitor -  osteogenic  – 
CTP-Os) is generally assumed to be the most 
important biological component of ACB [63].

To avoid the risk of pain, bleeding, scarring, 
and infection associated with ACB harvest [64–
67], many surgeons have elected the alternative 
of aspirating bone marrow as a means of obtain-
ing (“sourcing”) the CTP-Os that they need. Over 
the past four decades, this experience with bone 
marrow aspiration (BMA) has established BMA 
harvest as a safe and effective means of collect-
ing bone marrow-derived cells [68]. This clinical 
experience now continues to drive the explora-
tion BMA-derived cells as a cell source for other 
injectable cellular therapies that are developed 
throughout this text.

Clinical experience supports the safety and 
potential efficacy of introducing bone marrow- 
derived cells into joint, and other connective tis-
sue sites. The technique of microfracture was 
introduced to clinical practice by Steadman [69] 
in the 1980s. Microfracture, as a marrow stimula-
tion technique, provides a pathway for CTPs in 
subchondral bone to migrate from bone marrow 
into the joint where they may contribute with 
cells or secreted factors that improve the forma-
tion of cartilage or fibrocartilage within a carti-
lage defect. Subsequently, Osteochondral 
Autograft Transplantation (OATS) [70], which 
transfers one or more cylindrical osteochondral 
autografts into a cartilage defect, also exposed 
joints to bone marrow-derived cells, including 
CTPs. All of these strategies follow the paradigm 
of reintroducing cells into a defect with the inten-
tion of using the biological potential of cells to 
survive, proliferate, and differentiate to form new 
functional tissue. All of these experiences sup-
port the use of cellular constructs in specific set-
tings. The lack of biological complications or 
clinical risks associated with the introduction of 
marrow-derived cells to a joint space does not 
preclude the potential long-term risks, but does 
mitigate most concerns to date. It is important to 
note that undesirable consequences can occur 
when bone marrow is transplanted to some tissue 
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sites, particularly injured muscle. Heterotopic 
bone is a known complication following hip 
arthroplasty, complex medial collateral ligament 
injury,  traumatic amputations associated with 
blast injury [71, 72], and even local soft tissue 
injections [73].

The use of BMA as a cell source continues to 
increase as it offers several advantages over alter-
native cell sources. First, percutaneous aspiration 
has minimal morbidity (post-procedure pain, 
scarring, or infection risk). BMA procedures are 
well tolerated with a local anesthetic and mild 
sedation and require only a Band-Aid to cover 
the harvest entry [39, 74]. Second, a BMA sam-
ple can be immediately anticoagulated to provide 
a single-cell suspension that can be further pro-
cessed without the need for more invasive tissue 
handling [75, 76] (e.g., mincing, homogeniza-
tion, or enzymatic digestion). Immediate access 
to a cell suspension enables a BMA sample to be 
processed using a variety of point of care, rapid 
processing methods that can be used to purpose-
fully modify or improve upon the composition of 
marrow-derived cells that can be used for ther-
apy, particularly increasing the concentration of 
CTPs ([CTP], usually defined as CTPs per mL). 
Density separation (DS) using a centrifuge allows 
the concentration of all nucleated cells, including 
CTPs, by removal of the lower density plasma 
and the higher density red cell mass that dilute 
the samples. DS processing has the least regula-
tory barriers [77, 78]. It is also possible to 
increase the prevalence of CTPs (PCTP) (i.e., CTPs 
per million nucleated cells) through selective 
retention [79–84], magnetic separation [85–87], 
or FACS sorting, by preferentially isolating CTPs 
or preferentially removing non-CTPS or undesir-
able CTPs (“negative selection”).

2.4  Bone Marrow Aspiration 
Technique

Aspiration technique has been reviewed in detail 
[68, 88]. Harvest of bone marrow by aspiration 
involves several key steps: (1) selecting an ana-
tomic site for aspiration; (2) passing a hollow 
needle with central trocar through cortex into the 

intramedullary cavity of a bone containing bone 
marrow; (3) applying sufficient negative pressure 
(using a syringe or vacuum pump) to induce the 
flow of material from the marrow space (in addi-
tion to inducing flow of the relatively viscous 
marrow contents, this process also induces rup-
ture of vascular sinusoids in the marrow cavity 
and a flow of contaminating peripheral blood into 
the needle); (4) collecting the fluid aspirated 
material in a reservoir for later use; and (5) using 
an anticoagulant to prevent clotting (when needed 
to allow further processing or mixing).

The effectiveness of each BMA harvest proce-
dure will vary widely and can be measured by (a) 
yield of total nucleated cells, (b) CTP concentra-
tion ([CTP]), and (c) CTP prevalence (PCTP). 
Over 70% of the variance that is present will be 
due to variation between patients. However, an 
optimal technique will have a profound impact 
on these effectiveness parameters, in particular:

Aspiration Site—The intramedullary canal of 
any bone can be aspirated. The iliac crest and ver-
tebral body provide the highest yield and concen-
tration [89]. Aspiration from the proximal 
humerus, or the proximal or distal femur or tibia, 
or the calcaneus is also possible. These sites will 
contain nucleated cells and CTPs, but at much 
lower concentration, particularly with advancing 
age. If sites below mid-thigh are aspirated, the 
use of a tourniquet is discouraged. While not sys-
tematically studied, in the few times that authors 
tested aspiration with a tourniquet, the resulting 
aspirates tend to flow less readily, be fatty, and 
show lower viability in culture.

Either the anterior or posterior iliac crest can 
be used. The posterior crest requires either prone 
or lateral decubitus positioning. However, it also 
provides a larger volume of bone for aspiration, 
and slightly higher cell concentration. It is essen-
tial to have a profound understanding of the iliac 
crest anatomy and safety zone in order to pursue 
the aspirations avoiding complications [90, 91].

Needle Type—We found no difference in cell 
yield between 8 and 11 gauge BMA needles (data 
not shown). Nonetheless, the larger 8 gauge nee-
dle is stiffer adding control and enables the use of 
a longer needle. A needle length of 7 inches is 
very helpful when collecting bone marrow 
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samples from obese patient. Traditional aspira-
tion needles have been designed for use by hema-
tologists. A hollow needle with trocar is used 
whenever advancing the needle into bone to 
avoid packing the needle tip with bone. Aspiration 
of marrow through a tip packed with bone will 
result in excessive shear forces as cells are pulled 
through small holes between bone spicules, caus-
ing cell lysis and death. Several needles have 
been introduced with a diversity of grip styles. 
Some have end cutting features that enable “exca-
vation” of marrow and bone to enhance harvest. 
Others have one or more side holes to avoid bone 
packing without a trocar. Needles with side holes 
cannot be used in a lateral approach, as all holes 
must be buried in bone to be effective aspiration 
portals. They also have two drawbacks: (a) side 
holes increase the risk of needle fracture due to 
bending, and (b) if aspirating through two side 
holes, equal flow will be unlikely. Flow may 

favor low viscosity blood through one hole to the 
exclusion of the other.

Surgical Approach—There are two main sur-
gical approaches to aspiration from the iliac crest: 
“lateral” or “parallel.” (See Figs. 2.1 and 2.2.)

Lateral Approach—Using a #11 blade, a 2 
millimeter stab incision is made parallel to 
Langer’s lines in the skin. For the anterior 
crease, this is made approximately 4–5 cm pos-
terior and lateral to the anterior superior iliac 
spine. For the posterior crest, this is approxi-
mately 4  cm lateral to the posterior superior 
iliac spine. Using a single skin site access 
through those incisions allow a needle can be 
advanced in a fan of projections to engage the 
lateral cortex of any site. A BMA needle is 
placed perpendicular to the iliac crest, and the 
tip of the needle is advanced with the obturator 
in place using alternating rotation and axial 
force to position the tip just beneath the lateral 

a b c

Fig. 2.1 Bone marrow aspiration technique—
perpendicular or lateral technique. Bone marrow can be 
harvested by aspiration of either the anterior or the posterior 
iliac crest as illustrated (a). In most patients, the thickness of 
the iliac crest allows aspiration from a lateral approach imme-
diately after entry of the needle into the medullary cavity 
and then advancement of the needle by 5 mm once or twice 
to obtain two or three aspirates through the same cortical 
hole (b Axial view representation). Only a single site of 

skin entry but multiple sites of bone entry are required with 
the lateral  approach. (c Coronal view representation) 
(Reproduced, with permission, from: Hernigou J, Alves A, 
Homma Y, Guissou I, Hernigou P. Anatomy of the ilium for 
bone marrow aspiration: map of sectors and implication for 
safe trocar placement. Int Orthop. 2014;38(12):2585–90. 
Epub 2014 Apr 30. Reprinted with permission, Cleveland 
Clinic Center for Medical Art & Photography 2016–2018. 
All Rights Reserved)
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cortex. Following aspiration the needle’s trocar 
is reintroduced, and the needle is advanced 
5  mm to aspirate a new site. Advancement is 
limited by the inner cortex. Advancing just 
5 mm in depth at a time and changing cortical 
entry site by 5–10 mm results in harvest of sam-
ples that are essentially independent [39] 
(Fig. 2.1).

Parallel approach—In this approach the aspi-
ration needle is passed in the space between the 
inner and outer table. Entry sites to the pelvis are 
either through the anterior superior iliac spine 
(ASIS) or posterior superior iliac spine (PSIS) 
(Fig. 2.2). A needle with a single distal hole can 
be advanced using a trocar in 5 mm increments 
through the flat portion of the anterior or poste-
rior iliac wings often to a depth of 6–8 cm, before 
the needle path must be redirected to access 
fresh sites. Aspiration from the iliac crest has 
been reported to provide an increase in cellular-
ity and CTP yield compared to the anterior crest 

[92]. The practice of fully advancing the needle 
and then backing up, rather than advancing with 
each new site, in theory, would increase the 
opportunity for contamination with blood leak-
ing into the needle from previous aspiration sites 
along the needle track. When a needle with mul-
tiple side holes is used, one must advance the 
needle sufficiently to position all of the side 
holes in the bone before aspiration. Repositioning 
of a side hole needle by varying direction and 
depth or rotation will impact the yield and com-
position of an aspirate, but specific methods for 
use of a side hole needle have not been system-
atically studied.

Aspiration Volume—Limiting the volume of 
aspiration at any individual needle position is 
very important to reduce dilution and contamina-
tion of marrow-derived cells with peripheral 
blood. Using a traditional needle with a single 
distal hole, limiting aspiration volume to 1–2 ccs 
will increase the yield of nucleate cells and CTPs 
per cc [93]. Data indicate that approximately 
85% of the marrow-derived cells that can be har-
vested from a given site have been harvested in 
the first 2 ccs and that aspiration beyond 4 ccs has 
no value, and only adds contaminating blood. 
Limiting aspiration volume to 2 ccs will provide 
a sample with CTP concentration that is fourfold 
higher than a 10 cc aspirate, before any further 
processing [39] (Fig.  2.3). Aspiration of more 
than 4 cc from a single needle position predomi-
nantly adds peripheral blood to the sample, dilut-
ing marrow-derived cells [39, 68].

Applying Negative Pressure During 
Aspiration—The use of a 10 mL syringe fixed to 
the needle provides excellent control of the mag-
nitude of negative pressure during aspiration and 
limits the volume of aspiration [68, 94]. Achieving 
an air-tight seal of the skin, soft tissue, and corti-
cal bone around the aspirating needle is impor-
tant. This can be difficult in sites, such as the tibia 
or calcaneus where overlying soft tissue is lim-
ited. Failure of this seal will result in air leak and 
prevent effective aspiration. Drawing the plunger 
of an empty 10 mL syringe back to 10 cubic cen-
timeter marker will create a vacuum of −441 torr 
(mm Hg) [95]. Although larger syringe size can 
generate more maximum vacuum, all syringe 

Fig. 2.2 Bone marrow aspiration technique—parallel 
technique. In this approach the space between the inner 
and outer table is entered through the anterior superior 
iliac spine (ASIS) or posterior superior iliac spine (PSIS). 
The needle can then be advanced using the trocar in 5 mm 
increments through the flat portion of the anterior or pos-
terior iliac wings often to a depth of 6–8 cm, before the 
needle path must be redirected to access fresh sites. 
Multiple, separate aspirates can be obtained by advancing 
the needle between and parallel to the inner and outer 
tables of the iliac crest in increments of 5 to 10 mm and by 
redirecting the needle along various trajectories in a fan- 
like projection from the entry hole. The color map repre-
sents the part of the ilium that should be avoided where 
the thickness of the bone is <3 mm (yellow) to <1 mm 
(red) [90]. NOTE: the correct reference for these diagrams 
is in a Current Concepts paper in JBJA  - Piuzzi and 
Muschler authors
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devices, 1 mL through 20 mL, generate approxi-
mately identical vacuum at the same volume dis-
placement of the plunger. A 20  mL syringe 
(maximum vacuum −517  torr) requires almost 
twice the force as the 10 mL to achieve maximum 
vacuum, which makes it increasingly difficult to 
control [95]. The magnitude of force that is 
needed to move marrow into the syringe will vary 
at each site and in each patient, depending on the 
histological composition of the marrow space. 
Hematopoietic marrow sites and regions of osteo-
penia/osteoporosis tend to decrease the pressure 
required. Regions of myelofibrosis will increase 
the force required, and the rate of flow. However, 
marrow-derived cells and CTPs can be harvested 
by aspiration from any cancellous bone site. In 
theory, rotating the bevel of the needle 360° while 
aspirating might increase the sweep of the needle 
tip and improve the aspiration efficiency; how-
ever this was not found to be significant (unpub-
lished data).

2.5  Aspirate Yield, Composition, 
and Efficiency

The yield and composition of each BMA sample 
will vary from patient to patient and aspirate to 
aspirate [42, 96]. The success of aspiration can be 

measured by a number of metrics: yield and com-
position of nucleated cells (NCell), concentration 
of nucleated cells ([Cell]), yield of CTPs (NCTP), 
concentration of CTPs ([CTP]), and the preva-
lence of CTPs (PCTP) [88]. The number, concen-
tration, and prevalence of other relevant cell 
types could also be included (e.g., hematopoietic 
stem cells (HSCs), endothelial progenitor cells 
(EPCs), platelets).

Mean Cell Concentration [Cell]—When 
performed using optimal methods, the mean 
[Cell] could be 15–35 million cells per mL. Age 
has a strong effect on marrow cellularity [46]. 
Mean [Cell] in a 20-year-old may be close to 
40–60 million cells/mL, while an 80-year-old 
may be closer to 5–10 million cells/mL. Lower 
numbers of cellularity over a series of patients 
imply that the technique of aspiration or process-
ing may be flawed [97].

Mean CTP prevalence (PCTP) (CTPs per mil-
lion nucleated cells) could be 20–60  CTPs/mil-
lion cells, a mean ratio of approximately 1 CTP 
per 25,000 cells. CTP prevalence remains rela-
tively constant with advancing age but will 
decrease in patients with low turnover senile 
osteoporosis and increase in high turnover states, 
such as sickle cell anemia [42, 93]. Note that 
BMA is sometimes criticized when compared to 
adipose tissue as a source of CTPs, because the 
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Fig. 2.3 Influence of aspiration volume on the harvest 
of marrow-derived cells and progenitors. A rapid dilu-
tion of bone marrow-derived cells by peripheral blood 
occured as aspiration volumes were increased from 1 cc 

(in which we found a mean of about 50 million nucleated 
cells) to 4 ccs. Also, about 85% of all of the marrow-
derived cells available from a given site were collected 
in just a 2 cc aspirate [96]
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prevalence of CTPs in adipose tissue is higher, in 
the range of 1 CTP per 2–4 K cells [33]. This is a 
fair criticism but needs to be balanced against the 
increased morbidity of harvesting 60 ccs of BMA 
versus 60 cc of adipose tissue and the fact that the 
CTP population derived from adipose tissue has a 
difference composition of biological starting 
states and biological potential than CTPs from 
bone marrow.

Mean CTP concentration ([CTP]) will be 
approximately 850 CTPs/mL (range 400–1500). 
[CTP] is a calculated number (i.e., the product of 
[Cell] and PCTP) and therefore not an independent 
variable [46, 97].

Magnitude of Dilution—Patterson et  al. 
directly compared the concentration and preva-
lence of CTPs in native cancellous bone with the 
concentration and prevalence of CTPs in BMA 
samples in 33 patients [97]. This comparison 
included both cells and CTPs in the marrow 
space, as well as cells and CTPs that are inti-
mately attached to the surface of cancellous bone. 
This assessment demonstrated that the concentra-
tion of CTPs in a BMA sample is three- to four-
fold lower than the concentration that is present 
in the native bone tissue from which it is aspi-
rated. Dilution was not constant across all 
patients, but this is the best estimation of the 
magnitude of dilution that results from contami-
nation of marrow-derived cells from serum, 
nucleated cells, and RBCs from peripheral blood. 
It also demonstrates that the two- to sixfold 
increase in cell concentration that can be accom-
plished using density separation (centrifuge pro-
cessing) is sufficient to provide a preparation of 
cells and CTPs that has concentration of CTPs 
that is comparable to autogenous cancellous bone 
graft [97].

Therapeutic Value—The therapeutic value 
(i.e., quality) of a given BMA sample is not 
known. There are no established metrics that can 
link BMA composition directly to outcome. 
However, if the CTP population is assumed to be 
the primary effector population, then CTP con-
centration [CTP] and CTP prevalence (PCTP) can 
be assumed to be the most important metrics. 
[CTP] defines the number of CTPs that can be 
delivered into a given tissue sites, which is always 

limited by volume. Similarly, PCTP defines the 
competition environment into which CTPs are 
placed. If prevalence is 1 in 25 K, then each CTP 
will be competing with 25 K non-CTPs for space 
and for nutrients. Oxygen in particular is a limit-
ing resource for the survival and performance of 
transplanted cells, including CTPs. This fact 
drives much of the considerations that are dis-
cussed below for further processing of BMA- 
derived cells to increase [CTP] and PCTP, by 
removing RBCs, serum, potential “inhibitors,” 
and other “contaminating” cells and non-CTP 
progenitors.

Harvest Efficiency—Efficiency can also be 
measured in units of the number of cells or CTPs 
that are collected per unit time or per unit of 
expense. Improving the efficiency of bone mar-
row aspiration or cell harvest procedures is not 
discussed in this chapter, but is a valid area of 
future development, particularly once the effec-
tor cells for a given application are known and 
settings are defined where the number of effector 
cells must be increased beyond the level available 
in a traditional aspirate. Bone marrow transplan-
tation procedures which target the transplantation 
of 107 CD34+ cells or 109 total marrow cells for 
hematopoietic engraftment may be the first target 
for improved harvest efficiency [98].

Bone Marrow Aspiration Safety—BMA 
from the iliac crest has been reported to be a safe 
technique with a low rate of complication, espe-
cially when performed in the orthopedic field 
[99]. Some serious adverse events and even death 
have been reported related to BMA in the hema-
tological literature, but these complications may 
be related more to the patient’s morbidity (e.g., 
thrombocytopenia, myeloproliferative disorder) 
than to the procedure itself [100–102]. Hernigou 
et  al. [91] reported an experience of BMA in 
1800 orthopedic patients using primarily the 
 parallel technique, including 4 hematomas 
requiring transfusion, 1 transient sciatic palsy, 
and 3 transient episodes of numbness in the area 
of the lateral femoral cutaneous nerve. The pri-
mary author (GFM) has had clinical experience 
in more than 1500 patients undergoing elective 
orthopedic procedures using the lateral approach 
from both the anterior and posterior crest over 
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30 years. BMA was performed for a mix of thera-
peutic and research purposes, either under a spi-
nal or general anesthetic. In this experience the 
median BMA volume was 40  cc (range 
16–300 mL). In this time period, there were only 
two reported bruises and one symptomatic hema-
toma, no infections, and no chronic pain at the 
aspiration site [39, 103]. On direct questioning, 
most patients report no discomfort at the aspira-
tion site on the day following aspiration, and 
aspiration did not delay discharge from the 
hospital.

2.6  Processing Options for BMA

Density Separation (DS) (i.e., Centrifuge 
Processing)—Most methods described in this 
text will utilize density separation as the primary 
method for bone marrow processing. Traditional 
manual processing of bone marrow used “buffy 
coat” isolation. An anticoagulated marrow sam-
ple (acid citrate dextrose or sodium heparin most 
common) is placed in a test tube and centrifuged 
for 10–15  min at 400  g. Following this, serum 
and most platelets rise to the top. RBCs sink to 
the bottom, along with some dense granulocytes. 
However, the vast majority of nucleated cells, at 
intermediate density below 1.025 gm/mL, will 
layer in a fluffy white sheet that can be gently 
aspirated from the surface of the RBCs. With 
skill, this will generate a sample where the con-
centration of nucleated cells [Cell] is comparable 
to the concentration of continuing RBCs [RBCs]. 
This separation can be made more cleanly by 
adding a density gradient layer (e.g., sucrose or 
Ficoll™). However, these agents must be 
removed before injection and may harm nucle-
ated cell and CTP performance, and are not part 
of current practice.

A variety of commercial centrifuges is avail-
able. Each provides disposable tubing and some-
times a unique apparatus to enable separation of 
nucleated cells from serum and RBCs using cut-
offs defined by density floats or optical sensors. 
There is variation among devices with respect to 
speed, ease of use, priming volume (marrow vol-
ume required), and cost. Almost all will reduce 

[RBC] by tenfold or more and increase the con-
centrate of a given marrow sample by three- to 
sixfold over that of the raw anticoagulated mar-
row aspirate sample. None of the centrifuge 
devices increases the prevalence of CTPs above 
that in the starting marrow sample. All lose some 
cells and CTPs in the process. In many cases, 
CTPs in the initial marrow samples can be lost 
by attachment to tubing or container surfaces, 
likely due to the innate attribute of CTPs to 
attach to surfaces based on charge or surface 
bound adhesion molecules in serum that may 
coat tubing surfaces (e.g., fibronectin, vitronec-
tin, laminin). A limited number of studies 
directly compared the yield of different centri-
fuge products for marrow processing with 
respect to cell, RBC, and CTP yield and loss 
[104, 105]. However, process efficiency, as well 
as optimization of [CTP] and PCTP, is an ongoing 
area of interest and a point of competition 
between available centrifuge devices used for 
bone marrow processing.

Selective Retention (SR)—SR processing is 
a method that involves the use of the intrinsic 
ability for CTPs to attach to tissue culture plastic, 
extracellular matrix molecules (e.g., fibronectin, 
vitronectin, laminin), and some ceramic materi-
als to selectively retain CTPs in an immobilized 
state and remove them from other non-adherent 
cells. This method was designed and tested for 
use in preparation of a bone graft material and 
can concentrate CTPs as much as 20-fold in a 
porous material with appropriate pore size and 
surface area and increase the PCTP 2–six-fold [51, 
82, 106, 107].

SR processing could be used as a method for 
preparation of materials for injection, but this 
would require that CTPs that are retained be sub-
sequently released and then deconcentrated prior 
to injection. In contrast to centrifuge processing, 
the US FDA considers any attachment and release 
process to an external substrate to be more than 
“minimal manipulation,” even if this is a normal 
property of the cell, and not an antibody- mediated 
process. As a result, the cost of bringing such a 
therapy to market through a premarket approval 
(PMA) process as a Class III product is much 
higher, and little investment has been made in 
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developing this rational alternative for bone 
grafting as well as for injection therapy. SR pro-
cessing may face less regulatory restriction in 
some settings, and this remains a rational low- 
cost opportunity for marrow processing and CTP 
isolation in the future.

Magnetic Separation (MS)—MS processing 
refers to the generalizable capability of labeling 
cells that express a discriminating surface marker 
using either an antibody to that marker or some 
other selectively binding molecule and using that 
attachment to tag selected cells with a bead or 
other magnetic feature [48, 108]. Once bound, if 
the mixture of magnetically tagged cells and non-
magnetic cells is placed in a magnetic field, 
tagged cells will be accelerated in the magnetic 
field to flow in a predicted path or to become 
retained upon a limiting surface. MS processing 
is commonly used clinically for processing large 
batches of marrow-derived cells to select for 
CD34+ cells or remove NK cells.

MS processing has been applied successfully 
to processing of marrow-derived cells using 
hyaluronan (hyaluronic acid – HA) as a marker 
for positive selection, using the naturally occur-
ring HA binding peptide in aggrecan and linking 
it to a magnetic bead. This resulted in rapid iso-
lation of a subset of marrow-derived CTPs that 
retained HA on their surface, presumably part of 
their native niche within the marrow tissue. 
Those HA-positive CTPs were found to prolifer-
ate more rapidly and to express an osteogenic 
phenotype in vitro [48]. Moreover, transplanta-
tion of HA+ cells isolated using MS processing 
improved the quality of bone formation in canine 
bone defects [108]. MS processing using HA or 
other putative CTPs markers is an option for 
rapid processing for injection therapies. 
However, again, the extra cost and regulatory 
burden of developing such a therapy must be bal-
anced against the cost and efficacy of DS pro-
cessing of bone morrow that is already clinically 
available and alternative injectable product 
options.

Fluorescence-Activated Cell Sorting 
(FACS)—FACS processing is a rational means of 
isolating a specific population or purging an 
undesirable population, provided specific cell 

surface markers are known. Despite widespread 
availability as processing tool for research and 
for clinical diagnosis, FACS is intrinsically lim-
ited as a tool for marrow cell processing for injec-
tion therapies by (1) the expense of antibodies 
required for both positive and negative selection, 
(2) complexity and time of manual processing for 
labeling, (3) throughput limits (~25 M cells per 
hour), (4) dilution of selected cells requiring 
reconcentration, and (5) trauma to cells during 
processing, resulting in loss of viability or change 
in performance. Freshly isolated CTPs in particu-
lar are sensitive to FACS processing. Colony 
forming efficiency of fresh BMA samples is 
reduced by as much as 90–100% after passing 
through the fluid dynamics associated with FACS 
processing, with or without addition of cell sepa-
ration agents.

2.7  Standardized Measurement 
and Report of BMA Dose 
and Composition

As outlined in Chap. 1, understanding the rela-
tionship between BMA dose and composition 
is critically needed in our field. Developing this 
understanding requires the development of con-
sensus regarding what should be measured and 
reported, and then collaboration across the dis-
cipline, between practitioners, authors, journal 
editors, medical societies, as well as regulators 
to collect, share, and use this information. Only 
by systematic measurement of the composition 
of BMA or BMA-derived products and linking 
this to clinical outcomes will our literature sup-
port the process of systematic reviews and com-
parative effectiveness analysis needed to define 
indications and contraindications and ade-
quately inform patients and clinicians regard-
ing the risks, benefits, and roles of cellular 
therapies in individual patients and clinical set-
tings. As in other domains of orthopedics and 
musculoskeletal medicine, through patient reg-
istries and reports on cohorts, attention can 
gradually focus on the critical quality attributes 
that need to be compared and optimized in ran-
domized trials.
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Several recent publications have outlined 
these issues and provided specific recommenda-
tions for reporting, including the source of cells 
(tissue and anatomic location); methods of har-
vest, processing, and delivery; as well as dose 
and composition (volume, concentration of cells, 
RBCs, platelets, and CTPs) [1, 109]. These prin-
ciples and reporting parameters are outlined in 
Chap. 1, Figs. 2.1–2.3.

Assay of cells, RBCs, and platelets can be 
obtained using standardized automated cell 
counting systems. Automated cell counters are 
generally optimized for counting blood samples, 
but some counters can also be calibrated to pro-
vide metrics of bone marrow-derived cells.

Assay of CTPs based on colony formation, 
while not complex, is not a skill set and resource 
that is universally available in clinical practices. 
However, CTP assay methods have been defined 
and could be performed in any cell biology labo-
ratory, using standard culture technique [33, 42, 
110–113]. Marrow samples can therefore be sent 
to a collaborating or reference laboratory for cul-
ture and analysis. Automated methods for CTP 
colony analysis have been defined and can be 
adopted [43, 45, 114–116], as shown in Fig. 2.3.

Flow cytometry (FC) and fluorescence- 
activated cell sorting (FACS) are robust methods 
for analysis of the composition of a mix cell sus-
pension. Cells can be parsed based on size and 
granularity, as well as the presence or absence of 
various surface markers. Generally, 105 or 106 
cells are used in each analysis. Unfortunately, FC 
and FACS have little value as yet for analysis of 
CTPs in marrow, since no specific set of markers 
is yet available that defines CTPs or separates 
CTPs from non-CTPs. Even putative markers 
like STRO-1, CD146, CD73, CD90, and PDPN 
are present on far more non-CTPs than on CTPs 
in a given marrow population [117]. Moreover, 
since the prevalence of CTPs is only about 1 in 
25  K cells, even a population of 106 cells will 
have only 50 CTPs, which will be buried in the 
data among a vastly larger number of non-CTPs. 
Some progress is ongoing, however, the search 
for CTP-specific markers or marker combina-
tions continues, and FC and FACS may have a 
greater role to play in the future [49].

Assay of Bioactive Soluble Factors in BMA—
There are also opportunities to look at other met-
rics of potential importance, such as the 
composition of growth factors, cytokines, and 
exosomes in the final products. Practical methods 
for assay of these components exist, but are time 
and materials intensive, making them practical 
only in a setting of robust funding. It is important 
to note that the composition of soluble molecules 
in a BMA sample is not high on the list of prob-
ably effectors of the clinical effect of a given 
BMA product. Most of the composition of solu-
ble factors in a BMA sample will be derived from 
contaminating serum. Some will represent the 
immediate secretory product of the harvested 
cells in response to the trauma of being ripped 
from bone marrow. It is most likely that the clini-
cal outcome will be far more dependent on the 
cellular composition and then the biological out-
put and secretome that those harvested cells will 
generate in the future, than the early chemical 
composition of a BMA that will be clinically 
important.

Biobanking—The development of low-cost 
biobanking of isolated cell and tissue samples is 
opening the opportunity for prospective banking 
of BMA samples, which then become available 
for future targeted analysis of cell, CTP, and 
cytokines using standardized methods with 
appropriate clinical controls. For example, if 10 
patients out of 100 go on to fail a BMA treatment 
and 10 patients out of 100 go on to dramatic clini-
cal success, those 20 samples could be selective 
pulled out for comparison providing optimal 
power while avoiding the cost of analysis for all 
samples. Biobanking is likely to be a common 
feature of many prospective collaborative clinical 
registries and many prospective clinical trials, as 
the field evolves [118, 119].

RNAseq is a new robust methodology that may 
become valuable for bone marrow analysis and 
characterization. In particular, single-cell RNAseq 
(scRNAseq) is a method that can be used to map 
the diversity of cell populations (e.g., 10,000 cells 
at a time) in a mixture based on gene expression 
profile states. This opens a window for unbiased 
search for BMA population attributes that may be 
associated with either donors or BMP product 
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composition that can be associated with outcome. 
As in FC or FACS analysis, the low abundance of 
CTPs in a given population keeps the CTP popu-
lation and its heterogeneity well below the radar 
of scRNAseq. scRNAseq is expensive, but the 
cost is falling rapidly. Furthermore, methods are 
being developed that may enable biobanking of 
cells or isolated intact nuclei allowing later selec-
tive analysis [120–122].

2.8  Putting it all Together

Optimizing the use of bone marrow and bone 
marrow-derived cells for use in cellular therapy 
continues to represent an area of great challenge 
and great opportunity. Progress requires under-
standing the nature and diversity of bone marrow 
and bone marrow-derived cells. Optimizing care 
requires the combination of the right patient, dis-
ease, disease state, cell source, processing method, 
composition, and delivery system in order to 
achieve outcomes that are repeatable and repro-
ducible and know that the outcome is achieved at 
lowest possible risk and at an acceptable cost.

Linking clinical data (demographics diagno-
sis, disease stage, comorbidities, and functional 
status), BMA harvest and composition data, and 
rigorously documented clinical outcomes is the 
first step in this process. To date, most of the 
available data has been generated in a diversity of 
studies, where the vast majority have not pro-
vided a full set of these data. The remaining 
chapters in this book systematically unveil the 
current state of the field.

We are grateful for the work of innovators and 
pioneers who have patiently and thoughtfully 
brought us and our patients to this promising 
threshold. We look forward to a next era in the 
systematic and rational development of rigor-
ously characterized cellular therapies, including 
bone marrow as a cell source. We expect this era 
to be dominated by collaborative networks of cli-
nicians and scientists that establish the infrastruc-
ture to capture, share, and analyze data using 
robust standardized methodology through pro-
spective registries and rigorously designed pro-
spective clinical trials.

Take-Home Messages

• Bone marrow aspiration (BMA) pro-
vides a diversity of stem and progenitor 
cells, including connective tissue pro-
genitors (CTPs), hematopoietic stem 
and progenitor cells (HSCs), and pro-
genitors of vascular endothelium 
(EPCs).

• BMA can be harvested percutaneously 
with minimal morbidity and provides a 
readily processed cell suspension using 
appropriate anticoagulation.

• BMA can be provided as a point of care 
product using a centrifuge.

• Processed marrow can be used also to 
provide the starting materials needed for 
in  vitro culture expansion and fabrica-
tion of a diversity of cellular and cell- 
derived products.

• Yield of CTPs and other marrow-derived 
cells can be strongly influenced by 
patient selection, aspiration site, aspira-
tion technique, and subsequent 
processing.

• BMA is most frequently and effectively 
harvested from the iliac crest.

• A diversity of processing methods can 
be used to increase the concentration 
and prevalence of specific cell types: 
density separation, selective retention, 
magnetic separation, and FACS.

• Consensus standards are needed for 
defining BMA and BMA-derived prod-
uct composition and the efficacy of pro-
cessing methods (yield, concentration, 
prevalence, etc.) and will accelerate the 
development and comparison of novel 
BMA-derived therapies and the objec-
tive comparison of bone marrow and 
alternative cell sources.

• Specific clinical indications and optimal 
processing methods and composition 
for marrow-derived therapies have yet 
to be determined and must be defined 
through rigorous prospective clinical 
registries and clinical trials.
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3.1  Introduction

Adipose tissue, for a long time, has been consid-
ered merely a storage of excess energy, but more 
recent evidence has helped shed some light on its 
role [1], comprising energy balance storage [2], 
as well as regulating bone metabolism, hemato-
poiesis, and the inflammatory response [3].

Adipose is a highly vascularized structure, 
composed of a heterogeneous mixture of cell 
populations, primarily derived from interlobular 
and perivascular connective tissues, consisting 
of mature adipocytes, preadipocytes, fibroblasts, 
vascular smooth muscle cells, endothelial cells, 
resident monocytes/macrophages, and lympho-
cytes, as well as progenitor cells and mesenchy-
mal stem/stromal cells (MSCs). The presence of 
MSCs within this tissue (ASCs, adipose-derived 
stem/stromal cells) has recently drawn signifi-
cant clinical attention due to their purported 
paracrine effects and multipotent differentiation 
capacity [4]. To date, its use as source of pro-

regenerative cells has been successfully reported 
in a variety of preclinical and clinical applica-
tions, including musculoskeletal conditions, car-
diac diseases, ischemia, amyotrophic lateral 
sclerosis, diabetes, and Alzheimer’s and 
Parkinson’s diseases [5]. Considering the prom-
ising results achieved so far, a wide array of lab-
driven technologies is actively studied to undergo 
the process of a more efficient translation into 
the clinical setting.

Adipose tissue either can be used to isolate 
ASCs or can be processed at the point of care to 
obtain adipose-derived products. In the former 
case, ASCs are efficiently isolated by tissue enzy-
matic digestion and then culture expanded as 
adherent monolayers. In this setting, ASCs are 
generally consistent with the International 
Society for Cellular Therapy (ISCT) accepted 
attributes mesenchymal stromal cell populations 
(MSCs). Differently, adipose tissue can be pro-
cessed at the point of care into cell suspensions or 
microfragments that have been commonly 
referred to as stromal vascular fraction (SVF) or 
microfragmented adipose tissue (microfat), 
respectively [6].

Both these strategies for the use of adipose-
derived therapeutic cellular products have advan-
tages and pitfalls. The approach based on cultured 
ASCs provides a standardized cell population of 
stem/stromal cells, compared to the use of SVF 
or microfat, in which different cell types (i.e., 
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endothelial cells, progenitor cells, and leuko-
cytes) are represented together with mesenchy-
mal stem/stromal cells [7]. On the other hand, the 
use of microfat or SVF has the theoretical and 
practical advantages of providing a point of care 
therapy that does not imply the cost and risk of 
in vitro culture expansion. Moreover, preparation 
of SVF and microfat may preserve the tissue 
native niche, which is composed by different cell 
types including stem and progenitor cells.

Still many controversial points animate the 
debate on the most effective procedure. To shed 
some light, in the next paragraphs, a more in- 
depth description of both cells and techniques as 
well as applications will be discussed, with a final 
focus on orthopedic-related tissues and diseases.

3.2  Adipose-Derived Stem/
Stromal Cells and Adipose- 
Derived Products: Two Sides 
of the Same Moon

3.2.1  SVF and Microfat

Although they have some similarities, including 
being prepared at the point of care and the char-
acteristic of preserving the tissue niche, SVF and 
microfat also present some substantial 
differences.

The adipose tissue SVF is defined as a hetero-
geneous population of freshly isolated cells com-
prising all the different types of cells residing in 
the tissue such as fibroblasts, preadipocytes, vas-
cular smooth muscle cells, endothelial cells, resi-
dent monocytes/macrophages, and lymphocytes, 
except mature adipocytes. The process to obtain 
SVF may exceed the definition of “minimal 
manipulation” as it is frequently based on enzy-
matic tissue digestion. However mechanical dis-
sociation, albeit less efficient in terms of cell 
recovery, is currently favored mainly for regula-
tory reasons. In contrast, microfat, obtained by 
mechanical processing only, is composed of clus-
ters of blood- and lipids-free adipose tissue rang-
ing from tens to few hundred micrometers in 
diameter, containing all the adipose tissue cells, 
including adipocytes, within their native niche [8, 

9]. Moreover, microfat, beyond preserving the 
cell composition, also preserves the tissue micro- 
architecture [10]. Borrowing the concept from 
the world of bone marrow and bone marrow con-
centrate (BMAC), it is quite common to refer to 
these adipose-derived products as “cell concen-
trates.” Actually, this is improper since, espe-
cially for microfat, the production process is not 
designed to concentrate any population type, but 
rather to eliminate blood and lipid residuals 
known to be pro-inflammatory agents [10]. Both 
the SVF and microfat have similar nucleated cell 
number per gram of product, as well as similar 
proliferation abilities and the expression of the 
typical MSC marker CD90; nevertheless, the 
proportion of cells positive for CD34 and CD45 
appears to be higher in SVF compared to micro-
fat [11, 12], underlying the higher blood contami-
nation in SVF.

Both products have shown anti-inflammatory 
and immunomodulatory potential, and reparative 
effects in vivo [13], and safety in a growing num-
ber of clinical trials [14–16], including musculo-
skeletal diseases. Moreover, the undisputable 
practical advantages associated to the use of SVF 
and microfat over culture-expanded ASCs have 
made them very popular among the orthopedic 
community, as revealed by the increasing number 
of publications reporting the results of their 
application [17].

3.2.2  Culture-Expanded Adipose-
Derived Stem Cells (ASCs)

Within the SVF, not all the cells are likely to 
have a therapeutic effect [18]. Among them 
ASCs have a role of paramount importance in 
regenerative medicine, and therefore many ther-
apeutic approaches are based on the use of these 
cells only. A small fraction of the adipose tissue 
is in fact represented by ASCs that can be iso-
lated and induced to proliferate in culture to gen-
erate expanded populations. The process starts 
with the enzymatic isolation of the SVF, and 
then it further proceeds with in vitro expansion 
in appropriate culture media leading to the loss 
of the native adipose structure and the achieve-
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ment of a homogeneous population of expanded 
cells that can be rigorously characterized in 
terms of cell markers, morphology, and secre-
tory profiles. Interestingly, adipose tissue con-
tains up to 3% of MSCs, whereas in bone marrow 
it is reported between 0.002% and 0.02% [19]. 
The identification of the heterogeneous stem/
stromal cell types and native phenotypes in their 
environment is still a matter of debate [20]. 
There is growing evidence supporting the 
hypothesis that these cells and more in general 
MSCs reside in a perivascular location. 
Consistently, the ability of MSCs to stabilize 
blood vessels and contribute to tissue homeosta-
sis in both physiological and injury conditions 
has also led some authors to propose that MSCs 
are a subpopulation of pericytes [21].

Culture-expanded ASCs match the criteria 
reported in the ISCT guidelines aimed to stan-
dardize the concept and metrics used for culture- 
expanded products and the appropriate use of the 
term MSCs. The definition and required attri-
butes for MSC included the adherence to plastic 
support, the capacity for tri-lineage differentia-
tion (adipocyte, chondroblast, osteoblast) 
in  vitro, the  expression of cell surface markers 
(CD73, CD90, and CD105), but the lack of cell 
surface markers associated with hematopoietic 
stem cells and progenitors (CD45, CD34, CD14 
or CD11b, CD79a or CD19, and HLA-DR) [22]. 
More recently, other potentially useful markers 
have been proposed, like positivity for CD13, 
CD29, and CD44 and absence of CD31 and 
CD235a [23]. Further, cell size and granularity, 
telomere length, senescence status, trophic factor 
secretion, and immunomodulation ability  [24, 
25] can also be evaluated. The opportunity to 
characterize ASCs, in theory, should lead to more 
reproducible product assessment and outcomes 
[26]. However, since the techniques of expansion 
can affect the relative proportion and features of 
the expanded cell populations [27, 28], individual 
batches of ASCs can vary significantly with 
respect to these metrics. All the aforementioned 
are attributes that must be considered as predic-
tive of the potency of any culture-expanded cell 
population that may be used in regenerative med-
icine [29]. Therefore, being able to optimize the 

population attributes, including the secretion of 
soluble factors, might allow the development of 
tailored cell-based protocols to achieve the 
desired result.

However, this strategy requires a GMP facility 
and a minimum of two procedures (harvest and 
administration) to complete the treatment, 
increasing the cost for both patients and NHS or 
other payors.

3.3  Influence of Patient-Specific 
Factors on Adipose-Derived 
Cells and Products 

The tissue source selection, processing methods, 
injection techniques, cell composition, and cell 
dose have been extensively studied for years, and 
the efforts of researchers are still aimed at their 
standardization. Nevertheless, the variability in 
terms of outcome suggests the presence of 
patient-specific factors such as age, body mass 
index (BMI), gender, and harvest sites as con-
founding variables in the evaluation.

Studies have shown a slight decrease in the 
overall yield of nucleated cells with increasing 
age [30], as well as a significant decrease in the 
proliferative and differentiation capacities of 
culture- expanded ASCs [31]. This result is in 
keeping with studies on bone marrow-derived 
expanded MSCs where age is negatively corre-
lated with cell viability and overall potential [32]. 
Nevertheless, despite a lower yield of pro- 
regenerative cells per gram of tissue, the autolo-
gous transplantation of ASCs seems to be still a 
feasible option for elderly patients [33].

A higher BMI has been associated with a 
reduced number of viable mature adipocytes per 
gram of tissue, a lower differentiation capacity of 
the culture-expanded ASCs, reduced capacity of 
cell migration, and angiogenic and proliferative 
abilities [30], probably due to the low oxygen 
condition and inflammatory conditions observed 
in adipose tissue of obese patients. Interestingly, 
the effect of BMI on cell performance can be 
reverted. Bariatric surgery and diet-induced long- 
term calorie restriction could improve cultured 
ASCs profile, with reduced DNA damage, 
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improved viability, and extended replicative life 
span [34]. This evidence is in line with studies 
reporting a positive connection between weight 
loss and reduced inflammation [35].

The role of gender and donor site is still con-
troversial. Some studies on human ASCs  isolation 
failed to show any difference in adipose tissue 
native stem/stromal cell concentration, preva-
lence, or yield by gender. However, another study 
suggested that men might have a higher yield 
compared to women [36]. Likewise, the ideal 
donor site for fat harvest is yet to be defined.

Some studies [37–39] showed that fat from 
the lower abdomen and medial thighs has higher 
yield compared to the upper abdomen, trochan-
teric region, knees, and flanks but similar differ-
entiation potential. However, previous studies 
suggest that the choice of donor site has little 
effect on fat graft outcomes and the choice should 
be based on ease and safety of access to the tissue 
[30]. Other parameters, such as diet, lifestyle, 
drug consumption, and smoke and alcohol habit, 
should be also investigated to identify a possible 
influence on the pre-regenerative properties of 
adipose-derived cells or products.

3.4  The Rationale for Using 
Injections of Culture- 
Expanded ASCs or Adipose-
Derived Products

Both ASCs and adipose-derived products can be 
delivered mainly with two approaches, which 
imply different mechanisms of action. The first 
one relies on the seeding of cells/SVF or micro-
fat on scaffolds to generate tissue and organs, and 
it is typically used in association with surgery, 
such as repair of focal chondral lesion or tendon 
rupture, as well as treatment of critical bone 
defects. Cells/SVF or microfat are seeded on a 
support (scaffold) and can exert their function by 
both paracrine regulations of the microenviron-
ment and direct differentiation into tissue- specific 
cells, albeit not complete. The second approach 
relies on the direct delivery of cells/SVF or micro-
fat to damaged sites, typically by injections or 
infusions. In this case, many findings suggest that, 
despite still being a valid model in different appli-

cations [40], the direct cell trans- differentiation 
mechanism would not be the main responsible for 
the benefits observed after MSCs transplantation, 
but rather the therapeutic effect is related to the 
secretion of soluble factors able to regulate the 
cross-talk with resident cells [41]. However, in the 
absence of adequate support for attachment, cells 
alone  after injection on the site are generally 
stressed, sometimes leading to a rapid death [42]. 
In this view the delivery of cells within their 
niche, as it happens with SVF and even more 
with microfat, could protect them from this phe-
nomenon. Nevertheless, the initiation of the resto-
ration process is guaranteed by the initial 
cross-talk between stem/stromal cells and resi-
dent cells, and therefore their long term- survival 
at the site of injection is not a strict requirement 
for their functioning. The low engraftment rate 
documented in lung injury models or cardiac 
infarcts after MSCs infusion [43, 44], and studies 
demonstrating similar or even improved organ 
function upon infusion of MSC- derived condi-
tioned medium (MSC-CM) with respect to whole 
MSCs [45], are all supporting a paracrine role of 
MSCs. Therefore, the research interest is also 
shifting on the characterization of secreted fac-
tors, collectively termed as the “secretome.”

3.4.1  Paracrine Potential (Soluble 
Mediators and Exosomes/
Microvesicles)

The term secretome refers to the wide array of 
secreted factors, such as cytokines and chemo-
kines or lipids with trophic and immunomodula-
tory activities [46]. Since Caplan’s description 
of MSCs as “drugstores,” i.e., elements that rec-
ognize injury signals and became activated in 
order to release bioactive molecules able to mod-
ulate local immune response and to establish a 
regenerative microenvironment [47], a number 
of elements, such as trophic (anti-scarring, anti-
apoptotic, mitogenic, angiogenic), immunomod-
ulatory, and also antimicrobic factors, were 
identified in MSCs secretome [48]. Therefore, 
the traditional paradigm of MSCs as a “cell 
replacement tool” has been now enriched by a 
new vision of MSCs as “sensing cells” that inter-
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act with tissue progenitor cells through a para-
crine action, which stimulates the innate potential 
of the tissue in the repair and modulation of 
inflammatory and immune reactions. These fea-
tures have defined the rationale behind the use of 
MSCs as therapeutic tool in treating joint dis-
eases like osteoarthritis. Accordingly, MSCs 
were shown to modulate the function of the 
immune system typically dysregulated during 
joint inflammation, by suppressing B cells and 
inhibiting T cells proliferation, together with 
attracting regulatory T cells and promoting the 
release of anti-inflammatory factors [49]. Even 
more importantly, MSCs were reported to pro-
mote in macrophages the transition from pro- 
inflammatory M1 to anti-inflammatory M2 
polarization, inhibiting the release of pro- 
inflammatory cytokines (TNF-α and IL-1β), and 
augmenting the secretion of anti-inflammatory 
molecules (IL-10) [50]. As a consequence, polar-
ization switch may reduce the cartilage degen-
eration mediated by inflammatory macrophages 
[51]. Consistently, the effectiveness of native or 
culture-expanded ASCs (and related products) 
paracrine action was demonstrated on chondro-
cytes and tenocytes exposed to pathological con-
ditions, with results suggesting a restoration of 
tissue homeostasis [52, 53]. Then, a significant 
amount of research explored the possibility of 
modulating these factors through the adoption of 
different culturing conditions, paving the way 
for the development of acellular therapeutic 
interventions for autoimmune, inflammatory, 
and malignant diseases and tissue regeneration 
from cellular secretions derived from MSCs 
(Fig. 3.1).

Among all the components of the secretome, 
extracellular vesicles (EVs) were also identified 
as active entities [54]. EVs embed different type 
of molecules (DNA, mRNAs, miRNAs, pre- 
miRNAs, ncRNAs, and proteins), can be found in 
different biological fluids, and are secreted by a 
wide range of cell types including MSCs [55]. 
The recent advent of omics techniques allowed a 
better characterization of these vesicles and fos-
tered research on their involvement in the regula-
tion of different biological processes [56]. 
Consistently, EVs from MSCs showed an immu-
nosuppressive role on many types of immune 

cells [57]. In specific, treatment of T cells in vitro 
resulted in a marked decrease in proliferation and 
downregulation of IFN-γ and TNF-α secretion 
[58], with inflammation efficiently suppressed 
in vivo [59]. Moreover, EVs from cultured ASCs 
had positive effects in skin regeneration and car-
diac, liver, and neuroprotection [60] with strong 
attractive properties as potential therapeutic can-
didates also in the orthopedic settings since the 
reported attenuation of the inflammatory response 
and the degeneration after both tendon or carti-
lage injury [61, 62].

Overall, although further studies involving the 
safety and duration of EVs therapeutic effect are 
needed, MSC-derived EVs are the most promising 
candidates for a rational design of next- generation 
cell-free MSC-based therapeutics mainly derived 
from adipose tissue. In fact, the use of EVs avoid 
potential safety concerns typical of cell-based 
approaches (i.e., tumorigenicity and undesired 
spontaneous differentiation). Considering their 
natural biogenesis process, EVs are generated 
with high biocompatibility, enhanced stability, and 
limited immunogenicity, which provide multiple 
advantages as drug delivery systems over tradi-
tional synthetic methods. In this context, EVs can 
penetrate the tissues and be bioengineered to 
enhance the targetability, avoiding off-target 
effects. In comparison with cell-based approaches, 
their manufacturing is also more competitive in 
terms of cost-effectiveness. In this perspective, 
few clinical trials of Phase I, II, and III have been 
opened in the last years, covering diseases such as 
macular holes (NCT03437759) or diabetes melli-
tus type 1 (NCT02138331) or ischemic stroke 
(NCT03384433) [63]. Rational and potential of 
extracellular vesicles—exosomes are reported 
more in detail in Chap. 11.

3.5  In Vitro and Preclinical 
Findings

As already mentioned, the interest in the use of 
ASCs and adipose-derived products such as SVF 
and microfat in musculoskeletal applications is 
dramatically increasing over the last years. In the 
following paragraph, we will comment on the 
most relevant findings of in  vitro preclinical 
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studies published so far for the treatment of joint 
lesions/degeneration, tendon and bone repair, as 
well as muscle lesions, to give the readers signifi-
cant insights about their mechanisms of action. 
Given the preclinical settings, most of the studies 
show the results of the use of culture-expanded 

ASCs, although some results are about the unpro-
cessed products. Up-to-date reviews and meta- 
analysis can also provide the readers with the 
most recent papers about the clinical applications 
of both ASCs and SVF and microfat [17, 
64–66].
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3.5.1  Focus on Culture-Expanded 
ASCs and SVF/Microfat 
in Joint Degeneration

Articular cartilage degeneration eventually gives 
rise to osteoarthritis (OA), the main cause of dis-
ability in developed countries [67]. The current 
conservative options may relieve symptoms but 
are ineffective in the restoration of the damaged 
tissues. Recently, innovative therapies for carti-
lage regeneration showed efficacy [68, 69], with 
particular regard to MSCs thanks to their immu-
nomodulatory and pro-regenerative potential 
[70].

Pivotal in vitro studies reported the ability of 
culture-expanded  ASCs to induce chondrocyte 
proliferation and extracellular matrix production, 
through their paracrine activity with anti- 
inflammatory, anti-apoptotic, and chondrogenic 
properties [71].

Also, the potential of autologous ASCs infu-
sion for osteochondral defects treatment has 
been assessed in numerous animal models [72, 
73]. Interestingly, the successful regeneration of 
cartilage has also been reported with an alloge-
neic transplant of ASCs in a sheep OA model 
[74]. Similar results have been observed in a 
rabbit model, where ASCs infusion promoted 
histological healing [75]. Single intra-articular 
injections of ASCs have been tested in dogs 
with hip OA.  ASCs-treated animals were 
reported to have improved their condition [76] 
with improved limb function within 3  months 
from the procedure [77]. Conversely, the intra-
venous injection of ASCs in dogs with elbow 
OA failed to significantly improve the animals’ 
conditions [78].

For what concern adipose-derived products, in 
a model of goat osteochondral defect, the appli-
cation of SVF showed higher regeneration com-
pared to the controls. SVF-treated animals 
exhibited more extensive collagen type II, 
hyaline- like cartilage, and more tissue native-like 
content of glycosaminoglycan in the cartilagi-
nous layer. Moreover, in the defect regions, it has 
been observed more intense collagen type I stain-
ing [79]. Similar results have been obtained in a 
rat model of full-thickness cartilage defect treated 

with native stem/stromal cell-enriched microfat 
where it was able to effectively restore cartilage 
tissue [80]. A very interesting paper reports a 
direct comparison of cultured ASCs, SVF, and 
microfat for the treatment of OA in a rabbit model 
of bilateral transection of the anterior cruciate 
ligament. The rabbits were either left untreated or 
injected with culture-expanded ASCs or SVF or 
300μl of microfat. The analysis conducted at 2- 
and 4-month follow-ups showed no macroscopic 
differences among the groups. However, at both 
experimental times, microfat showed the most 
promising results with a more uniform cartilage 
staining and a smoother cartilage surface than the 
untreated group [81].

3.5.2  Focus on Culture-Expanded 
ASCs and SVF/Microfat 
in Tendon Repair

Tendon tissue has poor healing potential, given 
by the limited cellular content and vasculariza-
tion. Thus, the response to treatment is generally 
low, and prolonged recovery is needed [82]. In 
addition, spontaneous tendon repair often fails in 
adequately restoring the structural and molecular 
composition of the tissue, often resulting in scar 
tissue rich in collagen type III, more vulnerable 
to injuries and relapses [83]. Surgical repair also 
showed frequent relapses. Conservative treat-
ments were able to improve symptoms, but none 
of them provided a long-term solution [84], and 
therefore, the application of ASCs or adipose 
tissue- derived products has been explored for 
tendon regeneration.

In vitro models demonstrated that the co- 
culture of primary tenocytes and ASCs could 
drive the differentiation of the latter into teno-
cytes in vitro [85, 86]. In vivo, in a mice tendon 
repair model, the local administration of ASCs 
has been reported to accelerate the tendon heal-
ing process through differentiation of ASCs into 
tenocytes, and by increasing the expression of 
angiogenic growth factors [87]. Similar results 
were obtained on a rabbit calcaneal tendon injury 
model, which showed that the application of 
ASCs associated with platelet-rich plasma 
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increased the resistance of tendons as well as the 
amount of collagen type I, VEGF, and FGF [88]. 
More recently, using a rat tendinopathy model, 
the application of ASCs significantly improved 
the pathological picture [89]. ASCs have also 
been used on racehorses suffering from superfi-
cial flexor digitorum longus tendon (SFDLT) 
lesions. The injection of ASCs significantly 
improved healing, with treated horses showing 
shorter periods of lameness and better organiza-
tion of collagen fibers in the injured tendon [90]. 
Similarly, in a horse model of collagenase- 
induced SFDLT lesions, the administration of 
ASCs resulted in a better organization of colla-
gen fibers and a reduction of the inflammatory 
infiltrate. Besides, the ultrasound evaluation 
showed a lack of lesion progression compared to 
the control group [91].

Analyzing the effect of uncultured adipose tis-
sue products, some authors reported that in vitro 
microfat significantly increased the proliferation 
rate of tendon progenitor cells as well as the 
expression of VEGF, which is crucial for the neo-
vascularization of the tissue during the healing 
process [92]. In a similar experimental model, it 
was also demonstrated that microfat was effec-
tively able to counteract the detrimental effect of 
experimentally induced inflammation in co- 
cultures with autologous tenocytes [53]. 
Likewise, in a rotator cuff tear model in rabbits, 
the application of native stem/stromal cell- 
enriched SVF caused a significant improvement 
in few physiological parameters, and it acceler-
ated the transformation of collagen fibers from 
type III to type I, the crucial step of repaired tis-
sue maturation [93].

3.5.3  Focus on Culture-Expanded 
ASCs and SVF/Microfat 
in Bone Repair

Bone fractures and segmental bone defects are a 
significant source of patient morbidity and place 
a substantial economic burden on the healthcare 
system. Generally, after damage, bone can regen-
erate itself, but in the case of significant loss of 
tissue, surgery with bone grafts or bone substi-

tutes is required. These approaches may be char-
acterized by long immobilization periods, donor 
site morbidity (in case of autologous graft), mus-
cular atrophy, and potential complications such 
as infection, pain, or hemorrhage [94, 95] that 
may lead to incorrect graft integration, resorp-
tion, and eventually relapses [96]. Therefore, 
potential applications of ASCs in this context 
have then been explored [95, 97, 98].

In vitro studies have reported, under specific 
stimuli, the ability of ASCs to differentiate into 
osteocytes, unequivocally showing markers of 
the mature tissue [99, 100]. Interestingly, it has 
been reported that osteogenic induction might 
not be mandatory as the primary function of 
adhesion, migration, proliferation, and differen-
tiation can also be achieved using native ASCs 
[101, 102]. Animal models mainly relied on the 
use of scaffolds populated by ASCs, with few 
applications involving ASCs injection. Some 
studies explored the use of ASCs and osteocyte- 
induced ASCs in the context of distraction osteo-
genesis (DO) [94]. In a rabbit model of tibial 
defect, the authors reported a shorter consolida-
tion period using osteo-differentiated or undiffer-
entiated stem/stromal cells compared to the 
control, but osteo-differentiated ASCs seem to 
perform better in terms of tissue density and 
quality [103]. Similarly, in a rat model of DO, the 
authors demonstrated that the injection of ASCs 
resulted in a significantly higher density and frac-
ture strength after 6 weeks, supported by molecu-
lar evidence as ASCs’ derived tissue expressed 
osteogenic markers [104].

For what concern the uncultured adipose tis-
sue product, mechanical generated-SVF (mSVF) 
and enzymatic generated-SVF (eSVF) were com-
pared to test whether the mechanical approach 
influences the biological features and functions 
of SVF.  Albeit less efficient in terms of cell 
recovery and CFU-F than eSVF (five times less), 
mSVF preserved the functions of cell popula-
tions within the adipose tissue, with similar 
osteo-differentiation commitment and similar 
release of VEGF, HGF, IGF-1, and PDGF-bb, 
involved in pathways mediating osteochondral 
repair and cell migration, and of the anti- 
inflammatory cytokine IL-10 [105].
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3.5.4  Focus on Culture-Expanded 
ASCs and SVF/Microfat 
in Muscle Repair

Among musculoskeletal tissues, the muscle is 
more prone to regenerate after injury, thanks to 
the presence of satellite cells, a subpopulation 
with stem cell-like properties [106, 107]. 
Although these cells are able to regenerate mus-
cle tissue after strains, tears, or lacerations, they 
fail to resolve conditions of greater damage with 
significant muscle tissue loss, indicated as volu-
metric muscle loss injuries [108].

As per the other tissues, the use of ASCs for 
muscle regeneration and repair may rely on direct 
differentiation or on the release of paracrine 
effectors. Indeed, ASCs are able to differentiate 
in  vitro into skeletal myoblasts and myotubes, 
and they maintain myogenic potential also after 
expansion [109], but if properly stimulated using 
dedicated scaffold, they may also differentiate 
in vivo [110].

ASCs with specific myogenic properties, and 
able of homing to the injured muscle tissues, 
have been obtained [111] and used in a mice 
model of Duchenne muscular dystrophy, with 
promising results [112].

The potential of ASCs to regenerate the skeletal 
muscle showed to be comparable to muscle- 
derived progenitor cells in a volumetric muscle 
loss injury murine model employing tissue- 
engineered muscle repair (TEMR) construct [113].

Cultured homologous ASCs injected into 
injured soleus muscles showed an acceleration of 
skeletal muscle repair in rat [114].

Similar results were obtained when human 
ASCs were implanted in a model of murine hind 
limb ischemia: an improvement in the functional-
ity of the damaged limb occurred faster than in 
the control mice. In this work, the authors hypoth-
esize a paracrine action of IL-6 released from 
ASCs, leading to stimulation of M2 macrophages 
and inducing muscle repair through neovascular-
ization [115].

The paracrine activity of ASCs for muscle 
regeneration has been investigated specifically in 
different animal models. The conditioned media 
of ASCs have been suggested to improve muscle 

tissue healing in a rabbit model of critical limb 
ischemia [116]. The effects of ASC whole secre-
tome or isolated extracellular vesicle fraction 
were evaluated in an in vivo cardiotoxin-induced 
skeletal muscle injury model, and this study dem-
onstrated that both extracellular vesicles and sol-
uble molecules released in the ASC secretome 
promote muscle regeneration acting in synergis-
tic manner [117].

Interestingly, the rat ASCs paracrine activity 
for muscle regeneration can be improved by pre- 
treatment of stem/stromal cells with IL-4 and 
SDF-1. Indeed, ASCs treated with these factors 
were able to improve muscle structure and func-
tion and decrease fibrosis in a rat model of skel-
etal muscle injury [118].

In an attempt to determine the importance of 
the direct use of ASCs, ASCs and ASC- 
conditioned medium were used in type I collagen 
hydrogel, and the action of these constructs were 
directly compared in volumetric muscle loss rat 
model. The results indicated that hydrogels bear-
ing ASCs or conditioned medium only were able 
to induce similar increase of angiogenesis and 
myogenesis, as well as M2 stimulation, suggest-
ing that both elements retain an immunomodula-
tory role on macrophages transition. A decrease 
of inflammation and collagen deposition was also 
observed, resulting in improved muscle repair 
[119], confirming once more the pivotal ASCs 
paracrine role.

3.6  Conclusions

The rationale for the use of adipose-derived stem/
stromal cells and adipose-derived products such 
as SVF and microfat, as well as their safety pro-
file, for the treatment of several musculoskeletal 
conditions is strong and well documented in both 
in vitro and preclinical studies. The possibility of 
local survival and differentiation of tissue-derived 
cells and the formation of new tissues is theoreti-
cally appealing but as yet unproven. Moreover, 
this effect could be mainly observed when the 
adipose-derived cells or products are associated 
with surgery and delivered locally at the  injury/
defect site. Paracrine action mediated by soluble 
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factors as well as by exosomes and microvesicles 
may play a key role in ASCs-based therapies by 
modulating the microenvironment, especially in 
a setting of injury or degeneration. In some cases, 
ASCs or the adipose tissue-derived products may 
act not only on symptoms relief but also as 
disease- modifying agents, possibly reverting the 
pathological progression. The current efforts of 
the scientific community are aimed to improve 
the knowledge of the most effective strategies to 
improve the therapeutic effects of these 
approaches. In particular, cell priming, that is the 
modulation of the secretory ability of cells 
through the use of cytokines and growth factors, 
hypoxia, pharmacological drugs, biomaterials, or 
different culture conditions, has been indicated as 
one of the most promising ones. In fact, an appro-
priate priming can modulate the cell secretory 
profile so that the molecule cargo is able to exert 
a specific therapeutic effect for each different 
pathology. Regardless of the mechanism of 
action, the optimization of dose and delivery 
strategies to achieve both predictable and durable 
positive effects needs to be further evaluated in 
high-quality clinical studies. While ASCs have 
the undisputable advantage of being homoge-
neous and therefore more controlled, SVF and 
microfat are easier to use and do not have to fol-
low strict regulatory pathways. Overall, both are 
associated with pros and cons, and only further 
research studies will allow to identify the best 
approach for the different musculoskeletal 
pathologies and the different type of patient.
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4.1  Introduction

This chapter provides a brief introduction into the 
conceptual paradigm, basic, preclinical, and clin-
ical research and process optimization that has 
led to the initiation of an ongoing clinical study 
evaluating the injection of culture-expanded mes-
enchymal stromal cells (MSCs) into the human 
knee for treatment of osteoarthritis (OA).

Culture-expanded MSC populations can be 
derived from the bone marrow, synovium, adi-
pose tissue, and other connective tissues. MSCs 
are highly proliferative in early passage and, by 
definition, must have the potential to differentiate 
into bone, cartilage, and/or adipose tissue in vitro. 
The position paper of the International Society 
for Cellular Therapy (ISCT) identifies a charac-
teristic surface antigen profile in a proposed defi-
nition of MSCs, including HLA-DR(−) in 
combination with CD105(+), CD73(+), CD90(+), 
CD45(−), CD34(−), CD14(−), CD11b(−), 
CD79a(−), or CD19(−) [1]. The most frequently 
studied MSCs have been bone marrow-derived 
MSCs, but numerous studies since 2000 have 
reported the isolation of MSCs from a range of 
connective tissues other than bone marrow, such 
as adipose tissue and muscle. MSCs share char-
acteristics that are independent of the original tis-

sue; however, they also have characteristics 
uniquely associated with the original tissue.

4.2  Generation of MSCs Starting 
with Heterogeneous 
Mixtures of Colony-Forming 
Progenitors from Synovial 
Tissues

Native connective tissues contain a heteroge-
neous population of cells, which includes a small 
number of stem and progenitor cells [2, 3]. The 
prevalence of stem and progenitor cells can be 
estimated by plating tissue-derived cells in cul-
ture and measuring the number of colonies 
formed per hundred cells plated. Each colony 
formed in this process is theoretically derived 
from a single founding stem or progenitor cell, 
commonly referred to as a colony-forming unit 
(CFU). Each colony formed differs from others. 
These differences can be seen in differences in 
proliferation rate, morphology, and gene expres-
sion. The number and heterogeneity of colonies 
formed from a given tissue sample can be used to 
estimate the concentration and prevalence of 
stem and progenitor cells in the original tissue 
sample. The heterogeneous population of stem 
and progenitor cells in native connective tissues 
has been defined as and is commonly referred to 
as tissue-specific connective tissue progenitors 
(CTPs) [4]. The prevalence of CTPs in synovium 
and adipose tissue is particularly high, when 

I. Sekiya (*) · N. Ozeki 
Center for Stem Cell and Regenerative Medicine, 
Tokyo Medical and Dental University (TMDU), 
Tokyo, Japan
e-mail: sekiya.arm@tmd.ac.jp; ozeki.arm@tmd.ac.jp

4

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84744-9_4&domain=pdf
https://doi.org/10.1007/978-3-030-84744-9_4#DOI
mailto:sekiya.arm@tmd.ac.jp
mailto:ozeki.arm@tmd.ac.jp


64

compared to bone marrow and cartilage. For 
example, the CTP prevalence can be 100-fold 
higher in the synovium, anterior cruciate liga-
ment (ACL), and adipose tissue than bone mar-
row [5].

It is possible to isolate culture-expanded pop-
ulations that can be defined as MSCs, based on 
ISCT criteria, from virtually any connective tis-
sue source. However, the outcome of expansion 
of the heterogeneous starting materials in each 
tissue source and in individual patient samples 
may vary. Therefore, comparison of individual 
tissue source requires the cells to be cultured 
under the same conditions. In addition, the plat-
ing density and culture period can also affect 
their proliferative and differentiation potentials 
[6]. Individual colonies derived from a single 
stem or progenitor cell inevitably compete with 
one another during in vitro expansion [7]. A high 
plating density results in a small size of the colo-
nies due to colony-to-colony contact inhibition. 
Conversely, a low plating density yields colonies 
of larger size, but the yields per dish can be low 
due to a higher growth burden from a smaller 
number of founding cells. Competition among 
the clones of individual colony-forming cells 
continues during in vitro expansion and passage. 
As a result, the relatively homogeneous popula-
tion of culture-expanded MSCs represent a 
highly selected population of cells that may be 
evident during early colony formation. In other 
words, MSCs cultured at a low plating density 
acquire attributes and properties of biological 
potential that differs widely from the mixed start-
ing population of heterogeneous CTPs.

In this light, maximum yields of culture- 
expanded MSCs can be achieved by choosing the 
optimum cell density that limits contacts between 
colonies. Accordingly, our comparisons of MSCs 
derived from several kinds of connective tissues 
have been conducted on MSCs cultured at the 
initial plating density that is optimal for the origi-
nal MSC source, showing that proliferation abil-
ity was lost at passage 4 in muscle-derived MSCs 
and at passage 7 in adipose tissue-derived MSCs. 
The proliferative ability of synovium-, perios-
teum-, and bone marrow-derived MSCs was 
retained even at passage 10 [8].

4.3  In Vitro Chondrogenic 
Potential of Synovial MSCs

Cartilage differentiation was achieved by placing 
passage 1 2.5  ×  105 MSCs cultured at a clonal 
density on dishes coated for cell culture in a 
15-mL polypropylene tube, centrifuging for 
10 min to form a cell pellet and then culturing the 
pellet in chondrogenic differentiation medium 
containing TGF-β, dexamethasone, and 
BMP.  The medium was changed twice a week. 
The cell pellet becomes rounder and larger over 
time and differentiates into cartilage tissue after 
3 weeks. The increase in size in the cultured pel-
let during chondrogenesis was mainly due to the 
production of cartilage matrix and not due to 
MSC proliferation [9].

The size and weight of the cartilage pellet 
reflect the number of chondroprogenitor cells and 
their ability to produce cartilage matrix, which is 
an indicator of the chondrogenic differentiation 
potential of the MSC population. When we pre-
pared and cultured MSCs from the synovium, 
bone marrow, periosteum, adipose tissue, and 
muscle from the same donor, the cartilage pellets 
formed in pellet culture were larger and had more 
abundant glycosaminoglycans when derived 
from MSCs from synovium and bone marrow 
aspirate than from adipose tissue or muscle [8] 
(Fig. 4.1). Similar results have been obtained in 
rats [10], rabbits [11], and pigs [12]. This indi-
cates that the synovium and bone marrow are 
excellent MSC sources for regenerative medicine 
for cartilage and meniscus.

4.4  Culture of MSCs 
with Autologous Serum

Serum components are required for MSC expan-
sion; therefore, we believe that the use of autolo-
gous serum is preferable for clinical application 
of MSCs to avoid virus infections and immune 
reactions. Synovium and bone marrow MSCs are 
useful for cartilage regenerative medicine 
because of their high chondrogenic differentia-
tion potential; therefore, we examined whether 
these MSCs could be cultured with autologous 

I. Sekiya and N. Ozeki



65

serum to obtain sufficient numbers of cells. The 
synovium was digested with collagenase and the 
digested cells were filtered through a 70-μm 
nylon filter. Nucleated cells from the bone mar-
row were isolated with a density gradient. 
Nucleated cells were plated into 60-cm2 dishes at 
clonal density, which was 103 or 104 per 60-cm2 
dish for synovial cells and 103 or 104 per 60-cm2 
dish for bone marrow cells [8]. The cells were 
cultured with 10% autologous human serum to 
determine the number of cells at passage 0 
(n  =  3). We calculated number of MSCs har-
vested after 14-day incubation with 100  mL of 
autologous serum from 200 mg of synovial tissue 
and 2  mL of bone marrow from nucleated cell 
number per synovium weight, nucleated cell 
number per bone marrow volume, and yields of 
MSCs. We found that a 14-day culture with 10% 
autologous serum generated more than ten mil-
lion synovial MSCs from each of nine patients. 
By contrast, only about one million bone marrow 
MSCs were generated only from two of the nine 
patients (Fig. 4.2).

Next, synovial MSCs at passage 1 and bone 
marrow MSCs at passage 1 were plated at 50 

cells/cm2 and cultured with 10% autologous 
serum or 20% fetal bovine serum for 14 days. At 
14  days more synovial MSCs were generated 
with autologous serum, while more bone marrow 
MSCs were generated with fetal bovine serum. 
We found that human serum was enriched in the 
AB isoform of PDGF that binds to PDGFα recep-
tors and that PDGFα receptors were expressed at 
a higher rate by synovial MSCs than by bone 
marrow MSCs. These differences in expression 
led to differences in proliferation with autolo-
gous serum [13].

We summarize that the higher prevalence of 
synovial founding cells represents an advantage 
of synovial tissue as a source tissue in order to 
achieve a target number of expanded MSCs since 
the burden of doubling needed for any individual 
CTP-derived clone is reduced. This represents an 
advantage for synovial tissue as a cell source over 
bone marrow since the reduced doubling and pas-
saging may lower the risk of chromosomal abnor-
malities. Our digital karyotyping analysis has 
shown that the proportion of trisomy 7 in syno-
vial MSCs increased from passage 0 to 15  in 
some donors.

1mm

Synovium Bone marrow Periosteum Adipose tissue Muscle

200µm

Fig. 4.1 Comparison of the chondrogenic differentiation potential of MSCs from five connective tissues. (Top) 
Macroscopic images. (Bottom) Histological sections stained with toluidine blue (From Sakaguchi [8] et al.)
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4.5  Intra-Articular Injections 
of Synovial MSCs in a Rat OA 
Model

ACL in the knee of rats was transected to create 
an OA model. Three groups were set up: the con-
trol group, which received weekly intra-articular 
injection of PBS; the one-shot group, which 
received a single intra-articular injection of 
1 × 106 rat synovial MSCs; and the weekly group, 
which received weekly intra- articular injections 
of 1  ×  106 rat synovial MSCs, 12 times over a 
maximum of 12 weeks. Histological examination 
of the medial femoral cartilage in the control 
group showed a reduction in proteoglycan stain-
ing at 4 weeks, bone loss at 8 weeks, and wide-
spread bone loss at 12  weeks (Fig.  4.3). By 
contrast, the one-shot group showed decreased 
proteoglycan staining in the superficial layer of 
cartilage at 8 weeks and extensive cartilage loss 
at 12 weeks. However, the weekly group showed 
maintenance of the cartilage matrix even after 
12 weeks [14].

4.6  Localization of Synovial 
MSCs after Injection

The localization of MSCs was determined by 
intra-articular injection of rat synovial MSCs 
expressing LacZ and evaluation 1  day later. 
MSCs, which stained blue with X-gal, were 
extensively observed in the synovium (Fig. 4.4) 
but not in the cartilage or meniscus. We also 
investigated the activity of the injected cells and 
their migration out of the joint by intra-articular 
injection of rat synovial MSCs expressing lucif-
erase into the knee joint with an in vivo imaging 
system. The luminescence was more intense in 
the ACL-transected knee injected once than in 
the intact knee injected once, but the lumines-
cence was no longer detectable in either knee 
after 14 days (Fig. 4.5). By contrast, the lumines-
cence was maintained after 14 days in the group 
that received weekly intra-articular injections. 
Weekly injections of synovial MSCs maintained 
high cell activity, and the injected MSCs did not 
migrate out of the knee joint.
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Fig. 4.2 Number of MSCs harvested after 2 weeks of incubation with 100 mL of autologous serum from 200 mg of 
synovial tissue and 2 mL of bone marrow
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4.7  Properties of Synovial MSCs 
after Migration 
to the Synovium

We also used GFP-expressing MSCs (GFP+ MSCs) 
to determine whether the injected cells would 
retain their undifferentiated features. We used flow 
cytometry to sort the GFP+ MSCs engrafted within 
the synovium (Fig. 4.6a). The ratio of GFP+ cells 

against total live cells gradually decreased with 
time (Fig. 4.6b), but the ratio of CD90 positive cells 
within the GFP+ cells was maintained at approxi-
mately 90% even at 28  days after injection 
(Fig.  4.6c). The sorted GFP+ cells differentiated 
into chondrocytes and adipocytes and were calci-
fied in vitro (Fig. 4.6d). These findings confirmed 
that the injected cells maintained their MSC prop-
erties after migration to the synovium.
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Fig. 4.3 The effect of intra-articular injection of synovial MSCs in ACL-transected rats. Synovial MSCs were injected 
once or weekly. Histological sections of femoral cartilage stained with Safranin O are shown (From Ozeki [14] et al.)

Whole Synovium Cartilage Meniscus

Fig. 4.4 Location of synovial MSCs expressing the LacZ gene 1 day after intra-articular injection into a rat knee. The 
whole knee joint and histological sections stained with X-gal are shown (From Ozeki [14] et al.)
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4.8  Species-Specific Gene 
Expression Analysis

We also used species-specific gene expression to 
analyze the gene expression changes in synovial 
MSCs that migrated to the rat synovium after 
intra-articular injection (Fig. 4.7). We found that 
human synovial MSCs (hMSCs) detected in the 
rat synovium accounted for 1% of the total 
hMSCs 1 day after an intra-articular injection of 
1  ×  106 hMSCs. We then evaluated the human 
transcriptomes in the synovium injected with 
1  ×  106 hMSCs 1  day after injection, using rat 
synovium mixed with 1 × 104 hMSCs as a con-
trol. Microarray analysis for human mRNA 
revealed that human mRNA increased more than 
100-fold in 5 genes, more than 50-fold in 21 

genes, and more than ten-fold in 255 genes after 
the hMSCs migrated into the rat synovial mem-
brane. The ten most highly upregulated human 
transcripts included hPRG-4 and hBMP-2 
(Table 4.1). Further analysis of the expression of 
human mRNA by RT-PCR revealed significant 
increases in the expression of hPRG4, hBMP-2, 
hBMP-6, and hTSG-6 (Fig.  4.8). PRG-4, also 
known as lubricin, is normally produced by syno-
vial cells or superficial zone chondrocytes and 
plays an important role in the homeostasis and 
maintenance of cartilage [15]. BMP-2 and 
BMP-6 are critical for chondrocyte differentia-
tion, cartilage matrix synthesis, and cartilage pro-
tection [16]. TSG-6 has been reported to be 
secreted by engrafted MSCs to suppress inflam-
mation [17].
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Fig. 4.5 In vivo imaging after intra-articular injection of 
synovial MSCs expressing the luciferase gene into rat 
knees. Synovial MSCs were injected once into an intact 

knee, once into an ACL-transected knee, or weekly into an 
ACL-transected knee (From Ozeki [14] et al.)
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4.9  Mechanism by which 
Injections of Synovial MSCs 
Delay OA Progression

Most of the synovial MSCs injected into the knee 
joint migrate into the synovium, and the surviv-
ing cells maintain their MSC properties without 
differentiating into other lineages (Fig. 4.9). The 

MSCs produce PRG-4 and BMPs for cartilage 
homeostasis and TSG-6 for anti-inflammation. 
Two major features of OA include the degenera-
tion of articular cartilage and synovitis; therefore, 
PRG-4 and BMPs could be useful being chon-
droprotective for the articular cartilage, while 
TSG-6 could delay secondary cartilage degenera-
tion by attenuating synovitis.
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Fig. 4.6 Properties of synovial MSCs after migration to 
synovium. (a) Schema for the flow cytometric assay. 
ACLT, ACL transection; PI, propidium iodide. (b) 
Sequential ratio of GFP+ MSCs per total live cells in the 
synovium. Each value is plotted and the average is shown 

as a crossbar (n = 4). (c) Ratio of CD90 positive cells in 
the GFP+ cells (n = 4). (d) Differentiation potential of the 
sorted GFP+ cells 28  days after injection (From Ozeki 
[18] et al.)
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Fig. 4.7 Scheme for species-specific gene expression 
analysis. A sample containing 1  ×  106 human synovial 
MSCs was injected into an ACL-transected knee of a rat. 
One day later, the rat synovium was harvested and total 

RNA was prepared for microarray and RT-PCR. As a con-
trol, a rat synovium without MSC injection was harvested, 
and 1 × 104 human synovial MSCs were mixed with the 
sample prior to extraction of total RNA

Table 4.1 The top ten human transcripts upregulated in the human MSCs that migrated within the synovium (From 
Ozeki [14] et al.)

Gene symbol Gene title Fold change
TFPI2 Tissue factor pathway inhibitor 2 252.6
PRG4 Proteoglycan 4 162.3
PTHLH Parathyroid hormone-like hormone 130.5
T.L Transcribed locus 107.5
LOC285359///PDCL3 Phosducin-like 3 pseudogene///phosducin-like 3 102.6
PLA2G4A Phospholipase A2, group IVA (cytosolic, calcium-dependent) 92.5
BMP2 Bone morphogenetic protein 2 87.4
RPS4Y1 Ribosomal protein S4, Y-linked 1 75.5
CACNA1D Calcium channel, voltage-dependent, L type, alpha 1D subunit 63.6
COL15A1 Collagen, type XV, alpha 1 63.3

4.10  Clinical Study of Synovial 
MSC Injections into OA 
Knees

We have previously shown that transplantation of 
synovial MSCs into cartilage defects enhanced 
cartilage repair in rabbits [18] and pigs [12] and 
that MRI findings and clinical scores were 

improved in a human clinical study [19]. We have 
also reported that transplantation of synovial 
MSCs promoted meniscus regeneration in rats 
[20], rabbits [21], pigs [22], and monkeys [23] 
and that clinical scores [24] and second-look 
arthroscopy were improved in human clinical 
studies. In this section, we describe the properties 
of synovial MSCs and the basic findings follow-
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ing intra-articular injections for the treatment of 
OA of the knee. In addition, we introduce our 
clinical application of intra-articular injections of 
synovial MSCs as evaluated by three-dimen-
sional (3D) MRI analysis.

The results from our basic and preclinical ani-
mal research have led to the initiation of a clinical 
study of synovial MSC injections into the OA 
knees of human patients. The name of the study 
is “Intraarticular injections of synovial stem cells 
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Fig. 4.8 Human-specific gene expressions in the synovium of rat at 1 day, as determined by RT-PCR (From Ozeki [14] 
et al.)
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Fig. 4.9 Possible 
mechanism for the delay 
in the progression of 
cartilage degeneration 
by injections of synovial 
MSCs in a rat OA 
model. Injected synovial 
MSCs migrate into the 
synovium, where they 
express factors such as 
PRG4, BMP-2, and 
BMP-6 that prevent 
cartilage degradation, as 
well as TSG-6 that 
inhibits inflammation
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for osteoarthritis of the knee,” registered in Japan 
(UMIN 000026732), and 14 patients were 
enrolled. The primary endpoint was the detection 
of an inhibition of cartilage loss in the OA knee 
after multiple injections of synovial MSCs. This 
clinical study included only those patients who 
had cartilage loss detected by 3D MRI analysis 
during the first 15 weeks. We harvested synovial 
tissue arthroscopically from each individual 
under local anesthesia, cultured the synovial 
MSCs with autologous serum, and injected two 
million cells into the knee of that individual twice 
at 15-week intervals (Fig. 4.10).

Overall, 3D MRI is an attractive analytical 
method for the quantification of cartilage 
[25]. We have developed a software for auto-

matic  segmentation of cartilage using deep 
neural networks. The software works by pro-
jecting the 3D-reconstructed femoral [26] 
and tibial cartilage vertically onto the 2D 
plane [27].

In this clinical study, the last patient’s treat-
ment has already been completed, and we are 
currently in the process of analyzing MRI and 
clinical outcomes from 30 weeks prior to the first 
injection to 30 weeks after the first injection. No 
serious adverse effects have occurred. The pre-
liminary results showed that some participants 
had decreased cartilage thickness in the postero-
medial region of the femoral cartilage prior to 
injection, but this thickness increased after injec-
tion (Fig. 4.11).

Synovial MSCsSynovial harvest Injection

Fig. 4.10 Scheme of a clinical study on autologous syno-
vial MSC injections into the OA knees of human patients. 
The synovium was harvested and enzymatically digested. 

The resulting synovial MSCs were expanded with autolo-
gous human serum and then injected into the knee twice at 
a 15-week interval

-30w -1w +30w

1.5 mm

2.0 mmAnterior

Posterior

L
a
te

ra
l M

e
d
ia

l

Fig. 4.11 Representative patient case who underwent 
synovial MSC injections into a knee at time 0 and 
15 weeks. MRI examinations were performed at −30, −1, 
and  +  30  weeks. Using the software we developed, the 
cartilage area was automatically extracted and visualized 

in three dimensions. Cartilage thickness mappings are 
shown. Femoral cartilage at the posteromedial region at 
−30 weeks decreased at −1 week but increased again at 
+30 weeks

I. Sekiya and N. Ozeki



73

4.11  Conclusions

Synovial MSCs have a high chondrogenic and 
proliferative potential. Most of the synovial 
MSCs injected into the knee joint migrate into 
the synovium, maintain their MSC properties, 
and produce PRG-4 and BMPs for cartilage 
homeostasis and TSG-6 for anti-inflammation. 
We have started a clinical study in which syno-
vial MSCs are injected twice into OA knees and 
the changes in cartilage measurements are auto-
matically assessed by 3D MRI analysis.
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Placenta, Umbilical Cord, 
and Umbilical Cord Blood-Derived 
Cultured Stromal Cells

Jin-A Kim and Chul-Won Ha

5.1  Structure and Function 
of the Placenta, Umbilical 
Cord, and Umbilical Vessels

The fetal adnexa are composed of the placenta, 
fetal membranes, and umbilical cord. The pla-
centa is discoid in shape with a diameter of 
15–20 cm and a thickness of 3–4 cm. From the 
margins of the chorionic disc extend the fetal 
membranes, amnion, and chorion, which enclose 
the fetus in the amniotic cavity, and the endome-
trial decidua [1] (Fig. 5.1).

Maternal blood enters the chorionic layer via 
the maternal spiral arteries. Nutrients and gases 

are exchanged in the chorionic layer between the 
chorionic villi. Oxygenated blood is transported 
to the fetus through the vessels in the chorionic 
villi and then through the umbilical vein. 
Deoxygenated fetal blood is carried back to the 
placenta via the umbilical arteries to reach the 
vessels in the chorionic villi. Nutrients and gases 
are then exchanged in the chorionic layer through 
the chorionic villi. Deoxygenated blood is then 
transported to the maternal circulation via the 
maternal veins (Fig. 5.1).

5.2  Placenta-Derived Stromal 
Cells

Human placenta is well known to not only play a 
fundamental and essential role in fetal develop-
ment, nutrition, and tolerance but also function as 
a bank of multipotent stromal cells [2]. Placental 
tissue can be easily obtained as medical waste. 
The human placenta is a fetomaternal entity that 
consists of a fetal component (the chorionic 
plate) and a maternal component (the deciduae) 
[3]. The placenta has a complex structure, con-
sisting of layers of amnion epithelium (AE), 
amnion (AM), chorionic membrane (CM), chori-
onic trophoblast (CT), chorionic villi (CV), inter-
villous space, and deciduous membrane (DC) [1, 
4, 5]. It is known that the stromal cells isolated 
from each of these layers differ in proliferative 
and differentiation capacity [5, 6].
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5.2.1  Formulation

5.2.1.1  Collection
Collection of placental tissue occurs immediately 
after childbirth, immediately after the umbilical 
cord and umbilical cord blood are taken from the 
placenta. The placenta should be obtained with 
informed consent and following ethical approval 
guidelines for use in orthobiologics. For use in 
orthobiologics, the way of collecting the placen-
tal tissue should be sterile. Under aseptic surgical 
conditions, the placenta is collected via cesarean 
section, and the placental tissue is collected in a 
sterile container and transferred to the laboratory, 
or the placenta tissue is divided and collected in a 
dedicated kit and transferred to the placental tis-
sue bank. It is safe to store the placenta at room 
temperature or 4  °C during transportation and 
before dissection.

5.2.1.2  Isolation and Expansion
As the placenta contains a lot of blood cells, the 
commonly used and efficient method for removing 
the blood cells is washing as much as possible 
with Dulbecco’s phosphate-buffered saline (DPBS) 
without calcium or magnesium to remove blood. 
Since the placenta is made up of different layers, 
there are many ways to separate the target layer if 
the investigator prefers to use a specific part of the 
placenta rather than the whole placenta, before 
processing with enzyme. The methods of isolating 

stromal cells derived from different layers of the 
placental tissue and commonly used enzymes in 
many previous studies are listed in Table  5.1. 
After the enzyme treatment, impurities are fil-
tered out using a cell strainer [5, 7]. Then, the 
cells are seeded on the culture plate. Cell culture 
medium is changed 48 h after the initial separa-
tion. After incubation for an additional 24 h, the 
cells are washed twice with DPBS to remove 
debris and red blood cells. The medium is 
changed twice a week and cells are incubated 
until the cell monolayer is 80–90% confluent. 
This initial expansion can take 4–14 days depend-
ing on the quality of the tissue, the amount of 
starting material, the culture efficiency, and the 
incubation time with the digestion solution [7].

5.2.2  In Vitro and in Vivo Effects

Placenta-derived stromal cells are known to have 
more important immunomodulatory effects than 
bone marrow-derived mesenchymal stromal cells 
(MSCs) by shifting the differentiation of mono-
cytes from M1 to M2-like macrophages [29]. It 
has also been shown to inhibit T lymphocyte pro-
liferation and cytokine production and regulate T 
cell differentiation [30–32]. PGE2, a bioactive 
lipid synthesized from arachidonic acid by 
COX-1 and COX-2 enzymes, inhibits T cell 
 proliferation and regulates dendritic cell matura-
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Fig. 5.1 Placental structure and vessels at full term. (a) Overview of the uterus, placenta, and a fetus. (b) Detailed 
diagram of the placenta showing the placental structure and fetal and maternal vessels

J.-A. Kim and C.-W. Ha



77

tion and antigen presentation functions [33, 34]. 
TGF-β is a potent immunomodulatory protein 
that controls the differentiation, proliferation, 
and activation of various immune cells [35]. 

IL-10 is a well-known anti-inflammatory cyto-
kine that regulates the growth and activation of 
anti-inflammatory cells [36]. All these three 
important secretory factors were found to be sig-
nificantly increased in placenta-derived stromal 
cells cultured with mixed lymphocyte reaction/
bead T cell reaction (MLR/BTR) [36–38]. The 
addition of blockers or neutralizers to PGE2, 
TGF-β, or IL-10 partially reversed and impaired 
the inhibitory effect of placenta-derived stromal 
cells on T cell proliferation [32, 39]. Stimulation 
of placenta-derived stromal cells by IFN-γ sig-
nificantly upregulated the release of TGF-β and 
IL-10 resistant cytokines [32, 40]. These results 
suggest that placenta-derived stromal cells can be 
used for the clinical situations where an anti- 
inflammatory effect is desired [41].

Implantation of allogeneic amniotic mem-
branes or amniotic epithelial cells without immu-
nosuppression is known not to induce acute 
immune rejection [42–44]. In vitro studies have 
shown that cells isolated from the amnion and 
chorion do not trigger an allogeneic or heterolo-
gous immune response, but actively inhibit lym-
phocyte proliferation [22, 45, 46]. Human 
amniotic membranes and amniotic epithelial 
cells have been shown to survive long-term in 
immunocompetent animals, including rabbits 
[47], rats [48], guinea pigs [49], and bonnet mon-
keys [50]. After injecting heterogeneous human 
amniotic membrane cells into neonatal pigs and 
mice, human microchimerism was detected in the 
bone marrow, brain, lungs, and thymus, suggest-
ing active migration and integration into specific 
organs and showing active tolerance of xenoge-
neic cells [46]. Parolini et al. [51] characterized 
the effect of human amniotic membrane-derived 
stromal cells on antigen‐specific T cell responses 
in rheumatoid arthritis (RA) patients and evalu-
ated their therapeutic potential in a preclinical 
experimental model of RA.  Treatment with 
placenta- derived stromal cells suppressed syno-
vial inflammatory responses and antigen‐specific 
Th1/Th17 activation in cells isolated from RA 
patients. Moreover, placenta-derived stromal 
cells stimulated the generation of human 
CD4+CD25+FoxP3+ Treg cells with a capacity 
to suppress collagen‐specific T cell responses.

Table 5.1 Isolation methods for stromal cells from 
human placenta

Stromal cell 
source Isolation method References
Whole placenta- 
derived stromal 
cells

Collagenase plus 
trypsin
Trypsin plus 
collagenase II plus 
dispase II
Trypsin-EDTA
Collagenase I
Collagenase P

[8]
[9]
[10–12]
[13]
[14]

Amnion-derived 
stromal cells

Collagenase II
Explant culture

[15]
[16]

Chorion-derived 
stromal cells

Dispase II plus 
collagenase II or 
collagenase A
Collagenase II
Explant culture

[28, 31]
[15]
[16]

AF-derived 
stromal cells

Mesh filtering [16, 17]

AE-derived 
stromal cells

Trypsin
Trypsin-EDTA
Explant culture

[18, 19]
[20–22]
[9]

AM-derived 
stromal cells

Collagenase plus/or 
DNase
Collagenase V

[18, 19, 
22]
[5, 21]

CM-derived 
stromal cells

Collagenase II
Collagenase type I 
plus DNase I plus 
dispase
Trypsin-EDTA plus 
collagenase I

[9, 19]
[7]
[23]

CT-derived 
stromal cells

Trypsin and DNase I 
plus collagenase
DNase I plus 
collagenase I

[24]
[25]

CV-derived 
stromal cells

Collagenase II plus 
dispase II
Collagenase type I 
plus DNase I plus 
dispase
Explant culture

[9]
[7]
[26, 27]

Intervillous 
space-derived 
stromal cells

Collagenase I [5]

DC-derived 
stromal cells

Collagenase I plus 
DNase I plus dispase
Collagenase plus 
hyaluronidase plus 
pronase

[7]
[28]
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Systemic infusion of placenta-derived stromal 
cells significantly reduced the incidence and 
severity of collagen-induced arthritis (CIA) by 
downregulating the two deleterious components 
of disease: Th1‐driven autoimmunity and inflam-
mation. In mice with CIA, placenta-derived stro-
mal cells treatment decreased the production of 
various inflammatory cytokines and chemokines 
in the joints, impaired antigen‐specific Th1/Th17 
cell expansion in the lymph nodes, and generated 
peripheral antigen‐specific Treg cells. The results 
suggest that the immunosuppressive action of 
placenta-derived stromal cells is not major histo-
compatibility complex restricted and that the 
infused placenta-derived stromal cells are immu-
nologically tolerated by the host, which would be 
very convenient for a potential clinical applica-
tion of these cells in RA in the future. The in vitro 
and in vivo data describe a broad array of immune 
modulation functions suggesting that placenta- 
derived stromal cells have immune modulatory 
and immune tolerance inducing properties [51].

Li et  al. [33] investigated the ability of 
placenta- derived stromal cells to grow on silk 
fibroin (SF) biomaterials. Placenta-derived stro-
mal cells were maintained in vitro in an alloge-
neic mixed lymphocytic response (MLR) system 
to investigate the inhibitory effect on T cell pro-
liferation and in a total of 12 healthy adult New 
Zealand rabbits after articular cartilage defects of 
the knee femoral condyle were established. The 
placenta-derived stromal cells biomaterial com-
plex was implanted, and the articular cartilage 
defects were observed. The results of MLR indi-
cate that placenta-derived stromal cells inhibit 
rabbit T cell responses. Cartilage damage was 
recovered by newly formed free cartilage, no 
degeneration or infiltration by lymphocytes or 
leukocytes at 12 weeks, and no silk fibroin bio-
material residues were found. Zhang et  al. [26] 
explored the possibility of using placenta-derived 
stromal cells for cartilage regeneration. Pre- 
induced placenta-derived stromal cells embedded 
in a collagen sponge were implanted in the osteo-
chondral defects of nude rats. Coverage with stiff 
reparative tissue, which was white and had a 
smooth surface, was shown at 6 weeks after sur-
gery. Histological analysis showed hyaline-like 

regenerative tissue. The results of their studies 
suggest that placenta-derived stromal cells can be 
one of the possible sources of allogeneic cells for 
cartilage tissue engineering.

5.3  Umbilical Cord-Derived 
Stromal Cells

The umbilical cord (UC) is an essential part of 
the placenta, contributing to fetal development by 
ensuring the blood flow between mother and 
fetus. The UC is formed within the first weeks of 
gestation by the enclosure of the vessels (one 
vein and two arteries) into a bulk of mucous con-
nective tissue, named Wharton’s jelly (WJ) and 
lined by the umbilical epithelium [20].

5.3.1  Formulation

5.3.1.1  Collection
UC tissue collection occurs immediately after the 
collection of UC blood from the UC and placenta 
after childbirth. The acquisition of UC tissue is 
easy and noninvasive. Currently, most hospitals 
treat UC as medical waste, and the collection pro-
cedure is noninvasive. Thus, collecting UC tissue 
itself does not incur ethical issues. However, UC 
tissue should be obtained with informed consent 
and following ethical approval guidelines for use 
in orthobiologics. WJ-derived stromal cells are 
abundant in origin, easy to collect, and known to 
have no adverse effects on the donors [52, 53]. 
For use in orthobiologics, the way of collecting 
the UC tissue should be sterile. UC tissue is col-
lected in a sterile container and transported to the 
laboratory, or a portion of the umbilical cord is 
divided into several tubes and assembled to trans-
port to the UC tissue bank. It is safe to store the 
UC tissue at room temperature or 4  °C during 
transportation and before dissection.

5.3.1.2  Isolation and Expansion
UC-derived stromal cells are usually isolated 
according to the following method [54]. To 
 isolate UC-derived stromal cells, UC tissue 
pieces are obtained aseptically after cesarean sec-
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tions. Depending on the investigator’s require-
ment, 1–3 inches of UC tissue is sufficient to 
begin culturing UC-derived stromal cells. 
UC-derived stromal cells are obtained either by 
enzymatic digestion [55, 56] or by explant cul-
ture techniques [57–62]. Most laboratories prefer 
explant culture methods to isolate UC-derived 
stromal cells from UC tissue because they are 
inexpensive and can provide a pure UC-derived 
stromal cell population [61, 63–65]. However, 
UC tissue fragments are often separated and 
floated in the medium, resulting in a small num-
ber of cells because the suspended fragments do 
not provide stromal cells. Two representative 
methods of obtaining stromal cells from UC tis-
sue include the following steps:

 (i) In the explant tissue culture method of stro-
mal cells isolation [57–62]:
 (a) UC tissue is cut into 1–2  mm3 small 

pieces that are seeded into tissue culture 
treated flasks or dishes.

 (b) Once the tissue pieces are attached to the 
plastic surface of the tissue culture flask, 
add culture medium (5–10% FBS and 
MEM supplemented with 1% nonessen-
tial amino acids) slowly to prevent sepa-
ration of the pieces.

 (c) The growth of cells in tissue fragments 
can be observed within a week after 
incubation.

 (d) Once a sufficient number of cells have 
been obtained, the tissue fragments are 
removed, and fresh medium is added to 
allow these cells to proliferate for a few 
more days.

 (e) The media is changed twice a week and 
cells are incubated until the cell mono-
layer is 80–90% confluent. This initial 
expansion takes 4–14  days, depending 
on the quality of the tissue, the amount 
of starting material, the culture effi-
ciency, and the incubation time with the 
digestion solution [7].

 (ii) The other method is to apply enzymes to the 
UC tissue [55, 56, 59, 60, 66].
 (a) The enzymes used in this digestion are 

collagenases (e.g., collagenase type IV), 

dispase, hyaluronidase, or a mixture of 
collagenase and trypsin.

 (b) In this method, cord tissue is first cut 
into small pieces and digested for 
30–60 min at 37 °C using collagenase or 
collagenase and trypsin.

 (c) The solution is filtered through a 70 µm 
or 100 µm cell strainer and centrifuged 
at 1000 rpm to pellet the cells.

 (d) Cell pellets are incubated in tissue cul-
ture flasks at 37 °C, 5% CO2 in a humid 
environment.

 (e) The UC-derived stromal cell medium is 
replaced with fresh medium within 24 h 
to remove nonplastic-adherent cells.

 (f) The media  is changed twice a week 
and the cell monolayer is incubated until 
it is 80–90% confluent. This initial 
expansion takes 4–14  days, depending 
on the quality of the tissue, the amount 
of starting material, the culture effi-
ciency, and the incubation time with the 
digestion solution [7].

5.3.2  In Vitro and in Vivo Effects

UC-derived stromal cells are not controversial 
compared to embryonic stem cells and induced 
pluripotent stem cells [67, 68]. Moreover, 
UC-derived stromal cells have a higher prolifera-
tive potential than multipotent stromal cells from 
other sources [69]. UC-derived stromal cells have 
excellent freeze-thaw properties and can be fro-
zen for long periods in liquid nitrogen Dewar 
bottles and thawed when needed. This feature is 
convenient for basic experimental work on 
UC-derived stromal cells and provides a good 
theoretical basis for the establishment of a clini-
cal resource bank in the future [70].

UC-derived stromal cells have been known to 
be superior to stromal cells from other sources 
such as bone marrow in terms of osteogenic and 
chondrogenic differentiation ability [71]. 
UC-derived stromal cells exhibit more type II 
collagen synthesis than bone marrow 
(BM)  stromal cells [72]. Because of the relative 
difficulty in obtaining bone marrow stromal 
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cells, UC-derived stromal cells have better clini-
cal application prospects. In addition, 
UC-derived stromal cells are considered to have 
advantages of high availability, large expansion 
capacity, no teratoma or tumor formation, and 
strong immunomodulatory capacity [73]. They 
show low expression of major histocompatibil-
ity complex (MHC) class I molecules and do not 
express MHC class II molecule and co- 
stimulatory molecules required for T cell activa-
tion. Thus, allogeneic UC-derived stromal cells 
do not induce T cell proliferation responses 
[74]. MSCs are known to be self-protected from 
immunological defenses when used as allografts 
due to the expression of MHC class I, but not II 
[75]. The immune system has excellent toler-
ance to UC-derived stromal cells [72] because 
of the low immunogenicity of UC-derived stro-
mal cells.

Moreover, pretreatment with pro- inflammatory 
cytokines may improve the immune regulation of 
UC-derived stromal cells [76]. In addition, 
UC-derived stromal cells did not induce the pro-
liferation of xenogeneic and allogeneic immune 
cells. The expression of immunosuppressive 
human leukocyte antigens HLA-G6, IL-6, and 
VEGF and the absence of the costimulatory mol-
ecules CD40, CD80, and CD86 further support 
the immunomodulatory properties of UC-derived 
stromal cells [77]. Thus, UC-derived stromal 
cells are potentially one of the best cell types for 
clinical application.

UC-derived stromal cells are also known to 
have a paracrine effect. They can secrete a vari-
ety of biologically active factors that affect spe-
cific biological functions [78]. Exosomes from 
UC-derived stromal cells have been known to 
contain cell-associated miRNAs, mRNAs, and 
proteins secreted by UC-derived stromal cells. 
UC-derived stromal cell exosomes can inhibit 
the expression and function of Th22 cells. Th22 
are novel CD4+ helper T cells that secrete inter-
leukin 22 and tumor necrosis factor-alpha (TNF- 
alpha) and have an inflammatory effect in many 
diseases such as tumors and rheumatoid arthritis 
[79]. Thus, UC-derived stromal cell exosomes 
can play an important role in inhibiting 
inflammation.

Kim et al. [80] investigated anti-inflammatory 
and tissue regeneration effects after treatment 
with UC-derived stromal cells in a temporal man-
dibular joint (TMJ) osteoarthritis (OA) rabbit 
model. Compared to the untreated control, the 
potential regeneration outcome and anti- 
inflammatory effects of UC-derived stromal cells 
were confirmed in TMJ-OA-induced rabbits. 
UC-derived stromal cells have shown remarkable 
cartilage protective effects and additional carti-
lage regeneration potential. This effect occurred 
through upregulated expression of growth fac-
tors, extracellular matrix markers, and anti- 
inflammatory cytokines, as well as reduced 
expression of pro-inflammatory cytokines. The 
anti-inflammatory effect of UC-derived stromal 
cells was similar to that of dexamethasone 
(DEX). In the pathogenesis of OA, the RELA 
gene is involved in cartilage degradation through 
MMP-13, and RELA, a member of the NF-ĸβ 
gene family, regulates the inflammatory response 
and activates pro-inflammatory cytokines. The 
study of synovial tissue in OA patients who 
underwent total knee replacement (TKR) surgery 
consisted of six groups who received four 
repeated treatments [81]. Groups I and II (con-
trol) consisted of synovial cells of OA cultured 
for 24 and 48 h, respectively. Groups III and IV 
consisted of UC-derived stromal cells cultured 
for 24 and 48 h, respectively. Groups V and VI 
were co-culture of synovial cells-WJ-MSCs cul-
tured for 24 and 48 h, respectively. Expression of 
the MMP-13 and RELA genes in each group was 
detected by qPCR.  The results showed that 
UC-derived stromal cells reduced MMP-13 gene 
expression after co-culture for 24 and 48 h in OA 
synovial cells. Thus, it suggests that UC-derived 
stromal cells may play an important role in slow-
ing the progression of arthritis.

UC-derived stromal cells were shown to be 
more chondrogenic than BM-derived stromal 
cells and resulted in more vitreous cartilage tis-
sue formation [82]. Wu et al. [83] investigated the 
therapeutic effect of implanting UC-derived stro-
mal cells and hyaluronic acid (HA) hydrogel in a 
minipig OA preclinical model. Compared with 
the untreated control group, regeneration of hya-
line cartilage was confirmed in gross and histo-
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logical evaluation. The International Cartilage 
Repair Society (ICRS) histological score was 
much higher in the experimental group than in 
the control group. Zhang et  al. [84] combined 
UC-derived stromal cells with a cell-free chon-
drocyte extracellular matrix (ECM) oriented 
scaffold to investigate cartilage regeneration after 
transplantation in a goat knee full-thickness carti-
lage defect. Morphologically, the size of cartilage 
defects 3  months after transplantation was sig-
nificantly smaller in the experimental group than 
in the control group. New cartilage-like tissue 
covered the subchondral bone. The defect was 
well integrated with the edges of the normal car-
tilage. Six months after transplantation, the carti-
lage defect was completely covered with new 
cartilage tissue. As a result of using various stain-
ing methods histologically, the treatment group 
showed better treatment results than the control 
group. Quantitative analysis of glycosaminogly-
cans showed significantly higher levels in the 
experimental group than in the control group. Lin 
et al. [85] showed that UC-derived stromal cells 
seeded on PLGA scaffolds promote cartilage 
regeneration in a rabbit model with cartilage 
defects. In a study that used a hydrogel scaffold 
to encapsulate UC-derived stromal cells and 
added appropriate cell culture medium after gela-
tion, Alcian Blue and Safranin O staining showed 
that UC-derived stromal cells encapsulated in 
hydrogels produced large amounts of extracellu-
lar matrix with abundant proteoglycans [70]. 
Expression of collagen II and aggregated proteo-
glycans was increased in cultures containing 
chondrogenic medium, indicating that 
UC-derived stromal cells have a strong ability to 
differentiate into chondrocytes under these con-
ditions. These results provided a good rationale 
for the future clinical application of UC-derived 
stromal cells in the treatment of cartilage lesions 
or OA.

Wu et al. [86] explored the clinical and histo-
pathological effects of intra-articular injection of 
UC-derived stromal cells in a collagen-induced 
arthritis (CIA) model. In this study, intra- 
articular injection of UC-derived stromal cells 
was ineffective in CIA mice and accelerated the 
progression of arthritis in the presence of TNF-

alpha. In order to confirm the role of TNF-alpha, 
a combination of UC-derived stromal cells and a 
TNF inhibitor was injected, and it was confirmed 
that it reduced disease symptoms in CIA mice. 
Upon exposure to TNF-alpha, there was a  sig-
nificantly reduced expression of CD90 and 
HLA-G and the level of IL-10 in  vitro and 
in vivo. This showed that TNF-alpha blocks the 
immunosuppressive effect of human UC-derived 
stromal cells and that inhibition of TNF-alpha 
reduces cartilage destruction by inhibiting the 
immunogenicity of UC-derived stromal cells. 
Injecting both a TNF inhibitor and UCB-derived 
stromal cells could be a potentially effective 
treatment to improve the disease. Santos et  al. 
[87] investigated their treated stromal cells of 
human umbilical cord tissue (UCX® cells) in 
induced autoimmune inflammatory arthritis to 
investigate their immunosuppressive ability. 
UCX® cells have been shown to inhibit T cell 
activation and promote the expansion of Tregs 
better than BM-MSCs. Thus, in a model of acute 
carrageenan-induced arthritis, administration of 
heterologous UCX® has shown that human 
UCX® cells can more efficiently reduce foot 
edema in vivo than BM-MSCs. Finally, animals 
treated with intra-articular and intraperitoneal 
injections of UCX® in a chronic adjuvant-
induced arthritis model showed faster relief of 
local and systemic arthritis symptoms.

Liu et al. [88] investigated the potential immu-
nosuppressive effects of UC-derived stromal 
cells in RA.  Systemic injection of UC-derived 
stromal cells reduced the severity of CIA in a 
mouse model. Consistently, levels of pro- 
inflammatory cytokines and chemokines (TNF- 
α, IL-6, and monocyte chemoattractant protein-1) 
were reduced, and anti-inflammatory/regulatory 
cytokine (IL-10) levels in the serum of 
UC-derived stromal cells-treated mice were 
increased. Moreover, these treatments shifted the 
Th1/Th2-type response and induced Tregs in the 
CIA. UC-derived stromal cells were also effec-
tive in the treatment of RA, especially when cul-
tured in a 3D environment [89].

Therefore, many studies have shown that 
transplantation of human UC-derived stromal 
cells in animals has certain therapeutic effects on 
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cartilage lesions, OA, and RA.  Currently, the 
FDA has registered dozens of clinical trials on 
the transplantation of UC-derived stromal cells 
for treating refractory diseases, such as knee OA 
or RA [67, 90].

5.4  Umbilical Cord Blood- 
Derived Stromal Cells

Umbilical cord blood (UCB) is the blood that 
remains in the placenta and umbilical cord fol-
lowing the birth of a baby. It is rich in blood stem 
cells (hematopoietic stem cells) similar to those 
found in bone marrow, and these cells have 
already been used to treat many different cancers, 
immune deficiencies, and genetic disorders. In 
addition to the hematopoietic stem cells, UCB 
contains numerous cell types, including a popula-
tion of stromal cells with the ability to differenti-
ate and generate progeny. UCB-derived stromal 
cells have emerged as an alternative source for 
cell therapy because they have plentiful cell 
banking systems already established with nonin-
vasive collection, immediate transplantation, and 
hypo-immunogenic properties [91, 92].

5.4.1  Formulation

5.4.1.1  Collection
UCB collection takes place in the cord tissue. 
UCB is taken from the umbilical vessel immedi-
ately after birth and before placental delivery. 
UCB should be obtained with informed consent 
and ethical approval for use in orthobiologics. 
When a baby is born, a medical professional 
tightens and cuts the umbilical cord. After 
cleanly disinfecting the cord, blood is collected 
by inserting a needle into the umbilical cord. 
Cord blood can still be collected even if there is 
a delay in cord clamping. The UCB is collected 
in a sterile syringe or in a bag with citrate phos-
phate dextrose adenine (CPDA) anticoagulant 
and delivered to a laboratory or cord blood bank. 
It is safe to store the UCB at room temperature 
or 4  °C during transportation and before 
dissection.

5.4.1.2  Isolation and Expansion
It is known that UCB-derived stromal cells are 
generally separated by the following method [93, 
94]. UCB is obtained aseptically and a minimum 
volume of approximately 100 cc is required for 
further processing [95]. UCB-derived stromal 
cells are obtained by separating the mononuclear 
cell (MNC) fraction using Ficoll-Hypaque den-
sity gradient centrifugation. The steps to obtain 
stromal cells from UCB are as follows:

 (i) Isolation methods of stromal cells from 
human UCB [16, 96, 97].
 (a) Each UCB unit is diluted 1:1 with 

phosphate- buffered saline (PBS)/2  Mm 
ethylenediaminetetraacetic acid (EDTA).

 (b) Carefully loaded onto Ficoll-Hypaque 
solution.

 (c) Density gradient centrifugation is 
applied  at ×435  g for 30  min at room 
temperature.

 (d) MNCs are removed from the interphase.
 (e) MNCs are washed two to three times 

with PBS/EDTA.
 (f) Cell pellets are incubated in tissue culture 

flasks at 37  °C, 5% CO2 in a humid 
environment.

 (g) The stromal cell medium is replaced with 
fresh medium within 24 h to remove non-
plastic adhesion cells.

 (h) The medium is changed twice a week and 
the cell monolayer is incubated until it is 
80–90% confluent. This initial expansion 
takes 4–14 days, depending on the quality 
of the tissue, the amount of starting mate-
rial, the culture efficiency, and the incuba-
tion time with the digestion solution [7].

5.4.2  In Vitro and in Vivo Effects

UCB-derived stromal cells are known to be rela-
tively non-immunogenic because they have low 
expression levels of human leukocyte antigen- 
MHC class I and lack the MHC class II molecules 
that induce immune rejection in allogeneic trans-
plantation [98]. In addition, a recent study that used 
UCB-derived stromal cells in a rabbit model 
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showed no evidence of immune rejection [99]. 
UCB-derived stromal cells are known to be easily 
induced to differentiate into chondrocytes [100, 
101] and show higher chondrogenic differentiation 
potential compared to BM-derived stromal cells 
and adipose-derived stromal cells. As UCB-derived 
stromal cells are known to have chondrogenic 
potential and immunomodulatory function, the 
UCB-derived stromal cells have been considered a 
potential therapeutic option for arthritis diseases 
due to their key role in the inflammatory process 
and related articular cartilage degradation [102].

Compared to other sources of multipotent 
stromal cells such as BM, UCB-derived stromal 
cells showed superior secretion of anti- 
inflammatory cytokines (IL-10 and IL-6) and a 
superior ability to restore cartilage matrix pro-
duction in  three-dimensional (3D) cartilage 
structures [103]. This result was confirmed in a 
recent study showing that injection of allogeneic 
UCB-derived stromal cells in horses lowered the 
inflammatory response and decreased cartilage 
degradation compared to allogeneic and even 
autologous BM-MSCs [104]. Transplanted into 
damaged tissue, UCB-derived stromal cells pro-
duced a secretome and extracellular vesicles 
(EVs), stimulating the regenerative process of 
joint tissue. Jeong et al. [105] demonstrated that 
UCB-derived stromal cells did not differentiate 
directly into a chondrocyte phenotype, but exert 
their action through the secretion of paracrine 
factors. The secretome of UCB-derived stromal 
cells treated with OA synovial fluid promoted 
the differentiation of chondroprogenitor cells 
into chondrocytes. The authors also reported that 
thrombospondin-2, a glycoprotein that mediates 
cell-to-cell interactions, was a key component of 
this process as it was able to activate various sig-
naling pathways involved in cartilage formation 
and cartilage in the recipient cell.

Ha et  al. [106] implanted the HA hydrogel 
complex UCB-derived stromal cells into a minipig 
model to explore its consistent regenerative poten-
tial. Minipigs were sacrificed 12 weeks after sur-
gery, and the degree of cartilage regeneration was 
evaluated by gross and histological analysis, and 
the transplanted knees resulted in superior carti-
lage regeneration compared to the control knee. 

Park et  al. [107] investigated the feasibility of 
implanting UCB-derived stromal cells and HA 
hydrogel complexes to repair articular cartilage 
defects in a rabbit model. The UCB-derived stro-
mal cells and HA composite transplant resulted in 
an overall superior cartilage repair tissue with bet-
ter quality than HA alone or without treatment. 
The cellular structure and collagen arrangement at 
week 16 were similar to the surrounding normal 
articular cartilage tissue. Histological scores also 
showed that cartilage repair in the experimental 
knee was better than that of the control knee. 
Zheng et al. [108] investigated a rabbit model of 
osteochondral regeneration using 3D printed poly-
caprolactone-hydroxyapatite (PCL-HA) scaffolds 
coated with UCB-derived stromal cells and chon-
drocytes. Mean ICRS scores for the UCB-derived 
stromal cells and chondrocyte- seeded PCL-HA 
scaffolds (group A) were significantly higher than 
the normal unseeded control (NC) PCL-HA scaf-
fold group (group B) (P < 0.05). Histology with 
Safranin O and fast- green staining showed that the 
UCB-derived stromal cells-seeded PCL-HA scaf-
folds significantly promoted bone and cartilage 
regeneration.

Kwon et  al. [109] investigated the therapeutic 
effects and optimal dose of UCB-derived stromal 
cells injection in a chronic full-thickness rotator 
cuff tendon tear, and UCB-derived stromal cells 
injection under ultrasound guidance showed regen-
eration in a rabbit model, although there were no 
differences in the regenerative effects between high 
and low doses of the UCB-derived stromal cells. 
Lim et al. [110] investigated the effect of allogeneic 
UCB-derived stromal cells and recombinant methi-
onyl human granulocyte colony-stimulating factor 
(rmhGCSF) on a canine spinal cord injury model 
after balloon compression at the first lumbar level. 
Two weeks after transplantation, the UCB-derived 
stromal cells groups and UCB-derived stromal 
cells + rmhGCSF groups had a significantly higher 
Olby score than the control group. The nerve con-
duction rate was significantly improved based on 
the somatosensory evoked potential. In addition, 
 distinct structural consistency of neuronal cell bod-
ies was observed in spinal cord lesions of the UCB-
derived stromal cells groups and UCB- derived 
stromal cells + rmhGCSF groups.
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5.5  Conclusions

In conclusion, the placenta, umbilical cord, and 
umbilical cord blood have emerged as an alterna-
tive source to obtain stromal cells. This chapter 
provided an overview of the cell sourcing options 
for stromal cells derived from placental tissue, 
umbilical cord, and umbilical cord blood. There 
have been various methods of collection, isola-
tion, and culture expansion of the stromal cells 
obtained from these complex tissues to be used 
for future cell therapies. Detailed information 
regarding these methods obtained from the litera-
ture are summarized in this chapter. The preclini-
cal data supports the ongoing exploration of these 
neonatal sources as opportunities for cellular 
therapies in the musculoskeletal system. The 
stromal cells isolated and culture-expanded from 
these neonatal tissues have shown low immuno-
genicity, significant immunomodulatory effects, 
and anti-inflammatory effects. These cells have 
also shown prominent osteogenic and chondro-
genic differentiation, as well as paracrine effects 
that support the regenerative effect in musculo-
skeletal tissue healing such as cartilage and ten-
dons. Therefore, the use of stromal cells obtained 
from the neonatal tissue sources seems to be 
promising in future cell therapy and regenerative 
medicine.
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6.1  Introduction

Human stem cell biology presents remarkable 
untapped potential for further understanding 
human physiology as well as developing novel 
treatments across a multitude of medical subspe-
cialties [1]. However, the study of human embry-
onic or oocyte-derived stem cells is fraught with 
ethical and political controversy and is currently 
restricted in a majority of countries [2].

Isolation of adult culture-expanded mesen-
chymal stromal cell populations starting from 
mixed populations of tissue-specific connective 
tissue progenitors from bone marrow, perivascu-
lar cells, or adipose tissue represents a fertile 
alternative for derivation of standardized cellular 
therapies that avoids the ethical and political 
dilemmas encountered with fetal stem cells.

Mesenchymal stromal cells (MSCs) [3], his-
torically also variably described as marrow stro-
mal cells, mesenchymal stem cells, mesenchymal 
progenitor cells, and recently as medicinal sig-

naling cells [4], are currently under investigation 
for use in both clinical and research settings. 
Culture-expanded MSC populations can be gen-
erated by isolation of mixed populations of native 
tissue-derived cells and placing cells into 
culture.

Native connective tissues contain a heteroge-
neous population of cells, which includes a small 
number of stem and progenitor cells. The preva-
lence of stem and progenitor cells in a given tis-
sue sample can be estimated by planting 
tissue-derived cells in culture and measuring the 
number of colonies formed per million cells 
plated. Each colony formed in this process is 
derived, in theory, from a single founding stem or 
progenitor cell. Each formed colony differs from 
others. These differences can be appreciated in 
proliferation rate, morphology, and gene expres-
sion. Differences in performance between indi-
vidual colonies are interpreted to reflect the 
diversity of potential niches that cells capable of 
proliferation in a given tissue may also have 
in vivo. The number and heterogeneity of colo-
nies formed from a given tissue sample can be 
used to estimate the concentration and prevalence 
of stem and progenitor cells in the original tissue 
sample. The number of progenitor cells reflected 
in a colony forming assay is always much greater 
than the number of true underlying stem cells. 
This heterogeneous population of stem and pro-
genitor cells in native connective tissues has been 
defined as “tissue-specific connective tissue pro-
genitors” (CTPs).
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CTPs in native tissues are involved in the for-
mation and remodeling of new tissues, and in 
response to injury [5, 6]. The concentration and 
prevalence of CTPs is therefore influenced by the 
age, systemic health, and local tissue health of 
the source materials.

Culture-expanded cells, derived from com-
petitive expansion of the mixture of clones that 
are obtained from any tissue, have been shown to 
differentiate in  vitro into adipocytes, chondro-
cytes, osteoblasts, myoblasts, and possibly 
neuron- like cells [1]. This potential to fabricate 
large numbers of cells with plasticity to form 
multiple connective tissues has made culture- 
expanded MSCs an attractive option for tissue 
restoration in orthopedics and beyond.

6.2  Theoretical Advantages 
of Allogeneic MSCs

One of the most readily apparent advantages of 
allogeneic MSCs is avoiding the work and cost of 
harvesting cells directly from each individual 
patient undergoing treatment. Generation of 
autologous MSCs typically requires collection 
from either bone marrow or adipose tissue. The 
tissues must be processed to preserve the viabil-
ity of a heterogeneous stem and progenitor popu-
lation and then placed into culture where clones 
of adherent fibroblastic cells can be expanded 
and compete with one another under conditions 
that preserve the biological potential of the highly 
selected clone or clones that persist in the final 
expanded population. Only after expansion and 
rigorous characterization of each batch of MSCs 
with respect to known quality attributes can the 
cells then be reintroduced into the patient [7–9]. 
This process is invasive and requires a second 
procedure, leading to donor site morbidity and 
increased opportunity for harvest complications. 
Additionally, this process is time-consuming, 
requiring a significant time interval between cell 
harvest and reintroduction of the culture- 
expanded MSCs, so point of care treatment is not 
an option. Lastly, individual patients vary pro-
foundly from one to another with respect to the 
concentration and prevalence and ultimate yield 

of CTP-derived clones in culture [10]. This varia-
tion from patient to patient and tissue source to 
tissue source results in large variation in perfor-
mance from one MSC batch to another. As a 
result, a culture expanded MSC cellular product 
could be far better controlled when using alloge-
neic MSCs, saving patients from increased mor-
bidity, procedural risks, treatment variability, and 
lost time. Allograft MSC preparation also allows 
the generation and rigorous assessment of multi-
ple lots of MSCs with respect to key quality attri-
butes that are known to predict future clinical 
efficacy to be used.

In vitro culture expansion of allogeneic 
MSCs on a large scale would confer a number 
of benefits that would not be possible with the 
use of autologous MSCs. Firstly, rather than 
harvesting and culture-expanding cells on a 
patient-by- patient basis, as is the case with 
autologous MSCs, allogeneic MSCs could be 
produced in large quantities for use in multiple 
patients, leading to an overall reduced produc-
tion cost and theoretically lower market price 
for the consumer. This may provide access to 
treatment for patients where MSC therapies 
would otherwise have been too expensive. 
Furthermore, patients would not be limited by 
the cell populations they innately possess. 
MSCs have unique characteristics [11–13], 
which may make one specific subset of MSCs 
more fit than another for a particular task. 
Furthermore, culture expansion of subsets of 
MSCs would be possible based on specific cell 
surface markers [11]. Subculturing of these 
allogeneic cells would allow for manipulation 
of MSCs and editing of surface markers to 
become more effective than wild-type MSCs. 
Thus, there would be potential for selecting and 
delivering allogeneic MSCs possessing the spe-
cific traits that would be most fit for patient’s 
particular needs, rather than relying on the 
patient’s autologous cells. The use of a consis-
tent allogeneic cellular product would be more 
akin to the administration of a manufactured 
drug rather than the typical heterogeneity of 
biologic injections. This would be particularly 
advantageous when assessing clinical outcomes 
and consistency across multiple studies.

L. K. Keyt et al.



91

Recently, there has been interest in bone mar-
row aspirate (BMA) and bone marrow aspirate 
with concentration (BMAC) for the treatment of 
degenerative changes in the knee. Autogenous 
BMA and BMAC have been used to augment 
osteochondral allograft transplantation and inte-
gration by potentially improving osseous healing 
of the graft and incorporation into the knee 
[14–16].

It is important to remember that the cell pop-
ulation that is present in a bone marrow aspira-
tion and in a BMAC preparation after removal 
of high density RBCs is distinctly different than 
the cell population used in a culture-expanded 
MSC preparation. Native populations of cells 
isolated from bone marrow contain a heteroge-
neous mixture of cells from marrow and bone 
tissue. This includes mature and immature 
hematopoietic cells from marrow and contami-
nating blood. These hematopoietic cells repre-
sent the highest fraction of cells in terms of the 
composition of BMAC.  BMAC will contain 
varying numbers of colony founding CTPs 
(range of 100–5000 per ml of aspirate, with a 
mean of 1000–2000). These clones will be het-
erogeneous in performance. Progenitor cells 
will vastly outnumber true stem cells. As a 
result, of all of the cells in a BMAC preparation, 
the least abundant cell will be a stem cell [10]. 
This yield of CTPs in an aspirate sample is 
highly sensitive to aspiration technique, and 
particularly to keeping aspiration volume low 
from each aspiration site, to limit contamination 
with peripheral blood [17].

The prevalence of colony founding CTPs in 
BMA has been reported to vary from 0.001% to 
0.02% of all nucleated cells harvested from bone 
marrow [18–20]. BMAC processing using den-
sity separation in a centrifuge can provide a 1.6- 
to five-fold increase in the concentration of 
nucleated cells overall, with minimal loss of col-
ony founding CTPs [21–24]. However, CTPs are 
still a vanishingly small portion of the overall 
composition of a BMAC preparation. Therefore, 
while BMAC injection can be considered to be a 
cellular therapy, it is inappropriate to promote or 
represent BMAC as a “stem cell” or “progenitor 
cell” therapy.

Conversely, in vitro culturing of MSCs allows 
for delivery of allogeneic MSCs at much higher 
concentrations, where virtually 100% of the 
injected cells can be characterized with respect to 
specific markers or attributes. Theoretically, a 
higher concentration of expanded allograft MSCs 
could lead to improved control over outcomes. 
However, rigorous safety controls must also be in 
place to ensure that expanded cells have not 
acquired undesired attributes through mutation or 
clonal selection.

Another potential advantage with the use of 
allogeneic MSCs is that they can function as 
“immunomodulators,” regulating their local envi-
ronment by reducing overall immune and inflam-
matory responses [25–27]. Autologous MSCs are 
reported to survive long enough to impact a local 
cell environment in recipient tissue and promote 
or enable differentiation of desired specialized 
types of cells, such as chondrocytes, osteoblasts, 
or myocytes. Conversely, recent studies show 
allogeneic MSCs are not likely to integrate into 
the recipient’s tissues, and thus function primar-
ily as immunomodulators via paracrine signaling 
to attract potentially induce the host’s own tissue 
to fill the defects before being identified and 
removed by the recipient’s immune defenses 
[28]. Allogeneic MSCs have been shown to sup-
press activity of NK cells [29], dendritic cells 
[30], neutrophils, macrophages, and B cells [31] 
possibly due to increased prostaglandin E2 levels. 
Allogeneic MSCs may also be effective in the 
management of systemic inflammatory condi-
tions and with suppressing immune responses 
after tissue transplants, such as allografts [32–34] 
via induction of regulatory immunosuppressive 
lymphocytes [35], such as Tregs. Furthermore, 
in vivo studies of extracellular vesicles released 
by allogeneic MSCs show suppression of pro- 
inflammatory processes and reduction of oxida-
tive stress and fibrosis, creating an environment 
allowing for the newly recruited, endogenous 
MSCs to repair damaged tissues [36, 37]. The 
immunoregulatory capabilities of MSCs are not 
fully understood; however, current evidence sug-
gests that the manipulation of the recipient’s 
immune response may confer benefit in the treat-
ment of a number of diseases.
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The study of injectable allogeneic MSCs in 
the field of orthopedics provides a number of 
benefits compared to the study of allogeneic 
MSCs in other medical specialties. Access into 
joint spaces has already been well established 
within orthopedics, making delivery of MSCs 
intraoperatively or via intra-articular injection 
relatively straightforward. This also makes 
biopsy at the site of implementation to measure 
progress quite feasible in most orthopedic sites, 
such as the knee or hip, compared to other organs 
like the heart or nervous system. Intra-articular 
administration of MSCs is preferred compared to 
intravenous or other non-localized methods [38] 
due to restricted biodistribution. Intravenously 
delivered MSCs often collect in the lung paren-
chyma and are subsequently eliminated through 
the  kidneys [39]. Due to the relatively imperme-
able capsules surrounding joints, MSCs intro-
duced intra-articularly primarily remain within 
the joint.

6.3  Theoretical Disadvantages 
of Allogeneic MSCs

Culture-expanded allogeneic MSCs may have 
many future applications and benefits throughout 
medicine, but there are also a number of potential 
drawbacks. Though allogeneic MSCs have been 
said to be “immunopriviledged,” [26] the differ-
entiated progeny do induce an immune response 
and are removed. Introduction of any foreign 
material into human tissue is never without risk. 
General medical risks, including infection and 
allergic reaction, remain potential complications 
with allogeneic MSCs, as with any other inject-
able. While the immunomodulating effect of 
allogeneic MSCs has been shown to confer ben-
efit, immune-mediated adverse events still remain 
a possibility with injection of allogeneic MSCs. 
In a horse model, intra-articular injections of 
autologous, allogeneic, and xenogeneic MSCs 
each led to an immune response, as indicated by 
synovial cell hyperplasia and perivascular lym-
phocytic proliferation; however, only xenogeneic 

MSCs induced a persistent immune-modulated 
response with increased CD4+ cells [40]. A num-
ber of additional animal studies have shown simi-
lar in  vivo activations of both humoral and 
cell-mediated immune responses when MHC 
haplotypes are mismatched between donors and 
recipients [41–43]. Co-administration of mono-
clonal antibodies specific to MPC surface anti-
gens has been shown to reduce immune responses 
to MSC injections and may provide benefit as an 
adjunct therapy.

The use of allogeneic MSCs is on the fore-
front of modern therapy, and there is still a sig-
nificant amount of unknown information 
necessitating further investigation. While use of 
allogeneic MSCs is cheaper than autologous 
counterparts, at this point, the scientific evidence 
backing allogeneic MSCs remains inadequate to 
justify the current cost. Therapies must be 
grounded on evidence supporting both safety and 
efficacy, yet in many new MSC therapies, there is 
no such basis. For example, there is a lack of sci-
entific evidence suggesting that non- 
hematopoietic MSCs are able to detect and 
respond in a preferred manner to the surrounding 
environment into which they have been intro-
duced, yet much of scientific community holds 
this belief [44]. Assumptions such as this can 
cause unrealistic expectations and can lead to 
patient injury [45–47], ranging from headache 
and superficial infection to pulmonary embolism 
and cardiac arrest, indicating a need for oversight 
to prevent unsubstantiated claims that may mis-
lead patients [48]. Thus, until more is known 
about allogeneic and autologous MSCs and they 
can be regulated properly, their use in patients 
should likely remain limited.

6.4  Challenges for the Future

Currently, two clinical trials in both the United 
States and in Europe, RECLAIM and IMPACT, 
respectively, are studying articular cartilage 
repair in a single-stage treatment of cartilage 
defects using a mixture of allogeneic MSCs 
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derived from bone marrow (IMPACT) or adipose 
tissue (RECLAIM) and recycled autologous 
chondrons [49]. Recent phase I results are prom-
ising and demonstrate allogeneic MSCs are safe 
and efficacious as a supplement to autogenous 
MSC delivery. These clinical trials represent only 
a small portion of the ongoing investigation of 
the capabilities and limitations of allogeneic 
MSCs.

There are a number of challenges facing fur-
ther development of allogeneic MSC therapies. 
The present cost of allogeneic MSCs is unafford-
able for the average patient, and the lack of insur-
ance approval for the majority of MSC therapies 
further compounds this issue. Insurance approval 
is largely contingent upon adequate scientific evi-
dence proving both safety and efficacy. Currently, 
according to data presented by the US National 
Institutes of Health (NIH), there are more than 
800 active randomized controlled trials (RCTs) 
worldwide involving allogeneic MSCs [50] 
(Fig.  6.1—world map of ongoing RCTs) 
(Fig.  6.2—pie chart of RCTs by subspecialty). 
The results of these ongoing and future RCTs 
will be crucial not only to validate new therapies 
but also to facilitate patient access.

The regulatory environment has historically 
been a barrier to MSC research and may pose chal-
lenges for the advancement of allogeneic MSC 
research depending on geographic region. In the 
United States, the Food and Drug Administration 
has adopted a new position allowing for expedited 
approval of therapies designated as regenerative 
medicine advanced therapy (RMAT) [51], opening 
an avenue which would allow drug approval to 
match the rate of novel research. Specifically, this 
may allow for therapies utilizing allogeneic MSCs 
to be approved and introduced into the pharmaceu-
tical market faster than historical rates. 
Standardization in quality, dosing, and scientific 
reporting on the composition, cellular attributes, 
and biological reproducibility will be critical and 
also an enormous challenge to employ on an inter-
national scale. However, standardization is essen-
tial to ensuring the safety, efficacy, consistency, 

and future optimization of allogeneic MSC thera-
pies [52].

6.5  Conclusions

The importance of future regulation and stan-
dardization of cellular therapies cannot be under-
stated. There is already a significant amount of 
misinformation and unsubstantiated therapies 
available to the public, which can ultimately lead 
to patient harm, either physically or financially. 
Scientific nomenclature and terms are at the core 
of scientific communication, as well as commu-
nication in the wider world. The term MSC has 
been widely and often indiscriminately used to 
describe a plurality of cell populations. It is 
essential for use to adopt a more precise system 
of nomenclature that underscores the fundamen-
tal differences between complex heterogeneous 
populations of cells in native tissues the unique 
attributes acquired by cell populations in the pro-
cess of the selective environment of in  vitro 
expansion. This will require adaptation to stan-
dards of communication that more consistently 
and accurately describe population attributes and 
differences between culture-expanded “MSC” 
populations that depend on the sources of native 
connective tissue stem/progenitor cells (CTPs), 
harvest methods, processing methods, expansion 
conditions and criteria, characterization of popu-
lation composition and attributes, transplantation 
methods and environment, clinical setting (diag-
nosis and severity at the starting point of therapy), 
and clinical outcome assessment.

All physicians must, “first, do no harm,” and it 
is crucial that regulation of both safety and effi-
cacy of MSC therapies maintains pace with the 
development of new treatments. In conclusion, 
there are a number of limitations that must be 
overcome prior to the widespread use of alloge-
neic MSCs, but we are entering a promising 
period where allogeneic MSCs could revolution-
ize minimally invasive treatments for musculo-
skeletal injuries.
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Fig. 6.1 Geographic distribution of ongoing randomized controlled trials involving allogeneic medicinal signaling 
cells (MSCs) as reported by the National Institutes of Health (NIH, www.clinicaltrials.gov)
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Ongoing Randomized Controlled Trials by SubspecialtyFig. 6.2 Medical 
subspecialty distribution 
of ongoing randomized 
controlled trials 
involving allogeneic 
medicinal signaling cells 
(MSCs) as reported by 
the National Institutes of 
Health (NIH, www.
clinicaltrials.gov). The 
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medicine (7%), 
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Take-Home Messages

• The use of allogeneic MSCs confers a 
number of theoretical benefits compared 
to alternative sourcing of MSCs, includ-
ing reduced cost and labor and reduced 
patient and donor site morbidity.

• Mass production of high-quality MSCs, 
with potential improvement over indi-
vidual patient’s MSCs, is another poten-
tial advantage.

• Theoretical disadvantages range from 
the lack of benefit to the risk of patient 
injury through the immune response to 
foreign material.

• More research is needed prior to the 
widespread use of allogeneic MSCs, but 
we are entering a promising period 
where allogeneic MSCs could revolu-
tionize minimally invasive treatments 
for musculoskeletal injuries.
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7.1  Introduction

Corticosteroids, cholesterol derivatives with 
strong anti-inflammatory properties, have been 
routinely applied for many orthopaedic condi-
tions. Androgenic-anabolic steroids (AAS) are 
synthetic testosterone derivatives that have been 
also used therapeutically for a wide range of con-
ditions. While they may be known to the general 
public as performance enhancers used to add 
muscle mass in athletes and bodybuilders, their 
effects are applicable to the treatment of a wide 
range of medical conditions. Within medicine, 
AAS have traditionally been used for hormone 
imbalance disorders. It has also been shown that 
their anabolic effects can be used to prevent mus-
cle wasting in a number of chronic conditions 
such as COPD, HIV, and muscular dystrophy [1]. 
AAS supplementation has also shown promise 
for lean body mass loss in patients recovering 
from severe burns [2].

While AAS appear to show promise in the 
treatment of certain conditions, there are harmful 
side effects associated with their use. The nega-

tive side effects are more prevalent when used at 
supraphysiologic doses and when these agents 
are administered in stacked regimens. 
Reproductive infertility, cardiomyopathy, atrial 
fibrillation, and hepatic dysfunction are common 
side effects that have been well documented in 
the literature [3]. One of the less-studied side 
effects of AAS is tendon pathology/rupture, and 
the implications in repair as well as recovery 
from injury. The majority of published studies 
pertaining to the aforementioned issues have 
been conducted in animal models [4–6]. The ana-
bolic potential of AAS naturally lends itself to a 
range of orthopaedic investigations. However, 
human studies investigating the use of AAS as a 
biologic adjuvant in recovery from musculoskel-
etal injury are in their early stages. The goal of 
this chapter is to highlight previous, current, and 
future work discussing the therapeutic use of 
AAS for the treatment of orthopaedic injuries.

7.2  Corticosteroids 
in Orthopaedics

Corticosteroids are derivatives of cholesterol and 
work by inhibiting both the cyclooxygenase and 
lipoxygenase pathways of inflammation. In 
detail, corticosteroids inhibit phospholipase A2, 
preventing the breakdown of phospholipid to ara-
chidonic acid. Arachidonic acid is the precursor 
for prostaglandins, thromboxanes, and leukotri-
enes, which are mediators of inflammation. This 
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allows for inhibition of both the cyclooxygenase 
and lipoxygenase pathways of inflammation, in 
contrast to nonsteroidal anti-inflammatory drugs 
(NSAIDs) which only inhibit the cyclooxygenase 
pathway. Corticosteroids also work by reducing 
vascular permeability as well as inhibiting cell 
migration to areas of injury, ultimately inhibiting 
oedema, erythema, and pain [7]. Their proven 
benefit in preventing swelling and pain is particu-
larly attractive for treating orthopaedic injuries, 
but potential harmful side effects have been a 
cause for concern.

While corticosteroids are prescribed as injec-
tions, pills, and ointments, the most commonly 
used type in orthopaedics is injectable corticoste-
roids. Commonly used injectable corticosteroids 
include dexamethasone (Decadron), methylpred-
nisolone/prednisolone (Depo-Medrol), hydrocor-
tisone, betamethasone (Celestone), and 
triamcinolone (Kenalog). Selection of which cor-
ticosteroid to use is typically based on provider 
preference, and the amount often depends on the 
size of the joint injected [7].

Corticosteroids have been used in patients 
with osteoarthritis to alleviate pain and increase 
range of motion. A 2006 Cochrane review con-
firmed the short-term efficacy of corticosteroids 
in knee osteoarthritis [8]. Additionally, a 2018 
Cochrane review of 26 trials on intraarticular cor-
ticosteroids for knee osteoarthritis found corti-
sone injections to be more beneficial than placebo 
with respect to pain reduction and functional 
improvement [9]. Improvements in pain were 
relatively short lived (<6  months), and effects 
decreased over time. With that said, there is no 
current evidence of long-term benefits of cortico-
steroids for osteoarthritis.

Corticosteroid use in the setting of tendonitis 
is inconclusive, as conflicting literature exists. 
This has been studied in shoulder/rotator cuff 
tendinitis, epicondylitis, and Achilles tendinopa-
thy. One systematic review on the efficacy and 
risks of steroid injections for tendinopathy 
showed evidence that corticosteroid injections 
are beneficial in the short term for the treatment 
of tendinopathy but are worse than other treat-
ments in the intermediate and long terms [10]. 
With that said, more than three injections around 

a single tendon are not recommended due to 
potential collagen degeneration and tendon rup-
ture [7]. This is similar in patients with ligament 
sprains, in which steroid injections are some-
times used. There is minimal literature support-
ing their efficacy, and the risk of ligament/tendon 
rupture is still present. After arthroscopic surgery, 
corticosteroids have been used for pain relief. 
Triamcinolone acetonide has been proven to 
reduce pain levels postoperatively in patients 
who had arthroscopic knee surgery [7].

Intraarticular steroid injections are a common 
intervention for frozen shoulder, and a 2017 
meta-analysis of 8 randomized controlled trials 
including 416 patients found that those who 
received an intraarticular steroid injection had 
significantly reduced Visual Analog Scale (VAS) 
pain scores at 4–6, 12–16, and 24–26 weeks post 
injection when compared to controls [11].

Bursae are commonly injected sites in sports 
medicine, and corticosteroids have been shown to 
improve bursitis. Prepatellar bursitis, semimem-
branosus insertion syndrome, pes anserine bursi-
tis, olecranon bursitis, and shoulder bursitis have 
all been effectively treated with corticosteroids 
with minimal side effects [7].

7.3  Side Effects

One primary concern in patients injected with 
corticosteroids is tendon degeneration and rup-
ture. This is of particular concern in high demand 
patients who require repeat injections. It has been 
suggested that injection into the tendon may 
weaken its structure and increase the risk of rup-
ture. With that said, a systematic review by 
Coombes et al. suggests this may be an accept-
able risk, as they noted a low frequency of tendon 
rupture [10].

Chondrotoxicity secondary to corticosteroid 
administration has been noted in the literature as 
well. A systematic review by Wernecke et  al. 
shows beneficial effects of intraarticular cortico-
steroid occurring at low doses and durations, 
while the deleterious chondrotoxic effects 
occurred at high doses and durations of use [12]. 
Dragoo et al. note that even a single injection of 
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betamethasone sodium phosphate and 
 betamethasone acetate solution showed signifi-
cant chondrotoxicity using a physiologically rel-
evant in  vitro model, and they noted such 
injections should be used with caution [13].

Infection is also potential consequence of cor-
ticosteroid injections, and this has been seen in 
patients receiving pre- or postoperative injec-
tions. Bhattacharjee et al. reviewed a large data-
base and found that corticosteroid injections 
within the 2 weeks prior to shoulder arthroscopy 
may increase the risk of postoperative infections 
[14]. On the other hand, Kew et al. have demon-
strated a significant association between intraar-
ticular corticosteroid injections administered 
1 month postoperatively and an increased rate of 
postoperative infection [15].

A Weber et al. study in 2019 suggested a cor-
relation between pre-operative shoulder injec-
tions and an increase in revision rotator cuff 
repair rates. They also noted a frequency and 
time dependence to these findings, where more 
frequent injections and administration of the 
injection closer to the time of surgery were both 
independently associated with higher rates of 
subsequent revision rotator cuff repairs [16].

7.4  AAS Physiology

Androgenic-anabolic steroids are most well- 
known for use as performance-enhancing drugs in 
athletes, and their use has been documented as 
early as the 1950s [17]. While AAS increase mus-
cle mass and strength under certain conditions in 
healthy adults, there is limited evidence to support 
that they enhance athletic performance [18–21]. 
Additionally, they were added to the list of 
Schedule III Controlled Substances in 1990. Even 
so, it is estimated that among Americans currently 
aged 13 to 50  years, 2.9–4.0 million have used 
AAS. Within this group, roughly one million may 
have experienced AAS dependence [22].

While the short-term side effects of AAS are 
generally mild and reversible, long-term, high- 
dose use is associated with more severe, irrevers-
ible cardiovascular disease [23]. Additionally, 
studies in rodents have shown that exposure to 

AAS at doses that mimic levels observed with 
human abuse elicits significant changes in aggres-
sion, anxiety, and sexual behaviours [24].

AAS have both anabolic and androgenic 
effects, and these compounds appear to use three 
common pathways to exert these effects. 
Primarily, AAS activate androgen receptors 
(ARs) to induce a steroid-receptor complex in the 
cell nucleus inducing a high degree of transcrip-
tion [25]. A secondary pathway targets 5-alpha 
hydroxylase, converting AAS into dihydrotestos-
terone (DHT), a more active form of testosterone. 
This then stimulates increased protein synthesis 
by interaction with RNA and DNA. It is thought 
that this pathway may play a larger role in pro-
moting the androgenic effects of AAS, due to 
higher 5-alpha reductase activity in male acces-
sory sex glands and lower 5-alpha reductase 
activity in areas such as skeletal muscle [3]. 
Lastly, the aromatase pathway is responsible for 
the conversion of AAS into female sex hormones, 
such as estradiol and estrone. Female sex hor-
mones bind to oestrogen receptors and form 
oestrogen- receptor complexes that exert effects 
on fat tissue, Leydig and Sertoli tissue, and some 
nuclei in the central nervous system (CNS) [3].

AAS are synthetic derivatives of testosterone 
that utilize structural modifications to change the 
relative anabolic-androgenic potency, slow the 
rate of degradation, change the pattern of metab-
olism, or decrease the aromatization to estradiol 
[26]. Most orally administered preparations are 
17α-alkylated derivatives of testosterone that are 
relatively resistant to hepatic first-pass metabo-
lism degradation. Parenteral preparations use 
esterification of the 17-βhydroxyl group to make 
the molecule more soluble in lipid vehicles used 
for injection. Once in the body, blood esterases 
hydrolyse the esters to yield the active com-
pound. The rate of absorption is dependent on 
chain length of the acid moiety; in general, a lon-
ger chain length means slower absorption, thus a 
prolonged duration of action [27, 28]. Despite 
these modifications, all AAS formulations have 
both anabolic and androgenic activity; none is 
completely selective. For example, testosterone 
has an anabolic-androgenic ratio of 1, whereas 
the ratio for nandrolone is 10 [29].
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AAS have been studied in  vitro as well as 
in  vivo, and the potency of endogenous andro-
gens/synthetic anabolic steroids was thought to 
correlate with their affinity in vitro to the andro-
gen receptor, although Feldkoren et al. found that 
AAS with low affinity to the androgen receptor 
in vitro (stanozolol, methandienone) are able to 
act on receptors in  vivo to cause biological 
responses via classical transcriptional mecha-
nisms [30].

Most studies to date have utilized the intra-
muscular steroid nandrolone decanoate [4–6, 
31–44]. Orally administered oxandrolone has 
also been found to aid in tissue healing and recov-
ery while exhibiting limited side effects. In a pro-
spective randomized controlled trial, Wolf et al. 
demonstrated that oxandrolone improved protein 
net balance and lean mass in the severely burned 
that was associated with increased gene expres-
sion for functional muscle proteins [20]. The effi-
cacy, as well as a positive safety profile, was 
highlighted in a meta-analysis of severely burned 
patients. This included patients who either 
received oxandrolone or did not receive this med-
ication during hospital stay (catabolic phase) and 
recovery phases. Oxandrolone use resulted in 
decreased hospital stay, reduced weight loss, and 
greater gain of lean body mass compared to con-
trols. Importantly, oxandrolone administration in 
this last study did not increase the risk of adverse 
events [2].

7.5  The Effects of AAS 
on Musculoskeletal Tissues

The anabolic effects of AAS are mediated pri-
marily by ARs in skeletal muscle. The down-
stream effect is an increase in the transcription of 
target genes that may control the accumulation of 
DNA required for muscle growth [45]. Previously 
it was thought that ARs become saturated at 
physiologic levels of testosterone and that pro-
viding supraphysiologic doses of testosterone 
conferred no additional benefit. Recent studies, 
however, have shown that ARs can be upregu-
lated by exposure to AAS [43, 46] and that the 
number of ARs is increased by strength training 

[47]. This shows the possible mechanism by 
which we see the complementary effects of AAS 
administration and exercise.

The increase in muscle size seen with AAS 
administration is due to an increase in cross- 
sectional areas of both type I and type II muscle 
fibres and an increase in myonuclear number 
[48]. The strength increase seen is from both the 
muscle fibre hypertrophy and also the change in 
muscle architecture. Testosterone-treated mus-
cles show an increase in pennation—a finding 
that is often associated with high force low- 
velocity contractions [49]. AAS are also associ-
ated with increased exercise tolerance by several 
mechanisms including increasing the rate of pro-
tein synthesis during recovery [42].

7.6  AAS Applications 
in the Treatment of Human 
Disease

Anabolic agents have been used to improve the 
net protein balance in patients in catabolic and 
cachectic states such as burns, wound healing, 
COPD, HIV, and muscular dystrophy [1].

A meta-analysis of Li et  al. to evaluate the 
efficacy and safety of using oxandrolone in 
patients with severe burns found that oxandro-
lone therapy decreased length of rehabilitation 
stay during the catabolic and rehabilitative phase 
while leading to additional gains of lean body 
mass after 6 months when compared to control. 
Additionally, they found that oxandrolone ther-
apy did not affect mortality, infection, or hepatic 
function when compared to control [2].

Cachectic patients appear to have a similar 
benefit, with nutrition-resistant, wasting HIV 
patients seeing increases in weight and lean body 
mass after 16  weeks of nandrolone decanoate 
administration [36]. It has also been shown that 
testosterone + megestrol acetate reverses the tra-
jectory of involuntary weight loss and increased 
lean mass in cachectic COPD patients [50].

AAS use has also been studied in spinal cord 
injuries (SCI), where studies in rodents have sug-
gested AAS can reduce muscle atrophy and 
reduce bone loss [51, 52]. Loss of lean muscle 
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and bone density seen in SCI is similar to muscle 
loss seen in other muscle-wasting conditions due 
to prolonged immobilization [53], and the uses of 
AAS in disciplines outside of orthopaedics have 
been shown to benefit patients in muscle- wasting, 
catabolic states.

7.7  AAS in Orthopaedics 
(Table 7.1)

7.7.1  Rotator Cuff Repair

Within the field of orthopaedics, AAS use has 
been most studied as a treatment adjunct in rota-
tor cuff injuries. Rotator cuff disease is one of the 
most common musculoskeletal disorders and is 
estimated to account for 200,000–300,000 ortho-
paedic procedures per year [54]. After a tear, it 
has been shown that rotator cuff musculotendi-
nous units typically undergo three phases: retrac-
tion, atrophy, and fatty degeneration. It has also 
been shown that lower tendon retraction lengths 
and lower Goutallier scores corresponded to 
decreased repair failure rate [55]. Additionally, it 
has been demonstrated that muscle atrophy and 
fatty degeneration of the rotator cuff muscles 
play a significant role in the functional outcome 
following rotator cuff repair [54].

Studies looking at the impact of AAS on 
retraction and fatty degeneration have been con-
ducted in animal models. Gerber et al. used a rab-
bit model, comparing a group with no intervention 
(Group 1), a group with local and systemic AAS 
administration (Group 2), and a group with only 
systemic AAS administration (Group 3). Mean 
supraspinatus retraction was highest in Group 1 
compared to Groups 2 and 3. Additionally, no 
fatty degeneration was measured in either Group 
2 or 3, while it was measured in Group 1. This 
study suggests that AAS administration post- 
rotator cuff injury may partially prevent tendon 
retraction and fatty degeneration of the rotator 
cuff musculature [4]. Gerber et al. also evaluated 
the effects of AAS and insulin-like growth factor 
(IGF) in re-lengthening of the rotator cuff tendon 
in sheep starting 16 weeks post tenotomy. They 
concluded that neither anabolic steroids nor IGF 

contribute to the regeneration of the muscle once 
degenerative changes are established [5]. Looking 
at these two studies in tandem points to a possible 
limit of AAS application. AAS may prevent fatty 
degeneration from progressing but cannot reverse 
the established degeneration.

The sheep model was again used by Gerber 
et al. to specifically evaluate AAS on fatty infil-
tration post-rotator cuff injury. They were able to 
demonstrate that AAS application at the time of 
tendon release in sheep significantly reduced 
fatty degeneration after 16 and 22  weeks when 
compared to control. AAS also prevented further 
atrophy in both the AAS after release group and 
the AAS at time of repair group. This suggests 
that further muscle fatty degeneration can be pre-
vented with the application of AAS immediately 
after tendon repair. Additionally, it reinforced his 
rabbit model findings that fatty muscle degenera-
tion can largely be prevented if AAS are applied 
immediately at the time of tendon injury [6].

This is consistent with another study by Fluck 
et  al. Their study compared a control group (no 
intervention) to a group with nandrolone adminis-
tration immediately after tendon release and a 
group with nandrolone administration after tendon 
repair in sheep animal models. Compared to con-
trol, nandrolone administration starting immedi-
ately after tendon release prevented the increase in 
area percentage of fat (23% vs. 277% and −1% vs. 
398%, respectively) and mitigated the reduction in 
area percentage of muscle fibres after tendon 
release (12% vs. 30% and 16% vs. 35%, respec-
tively). This did not affect the changes in muscle 
volume and muscle composition [33]. Figure 7.1 
illustrates nandrolones mitigating effects of mus-
cle to fat transformation via numerous downstream 
cellular effects in sheep infraspinatus muscles. 
Overall, these studies have generally shown bene-
fit to using AAS post tendon injury to prevent fatty 
degeneration of the tendon.

However, contradicting studies have been pub-
lished, as Papaspiliopoulos et al. examined rabbit’s 
post-rotator cuff repair utilizing four groups: non-
steroid immobilization (Group 1), nonsteroid non-
immobilization (Group 2), steroid immobilization 
(Group 3), and steroid  non- immobilization (Group 
4). They found that the mean stress at failure was 
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0.1994  N/mm2 in Group 1, significantly higher 
than Group 3 0.1150 N/mm2. In the non-immobili-
zation groups, the mean stress at failure was 
0.1973  N/mm2 in Group 2, again significantly 
higher than Group 4, 0.0977 N/mm2. These results 
demonstrated better healing and more tendon 
strength in groups that did not receive AAS, which 
is therefore detrimental to rotator cuff repair as it 
relates to tendon healing [35].

7.7.2  Anterior Cruciate Ligament 
Reconstruction

Although less numerous, several studies have 
evaluated the use of AAS/testosterone adminis-
tration in orthopaedic applications related to 

anterior cruciate ligament reconstruction (ACL- 
R). It is thought that circulating estradiol may be 
associated with ligament strength and injury 
rate, but the role of AAS in ACLs is less under-
stood [56].

Biomechanical properties have been com-
pared between testosterone-deficient castrated 
rats and normal control rats, which demon-
strated that rats with normal testosterone levels 
had a higher ACL load to failure and ultimate 
stress. This suggests that physiologic levels of 
androgens may be important for ligament 
strength [56].

Wu et al. conducted a study looking at testos-
terone supplementation after ACL reconstruction. 
Patients scheduled for ACL reconstruction were 
randomized into a testosterone or placebo group 

Table 7.1 Studies on AAS in orthopaedics

Study Animal
Target 
tissue Conclusion

Sloan et al. (1992) Human Hip/body AAS can be safely given to frail elderly subjects with hip fractures
Amory et al. (2002) Human Knee Preoperative supraphysiological testosterone in older men may lead to 

improvements in some measures of postoperative recovery
Hedström et al. 
(2002)

Human Hip/bone Low doses of AAS + alphacalcidol and calcium have a positive effect 
on body composition, bone mineral density, and clinical function in 
elderly women after hip fracture

Tidermark et al. 
(2004)

Human Hip Protein-rich liquid supplementation in combination with nandrolone 
given to elderly women after femoral neck fracture may improve lean 
body mass, activities of daily living, and health-related quality of life

Tengstrand et al. 
(2007)

Human Bone Protein-rich supplementation given to elderly female hip fracture 
patients increased total bone mineral density

Hohmann et al. 
(2010)

Human Quadriceps The use of anabolic steroids results in an improved knee outcome 
post-TKA and significantly increases extensor strength

Papaspiliopoulos 
et al. (2010)

Rabbit Rotator cuff Better healing and more tendon strength in those that did not receive 
AAS post-rotator cuff repair

Gerber et al. (2011) Rabbit Rotator cuff AAS administration post-rotator cuff injury may partially prevent 
rotator cuff retraction and fatty degeneration

Gerber et al. (2012) Sheep Rotator cuff Muscle cells lose reactiveness to anabolic steroids and IGF once 
retraction has led to fatty infiltration and atrophy of muscle

Seynnes et al. 
(2013)

Human Patellar 
tendon

Tendon adaptations to resistance training and AAS may be different, 
suggesting differences in collagen remodelling

Mukhopadhyay 
et al. (2014)

Human Bone Use of low-dose AAS results in a significant gain in bone mass and 
improvement in quality of life in geriatric population

Gerber et al. (2015) Sheep Rotator cuff Further muscle fatty degeneration may be prevented with AAS 
application immediately following tendon repair

Romani et al. 
(2016)

Rat ACL Rats with normal testosterone levels had higher ACL load to failure 
and ultimate stress when compared to testosterone-deficient castrated 
rats

Fluck et al. (2017) Sheep Rotator cuff Prevention of lipid synthesis starting immediately after tendon release 
is associated with upregulated androgen receptor protein and RNA 
expression

Wu et al. (2017) Human ACL Perioperative testosterone supplementation increased lean muscle mass 
6 weeks after ACL reconstruction
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for 8 weeks, starting 2 weeks before surgery. They 
found that perioperative testosterone supplementa-
tion increased lean mass 6 weeks after ACL recon-
struction (increase of 2.7 ± 1.7 kg compared to a 
decrease of 0.1 ± 1.5 kg in the control group) while 
also finding no negative effects of testosterone use. 
This study suggests that this treatment may help 
minimize the effects of muscle atrophy associated 
with ACL injuries and repair [57].

7.7.3  Patellar Tendon

The effects of AAS on in  vivo human tendons 
have also been studied. Seynnes et al. looked at 
the patella tendons of subjects with resistance 
training and AAS abuse (RTS), resistance-
trained nonsteroid users (RT), and untrained 
nonsteroid users (CTRL). They found that patel-
lar tendons were stiffer in the RTS group (26%, 
p  <  0.05). Additionally, maximal stress was 
higher in RTS than in RT (15%, p < 0.05). They 
concluded that these findings indicate different 
tendon adaptations between resistance training 
and AAS abuse, suggesting differences in colla-
gen remodelling [58].

7.7.4  Total Knee Arthroplasty

The use of AAS in orthopaedic surgery has also 
been explored in joint reconstruction. Patients 
with administered nandrolone post-TKA demon-
strated greater quadriceps muscle strength at 3, 6, 
and 12  months postoperatively when compared 
to placebo, as well as better Knee Society Scores 
at 6 weeks, 6 months, and 12 months postopera-
tively [41]. When used for 4  weeks preopera-
tively, testosterone administration has been 
shown to improve a patient’s ability to stand, 
climb stairs, and walk while in the hospital post-
operatively [59]. Improving mobility and inde-
pendence are goals following joint reconstruction, 
and AAS may be important in promoting early 
strength and ambulation postoperatively.

7.7.5  Hip Fractures

AAS have also been investigated in the postop-
erative recovery of patients who sustain a hip 
fracture. Multiple randomized control trials have 
demonstrated higher Harris hip scores, functional 
scores, and positive effects on lean body mass in 

Nandrolone

Androngen
receptor signaling

Summary of changes to sheep infraspinatus muscle subsequent to 16 weeks of tendon release. Direction of effects on the
transcriptome (black), lipidome (red) and structure (blue/white) of muscle are indicated by arrows. Influence of nandrolone
are indicated in green color with curved arrows denoting the inversion of effects.

Tendon
fatty acid oxidation
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angiogenesis

lipid
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myofibrils
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Fig. 7.1 Influence of nandrolone on sheep infraspinatus 
muscle subsequent to 16  weeks of tendon release [33] 
(Reproduced from Flück M, Ruoss S, Möhl CB, et  al. 

(2017) Genomic and lipidomic actions of nandrolone on 
detached rotator cuff muscle in sheep. J Steroid Biochem 
Mol Biol 165:382–395 with permission from Elsevier)
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patients treated with AAS postoperatively when 
compared to nonsteroid groups [37, 38, 60]. With 
that said, other studies have found no difference 
in time to mobilization and bone loss in patients 
treated with AAS [39, 40]. Evidence on the effi-
cacy of AAS in hip fractures is currently incon-
clusive and should be further explored in future 
research.

7.8  Potential Side Effects

The use of AAS has been associated with dyspla-
sia of collagen fibrils. This process changes the 
tendon’s crimp morphology, altering the ruptur-
ing strain of tendons and the normal biomechan-
ics of the extremities, which significantly 
decreases tensile strength [61]. Additionally, 
other studies have shown high-dose AAS have an 
adverse effect on the biosynthesis of collagen in 
tendons [62]. Tendon stiffness is also a concern, 
and one study demonstrated that a stacked ana-
bolic regimen in combination with physical train-
ing increased Achilles tendon stiffness in rats, 
which caused the tendons to fail with less elonga-
tion. This did not result in significant differences 
in the ultimate force at failure, but the energy at 
the time of tendon failure, toe-limit elongation, 
and elongation at the time of first failure were all 
significantly affected [63]. Kanayama et al. dem-
onstrated this risk of tendon rupture clinically. 
They reported that in AAS abusers, compared to 
matched non-AAS using bodybuilders, there was 
a significantly increased risk of tendon ruptures, 
particularly in the upper body [64]. With that 
said, differences in tendon stiffness, strength, and 
energy absorption among AAS-treated tendons at 
6  weeks showed reversibility with discontinua-
tion of AAS [65].

7.9  Future Directions

Future studies will likely look to address the bio-
logic sequelae of tendon injuries and subsequent 
positive potential of AAS in humans further. A 
currently ongoing clinical trial by Hatch et  al. 
(NCT03091075) aims to examine the potential 

role of oral oxandrolone to facilitate the healing 
of repaired rotator cuff tendons and to improve 
the functional outcomes in patients with chronic, 
degenerative rotator cuff tears who undergo 
arthroscopic rotator cuff repair.

While most of the current orthopaedic AAS 
tendon research involves rotator cuff injury, we 
anticipate future studies will broaden signifi-
cantly to evaluate the possible beneficial implica-
tions of the use of AAS as a biologic adjuvant 
therapy for a wide range of musculoskeletal 
injuries.

Of peak importance in light of some of the dis-
cussed studies is determining the optimal timing 
and duration of treatment, as several studies 
showed AAS can prevent but not reverse fatty 
degeneration of muscle [4, 6, 33]. In addition, the 
benefits of AAS on muscle mass and muscle 
health have to be weighed against the negative 
effects of tendon healing, which still has yet to be 
fully defined in the literature. Also unanswered is 
what effect AAS and other similar derivatives 
have on the tendon-bone interface as well as the 
musculotendinous junction.

Additionally, future work will need to evalu-
ate the dose and drug-dependent responses of 
various testosterone derivatives as well as the 
effects of stacking AAS regimens. This will allow 
surgeons to determine the maximally beneficial 
treatment for these new potential adjuvant bio-
logics versus the known and still unknown pos-
sible negative effects.

7.10  Conclusion

Corticosteroids, utilizing their anti-inflammatory 
effects, have widespread use for many orthopae-
dic conditions. AAS use also dates back many 
decades, but research regarding its therapeutic 
use as a biologic is not well understood. It has 
also been demonstrated that AAS affects tendon 
morphology, leading to decreased tendon strength 
and increased tendon stiffness. With that said, 
there seems to be a beneficial role for AAS in the 
healing of tendon injuries.

In normal rotator cuff tears, fatty degenera-
tion, retraction, and muscle atrophy have been 
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shown to influence disease progression and func-
tional outcomes following repair. There appears 
to be a temporal relationship, with studies to date 
mostly demonstrating the prevention of fatty 
degeneration and atrophy with AAS administra-
tion immediately following tendon injury in ani-
mal models. These studies have shown that AAS 
do not appear to be able to reverse fatty degenera-
tion in chronic tendon injuries.

There is also existing evidence that AAS can 
be effective in minimizing muscle atrophy in 
ACL injury and repair, as well as other orthopae-
dic conditions, although further research is 
needed to determine what this anabolic muscle 
effect has on recovery time and long-term 
outcomes.

As we move forward with AAS studies in 
humans, there needs to be continuous evaluation 
of the balance between their positive effects on 
muscle mass and fatty degeneration and the 
potential negative effects on tendons, remodel-
ling, and other organs. This chapter highlights 
both the exciting potential of AAS to augment the 
treatment of musculoskeletal injuries and the 
need for additional studies to support the use of 
AAS as a biologic. These studies must be appro-
priately applied to best protect our patients and 
help them achieve optimal musculoskeletal 
recovery.
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Intra-articular Hyaluronic Acid 
Injections
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8.1  HA Chemistry and Structure

Hyaluronic acid (HA) is a high molecular weight 
linear non-sulfated glycosaminoglycan (GAG) 
composed of alternating β-D-glucuronic acid and 
N-acetyl-β-D-glucosamine units linked by β-1,3 
and β-1,4 glycosidic bonds (Fig. 8.1). It is found 
in the extracellular matrix of all tissues but its 
concentration and molecular weight can vary 
greatly. In the synovial fluid (SF), the concentra-
tion of HA ranges from 1.4 to 3.6 mg/mL, and its 
average molecular weight is estimated to be 
between 1 and 5 MDa [1].

Unlike other GAG molecules, HA is produced 
by HA synthases—a highly specialized set of 
proteins located at the plasma membrane of cells 
[2]. At physiological pH, the large number of 
deprotonated carboxylate groups in the HA mol-
ecule contributes to a highly negatively charged 
structure, and often HA exists as an electroneu-
tral sodium salt derivative of HA (sodium hyal-
uronate). Although HA is a linear polymer, high 
MW solutions of HA are highly viscous due to 
chain entanglement [3]. Long, highly entangled 

chains occupy larger volumes and thus contribute 
to highly viscous solutions. HA thus exhibits 
time-dependent deformation, often termed 
viscoelasticity.

The structure and configuration of HA medi-
ate its various physiological functions: it acts as a 
viscoelastic support for tissue protection; it is one 
of the primary lubricating molecules in SF along 
with proteoglycan-4 (also known as lubricin or 
superficial zone protein); and it controls tissue 
hydration and water transport. In the context of 
joint lubrication and osteoarthritis (OA), the vis-
cosity of SF has been strongly associated with 
HA, and the concentration of free HA in SF has 
been found to decrease in human patients with 
the progression of OA [4]. Previous studies inves-
tigating the lubricating ability of the SF show that 
there is an elevation of the coefficient of friction 
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in patients with OA [5]. This increase in friction 
was attributed to the decreased viscosity of the 
SF, which in turn arises from the decrease in the 
concentration and chain breakdown of endoge-
nous HA in the joint.

Viscosupplementation involves the intra- 
articular injection of a high molecular weight 
HA (> 500 kDa) into the joint cavity as a means 
to restore the viscosity, and ultimately the lubri-
cating ability of SF [6]. Viscosupplementation 
has been used clinically for more than 30 years 
and has been a mainstay of arthritis treatment in 
patients with low-grade OA. However, its effi-
cacy and proposed mechanism of action are 
still controversial. Some meta-analyses have 
shown that HA viscosupplementation does not 
have a statistically significant effect over pla-
cebo saline injections with regard to restoration 
of lubrication or pain management in patients 
with OA, while others suggest that there is a 
benefit. Emblematic of this controversy, some 
clinical societies recommend the use of HA 
injection for mild to moderate OA, while others 
suggest that there is no benefit [7–9]. In spite of 
the controversy that surrounds the efficacy of 
this therapy, the size of the HA viscosupple-
mentation industry has been valued at $4 bil-
lion in 2019, expected to grow at a rate of 9% a 
year [10].

8.2  Current Product Profile

There are currently eight injectable formulations 
of HA approved for the treatment of mild to mod-
erate OA in the knee (Table 8.1) in the USA, but 
many more are available worldwide. These for-
mulations differ depending on the source of the 
HA in the formulation, the molecular weight of 
the HA, physical properties like viscosity and 
lubricating ability, method of production, treat-
ment schedule, and cost. Molecular weight and 
the presence of cross-links change both the 
mechanical properties of HA solutions as well as 
potential biological interactions with the carti-

lage extracellular matrix and with target cells 
such as chondrocytes and synoviocytes [11]. 
Subsequent sections of this chapter will review 
known mechanisms of mechanical and biological 
actions of HA solutions and how these actions 
are affected by chemical characteristics of 
formulations.

A main challenge in understanding the mech-
anism of action of HA injections is that there are 
numerous biological and mechanical modes of 
action that could intervene in the disease process 
of OA.  The following sections will review the 
biological (Sect. 8.3) and mechanical (Sect. 8.4) 
roles that HA is purported to play in the treatment 
of OA. The presence and relative importance of 
the biological and mechanical roles of HA is sig-
nificant, far beyond a simple academic debate. 
For decades, the action of HA was purported to 
be primarily as a mechanical lubricant, and as 
such, HA injections were classified by the US 
Food and Drug Administration (FDA) as a medi-
cal device. More recently, the FDA has indicated 
that the potential biological activity of HA makes 
it more appropriate to classify these therapies as 
drugs. The importance of this determination 
emphasizes the need to understand both the bio-
logical and mechanical actions of HA.

Table 8.1 Currently available HA viscosupplements for 
OA treatment

Name

Molecular 
weight 
(kDa)

Chemical 
modification

Cross- 
linked 
(Y/N)

Hymovis 500–730 Sodium salt 
of HA

N

Hyalgan 500–720 Sodium salt 
of HA

N

Supartz 620–1200 Sodium salt 
of HA

N

ORTHOVISC 1000–2900 Sodium salt 
of HA

N

MONOVISC 1000–2800 Cross-linked 
HA derivative

Y

Euflexxa 2400–3600 Sodium salt 
of HA

N

Synvisc (Hylan 
G-F 20)

5000–6000 Cross-linked 
HA derivative

Y

K. Vishwanath and L. J. Bonassar



111

8.3  Biologic Effects of HA

The ubiquity of HA throughout the tissues of the 
joint and in SF makes the study of all of the bio-
logical actions of this molecule highly challeng-
ing. Additionally, unlike small molecules or 
proteins that interact with extracellular matrix 
and cell surface receptors, the biological activity 
of HA varies with molecular weight, with large 
versions of the molecule (>500 kDa) and smaller 
fragments (<10 kDa) having actions that are not 
only distinct but also potentially antagonistic [11, 
12]. Further, large and small molecular weight 
versions of HA interact with common receptors 
(Fig. 8.2). Such receptors are also differentially 
expressed between target tissues in the joint such 
as cartilage and the synovium. This section will 
highlight key features of biological mechanisms 
of action of HA and how these may be relevant to 
injectable HA treatments.

Viscosupplementation with HA has been 
shown to suppress the in  vitro activity of pro- 
inflammatory cytokines and chemokines by 
inhibiting signal transduction pathways of certain 
cell surface receptors, coupled with the promo-
tion of anti-inflammatory mediators [13]. HA 

polymer chains have an affinity to bind to spe-
cific cell surface receptors like cluster determi-
nant 44 (CD44), the Toll-like receptors 2 and 4 
(TLR-2, TLR-4), and the intercellular adhesion 
molecules (ICAM-1).

Both chondrocytes and synoviocytes are 
potential targets for the biological activity of 
HA.  The primary receptor of the HA ligand is 
CD44. CD44 is a multifunctional cell surface 
glycoprotein that is expressed across a wide 
range of cell types. Due to its abundance, it is 
considered to be the primary HA cellular recep-
tor [14]. Activation of this receptor via HA bind-
ing initiates a signaling cascade associated with 
the activation of nuclear factor kappa-light-chain- 
enhancer of activated B cells (NF-kB), which is 
responsible for the induction of the expression of 
cytokines like IL-1β, IL-6, IL-8, and TNF-α. The 
binding affinity of HA to CD44 receptors is pri-
marily determined by the size of the HA [15]. 
Larger HA chains bind more effectively to the 
CD44 receptor due to divalent binding, which 
results in a lower rate of dissociation. The expres-
sion of the CD44 receptor is responsible for 
maintaining homoeostasis of the articular carti-
lage, and the fundamental role of the receptor is 

Fig. 8.2 Summary of the known biologic effects of HA in chondrocytes. Adapted from [11]
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to bind to and internalize HA fragments. Various 
T cells and cytokines can mediate HA-CD44 
binding primarily through the regulation of tumor 
necrosis factor-alpha (TNF-α).

To examine the role of HA-CD44 binding as a 
potential anti-inflammatory pathway, prior exper-
iments conducted on CD44-deficient mice dem-
onstrated that binding is suppressed in  vivo by 
pro-inflammatory cytokine production and is 
mediated by TLR through NF-κB [16]. The effect 
of HA molecular weight on NF-kB activation was 
also studied in mouse macrophages and observed 
that low molecular weight HA (LMWHA) frag-
ments activated NF-kB DNA binding, which in 
turn elicits a pro-inflammatory response via the 
release of cytokines like IL-1β, IL-6, and TNF-α 
as well as matrix metalloproteinases (MMPs). In 
contrast, high molecular weight HA (HMWHA) 
chains can occupy multiple CD44 receptor sites 
and promote anti- inflammatory effects within the 
cell by indirect deactivation of the NF-kB path-
way. An increased proportion of divalent binding 
in these larger chains suppresses NF-kB produc-
tion, leading to a downregulation of pro-inflam-
matory cytokines [17].

TLRs are responsible for signaling the cellular 
defense pathways against common bacteria and 
viruses in the immune system. TLR expression is 
enhanced in the presence of pathogen-associated 
molecular patterns (PAMPs) and also in the pres-
ence of extracellular matrix breakdown products 
like LMWHA fragments. Fragmented HA acti-
vates the innate immune system response via 
TLR-2 and TLR-4 binding and the IL-1R- 
associated kinase and NF-kB-dependent path-
ways [18]. Small fragments of HA bound to 
TLR-4 have also been shown to produce signifi-
cant upregulation of TNF-alpha, IL-1b, IL-6, and 
IL-8. Campos et al. investigated the influence of 
HMWHA in mice with collagen-induced arthritis 
and showed that HMWHA treatment lowered the 
instances of arthritis and also decreased 
 TNF- alpha, IL-1b, IL-16, and MMP-13 levels in 
these mice [19].

ICAM-1 is another cell surface receptor that 
preferentially binds to HA. In vitro studies have 

linked the upregulation of ICAM-1 expression 
occurs to the presence of inflamed or malignant 
tissue [20]. Increased expression of ICAM-1 also 
activates the NF-kB transcriptional system [21], 
which is critical to the foreign body immune 
response. Several studies have shown that ele-
vated ICAM-1 levels in the presence of inflam-
mation can be downregulated in the presence of 
HMWHA as HMWHA blocks the NF-kB path-
way [21, 22].

In summary, HMWHA can bind to CD44, 
TLR-2, TLR-4, and ICAM-1 to promote anti-
inflammatory effects within the cell. HA bound 
to CD44 has been shown to suppress the NF-kB 
pathway activation, which in turn lowers levels of 
pro-inflammatory factors like IL-8, IL-33, TNF-
α, and proteinases like MMPs. It is important to 
note that HA is not known for having an anti-
inflammatory effect within the SF.  Through 
in vitro studies and in some small animal in vivo 
studies, it has been shown that HMWHA can pro-
duce some anti- inflammatory effects at the 
molecular level. While such studies are important 
and intriguing, the evidence of a direct influence 
of these biological phenomena to clinical out-
comes in humans has not been established. Future 
studies on the biological effects of HA on 
inflamed or damaged cartilage will help deter-
mine the extent to which the anti-inflammatory 
properties of HMWHA play a role in clinical 
outcomes.

8.4  Mechanical Effects of HA

Viscosupplementation with HA was first intro-
duced in the early 1970s by Balazs et al. with the 
primary goal of restoring the viscosity of SF in 
patients with arthritis [23]. This therapy was clas-
sified as a class III medical device by the FDA, 
because it is aimed at providing a mechanical 
intervention—the restoration of the viscosity of 
SF. The mechanical mechanism of intra-articular 
HA injections hinges on the idea that restoring 
SF viscosity will lower the coefficient of friction 
in the joint.
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8.4.1  Viscosity

Viscosity can be most easily described as the 
resistance to flow. It is a defined ratio between the 
viscous stresses experienced by a material with 
respect to the rate of change of deformation. 
Most materials like fluids or polymers (including 
hydrogels) have an associated viscosity depend-
ing on factors like the test conditions, the chem-
istry of the material, the extent of chemical 
cross-linking, and the configuration of the test 
equipment.

The most commonly used methods to evaluate 
the viscosity of HA and HA derivatives solutions 
are the parallel-plate and the cone-plate configu-
rations in a rotational rheometer (Fig. 8.3). These 
instruments can operate in the strain control 
regime, where a fixed deformation (or deforma-
tion rate) is applied and the resulting shear stress 
in the material is recorded, or in the stress control 
regime in which the applied shear stress is fixed 
and a deformation response is recorded.

Parallel-plate rotational rheometers have two 
parallel metal plates, one of which is made to 
rotate by an external motor at a predetermined 
speed while the other remains stationary. This 
configuration is widely used in the pharmaceuti-
cal and food and beverage industry due to its flex-

ibility to accommodate a wide range of materials. 
The primary drawback with this configuration is 
the nonuniformity of shear strains that develop in 
the sample; greatest strains are observed at the 
edges of the plate, and there is no shear strain in 
the middle. In contrast, the cone-plate system 
comprises a lower flat plate on which the sample 
is placed and an upper rotating cone with a very 
shallow angle which can be lowered to be in con-
tact with the sample. This configuration is con-
sidered to be rheologically representative as 
uniform strains build up in the sample, producing 
reliable and reproducible data. However, this 
technique does not allow the user to explore a 
wide range of shear strains since the maximum 
shear rate that can be applied is dependent on the 
gap width between the cone and plate (and this is 
typically fixed).

The viscosity of HA is attributed to its large size 
and steric interactions (charge and bulkiness) with 
other materials such as proteins [24]. Most com-
mercially available HA viscosupplements exhibit 
shear thinning behavior, where the viscosity of the 
material decreases with an increase in shear rate. 
Notably, these viscosities can vary significantly 
between the different commercial HA formulations 
due to differences in molecular weight, cross-link-
ing density, and composition. This complex 

Fig. 8.3 Most commonly used rheometer configurations
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behavior of HA solutions is well described by the 
Carreau-Yasuda model [25]:
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where η is the measured viscosity at a given 

shear rate γ , η0 is the zero shear viscosity of the 
material at the Newtonian plateau (interpolation 
of data to shear rate of zero), η∞ is the dynamic 
viscosity of the material at an infinite shear rate, 
and λ, n, and a represent fitting parameters.

Most commercial HA viscosupplements vary 
in molecular weight, chemical modification, and 
structure leading to a wide range of viscosities 
across shear rates. When the most common injec-
tions were evaluated in a conventional cone and 
plate rheometer, it was observed that the visco-
supplements are shear thinning and have similar 
viscosities at high shear rates (Fig. 8.4). But their 
viscosities at low shear rates (Newtonian plateau) 
can span three orders of magnitude, which might 
have implications on the ability of the injection to 
restore the viscosity of SF, and can explain the 
wide range of clinical outcomes after viscosup-
plementation therapy. Since viscosity scales with 
the molecular weight, low viscosity HA solutions 
are more susceptible to be broken down or 
degraded by enzymes than high viscosity 

HMWHA solutions, leading to a lower residence 
time in the joint [26]. The viscosity of an intra- 
articular injection is therefore an important fun-
damental parameter to consider while evaluating 
the efficacy of HA viscosupplements.

8.4.2  Lubrication

Articular cartilage is an avascular and aneural tis-
sue responsible for providing a low friction inter-
face during joint motion over 100 million cycles 
of use in a healthy knee. Friction arises from 
solid-solid contact between the articulating sur-
faces in most joints. During articulation of joints, 
healthy articular cartilage has been shown to 
exhibit one of the lowest levels of friction in 
nature (μ = 0.001–0.02) [26].

A key component that regulates the lubricat-
ing ability of cartilage is the composition of SF 
present in the joint. SF is a highly viscous fluid 
that bathes the surfaces of articular cartilage. The 
viscosity of SF is attributed to the presence of 
large charged molecules like HA, lubricin (pro-
teoglycan- 4), surface-active phospholipids, and 
other proteins like albumin [27]. Previous studies 
have shown that the rheological properties of SF 
regulate the lubricating ability of joints [28, 29]. 
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Since viscosity is an indicator of how easily two 
surfaces can be kept apart (fluid film separation) 
during motion, high viscosities can cause greater 
separation between contacting surfaces, thus 
resulting in lower rates of wear and friction dur-
ing articulation. The increased viscosity from the 
aforementioned large molecules in the SF is 
therefore responsible for the low rates of wear 
and provides a low friction interface between the 
contacting surfaces in a joint. This distinct func-
tionality of cartilage has led to decades of 
research focused at understanding the mecha-
nisms that contribute to this incredibly low fric-
tion surface.

The study of a material’s ability to lubricate is 
known as tribology. A subset of mechanical engi-
neering, tribology offers a traditional continuum 
mechanics framework to study friction and also 
examines the surface chemistry of contacting sur-
faces during motion. The fundamental parameter 
of interest that is used to evaluate lubrication is 
the coefficient of friction, μ. In the last century, 
engineering research has been dedicated to 
understanding how friction changes under differ-
ent operating conditions. Parameters that can 
influence the coefficient of friction are the rela-
tive speed between the articulating surfaces, the 
force or pressure that is supported by the sur-
faces, the viscosity of the lubricating fluid that 
bathes the surfaces, and the contact geometry of 
the system [27].

In the domain of tribology, the lubrication of 
incompressible materials is determined from the 
measurement of μ under different conditions and 
is characterized through distinct modes of lubri-
cation. The systems used to measure coefficient 
of friction are called tribometers and can be con-
structed in a variety of configurations, each with 
their own advantages, disadvantages, and user- 
controlled parameters. The four most common 
tribometer configurations for assessment of carti-
lage lubrication are (i) the pin-on-disk tribome-
ter, (ii) the pin-on-plate tribometer, (iii) the 
ball-on-disc tribometer, and (iv) the relative rota-
tion configuration (Fig. 8.5).

When evaluating the lubrication of incom-
pressible materials like journal bearings, altering 
the parameters in a tribometer can change the 

coefficient of friction by orders of magnitude—
and this can be plotted on a Stribeck curve 
(Fig. 8.6). The changes in the friction observed 
are indicative of distinct modes of lubrication. 
Traditionally, these modes of lubrication are 
denoted by the boundary, mixed, and hydrody-
namic modes [27].

At low speeds or viscosities and high loads, 
much of the force is supported by the contacting 
surfaces of the material. Both friction and wear 
are high and this mode is called the boundary 
mode of lubrication. Friction in this mode is 
dominated by the surface chemistry of the con-
tacting surfaces and is less sensitive to the other 
parameters like viscosity, sliding speed, and con-
tact pressure. Only a very thin film of lubricant, 
as thick as the surface roughness of the contact-
ing surfaces, forms between the surfaces and 
contributes little to lowering μ. At higher sliding 
speeds or in the presence of high viscosity lubri-
cants, a fluid film of considerable thickness forms 
between the contacting asperities, and this serves 
to lower the normal force being supported by the 
material. When impermeable materials like jour-
nal bearings are analyzed with this framework, 
there is a friction transition that is mapped out 
from the boundary mode to the region where the 
interfacial fluid pressurization causes the contact-
ing surfaces to become fully separated—referred 
to as the hydrodynamic mode of lubrication [28].

The coefficient of friction (μ) is plotted 
against a dimensionless number called the 
Sommerfeld number (S), which is defined as a 
ratio of the product of the sliding speed, the vis-
cosity of the lubricant, and the contact width of 
the sample to the normal force applied on the 
sample during the test.

While the Stribeck framework is highly appli-
cable to impermeable metals in journal bearings, 
there is no scientific consensus on a similar 
framework that can be applied to evaluate the 
frictional changes in porous, viscoelastic tissues. 
When applied to a soft material like articular 
 cartilage, it has been shown that there is a similar 
transition between the lubricating modes, but at 
higher speeds the system does not achieve full 
hydrodynamic lubrication because the lubricant 
can occupy the interstitial spaces in the tissue, 
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preventing a full fluid film between the contact-
ing surfaces [28]. These deviations from the clas-
sical analysis were attributed to the permeability 
of articular cartilage, causing fluid exchange 
between the bulk and the tissue, which drives this 
phenomenon termed the elastoviscous transition. 
The importance of fluid pressurization and flow 
at the cartilage surface during sliding has recently 
been confirmed by elegant experiments measur-
ing such flows. These data demonstrate that the 
pressure that develops at the tissue interface dur-

ing sliding drives fluid into the cartilage surface 
[29]. The phenomenon, termed “tribological 
rehydration,” underscores the importance of fluid 
flow and pressurization at the cartilage surface in 
driving the lubrication of cartilage.

When analyzing commercial HA viscosupple-
ments using this framework, a question that arises 
is what viscosity is appropriate to use in the anal-
ysis. Bonnevie et al. have recently shown that the 
coefficient of friction of commercial HA visco-
supplements does not map well onto the curve 

Common Tribometer Configurations

Base disk rotates at predetermined angular speed

Normal Force
Normal Force

Normal Force
Normal Force

Cartilage

Cartilage

Base plate moves
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(i) Pin on Disk Configuration (iii) Ball on Disk Configuration

(ii) Pin on Plate Configuration (iv) Relative Rotation Configuration

Fig. 8.5 The four commonly used tribometer configurations in cartilage tribology
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when the standard zero-shear viscosity of the for-
mulations is used [25]. The reason for this has 
been attributed to commercial viscosupplements 
having a wide range in chemical composition and 
rheological behavior, as can be seen in Fig. 8.4. 
Instead, it was shown that a numerically deter-
mined parameter called the effective viscosity 
(ηeff) of the viscosupplement was a better predic-
tor of both the ability of the viscosupplement to 
lubricate effectively and the clinical improve-
ment in pain (WOMAC score) in patients treated 
with the viscosupplements (Fig. 8.7). The effec-
tive viscosity correlated strongly with the mea-
sured coefficient of friction and also with the 
improvement in WOMAC score from baseline 
values in patients with OA. It is also interesting to 
note that the effective viscosities calculated were 
orders of magnitude different from the zero-shear 
viscosity, suggesting that only a fraction of the 
exogenous HA that has been injected has been 
localized on the surface of cartilage and contrib-
utes to enhanced viscosity and lubrication.

To further understand the mechanical effects 
of HA localization at the surface of cartilage, a 
recent study by Cook et al. showed that different 
molecular weight solutions of HA tested in rhe-
ometers that were functionalized with the surface 
layer of cartilage (Fig. 8.8) had an effective vis-

cosity that was 20-fold times higher than when 
tested in conventional rheometer systems [30].

The clear implication of this work is that the 
interaction with the surface of a material affects 
the viscosity of HA solutions. In this case, the 
difference in effective viscosities was attributed 
to the formation of a viscous boundary layer 
between the localized HA and the surface zone 
proteins on the cartilage surface [31]. The effec-
tive viscosity of HA was dependent on both the 
molecular weight and the gap width between the 
functionalized surfaces. In another study by 
Bonnevie et  al., it was hypothesized that linear 
HA chains freely floating in the synovial fluid 
physically entangle with other molecules like 
lubricin via its amphiphilic brush structure, 
enhancing HA localization at the surface 
(Fig. 8.9). This association leads to a higher vis-
cosity at the surface compared to the bulk viscos-
ity of SF away from the surface—forming a 
viscosity gradient away from the surface. The 
localization of HA therefore aims to boost the 
effective viscosity at the surface of the cartilage, 
which in turn was shown to improve the 
lubrication.

Both localization studies show that traditional 
experiments of rheology and tribology in the 
absence of cartilage capture the bulk or global 

Fig. 8.6 Stribeck 
framework comparing 
transitions between 
modes of lubrication in 
an incompressible solid 
and articular cartilage. 
Adapted from [27]
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mechanical behavior of the HA formulations, but 
do not capture local effects on the surface of the 
cartilage [30]. Bound HA at the surface of the 
cartilage was shown to not only improve the 
lubricity but also increase the residence time of 
the viscosupplement in the joint. These studies 
indicate that the presence of cartilage can alter 
the local viscosity of HA solutions. Such data 
contribute to a growing body of evidence sug-
gesting that surface interactions involving HA 
and cartilage can strongly affect the viscosity and 
friction behavior of HA viscosupplements and is 
an important factor to consider in developing and 
characterizing HA therapies. The effective 
viscosity represents the actual contribution of 
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viscosity from the intra-articular injection and 
may be a more relevant parameter to be evaluated 
to predict lubrication and clinical efficacy of 
these solutions than bulk viscosity obtained from 
conventional analysis techniques.

An unresolved question in the field of HA 
therapeutics for OA revolves around reconciling 
the duration of the efficacy of these injections, 
which can last up to 6 months, and the reported 
residence times of the injected HA, which are at 
best a few weeks [31]. Such data are frequently 
noted in arguments suggesting that the effects of 
HA treatments must include something beyond a 
mechanical mechanism if the substance provid-
ing the mechanical benefit is lost from the joint, 
while the benefit itself endures. Notably, the eval-
uation of residence time involves measurements 
of bulk concentrations of HA in synovial fluid. 
The HA associated with the surface of articular 
cartilage (Fig. 8.9) would likely both be missed 
by a bulk measurement of HA in residence time 
studies and would be extremely effective in pro-
viding lubrication to the joint. As such, it seems 
likely that HA associated with the cartilage sur-
face would have much longer residence time in 
the joint than that in the bulk of the SF and may 
still provide mechanical benefit after the bulk of 
HA is lost from the joint.

Recent studies of the ability of HA to augment 
lubrication of SF from arthritis patients shed fur-
ther light on the importance of HA association 
with cartilage [32]. These studies identified sub-
populations of patients in whose SF provided sig-
nificantly less benefit in lowering friction 
coefficients and associated shear strains. This 
novel “tribological endotype” was distinguished 
by lower levels of lubricin, the molecule critical 
for localizing HA at the cartilage surface [33]. 
Collectively, these data underscore the necessity 
not only of delivering HA to a joint but also 
ensuring that the HA is able to effectively interact 
with the surface of cartilage.

8.5  Future Directions

While there are some mechanical and biologi-
cal benefits to HA viscosupplementation, some 
big drawbacks are the cost to manufacture and 
purify HA formulations and the lack of consen-
sus on the efficacy of the treatment. Equine 
studies involving HA injections have shown 
that the clearance time of HA in the joint after 
intra- articular injection is only 11–12 h in sub-
jects with OA and 20 h in a normal joint, indi-
cating that large HA chains (2–4  MDa) can 

Fig. 8.9 Entanglement 
of HA with lubricin 
(PRG4) at the surface of 
cartilage leads to the 
formation of a viscous 
boundary layer with an 
elevated viscosity. 
Adapted from [31]
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depolymerize and be broken down into smaller 
fragments rapidly by the enzyme hyaluroni-
dase, leading to low residence time after injec-
tion, further lowering the therapeutic effect of 
HA [34].

Unlike existing viscosupplements, synthetic 
lubricants have been shown to lubricate cartilage 
just as effectively as HA, can be synthesized to 
have a wide range of molecular weights, can be 
chemically modified to resist enzymatic degrada-
tion, and cost a fraction to manufacture compared 
to the existing HA formulations [35]. Synthetic 
HA-mimetic viscosupplements aim to mimic 
HA’s linear structure and mechanical properties 
to be comparable to existing HA viscosupple-
ments formulations. Wathier et al. have recently 
developed a biocompatible high molecular 
weight linear polyanion system that has been 
shown to lubricate cartilage as effectively as 
native SF, has a chondroprotective effect, and can 
resist enzymatic degradation in vivo [35]. There 
has also been some interest in the HA localiza-
tion at the cartilage mediated via HA-binding 
peptides. Faust et  al. have developed an inject-
able peptide-polymer composed of collagen- 
binding peptides (COLBP) and HA-binding 
peptides (HABP) which have been shown to 
lubricate both native and damaged cartilage 
effectively [36, 37]. The peptide polymers were 
shown to enhance the localization of both endog-
enous and injected HA at the surface of the carti-
lage, increasing the residence time and enabling a 
more efficient strategy to lubricate damaged 
cartilage.

8.6  Conclusion

Viscosupplementation with HA is used to treat 
mild to moderate OA and aims to restore the 
viscosity and lubricating ability of SF. While it 
has been characterized by the FDA as a class 
III medical device with a purely mechanical 
effect, HA viscosupplementation has been 
shown to have certain biological effects in the 
joint. The effect is mediated by the length of 
the HA in the joint. Low molecular weight 
fragments (less than 10  kDa) can trigger the 

release of pro- inflammatory cytokines, whereas 
high molecular weight forms (greater than 
500 kDa) of HA bind to surface specific cellu-
lar receptors in chondrocytes and synoviocytes, 
curbing pro- inflammatory pathways and even 
promoting the synthesis of endogenous HA 
within the joint.

Despite being a mainstay of arthritis treatment 
for decades, the clinical efficacy and potential 
mechanism of action of viscosupplementation 
are still controversial. This has led prominent 
orthopedic associations like the American 
Academy of Orthopaedic Surgeons (AAOS), 
American Orthopaedic Society for Sports 
Medicine (AOSSM), and others to offer conflict-
ing guidelines and recommendations to clinicians 
about the use of intra-articular HA injections.

The mechanical action of HA injections can 
be characterized by evaluating parameters such 
as the viscosity and the coefficient of friction. 
Osteoarthritic SF exhibits lower concentration of 
HA, which manifests in a loss in the viscosity. 
Supplementing SF with intra-articular injections 
restores the concentration of HA, increasing the 
viscosity and providing a low friction interface 
during joint articulation. Owing to differences in 
HA source, size, and chemical modification, the 
viscosity of commercial HA viscosupplements 
can vary widely, leading to a wide range of clini-
cal outcomes in patients.

While HA products are typically character-
ized by MW and viscosity, the most important 
feature for cartilage protection is lubricating abil-
ity. HA’s act as viscous lubricants lowering fric-
tion coefficients via a well-established Stribeck 
mechanism. This lubrication is influenced both 
by the native viscosity of HA solutions as well as 
their interaction with the cartilage surface and 
other lubricants such as lubricin. Of all the physi-
cal characteristics measured, the ability to lubri-
cate cartilage correlates most directly with 
clinical outcomes.

These results indicate that experimental meth-
ods that consolidate viscosity and friction mea-
surements of HA in the presence of cartilage may 
be more relevant to study the mechanical efficacy 
of this therapy than conventional methods. This 
understanding can inform the design of new and 
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more effective HA formulations as well as syn-
thetic HA mimics that effectively lubricate 
cartilage.
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Cytokines, Chemokines, Alpha-2- 
Macroglobulin, Growth Factors

Claire D. Eliasberg and Scott A. Rodeo

9.1  Cytokines

9.1.1  Introduction

Cytokines are a unique subset of small proteins 
that play an important role in cell signaling. 
Cytokines can be secreted from a wide variety of 
cell types. They are often produced from immune 
cells, including leukocytes that stimulate immune 
responses and phagocyte activation, but they can 
be secreted from endothelial cells, fibroblasts, 
and stromal cells as well [1, 2].

Because cytokines have the ability to modu-
late immune responses, they have been identified 
as a promising target of study in the field of bio-
logics. However, protein therapeutics are com-
plex and present several challenges. There can be 
a great amount of heterogeneity in cytokines due 
to variations in amino acid sequence, as well as 
differences in glycosylation, protein folding, and 
protein-protein interactions [1]. Additionally, 
many cytokines have very short half-lives in 
plasma, which makes their direct administration 
challenging [1].

9.1.2  What Is Currently Available 
Clinically?

While there are over 130 known cytokines, few are 
available for human therapy at this time [1]. To our 
knowledge, there is no individual cytokine specifi-
cally approved for the treatment of orthopaedic 
conditions at this time (Table 9.1). However, plate-
let-rich plasma (PRP) preparations, while very 
heterogeneous in their compositions, are thought 
to contain several growth factors and cytokines. 
PRP is widely used clinically, with over 20 com-
mercial systems currently available [2]. However, 
further research is necessary to better elucidate the 
specific cytokines that are both present in PRP 
preparations and that are biologically relevant in 
the healing response once administered. PRP is 
discussed in further detail in the following chapter 
of this text (Chap. 9). Human amniotic membranes 
are another commercially available technology, 
serving as a source of several biologically active 
molecules including anti-inflammatory cytokines 
[3]. Amniotic and placenta tissue will also be dis-
cussed in further detail in a subsequent chapter 
(Chap. 10).

9.1.3  What Has Shown Promise 
in Preclinical Studies?

Although there are no purified cytokines com-
mercially available in the United States, several 
cytokines have demonstrated promise for the 
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treatment of orthopaedic conditions in preclinical 
studies. Interleukin-1β (IL-1β) is a polypeptide 
which can be produced by inflammatory cells 
such as macrophages and neutrophils or by fibro-
blasts. It is often secreted as a response to trauma 
or injury and is a prototypical pro-inflammatory 
mediator. IL-1β has been shown to participate in 

the regulation of synthesis and degradation of 
collagen by fibroblasts and is therefore important 
in the process of tendon healing [4]. Koshima 
et  al. demonstrated that IL-1β was produced in 
the torn rotator cuff tendon in a rabbit animal 
model, and Manning et  al. demonstrated a 
 dramatic upregulation of IL-1β in a canine flexor 

Table 9.1 Cytokines, chemokines, A2M, and growth factors approved for clinical use

Cytokines
No individual cytokines currently available
Chemokines
No individual chemokines currently available
Alpha-2-macroglobulina

Clinical trial name ClinicalTrials.gov identifier Aims
Reduction of pro-inflammatory synovial 
fluid biomarkers in osteoarthritis of the 
knee with alpha-2 macroglobulin

NCT03656575 To assess the ability of A2M to reduce 
the level of pro-inflammatory 
biomarkers in knee osteoarthritis

Injection of an autologous A2M 
concentrate alleviates back pain in 
FAC-positive patients

NCT03307876 To assess the ability of A2M to 
alleviate back pain in patients with low 
back pain from degenerative disc 
disease

Growth factors
Name Formulations Mechanism Indications
BMP-2 rh-BMP2, Infuse® Promotes differentiation of 

MSCs to osteoblasts and 
chondrocytes

Anterior lumbar interbody spinal 
fusion
Treatment of acute and open fractures 
of the tibial shaft that have been 
stabilized with intramedullary fixation
Treatment of bone defects in oral 
maxillofacial procedures

BMP-7b rh-BMP7, OP-1 Promotes differentiation of 
MSCs to osteoblasts and 
chondrocytes

Treatment of patients undergoing 
posterolateral lumbar fusion who 
cannot undergo autologous bone 
grafting and have compromising 
comorbidities

bFGFc rh-FGF2, 
rh-bFGF, 
trafermin, Fiblast®

Stimulates angiogenesis and 
differentiation of MSCs, 
chondrocytes, myoblasts, and 
osteoblasts

Topical treatment of chronic wounds, 
pressure sores, and skin ulcers

PDGF rhPDGF-BB, 
AUGMENT®, 
Regranex®

Recruits inflammatory cells, 
promotes proliferation and 
differentiation of MSCs, and 
stimulates angiogenesis

Alternative to autograft in fusion 
procedures of the ankle, hindfoot, and/
or calcaneocuboid joints
Topical treatment of lower extremity 
diabetic ulcers

A2M alpha-2-macroglobulin; FAC fibronectin-aggrecan complex; BMP-2 bone morphogenetic protein 2; rh-BMP2 
recombinant human bone morphogenetic protein 2; BMP-7 bone morphogenetic protein 7; rh-BMP7 recombinant 
human bone morphogenetic protein 7; bFGF basic fibroblast growth factor; rh-FGF2 recombinant human fibroblast 
growth factor 2; rh-bFGF recombinant human basic fibroblast growth factor; PDGF platelet-derived growth factor; 
rhPDGF-BB recombinant human platelet-derived growth factor BB homodimer; MSCs mesenchymal stromal cells
aCurrently under investigation in clinical trials
bHas US FDA approval only as a humanitarian device exemption for patients with posterolateral lumbar pseudarthrosis 
who cannot undergo autologous bone grafting and have compromising comorbidities, but is not currently being 
manufactured
cOnly approved for topical use in China and Japan—not commercially available in the United States
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tendon transection model [5, 6]. Additionally, 
in  vitro studies have demonstrated that IL-1β 
may have catabolic effects on extrinsic tendon 
fibroblasts [4]. Given this preclinical evidence 
that IL-1β likely plays an important role in the 
initial stages of tendon catabolism, targeted treat-
ment strategies involving an anti-IL-1β therapeu-
tic could hold promise in the setting of tendon 
repair or reconstruction procedures in orthopae-
dic surgery [4].

Interleukin-6 (IL-6) has been another cytokine 
of interest in the orthopaedic community. IL-6 is 
one of the several cytokines which has been 
shown to demonstrate pro-inflammatory actions 
in the tissue healing process; however, it has also 
been found to induce collagen production in ten-
don and to mediate anti-inflammatory effects as 
well [7]. Several studies have identified higher 
levels of IL-6 expression in torn rotator cuff ten-
dons compared to non-injured tissues [8, 9]. 
While the results of these studies could indicate 
that IL-6 has a pro-inflammatory effect, a study 
by Lin et al. found that IL-6 knockout mice dem-
onstrated inferior histologic and biomechanical 
properties in a mouse model of patellar tendinop-
athy [10]. This suggests that IL-6 also has an 
important role in the process of tendon repair. 
However, John et al. performed a study evaluat-
ing the treatment of cultured human tenocytes 
with several cytokines including IL-6 and found 
no significant effect [11]. Therefore, while IL-6 
appears to be an important target in the tendon 
healing process, its specific role in the clinical 
context remains unclear.

Interleukin-10 (IL-10) is another cytokine 
which has been studied extensively in the pre-
clinical orthopaedic literature. Unlike IL-6, IL-10 
functions as an anti-inflammatory cytokine. It is 
secreted from immune cells including macro-
phages, lymphocytes, and dendritic cells but may 
also contribute to connective tissue cell regula-
tion for other cell types including fibroblasts and 
chondrocytes [11]. Similar to the results found 
for IL-6, John et al. found that treatment of cul-
tured human tenocytes with IL-10 did not have a 
significant effect on cytokine expression. 
Ackermann et al. found that IL-10 remained sig-
nificantly elevated in human patients 2  weeks 

after undergoing Achilles tendon repair [7]. In a 
rat model of Achilles tendon transection and 
repair, Sugg et  al. found that IL-10 was also 
upregulated post-operatively, but not until the 
28-day post-operative time point, which suggests 
expression during the later, resolving phase of the 
acute postsurgical inflammatory response [12]. 
The preclinical work examining both IL-10 and 
IL-6 indicates that while these are important 
cytokines, their downstream effects are com-
plex—likely involving a combination of both 
pro- and anti-inflammatory effects. Additionally, 
the changes seen in preclinical models may not 
align in scope or time course with what is found 
in humans clinically.

Recently, interleukin-17A (IL-17A) has gar-
nered attention in the orthopaedic community for 
the potential treatment of tendinopathy. An IL-17A 
inhibitor, secukinumab, is currently commercially 
available under the brand name Cosentyx and pro-
duced by Novartis Pharmaceuticals Corporation 
(Basel, Switzerland). Millar et  al. found that 
IL-17A- treated tenocytes obtained from human 
hamstring tendon exhibited increased production 
of pro- inflammatory cytokines, altered matrix reg-
ulation, and increased production of type III col-
lagen, suggesting that IL-17A may have potential 
as a therapeutic target for tendinopathic conditions 
[13]. However, although secukinumab currently 
has FDA approval for the treatment of plaque pso-
riasis, psoriatic arthritis, and ankylosing spondyli-
tis, it is not yet approved for injectable use for 
tendon disorders.

Finally, tumor necrosis factor alpha (TNFα) 
has been another cytokine of interest, but preclini-
cal studies have demonstrated some contradictory 
results. While TNFα has been studied extensively 
in inflammatory arthropathies, it has also been 
shown to cause inflammation in some soft tissue 
disorders as well. TNFα has been localized to 
tenocytes in human Achilles tendon and has been 
measured in tendinopathic tissue [14]. The effect 
of TNFα has been studied in cultured equine and 
human tenocytes. Hosaka et al. found that treat-
ment of equine tenocytes with TNFα resulted in 
increased collagen synthesis and decreased pro-
matrix metalloproteinase 13 (pro-MMP-13) pro-
duction [11, 15]. John et  al. found that the 
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treatment of cultured human tenocytes with TNFα 
significantly increased matrix metalloproteinase 1 
(MMP-1) and pro-inflammatory cytokine expres-
sion [11]. Finally, Gulotta et al. demonstrated that 
TNFα blockade improved biomechanical proper-
ties in a rat rotator cuff repair model at early time 
points but that these differences were not sus-
tained through 8  weeks post-operatively [16]. 
Therefore, while TNFα does seem to play a role 
in cytokine expression and tendon healing, further 
research is needed to better elucidate its role.

9.1.4  Future Directions

While several cytokines have been identified in 
preclinical studies as promising targets for bio-
logic therapeutic strategies, to date none are read-
ily available for clinical use. The field of biologics 
is continuing to evolve, and further research is 
necessary to better delineate cytokines of interest 
and methods for their delivery. As cytokine thera-
pies continue to expand over the next decade, key 
areas of focus must include determining how to 
balance cytokine efficacy with their adverse 
effects, carefully defining the dose-response 
effect, limiting the heterogeneity of the formula-
tions produced, and determining an effective 
method of delivery for these small proteins [1].

9.2  Chemokines

9.2.1  Introduction

Chemokines are small molecule signaling pro-
teins which behave as regulators for leukocytes 
and lymphoid tissues. They have an important 
role in infectious, inflammatory, allergic, and 
autoimmune responses, as well as angiogenesis, 
haematopoiesis, and tumor growth [1]. 
Chemokines represent a subfamily of class A G 
protein-coupled receptors (GPCRs) and can be 
classified as a subgroup of cytokines. Their 
name derives from their ability to induce che-
motaxis in target cells. These chemokine ligands 
act as travel signals to guide the migration of 
receptor- bearing cells and induce conforma-

tional changes in the receptors that trigger intra-
cellular pathways [17].

9.2.2  What Is Currently Available 
Clinically?

While chemokines have demonstrated potential 
as drug targets for other disease processes, such 
as HIV and various malignancies, to our knowl-
edge there are currently no chemokines commer-
cially available for clinical use in musculoskeletal 
pathology (Table 9.1) [1].

9.2.3  What Has Shown Promise 
in Preclinical Studies?

Certain chemokines are thought to play a role 
in modulating chondrocyte metabolism. Thus, 
chemokines may have potential as therapeutic 
targets for osteoarthritis (OA). C-C motif che-
mokine ligand 2 (CCL2) has been shown to 
increase MMP3 expression in human cartilage 
in  vitro, likely due to a catabolic effect [18]. 
The C-X-C motif chemokine ligand 12 and 
C-X-C chemokine receptor 4 (CXCL12/
CXCR4) signaling pathway has also been 
implicated in cartilage degradation and tissue 
repair. Using a guinea pig OA model, Wei et al. 
found that signal blockade of the stromal cell-
derived factor 1 (SDF-1)/CXCR4 signaling 
pathway may disrupt these catabolic processes 
and, therefore, could potentially attenuate carti-
lage degeneration [19]. Chen et  al. found that 
this same SDF-1/CXCR4 pathway may pro-
mote IL-6 production in human synovial fibro-
blasts, which could play an important role in 
both OA and rheumatoid arthritis [20].

9.2.4  Future Directions

While individual chemokines are not currently 
readily available for clinical use in the field of 
orthopaedics, the most promising disease pro-
cesses for chemokine therapy are likely OA and 
rheumatoid arthritis. Future directions for che-
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mokine research will involve better elucidating 
the roles of chemokines in OA—in particular 
determining which are involved in the pathogen-
esis versus those which are merely biomarkers—
in order to help develop novel drug and biologic 
targets [21]. Additionally, chemokines may play 
a role in arthritis-associated pain as part of the 
peripheral and central nervous system pathways 
[21]. Therefore, treatments involving chemo-
kines as a potential analgesic pathway may also 
hold some promise.

9.3  Alpha-2-Macroglobulin

9.3.1  Introduction

Alpha-2-macroglobulin (A2M) is a large plasma 
protein synthesized by the liver, fibroblasts, and 
macrophages. It serves as a broad-spectrum 
MMP inhibitor, and it has been identified as a 
promising bioinhibitor of catabolic enzymes 
[22]. Because increased MMP activity has been 
associated with conditions involving degenera-
tive tendinopathy, such as rotator cuff disease, 
Achilles tendinopathy, and patellar tendinosis, 
A2M has significant potential in the field of 
sports medicine [23]. Early research has also 
explored the anti-inflammatory effects of A2M in 
OA.

9.3.2  What Is Currently Available 
Clinically?

To date, there are two clinical trials underway 
which involve the use of A2M for orthopaedic 
purposes (Table 9.1). One clinical trial plans to 
assess the ability of A2M to reduce the level of 
pro-inflammatory biomarkers in knee OA and is 
currently actively recruiting patients [24]. 
Another study aims to assess the ability of A2M 
to alleviate back pain in patients with degenera-
tive disc disease and has completed enrollment at 
this time [25]. A product to produce autologous 
A2M formulations is being commercially devel-
oped through the Cytonics Corporation (Jupiter, 
Florida, USA) [26].

9.3.3  What Has Shown Promise 
in Preclinical Studies?

While A2M has been less extensively studied 
than some other small molecule biologics, there 
has been some promising data in the preclinical 
literature. A2M has been studied in the context of 
post-traumatic arthritis in both mouse and rabbit 
animal models [27, 28]. Both studies found that 
there was less degeneration in the joints treated 
with A2M compared to controls, suggesting that 
A2M may attenuate cartilage damage in a post- 
traumatic setting [27, 28]. Similarly, Zhang et al. 
developed an A2M variant and also demonstrated 
that it may have chondroprotective effects after 
ACL transection in a rat knee model [22]. Bedi 
et al. examined the effects of A2M in tendon-to- 
bone healing and found that local A2M delivery 
was associated with some distinct histologic dif-
ferences at the healing tendon-bone interface fol-
lowing rotator cuff repair in a rat model [23].

9.3.4  Future Directions

Following up on the results of the current clinical 
trials investigating the effects of A2M in knee OA 
and in back pain following degenerative disc dis-
ease will be very informative and guide the way 
for future studies. Additional clinical trials to 
assess the safety and efficacy of A2M will also be 
necessary if these trials are effective. Finally, 
engineered, recombinant A2M may be promising 
for future commercial use [22].

9.4  Growth Factors

9.4.1  Introduction

Growth factors are a broader class of signaling 
molecules which bind to specific target cell sur-
face receptors to stimulate various cell functions, 
including cell growth, chemotaxis, and matrix 
synthesis. While the terms “growth factor” and 
“cytokine” are sometimes used interchangeably, 
there are some distinct differences between the 
two [2]. The category “growth factor” encom-
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passes both proteins and steroid hormones which 
lead to proliferative effects, whereas “cytokines” 
are exclusively peptides. Conversely, cytokines 
may have a variety of downstream effects which 
are not just limited to cell growth.

Growth factors participate in the physiologic 
reaction to injury to promote the body’s innate 
regenerative healing response [2]. Due to their 
ability to promote regeneration of soft tissues, 
growth factors have been identified as a potential 
source of biologic augmentation in musculoskel-
etal medicine. However, there are several issues 
with growth factors that limit their clinical use at 
this time. Because many growth factors are pleio-
tropic, they have more than one downstream 
effect and can simultaneously act on a wide array 
of cell types [29]. Additionally, many growth fac-
tors function only in conjunction with other pro-
teins or signaling molecules. Thus, using growth 
factors in  vitro or in  vivo in isolation may not 
produce the desired effect [29].

9.4.2  What Is Currently Available 
Clinically?

To date, there are only a few isolated growth fac-
tors that are commercially available. Bone mor-
phogenetic protein-2 (BMP-2) is a recombinant 
human BMP-2, which is approved as the product 
Infuse® (Medtronic, Minneapolis). It was initially 
approved for use in anterior lumbar interbody 
spinal fusion procedures in patients with lumbar 
degenerative disc disease for patients who may 
be at increased risk for developing nonunions 
[30]. Subsequently, rhBMP-2 was approved for 
the treatment of acute and open fractures of the 
tibial shaft that have been stabilized with intra-
medullary nail fixation after appropriate wound 
management and for the treatment of bone 
defects in oral maxillofacial procedures [31]. 
Bone morphogenetic protein-7 (BMP-7) is 
another recombinant human BMP, which was ini-
tially approved as osteogenic protein-1 (OP-1) 
Putty or OP-1 Implant. It was approved for pos-
terolateral lumbar spinal fusion as an alternative 
or an adjunct to autograft and for tibial nonunions 
of at least 9 months [32]. However, despite these 

relatively narrow indications and approvals for 
rhBMP-2 and rhBMP-7, it was estimated that up 
to 85% of their usage is off-label as of 2014 [1]. 
Additionally, after follow-up trials failed to dem-
onstrate the non-inferiority of rhBMP-7 to iliac 
crest bone graft for spine fusion and after the 
OP-1 assets were sold, the sale of rhBMP-7 prod-
ucts was discontinued in 2014 [31].

Another growth factor, basic fibroblast growth 
factor (bFGF), has been shown to improve lower 
extremity wound healing [33]. bFGF, also known 
as FGF-2, has potential for the treatment of pres-
sure ulcers, second-degree burns, and diabetic 
foot ulcers. To date, it has been approved for topi-
cal use in both China and Japan, but not yet in the 
United States [34]. Finally, platelet-derived 
growth factor (PDGF) was recently approved and 
is commercially available as a recombinant 
human PDGF BB homodimer (rhPDGF-BB) 
(AUGMENT Bone Graft®, Wright Medical, 
Memphis). It can be used as an alternative to 
autograft in fusion procedures of the ankle, hind-
foot, and/or calcaneocuboid joints. Another for-
mulation (Regranex® [becaplermin], Smith & 
Nephew, London) is available as a topical gel for 
patients with lower extremity diabetic ulcers 
(Table 9.1) [1].

Despite the significant interest in growth fac-
tors for clinical use, several adverse effects have 
been cited in the literature. Adverse events fol-
lowing the use of rhBMP-2 in spinal fusion pro-
cedures have included vertebral osteolysis, 
heterotopic bone formation, graft migration and 
subsidence, hematoma, infections, and develop-
ment of antibodies to BMP-2 [1, 35, 36]. 
rhBMP-7 use resulted in some mild to moderate 
adverse events such as fever, oedema, hematoma, 
and low levels of anti-BMP-7 antibody formation 
following tibial nonunion treatment [32] and 
transient brachialgia and dysphagia in few 
patients undergoing anterior cervical spine fusion 
[37]. Documented adverse effects associated 
with becaplermin use have been rare; however, 
becaplermin does carry a theoretical risk of 
increasing cancer rates, although this has not 
been demonstrated in the literature [1]. It is 
important for physicians to be aware of the poten-
tial adverse events which may be associated with 
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the use of these biologics in order to provide 
patient counseling and to weigh the risks and 
benefits of their use.

9.4.3  What Has Shown Promise 
in Preclinical Studies?

Several other growth factors have shown promise 
in preclinical studies. Transforming growth 
factor- beta1 (TGF-β1) is an important mediator 
of extracellular matrix degradation and repair and 
has been shown in several studies to play an 
important role in ligament healing [38–40]. 
Kondo et al. demonstrated improvement in rabbit 
ACL biomechanical and histologic properties 
after administration of TGF-β1 in a partial ACL 
injury model [39]. Xie et al. found that TGF-β1- 
induced injured human ACL fibroblasts express 
higher levels of MMPs than injured human MCL 
fibroblasts [38]. Spindler et  al. conducted an 
in vitro study using sheep ACL and patellar ten-
don explants and found that TGF-β1 stimulates 
ACL cells, suggesting the potential to promote 
the initial healing of the ACL; however, TGF-β1 
did not have the same effect on the patellar ten-
don, suggesting that growth factors may elicit 
different responses in various soft tissues.

Platelet-derived growth factor (PDGF) has also 
shown promise in preclinical orthopaedic studies 
for soft tissue healing. Kovacevic et  al. demon-
strated that rhPDGF-BB augmentation led to 
increased angiogenesis and cellular proliferation in 
early stages following rat rotator cuff repair; how-
ever, PDGF had detrimental effects on biomechan-
ical properties at 4  weeks post-operatively [41]. 
PDGF has also been shown to stimulate fibroblast 
activity, which may be advantageous in ACL graft 
ligamentization and tunnel integration [42].

Vascular endothelial growth factor (VEGF) is 
an interesting growth factor which has garnered 
interest due to its ability to promote angiogene-
sis—and therefore promote healing—however, 
overexpression of VEGF has proven to be detri-
mental to soft tissue healing in several studies. 
Yoshikawa et  al. demonstrated that in a sheep 
model of ACL reconstruction, VEGF-soaked ten-
dons demonstrated increased angiogenesis at the 

time of harvest but that these grafts also had 
increased laxity and decreased stiffness com-
pared to controls at 12  weeks post-operatively 
[43]. Additionally, Takayama et  al. found that 
blocking VEGF had detrimental effects on graft 
maturation and biomechanical properties in a rat 
ACL reconstruction model but that overexpres-
sion may also have detrimental effects [44].

Two other growth factors of interest include 
insulin-like growth factor-1 (IGF-1) and epider-
mal growth factor (EGF). Lyras et  al. demon-
strated that IGF-1 overexpression may improve 
tendon healing in a rabbit model of patellar ten-
don defects [45]. EGF was found to have a stim-
ulatory effect on tenoblast migration in an 
in vitro study of chicken long digital flexor ten-
dons [46]. However, in the same study, IGF was 
found to be stimulatory at low concentrations 
but inhibitory at high concentrations, further 
highlighting the complex nature of growth fac-
tor physiology at various concentrations, loca-
tions, and across different tissue types and 
animal models. Additionally, a recent study by 
Ikeda et  al. found that the introduction of the 
IGF-1 gene into human mesenchymal progeni-
tor cells cultured in chondrogenic conditions led 
to improved chondrogenic differentiation capac-
ity without stimulating a hypertrophic or osteo-
genic phenotype [47].

9.4.4  Future Directions

Growth factors offer a promising pathway for the 
study of biologics in orthopaedic surgery, but 
there are several issues which need to be opti-
mized prior to more routine use of isolated 
growth factors. First, the safety of growth factors 
in general needs to be verified. BMPs have been 
a good example of growth factors which have 
pleiotropic effects, and controversy arose when 
several industry-sponsored publications seemed 
to underrepresent the incidence of complications 
and adverse events [48]. This will lead to 
increased scrutiny as future growth factors are 
examined. Other issues will include the logistics 
of delivering growth factors, as localized (non-
systemic) and controlled-release growth factor 
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administration could both help to minimize 
unwanted effects [29]. Finally, ultimately, use of 
growth factors in combination with cell-based 
therapies is likely necessary to provide the best 
possible outcomes for patients. Future research is 
needed to determine the safety and synergistic 
effects of the combination of growth factors and 
cell therapy as well as the optimal combinations 
of biologics for each orthopaedic condition.

9.5  Conclusions

Cytokines, chemokines, A2M, and growth fac-
tors constitute a unique set of small molecules 
which have promising potential in the field of 
biologics. To date, only a limited number of 
growth factors are available for clinical use, but 
preclinical studies have identified several cyto-
kines, chemokines, and novel growth factors 
which may be utilized for the treatment of bone, 
cartilage, tendon, and ligament injuries in the 
future. A2M has also shown promise in preclini-
cal studies for the treatment of OA and tendon- 
to- bone healing, and it is currently being studied 
in clinical trials. Further research is needed in the 
preclinical area to clarify the mechanisms by 
which these small molecules function and to bet-
ter elucidate their effects. Additionally, the effi-
cacy and safety of these potential treatments need 
to be verified in clinical trials. However, given the 
promising preclinical data published to date and 
the increasing scientific and popular interest in 
the field of biologics, this research will continue 
to be pertinent to the orthopaedic community.
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Platelet-Rich Plasma: Processing 
and Composition

Spencer M. Stein and Bert R. Mandelbaum

10.1  Introduction

The use of injectable biologic therapy in treating 
musculoskeletal ailments holds great potential 
for improving treatment options in sports medi-
cine. The exciting benefits of orthobiologics are 
largely due to their promising ability to improve 
healing and recovery times in a minimally inva-
sive manner.

One commonly studied and promising ortho-
biologic is platelet-rich plasma (PRP), a prepared 
autologous plasma that is rich in platelets. These 
platelets hold multiple growth factors and media-
tors, which can be greatly beneficial to healing or 
disrupted human tissue. The ability of these 
growth factors to modify the inflammatory 
response, augment the natural healing process, 
and possibly affect cell proliferation and differ-
entiation provides promise in treating musculo-
skeletal disease [1, 2].

Normal human serum contains 150,000–
450,000 platelets per microliter. While the origi-
nal definition of PRP was “a platelet count above 
baseline,” it is thought that PRP concentrations of 
at least 1,000,000 platelets per microliter, a three 
to six times increase of baseline, are required to 
improve the healing response in the musculoskel-

etal system [3, 4]. In fact, a systematic review of 
PRP studies showed the mean final platelet count 
in PRP preparations is 1,473,000 platelets per 
microliter [5]. However, the ideal platelet count 
has yet to be determined and likely depends on 
the clinical scenario.

To date, PRP as an injectable form (Fig. 10.1) 
has been used and studied in a variety of muscu-
loskeletal disorders. This includes lateral epicon-
dylitis, patella tendinopathy, rotator cuff 
tendinopathy, ankle sprains and plantar fasciitis. 
It has also been investigated in the treatment of 
osteoarthritis of the knee and hip and as an aug-
ment to surgical reconstruction of the anterior 
cruciate ligament (ACL) and in rotator cuff repair 
[6, 7].

The optimal composition of PRP is yet to be 
determined and the ideal preparation may depend 
on the clinical indication. While multiple PRP 
preparation systems are FDA approved, there are 
no clear guidelines regulating the required com-
position of PRP. In fact, PRP can vary greatly in 
platelet, leukocyte, and growth factor concentra-
tion depending on patient factors and protocol 
used [5, 8–10].

Variables in preparation of PRP include the 
amount of blood obtained, the process of concen-
tration, the use of anticoagulant, and the use of 
activation substance. The final product can differ 
in platelet cell count, leukocyte count, and com-
position of growth factors, and while different 
PRP processing systems exist, most published 
reports do not define the composition of their 
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PRP product, making direct comparisons diffi-
cult [5, 8]. Here we will review the variables in 
processing and formulations, as well as available 
outcomes of PRP.

10.2  Processing

10.2.1  Whole Blood

PRP is a product of autologous whole blood that 
can be rapidly prepared in a one stage setting. 
Preparation of PRP begins with whole blood 
which can be obtained by peripheral venipunc-
ture. There is variability in the quantity of whole 
blood required based on the preparation proto-
cols; however, the reported mean and median 
volume required are 44 mL and 52 mL, respec-
tively (range: 11–54  mL) (Table  10.1) [11]. 
Additionally, the composition of whole blood 
obtained can have an effect on the final composi-

tion and efficacy of the PRP end product [12]. 
Therefore, practitioners may consider screening 
patients for cytopenias, especially thrombocyto-
penia when preparing for PRP processing.

10.2.2  Anticoagulant

Once obtained, whole blood is typically mixed 
with an anticoagulant to prevent premature clot-
ting and to facilitate processing. Some of the 
more common anticoagulants used are acid- 
citrate- dextrose, sodium citrate, and ethylene 
diamine tetra-acetic acid [5, 11]. It appears that 
these anticoagulants are appropriate during PRP 
preparation, although data is limited with regard 
to anticoagulants and their effect on the final PRP 
end product or on its clinical outcomes. However, 
acid-citrate-dextrose and citrate-theophylline- 
adenosine-dipyridamole have been shown to be 
superior to heparin in maintaining platelet struc-
ture, releasing transforming growth factor beta 
and proliferating human marrow stromal cells 
in vitro [13].

10.2.3  Isolation and Concentration 
Method

Isolation method is probably the most important 
step in PRP processing. Mechanical forces not 
only concentrate platelets, but can activate plate-
lets and therefore cause the release of growth 
factor-rich alpha granules [14]. There is consid-
erable variability in centrifugation protocols: it 
can be one- or two-step; and the speed of cen-
trifugation, type of collection tube system, and 
processing can vary. Typically, however, the first 
spin aims to separate out red blood cells and 
platelet- poor plasma from the “buffy coat,” a 
layer of leukocytes and platelets (Fig. 10.2). The 
second spin can separate out leukocytes if 
desired [8].

According to Chahla et  al., who reviewed 
published PRP preparation protocols, the 
median rate for the first spin was 1500 revolu-
tions per minute (rpm) (range: 120–5800) with 

Fig. 10.1 Photograph of a double-syringe system for 
injection. The device provides a homologous mix of two 
solutions—LR-PRP (left) and PRP releasate (PRPr) 
(right). (Reprinted with permission from Hussain ZB, 
Chahla J, LaPrade RF, Mandelbaum BR. Orthobiologics: 
Today and Tomorrow. In: Farr J, Gomoll AH, editors. 
Cartilage Restoration: Practical Clinical Applications. 
Cham: Springer International Publishing; 2018. 
p. 131–42)
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a median spin time of 14 min (range: 3–15 min), 
and the median rate of the second spin was 
3300 rpm (range: 200–4500) for a median time 
of 10 min (range: 2–25 min) [5]. Sabarish et al. 
[15] evaluated the effect of three published spin 
rates and times on final platelet concentration 
and found an initial centrifugation of 1000 rpm 
for 4  min followed by 900  rpm for 9  min, as 
compared to protocols with faster rpm for lon-
ger times, produced the highest concentration 
of platelets. However, the ideal centrifugation 
time and spin rate are debatable. A systematic 
review that aimed to report the ideal PRP prep-
aration protocol showed that a larger initial 
blood volume using a higher spin force was 
correlated with increased platelet count, but a 
longer spin time did not correlate with higher 
platelet count [8]. Additionally, the ultimate 
force on cells is dependent on not only centrifu-

gation speed (rpm) but also on rotor diameter, 
making it difficult to directly compare centrifu-
gation protocols reported in rpm across differ-
ent systems [12].

Apheresis is a similar PRP processing tech-
nique that uses centrifugation to separate whole 
blood products into components. However, the 
process of apheresis allows the non-platelet blood 
products to be returned to the donor. Apheresis 
has been shown to be an effective method, with a 
similar ability to concentrate platelets, maintain 
platelet viability, and produce a product rich in 
chondrogenic growth factors [16–19].

While the available literature has helped dem-
onstrate the most effective way to increase plate-
let concentration, the ideal platelet count has not 
yet been determined. In fact, more is not neces-
sarily better. In a rat model that assessed intesti-
nal healing, PRP platelet counts greater than 

Table 10.1 Characteristics of PRP preparations from different commercially available systems

System Company

Blood 
volume 
required, 
mL

Concentrated 
volume 
produced, mL

Processing 
time, min

Increase in 
[platelets], 
times 
baseline

Platelet 
capture 
efficiency, % 
yield

Leukocyte-rich PRP
Angel Arthrex (Florida, 

USA)
52 1–20 17 10 56–75%

GenesisCS EmCyte (Florida, 
USA)

54 6 10 4–7 61% 
+/− 12%

GPS III Biomet (Zimmer 
Biomet, Indiana, USA)

54 6 15 3–10 70% 
+/− 30%

Magellan Isto Biologics/
Arteriocyte (now 
known as Isto 
Biologics, 
Massachusetts, USA)

52 3.5–7 17 3–15 86% 
+/− 41%

SmartPreP 2 Harvest (now known 
as Terumo BCT, 
Colorado, USA)

54 7 14 5–9 94% 
+/− 12%

Leukocyte-poor PRP
Autologous 
Conditioned 
Plasma (ACP)

Arthrex 11 4 5 1.3 48% +/− 7%

Cascade MTF (New Jersey, 
USA)

18 7.5 6 1.6 68% +/− 4%

Clear PRP Harvest 54 6.5 18 3–6 62% +/− 5%
Pure PRP EmCyte 50 6.5 8.5 4–7 76% +/− 4%

Abbreviations: PPP platelet-poor plasma; PRP platelet-rich plasma
Plus minus sign signifies reported variance of platelet capture efficiency
Reprinted with permission from Le ADK, Enweze L, DeBaun MR, Dragoo JL. Platelet-Rich Plasma. Clin Sports Med. 
2019;38(1):17–44
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5,000,000 per microliter had a detrimental effect 
on healing and produced cell death [20]. The 
most desirable platelet concentration for healing 
likely depends on the tissue being treated. For 
example, Fleming et al. [21] evaluated the effect 
of PRP supplementation on graft healing follow-
ing ACL reconstruction in minipigs using either 
1×, 3×, or 5× PRP concentrations. Only the 1× 
platelet concentration improved healing over tra-
ditional ACL reconstruction. Similarly, Yoshida 
et al. [22] found that porcine ACL fibroblasts sus-
pended in 1× PRP concentration had improved 
type I and type III collagen gene expression, 
apoptosis prevention, and cell metabolism as 
compared to 5× PRP concentrations. Weibrich 
et al. [23] reported an intermediate concentration 
(2–6×) resulted in optimal peri-implant bone 
regeneration in rabbits. Taken together, this basic 
science data suggests that the optimal PRP prepa-
ration is dependent on the tissue and pathology 
being treated.

10.2.4  Activation

The key to the healing potential of PRP is thought 
to be the multiple growth factors held in the 
platelet’s alpha granules. Known growth factors 
harnessed by platelets include platelet-derived 
growth factor (PDGF), beta transforming growth 
factor (TGF-b1 and TGF-b2), vascular endothe-
lial growth factor (VEGF), basic fibroblastic 
growth factor (bFGF), epidemic growth factor 
(EGF), and insulin-like growth factor (IGF-1, 
IGF-2, IGF-3) among others [24]. As discussed, 
activation of PRP begins with processing through 
mechanical forces; however activating agents can 
be added to enhance the release of growth 
factors.

The most commonly used activating agents in 
clinical practice are calcium chloride, thrombin, 
and calcium chloride/thrombin combination. It is 
known that these activators increase the release 
of growth factors from PRP. However, each acti-
vating substance results in different amounts of 
growth factor release and can alter the mechani-
cal properties of the solution.

Activating PRP does initiate the clotting cas-
cade. PRP activated with calcium chloride, 
thrombin, or a mixture can result in clot detected 
at 15 min and can persist up to 24 h. On the other 
hand, an in vitro model using collagen type I as 
an activator designed to mimic PRP injection in 
resting form demonstrated no clot formation. 
With respect to PDGF, TGF-b, and VEGF, it 
appears that a 10% calcium chloride with throm-
bin is most effective while just collagen type 1 is 
least effective at growth factor release [25]. 
Calcium chloride with thrombin can still be used 
as an injectable; however the practitioner should 
note the clot formation time. Clot formation can 
be advantageous as it helps prevent PRP from 
washing away. Practically, the usefulness of clot 
formation likely depends on the therapeutic 
application. For example, an intra-articular PRP 
injection for osteoarthritis is less likely to benefit 
from clot formation than an intra-tendinous or 
muscular application of PRP where stabilization 
of the substance in the desired target is advanta-
geous. Despite this in vitro evidence, there is no 

Fig. 10.2 Photograph of three distinct layers of cellular 
material after the first centrifugation. The top layer is 
platelet-poor plasma (PPP), beneath this layer is the buffy 
coat where most platelets lie, and at the bottom are the red 
blood cells (RBCs). (Reprinted with permission from 
Hussain ZB, Chahla J, LaPrade RF, Mandelbaum 
BR.  Orthobiologics: Today and Tomorrow. In: Farr J, 
Gomoll AH, editors. Cartilage Restoration: Practical 
Clinical Applications. Cham: Springer International 
Publishing; 2018. p. 131–42)
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clinical consensus on which agent is optimal or if 
activation is necessary at all [8].

There is considerable variability in PRP prepa-
ration protocols. Despite the basic formula of 
whole blood collection, anticoagulation, centrifu-
gation, concentration, and option activation factor 
usage, there is a lack of consensus on what param-
eters are ideal. What’s more, many published 
studies have limited or no description of their pro-
cess and PRP outcome. Chahla et  al. [5] noted 
only 10% of studies reviewed provided compre-
hensive reporting with a description of the prepa-
ration protocol and only 16% of studies provided 
metrics on the final PRP product. This led authors 
to call for standardization in reporting for PRP 
preparation protocols and the PRP end product. 
The minimum parameters for PRP product should 
include at least platelet concentration, factor 
increase from whole blood, leukocyte concentra-
tion, leukocyte differential, and presence of 
growth factors. The minimum description of PRP 
preparation protocol should increase at least base-
line whole blood platelet count, centrifugal force, 
centrifuge time, and anticoagulant used [8].

The need for standardization of reporting has 
been echoed in a recent work by Kon et al. [26]. 
They emphasized the need for a standardization 
of reporting in order to appropriately analyze the 
effectiveness and establish indications for PRP, 
and they have aptly proposed a coding system to 
describe components (platelets, red blood cells, 
and white blood cells) and the activation of PRP.

10.3  Product Composition

10.3.1  Growth Factors

Platelets play an important role in coordinating 
the response to injury, especially during the early 
and inflammatory phases. Multiple growth fac-
tors, which are released by degranulation of 
platelet alpha granules, are key to the healing 
potential of PRP. PDGF, TGF-b, VEGF, and FGF 
in PRP are known to play critical roles in cellular 
activities such as angiogenesis, stem cell traffick-
ing, proliferation, and differentiation [25, 27, 28].

Each growth factor plays a different role in the 
healing potential of PRP. PDGF is a mediator of 
the proliferation of fibroblast and smooth muscle 
cells and therefore is important in angiogenesis, 
formation of fibrous tissue, and the reepitheliza-
tion phases of wound healing [29]. TGF-b stimu-
lates the proliferation and differentiation of 
mesenchymal stem cells and plays a role in the 
chemotaxis of endothelial cells [29, 30]. VEGF is 
a key mitogen for endothelial cells and is a strong 
regulator of angiogenesis and vascular permea-
bility [31]. FGF is a mediator of proliferation and 
differentiation of a wide variety of cells and tis-
sues and can mediate the formation of angiogen-
esis during wound healing. There is also evidence 
that FGF and PDGF can act synergistically in 
improving healing potential [32].

Cytokines, which are also present in PRP, 
can play a pivotal role in the inflammatory prop-
erties of PRP.  For example, interleukin (IL)-
1beta and matrix metalloproteinases (MMPs) 
are catabolic cytokines present in PRP that are 
known to play a role in inflammation and matrix 
degeneration, respectively [33, 34]. When con-
sidering the inflammatory prosperities in PRP, it 
is important to note that the first phase of tendon 
healing is inflammation, which ultimately may 
explain why “pro-inflammatory” PRP prepara-
tions may be more desirable when treating ten-
dinopathies [35].

The key to growth factor and cytokine effects 
in PRP is multifactorial and probably related not 
only to the concentration of growth factors but 
also to their temporal nature. Oh et  al. [36] 
showed in  vitro that PDGF and VEGF release 
was constant and sustained over 7  days while 
FGF and TGF release occurred quickly and 
decreased over time.

Knowledge of growth factors in samples is 
undoubtedly essential for appropriate clinical 
treatment and for improving our understanding 
of PRP’s mechanism. Unfortunately, most litera-
ture to date has not reported quantitative growth 
factor statistics [5]. The importance of reporting 
on growth factors within PRP cannot be over-
stated as small variations in growth factor 
 concentrations can exert very different effects on 

10 Platelet-Rich Plasma: Processing and Composition



138

tissue. For example, TGF-beta is known to play 
a role in the resolution of inflammation and pro-
motion of tissue repair. However, excessive 
TGF- beta1 has been associated with inflamma-
tion and fibrotic events [28]. Additionally, there 
is a considerable amount of variation from indi-
vidual to individual in growth factor concentra-
tion with differing reports of correlations 
between growth factor concentration, age, and 
platelet count [9, 10].

Ultimately, more research will be required to 
determine how to prepare the ideal PRP with 
respect to growth factor concentration. Differing 
reports of the clinical efficacy of PRP reported 
may be related to the variation in PRP’s growth 
factor concentration. This variation in growth 
factor composition is possibly multifactorial and 
related to patient as well as processing factors. 
With ongoing research and a call for PRP report-
ing standards, advances can be made toward 
understanding how to harness the great healing 
potential of the growth factors present in PRP.

10.3.2  Leukocytes

White blood cell concentration is an important 
component in the final composition of PRP. In a 
systematic review of peer-reviewed published 
data on PRP preparations from commercially 
available systems, Fadadu et al. [8] noted a wide 
range of leukocyte concentrations in PRP prod-
ucts. The average leukocyte cell concentration 
count was 41.66 +/− 95.16 × 103 cells per micro-
liter. Interestingly, there was no correlation 
between PRP platelet concentration and leuko-
cyte concentration. However, this study did not 
differentiate between leukocyte-rich PRP 
(LR-PRP) and leukocyte-poor PRP (LP-PRP).

Based on preparation protocols and final leu-
kocyte concentrations, PRP can be classified as 
LR-PRP or LP-PRP (Fig.  10.3) [11, 37, 38]. 
While there is some variability in specific com-
mercially available protocols, the initial spin dur-
ing centrifugation separates the “buffy coat,” 
which is platelet-rich plasma with leukocytes, 
from red blood cells and platelet-poor plasma. A 
second spin can reduce the leukocyte concentra-

tion. In recent publications, Le et al. conveniently 
classified commercially available processing sys-
tems as LR-PRP or LP-PRP [6, 11].

In general, there is a debate regarding the ideal 
composition of PRP. This could not be truer than 
in the case of leukocyte concentration. Initially, 
some groups argued that the presence of leuko-
cytes could be detrimental to the healing process 
due to an increased inflammatory response, while 
others promoted LR-PRP as richer in growth fac-
tors, anti-pain mediators, and anti-infectious 
potential [35, 39–41].

Adding depth to the issue is that not all leuko-
cytes are the same. Lymphocytes, monocytes, 
and granulocytes behave differently, and the 
quantity and in which state these cells are in (cen-
trifugation can activate, stimulate, or destroy leu-
kocytes) likely contribute to their effect on target 
tissues [37].

The leukocytes present in LR-PRP release cata-
bolic and pro-inflammatory mediators such as 
MMP-1 and MMP-13 and cytokines such as IL-1 
beta, IL-6, and tumor necrosis factor (TNF) alpha. 
This has led to a surge in interest into the role leu-

Fig. 10.3 Photograph illustrating the external appear-
ance of leukocyte-poor (LP-PRP) (left) and leukocyte- 
rich (LR-PRP) (right) platelet-rich plasma. LR-PRP 
appears better suited for intraarticular applications such as 
cartilage restoration, while LR-PRP seems to be superior 
for muscle or tendinous applications. (Reprinted with per-
mission from Hussain ZB, Chahla J, LaPrade RF, 
Mandelbaum BR. Orthobiologics: Today and Tomorrow. 
In: Farr J, Gomoll AH, editors. Cartilage Restoration: 
Practical Clinical Applications. Cham: Springer 
International Publishing; 2018. p. 131–42)
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kocytes play on the clinical effects of PRP. Some 
authors have suggested that leukocytes in PRP can 
have a potential detrimental effect due to catabolic 
activity [42–44]. However, others have suggested 
that LR-PRP could be superior in scenarios where 
tendon or muscle healing is required. For example, 
Ziegler et al. [45] analyzed human PRP for inflam-
matory mediators and found LR-PRP had higher 
levels of not only PDGF, TGFbeta, and VEGF but 
also higher concentrations of interleukin- 1 recep-
tor antagonist (IL-1Ra), an important inhibitor of 
the pro-inflammatory molecule IL-1 beta. The 
authors concluded that LR-PRP may be preferable 
in cases where increased vascularity and healing 
are desired for injured tissue such as muscles and 
tendons.

Dragoo et  al. [44] performed a comparative 
study on the effect of a commercially available 
LR-PRP and a commercially available LP-PRP 
system on the patella tendons of New Zealand 
White rabbits. They noted that, after 5 days, ten-
dons treated with LR-PRP group had significantly 
greater overall tendon scores, vascularity, and fiber 
structure, which they accredited to the greater 
inflammatory response after LR-PRP injection. 
They did accurately note, however, that the 
LR-PRP system had significantly more platelets 
and a lower platelet/WBC ratio, which could have 
confounded their results. Additionally, the differ-
ence between cellularity, fiber orientation, and 
vascularity dissipated 14 days after injection. Still, 
this work highlighted the important difference 
between LR-PRP and LP-PRP in an in vivo model.

Based on a growing amount of literature sup-
porting LR-PRP in treating tendinopathies, 
Dragoo et al. [46] compared the effectiveness of 
LR-PRP on human patellar tendinopathy vs. dry 
needling in a randomized controlled trial and 
found significant improvement in the LR-PRP 
group in patient outcome scores at 12  weeks. 
Another randomized controlled trial that com-
pared LR-PRP, LP-PRP, and saline injections for 
patellar tendinopathy found no difference at any 
timepoint up to a year between groups [47]. That 
study, though, was underpowered and had leuko-
cyte and platelet counts measured for only a sub-
set of injections. For those injections that were 
measured, there was a notable variability in leu-

kocyte fold increases from baseline in the 
LR-PRP group, leaving one to question whether 
there was appropriate leukocyte enrichment in all 
of the LR-PRP injections [48, 49].

One of the most widely cited reports of 
LR-PRP in tendinopathies was conducted by 
Mishra et al. [50]. In a double-blind, prospective 
randomized controlled trial, the authors evalu-
ated 230 patients with chronic lateral epicondyli-
tis and reported that patients treated with LR-PRP 
had significantly and clinically meaningful 
improvement at 24  weeks’ follow-up as com-
pared to the control group.

The importance of understanding and report-
ing the differences in leukocyte concentration is 
highlighted by the recent randomized controlled 
trial by Linnanmäki et  al. [51] who concluded 
there is no benefit to PRP in the treatment of lat-
eral epicondylitis. However, that study utilized a 
LP-PRP system, which, based on the available 
literature, is not the ideal formulation for this 
pathology.

There has also been a substantial amount of 
research into the use of PRP in osteoarthritis 
(OA) of the knee. Multiple studies have shown 
that PRP is effective in reducing pain and improv-
ing patient-reported outcomes especially in those 
with mild to moderate OA [52–58]. There is a 
growing amount of evidence suggesting specifi-
cally LP-PRP’s effectiveness in treating knee 
OA. For example, Duif et al. [59] showed supe-
rior patient recovery after PRP injection versus 
control in patients undergoing knee arthroscopy 
for degenerative cartilage of meniscal pathology. 
In a meta-analysis of six randomized controlled 
trials and three prospective comparative studies 
totaling 1055 patients, Riboh et al. [60] compared 
LP-PRP and LR-PRP in the treatment of knee 
OA and found injections of LP-PRP, but not 
LR-PRP, resulted in significantly improved 
Western Ontario and McMaster University 
Osteoarthritis Index scores as compared with 
hyaluronic acid or placebo. At the same time, the 
results of LR-PRP have shown minimal effect in 
randomized control trials versus viscosupple-
mentation control in treating knee OA [61, 62].

It should be noted, however, that meta- 
analyses comparing PRP formulations have 

10 Platelet-Rich Plasma: Processing and Composition



140

inherent confounders, such as differences in PRP 
composition. Although evidence has suggested 
LP-PRP may be better suited to the treatment of 
OA, a comparative trial found no differences 
between leukocyte-rich and leukocyte-poor prep-
arations at 1 year, and reported increased postin-
jection pain and swelling associated with 
leukocyte-rich preparations [63]. Moreover, other 
literature analyses highlight the lack of direct 
comparative studies and conclusive evidence to 
recommend one preparation over another [64]. 
Still, considering this limitation of the available 
evidence, LP-PRP holds promise for the treat-
ment for mild to moderate OA likely due to its 
anti-inflammatory nature and its notable lack of 
pro-inflammatory cytokines.

Autologous conditioned serum (ACS) uses a 
slight variation in PRP processing. By using 
medical-grade glass beads in syringes during 
blood collection, it induces the production of 
IL1-Ra by leukocytes. IL1-Ra is a known pow-
erful inhibitor of the IL1 and therefore holds 
potential as an anti-inflammatory mediator. 
Baltzer et al. [65] evaluated autologous condi-
tioned serum in a randomized controlled trial 
for patients with knee OA. They noted superior 
patient- reported outcomes in the autologous 
conditioned serum group as compared to the 
hyaluronic acid and saline groups. However, 
other studies have demonstrated a lack of clini-
cal benefit at longer- term follow-up (greater 
than 1  year) or in patients with end-stage OA 
[66, 67].

The potential benefits of leukocytes in PRP 
preparations are controversial and continue to be 
debated. Their presence can potentially alter the 
pro- or anti-inflammatory properties of the final 
product. Ideally, continued research will help the 
treating clinician tailor PRP preparation proto-
cols to the specific pathology being treated.

10.4  Conclusion

With a wide variety of applications, PRP is a 
complex but very exciting tool in the clinician’s 
toolbox. The high concentration of platelets 
along with their powerful growth factors and 

cytokines holds immense potential in the mini-
mally invasive injectable treatment of musculo-
skeletal ailments.

There has been a variety of clinical results 
making the use of PRPs somewhat debatable. 
The complex composition, multiple different 
methods of preparation, and lack of standardized 
criteria for PRP are probably responsible for the 
variety of treatment efficacy outcomes. Multiple 
authors have called for standardization in report-
ing with respect to preparation parameters and 
end product. Doing so will help further delineate 
the most appropriate composition and uses for 
PRP. It’s likely that in the near future, PRP prepa-
rations will be customized based on the patient 
and the pathology being treated. As our knowl-
edge of PRP and its components continues, there 
is promise in our ultimate quest of improving the 
quality of life of our patients in the most efficient 
and effective manner.
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Placental Tissue Extracts

Bogdan A. Matache, Eric J. Strauss, and Jack Farr

11.1  Introduction

The investigational use of tissue-derived non- 
culture- expanded cells is a rapidly expanding 
field of orthopedic interest due to the theoretical 
advantages these offer over other biologic strate-
gies. Unlike other biologics, such as platelet-rich 
plasma (PRP) and hyaluronic acid (HA), tissue 
resident cells, including potential stem and pro-
genitor populations, are available as an inexpen-
sive autogenous resource [1, 2]. Cells can be 
extracted from autologous or allogeneic sources. 
In addition to many mature tissue resident cells, 
these cellular isolates may contain a small frac-
tion of cells that are capable of proliferation. This 
heterogeneous population of native tissue- 
specific stem and progenitor cells in connective 
tissues is referred to as connective tissue progeni-
tors (CTPs).

The concentration, prevalence, yields, and 
biological potential of native CTPs in any tissue 
are a function of age (possibly age-related senes-
cence) [3], donor-site location [4], harvest and 

processing technique, and location-dependent 
variability in tissue health [5]. This variability 
has led to exploration of alternative tissue 
sources, including allograft tissues. There has 
also been great interest in placing CTP popula-
tions into culture and expanding the diversity of 
clones that are present in the competitive envi-
ronment of in  vitro tissue culture to generate 
large numbers of culture-expanded adherent cells 
that have been referred to as mesenchymal 
stromal cells (MSC). However, this chapter does 
not focus on culture-expanded cells.

Allogeneic stem cells for orthopedic use can 
be obtained from the same tissues as autolo-
gous ones, including bone marrow, adipose, 
synovial tissue, and periosteum. More recently, 
research has explored the use of placental tissue 
as a cell source. Promising outcomes have been 
reported using placental-derived cells to treat 
burn, cardiac, and hepatic patients, among oth-
ers [6–8].

11.2  Clinically Relevant Anatomy

The placenta at full-term is comprised of an inter-
nal cavity, contained by an internal and external 
lining, and the umbilical cord. The internal, or 
fetal, lining of the placenta contributes to the con-
tainment and production of amniotic fluid, which 
nourishes the developing fetus, termed the amni-
otic membrane. The outer layer of the amniotic 
membrane is of clinical importance since it repre-
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sents the mesenchymal layer, which contains 
CTPs that can differentiate along a fibroblastic 
lineage. The term AM-MSC has been used to 
describe a presumed stem and progenitor cell pop-
ulation in the amniotic membrane [9]; however, 
these heterogeneous native cells and its heteroge-
neous population of native stem and progenitor 
cells do not meet the International Society for Cell 
and Gene Therapy (ISCT) criteria for MSCs. They 
are not a culture-expanded, plastic adherent popu-
lation. Therefore, the standards in this book dictate 
the designation of native amniotic progenitors as 
AM-CTPs or CTP-AMs.

The external, or maternal, lining of the placenta 
comprises the chorionic membrane [10], where 
the native stem and progenitor population can be 
defined as CM-CTPs or CTP-CMs. The amniotic 
fluid contained within the amniotic membrane 
also contains a cell population that is capable of 
proliferation. These have been termed amniotic 
fluid (AF)-MSCs [9], but respecting the ISCT defi-
nition of MSC we refer to them here as CTP-AFs.

Not surprisingly, culture-expanded populations 
that may meet the criteria of MSCs can be derived 

by placing a mixed CTP population into culture, 
followed by a period of competitive expansion. 
Cell populations from the chorion are reported to 
exhibit highest proliferation and multi-lineage dif-
ferentiation potential out of all placental stem cells 
(Fig. 11.1) [10, 11]. These expanded populations 
will have a secretome that includes a variety of 
soluble factors and extracellular vesicles that may 
contribute to paracrine signaling [12].

Delivery of exosomes rather than cells has 
recently drawn interest due to the theoretical 
advantages, namely, a reduced concern of 
tumorigenesis and an ability to cross the blood-
brain barrier due to their relatively smaller size 
[12]. Culture-expanded MSC populations 
derived from CTPs isolated from amniotic fluid 
have been reported to produce a significantly 
higher total yield than MSC populations gener-
ated from other tissue sources, such as bone 
marrow [12]. However, these products are not 
yet FDA- approved. Further research into their 
safety, efficacy, and clinically applicable deliv-
ery is required. Exosomes are discussed in detail 
in Chap. 11.

Fig. 11.1 Commonly 
utilized cell sources 
from placental tissues. 
(Copyright © 2018 
Olena Pogozhykh et al., 
licensed under CC BY 
4.0. Reprinted from 
Pogozhykh O, 
Prokopyuk V, Figueiredo 
C, Denys Pogozhykh 
D. Placenta and 
placental derivatives in 
regenerative therapies: 
experimental studies, 
history, and prospects. 
Stem Cells International. 
2018:4837930)
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The umbilical cord is involved in the exchange 
of maternal nutrients and fetal waste by provid-
ing a safe conduit for this process to occur. 
Although it forms part of the placenta, umbilical 
tissue is considered extraembryonic. Placental 
tissues and other extraembryonic tissues are 
highly metabolic tissues undergoing rapid turn-
over and remodeling. These kinetics makes these 
tissues, like embryonic tissues, a rich potential 
source for native CTPs. Colony founding cells 
are found in particular abundance in the perivas-
cular tissues and epithelium [13], Wharton’s 
jelly, and also umbilical cord blood (UCB). 
Wharton’s jelly has been shown to possess up to 
two orders of magnitude greater concentration of 
colony founding cells when compared to other 
placental sources [14]. MSC populations that are 
generated from UCB are reported to be similar in 

composition to those derived from the bone mar-
row [15]. However, there is persistent contro-
versy surrounding the clinical utility of umbilical 
(U)- and UCB-derived MSCs due to concerns 
about their ability to differentiate [16–19].

11.3  Evidence in Sports Medicine

11.3.1  Cartilage Injury 
and Osteoarthritis

OA is a progressive, degenerative disease involv-
ing the chronic degradation of articular cartilage. 
In the early stages of the disease, there is a release 
of inflammatory mediators such as interleukin 
(IL)-1ß, tumor necrosis factor (TNF)-α, and IL-6 
by cartilage, bone, and synovium (Fig. 11.2) [20, 

Fig. 11.2 The role of pro-inflammatory cytokines in the 
pathophysiology of OA. The levels of pro-inflammatory 
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 inflam-
matory 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. (Copyright 
© 2011. Reprinted with permission by Springer Nature 
from Kapoor M, Martel-Pelletier J, Lajeunesse D, et al. 
Role of pro-inflammatory cytokines in the pathophysiol-
ogy of osteoarthritis. Nat Rev. Rheumatol. 
2011;7:33–42)
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21]. These pro-inflammatory cytokines are 
thought to be involved in the progression of carti-
lage degeneration and the resultant pain response 
and joint effusions observed in affected patients. 
It follows that much scientific interest has been 
directed at developing pharmacologic and inject-
able interventions that halt the inflammatory cas-
cade and potentially diminish the rate of disease 
progression. However, despite these efforts, no 
disease-modifying agent has yet been identified 
to arrest or potentially reverse the effects of 
inflammation-mediated cartilage degradation in 
OA. Placental tissue extracts have been studied 
and used in wound therapy for many years due to 
the ability to suppress an excessive host tissue 
inflammatory response [22, 23]. Given the 
inflammatory component in the pathogenesis, 
symptoms, and progression of OA, the reported 
anti-inflammatory effects of culture-expanded 
MSC populations have been a source of recent 
scientific interest.

11.3.1.1  Basic Science
Small animal models examining the effects of 
placental tissue extracts in modulating disease 
progression of cartilage injury and OA have been 
performed in the knees of rats and rabbits [24–
30]. In a rat model, Willet et al. [24] compared 
the intra-articular injection of dehydrated human 
AM/CM to saline and found fewer cartilage 
lesions, less articular erosion, and less proteogly-
can loss in the treatment group at 21 days. In a 
similar study, Raines et  al. [25] compared the 
intra-articular injection of particulate AM/UC 
matrix (2.5 vs. 5  mg) to saline and found less 
articular cartilage destruction at 1 week in both 
AM/UC groups compared to controls. However, 
this effect was sustained only in the high-dose 
group at 4  weeks, suggesting a dose-dependent 
effect of particulate AM/UC matrix. In a rat pain 
model of OA, Kimmerling et  al. [27] tested an 
amniotic suspension allograft (ASA) (25 μL vs. 
50  μL) against triamcinolone and saline and 
found that both intervention groups significantly 
reduced pain, as assessed by the animal’s aver-
sion to weight-bear, and swelling compared to 
the saline control group. Interestingly, synovial 
fluid IL-10 levels were significantly increased 

after treatment in the ASA group, suggesting an 
unexpected anti-inflammatory response in these 
animals.

Recently, Reece et al. [28] showed that parti-
cle size and factor elution play a role in the clini-
cal effectiveness of micronized dehydrated AM/
CM, with smaller particles demonstrating a 
reduced therapeutic efficacy in an OA model. 
Also, Wang et al. [29] observed a superior effect 
when culture-expanded AM-derived MSCs were 
combined with HA in intra-articular injections in 
rats with articular cartilage injuries as compared 
to AM-MSCs and HA alone. This suggests that 
factors other than tissue source and dose impact 
the clinical efficacy of placental tissue extracts.

Rabbit models have also been used to test the 
effects of placental tissue extracts on the progres-
sion of OA [26, 30]. Marino-Martínez et al. [26] 
injected pulverized AM into the right knees of 
New Zealand rabbits with OA and saline in the 
left and found improved histological features of 
the cartilage in the intervention limbs, as well as 
decreased disease progression and delayed loss 
of extracellular matrix compared to controls. 
Similarly, You et  al. [30] created 3.5-mm-wide 
and 3-mm-deep patellar chondral defects in 20 
New Zealand rabbits and filled these defects with 
either culture-expanded AM-derived MSCs, 
AM-derived MSCs with cartilaginous particles, 
cartilaginous particles alone, or fibrin glue. The 
authors demonstrated a histologically and macro-
scopically superior quality of regenerated tissue 
in the AM-MSCs with cartilaginous particles 
group as compared to the other cohorts.

11.3.1.2  Human Studies
Research into the clinical efficacy of placental tis-
sue extracts is still in its infancy, with very few 
studies published to date reporting outcomes [31–
33]. Vines et al. [33] performed a prospective fea-
sibility study for a larger trial and tested a single 
intra-articular injection of ASA in six patients 
with Kellgren-Lawrence (K-L) grades 3/4 knee 
OA and followed them for 1  year. The authors 
found an overall trend of improvement in the 
Knee Injury and Osteoarthritis Outcome Score 
(KOOS), International Knee Documentation 
Committee (IKDC), and Single Assessment 
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Numeric Evaluation scores, with no significant 
adverse events.

In large retrospective case series of 82 patients 
(100 knees) with knee OA treated with intra- 
articular injections of micronized, dehydrated 
acellular AM/CM, Alden et al. [31] found a 32%, 
56%, and 65% increase in the KOOS score at 
6 weeks, 3 months, and 6 months post-injection 
as compared to baseline. Furthermore, quality of 
life, sports/recreation, and pain scores improved 
by 111%, 118%, and 67% at 6 months.

In a recent multicenter single-blinded clinical 
trial, Farr et  al. [32] randomized 200 patients 
with symptomatic [7-day visual analogue pain 
(VAS) score ≥ 4/10] knee OA (K-L grades 2/3) to 
receive a single intra-articular injection of either 
ASA, HA, or saline. Patients reporting unaccept-
able pain at 3 months were considered treatment 
failures; the percentage of failures in each group 
were 13.2%, 68.8%, and 75% in the ASA, HA, 
and saline groups, respectively. Patients who 
received the ASA demonstrated significantly 
greater improvements from baseline in terms of 
the VAS, KOOS pain, and KOOS-activities of 
daily living scores as compared to the HA group 
at 3 months and both the HA and saline groups at 
6 months.

At this stage, the basic science and early clini-
cal evidence is positive and supports the contin-
ued investigation into the efficacy of placental 
tissue extracts in the treatment of OA. Specifically, 
research aimed at identifying the optimal method 
of preparation, tissue sourcing, and particle siz-
ing are needed for standardization and ease of 
comparison between studies to improve the over-
all quality of available evidence.

11.3.2  Tendon Injury

Basic science studies have shown that particu-
lated amniotic membrane and amniotic fluid pro-
cessed in way that preserves native cell viability 
can promote increased cell density and matrix 
deposition, improve cell migration, and down-
regulate certain pro-inflammatory cytokines in 
tenocytes [34]. These and other findings have led 
to the study of cellular placental tissue extracts in 

small and large animal models in the context of 
Achilles tendon injury [35–38], patellar tendi-
nopathy [39], and rotator cuff tears [40, 41].

11.3.2.1  Basic Science
de Girolamo et  al. [36] induced Achilles tendi-
nopathy in the right limbs of rats using intra- 
tendinous injections of collagenase type I, then 
subsequently injected the tendons with either 
ASA, saline, or nothing 7 days following disease 
induction. The authors found significantly 
improved fiber organization, cell density, and less 
fatty deposition in the intervention group at 
14  days as compared to controls. However, no 
significant differences between groups were 
found at the 28-day timepoint. Similarly, Coban 
et  al. [35] compared primary repair augmented 
with AM and AF-derived culture-expanded 
MSCs to primary repair with/without augmenta-
tion with AF-MSCs in a rat model of 72 Achilles 
tendon ruptures and found no significant differ-
ences in terms of histological grade between 
groups at any timepoint. Liu et al. [37] compared 
human AM to porcine small intestinal mucosa in 
a rabbit model of Achilles rupture and found no 
significant differences in filamentous adhesion, 
cross-sectional areas of the rupture sites, levels of 
pro-inflammatory cytokines, and collagen type I 
expression between the two groups. Further, the 
authors found lower ultimate stress and Young’s 
modulus and poorer vascularity in the AM cohort. 
In a sheep model of partial Achilles tendon rup-
ture, Barboni et al. [38] showed that AM-derived 
culture-expanded MSCs embedded in fibrin glue 
accelerated tendon healing as compared to fibrin 
glue alone and performed better than controls 
during biomechanical testing.

In a collagenase-induced model of patellar 
tendinopathy, Ma et  al. [39] compared 
CM-derived culture-expanded MSCs to saline 
in 60 male Sprague-Dawley rats and found a 
significantly higher load-to-failure and higher 
levels of pro-inflammatory markers IL-1ß and 
IL-6  in the MSC-treated tendons than saline 
controls at 2 weeks. However, there was no sig-
nificant difference between the two groups in 
terms of load- to- failure at 4 weeks and stiffness 
at either timepoint.
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Two large animal models have tested the modu-
latory effects of placental tissue extracts on rotator 
cuff tendon healing [38, 40, 41]. In a rabbit model 
of full-thickness subscapularis tears, Park et  al. 
[41] showed that 7/10 tears were partially healed 
4  weeks after ultrasound-guided injection with 
UCB-derived culture-expanded MSCs, while 3/10 
remained completely torn. This was compared to 
HA and saline controls, which had no evidence of 
tendon healing in any of the 10 surgically created 
tears. Recently, Smith et  al. [40] tested different 
biological scaffolds for augmentation of healing of 
50% partial-thickness articular-sided supraspina-
tus rotator cuff tears in a large animal model using 
16 purpose-bred dogs. They compared augmenta-
tion with either an AM, decellularized human der-
mal allograft, or bovine collagen patch to 
debridement alone. At 3  months, all treatment 
groups exhibited significantly higher VAS scores 
and less comfortable shoulder range of motion 
(ROM) as compared to controls, with no inter-
group differences. However, at 6 months, the AM 
and dermal allograft groups had significantly 
lower VAS scores and more comfortable shoulder 
ROM as compared to the bovine collagen and 
debridement groups. In terms of MRI appearance, 
AM- and dermal allograft-treated groups demon-
strated similar findings, with tendon fibers 
approaching normal appearance at 6 months.

These studies suggest that there may be a role 
for the use of placental tissue extracts in manag-
ing certain tendon injuries. Specifically, there 
may be a potential early beneficial effect of its 
use in the treatment of patellar and Achilles ten-
dinopathy. However, the effects appear to be gen-
erally short-lived.

11.3.2.2  Human Studies
There have not been any human studies to date 
examining the effects of placental tissue extracts 
on tendon injuries in the orthopedic sports medi-
cine literature.

11.3.3  Ligament Injury

The anterior cruciate ligament (ACL) is com-
monly injured in athletes, especially those par-
ticipating in cutting and jumping sports [42]. 

ACL reconstruction has been shown to restore 
knee stability, increase the rate of return-to-play, 
and reduce societal costs as compared to rehabili-
tation alone [43–45]. Despite improved tech-
niques of performing ACL reconstruction, failure 
rates remain relatively high. Given this, there is 
an ongoing interest in the use of biologics to aug-
ment the healing response and reduce the re- 
rupture rate after ACL reconstruction. Recently, 
this has resulted in the experimental application 
of placental tissue extracts in the setting of ACL 
surgery.

11.3.3.1  Basic Science
Li et al. [46] studied whether AM-derived culture- 
expanded MSCs would differentiate into ACL 
fibroblasts after induction with basic fibroblast 
growth factor-2 and transforming growth factor-
 ß1  in a human coculture in  vitro model. The 
authors found that the monolayer and Transwell 
coculture systems resulted in MSC expression of 
ligament-related genes and proteins (collagen 
types I and III). Furthermore, they observed a 
time-dependent effect in the MSCs, with 
increased bioactivity over time. They surmised 
that this effect may have occurred because of the 
ACL fibroblasts producing MSC-regulating 
cytokines.

Jang et al. [47] investigated the transplantation 
of UCB-MSCs after semitendinosus tendon auto-
graft ACL reconstruction in a rabbit model. An 
MSC-laden fibrin glue was injected at the tunnel 
bone-tendon interface after reconstruction in the 
intervention cohort, while controls received ACL 
reconstruction alone. The authors found signifi-
cantly less tunnel enlargement and higher histo-
logic scores at the bone-tendon interface in the 
intervention group, with fibrocartilaginous heal-
ing resembling a normal ACL enthesis, as com-
pared to controls. Furthermore, there was no 
evidence of graft rejection in any of the treated 
animals.

11.3.3.2  Human Studies
Only two human applications of placental tissue 
extracts have been used in the context of ACL 
reconstruction [48, 49]. Woodall et  al. [48] 
described a technique of augmenting a doubled 
semitendinosus allograft with an AM-containing 
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matrix during ACL reconstruction, performed 
using suspensory fixation on the femur and 
screw-in-sheath fixation on the tibia. 
Subsequently, Lavender et  al. [49] described a 
similar technique, but injected bone marrow aspi-
rate mixed with allograft bone putty into the tun-
nels prior to the graft passage, and bone marrow 
aspirate between the AM matrix and the semiten-
dinosus allograft after graft fixation. Both studies 
were technique articles and lacked a clinical fol-
low- up component.

11.3.4  Plantar Fasciitis

Plantar fasciitis is the most common cause of 
plantar heel pain, affecting up to 10% of the gen-
eral population over a lifetime [50]. It is most 
prevalent in runners, as well as in people with pes 
planus and reduced ankle ROM [51, 52]. In recal-
citrant cases, plantar fasciitis can be an extremely 
debilitating condition with few proven therapeu-
tic solutions. As such, several studies have tested 
the effects of injection with biologics on the natu-
ral history of this condition, including placental 
tissue extracts.

11.3.4.1  Basic Science
There have not been any basic science studies to 
date examining the effects of placental tissue 
extracts on plantar fasciitis.

11.3.4.2  Human Studies
Three randomized controlled trials have been 
published to date studying the use of acellular 
placental tissue extracts in chronic, recalcitrant 
plantar fasciitis [53–55]. In a feasibility study for 
a larger trial, Hanselman et al. [53] randomized 
23 patients with chronic plantar fasciitis to two 
injection groups: cryopreserved human amniotic 
membrane (c-hAM) and corticosteroid. Three 
participants from each group received a second 
injection 6  weeks after the initial intervention. 
The authors found significant improvements in 
the Foot Health Status Questionnaire score at 
18 weeks, but no differences in the VAS score or 
verbal percentage improvement at any follow-up 
timepoint. In a larger study, Zelen et al. [54] ran-

domized 45 patients with chronic plantar fasciitis 
to three injection groups: 1.25  cc micronized 
dehydrated human amniotic/chorionic membrane 
(mDHACM) with Marcaine, 0.5  cc mDHACM 
with Marcaine, and Marcaine-only. As compared 
to controls, the two intervention groups demon-
strated significantly greater improvements in the 
American Orthopaedic Foot and Ankle Society 
Hindfoot score at all follow-ups, with no differ-
ences observed between the two mDHACM 
groups.

Recently, Cazzell et al. [55] performed a trial 
examining the 3-month safety and efficacy of 
acellular micronized dehydrated human amnion/
chorion membrane (dHACM) injection in the 
treatment of chronic plantar fasciitis. The authors 
randomized 145 patients, with patients receiving 
a single injection of either dHACM or saline. 
There were no significant differences in patient 
demographics between the groups, aside from a 
slightly older age population in the control group 
(53 vs. 49 years). At 3 months, the intervention 
group demonstrated a significantly greater reduc-
tion in the VAS and Foot Function Index-Revised 
(FFI-R) scores from baseline as compared to 
controls (VAS: 76% vs. 45%, p < 0.0001; FFI-R: 
60% vs. 40%, p = 0.0004). However, given that 
both groups experienced significant improve-
ments in functional scores from baseline and that 
follow-up was short, further research is required 
to validate these results.

11.4  Conclusion

Within the relatively short history of the use of 
placental tissue-derived cells or extracellular 
matrix extracts in orthopedic sports medicine, the 
techniques used to extract, preserve, and apply 
these cells have varied widely, but also improved 
considerably, allowing preparation of therapeutic 
products with definable composition. Optimal 
sourcing, preparation, and clinical delivery of 
processed tissue matrix, tissue-derived cells, 
culture- expanded cells, or the secretory products 
of culture-expanded cells are actively being 
investigated as biological strategies to augment 
the healing response in a variety of orthopedic 
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conditions. Further research into this field will 
help refine the clinical indications for the use and 
rigorous standards for the processing, quantita-
tive characterization, and reproducible manufac-
turing of placental tissue-derived products for 
orthopedics and sports medicine applications.
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Secretome, Extracellular Vesicles, 
Exosomes

Florien Jenner and Iris Ribitsch

12.1  Introduction

Culture-expanded mesenchymal stromal cells 
(MSCs) have demonstrated their therapeutic 
potential in numerous preclinical models and 
clinical trials of inflammatory and degenerative 
pathologies, including osteochondral lesions, 
bone defects, and tendon injuries [1–11].

The therapeutic administration of MSCs was 
initially predicated on the premise that they 
regenerate tissue via engraftment and differentia-
tion. However, the engraftment and survival of 
MSCs in the target tissue is negligible and mount-
ing evidence suggests that MSCs exert their ther-
apeutic effect predominantly by secreting a 
plethora of bioactive factors, collectively termed 
the secretome, to induce and support endogenous 
regeneration [4, 12–23]. This new paradigm of 
paracrine-mediated beneficial effects is sup-
ported by many studies achieving therapeutic 
efficacy with MSC treatments without relevant 
cell engraftment [13, 15, 17, 19, 24–40].

The secretome mirrors the ability of the donor 
cells to condition and program the surrounding 
microenvironment and has shown equivalent ther-
apeutic potential to its donor cells in stroke, graft-
versus-host disease, tendinopathy, osseous 

defects, and osteoarthritis (OA) in  vitro and 
in vivo, thus paving the way for the development 
of cell-free therapies [15, 19, 25–37, 39, 40]. The 
therapeutic application of secreted molecules 
instead of living, replicating cells provides several 
advantages, including reduced safety concerns, 
easier standardization, process optimization, stor-
age and clinical upscaling, and their potential as a 
ready-to-go, off-the-shelf biological therapeutic 
agent [6, 40–49]. Accordingly, the secretome has 
become a subject of intensive research to identify 
the mechanism of action and key bioactive mole-
cules for regenerative medicine applications.

12.2  Composition 
of the Secretome and Its 
Extracellular Vesicle Fraction

The secretome is a composite product secreted 
by cells in vitro (conditioned medium, MSC-CM) 
and in  vivo (in the extracellular milieu), which 
consists of soluble and extracellular vesicle (EV) 
bound proteins, lipids, and nucleic acids [4, 12, 
14, 16, 18–23, 25, 50–52]. These bioactive mol-
ecules are important mediators of intercellular 
communication and orchestrate the regenerative 
processes in damaged tissues by modulating the 
immune response, regulating cell survival, 
renewal, and differentiation, inhibiting fibrosis, 
stimulating endogenous cell recruitment and pro-
liferation, and promoting vascularization and 
matrix production [15, 39, 53–59].
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EVs (Fig. 12.1) are cell-derived membranous 
structures surrounded by a phospholipidic 
bilayer, which serve as intercellular messengers 
via receptor-mediated interaction and by trans-
ferring bioactive lipid, protein, and nucleic acid 
cargo to recipient cells to elicit regenerative pro-
cesses and homeostasis [23, 39, 56, 60–62]. EVs 
harbour a specific subset of bioactive molecules, 
rather than random cellular factors, and contain 
both a common set of components, involved in 
vesicle structure, biogenesis, and trafficking, and 
specific subsets with cell type-associated patho-
physiological functions [63]. The heterogeneous 
population of EVs can be further defined by their 
physical characteristics, such as size or density, 
their biochemical composition, the cells of ori-
gin, and culture conditions [56]. To avoid incon-
sistencies in the nomenclature, the traditional 
categorization into three subtypes exosomes (30–
150 nm diameter, biogenesis: fusion of multive-
sicular endosomes with the plasma membrane), 
plasma membrane-derived microvesicles (100–
1000  nm, biogenesis: outward budding of the 
plasma membrane), and apoptotic bodies 
(1–5  μm diameter, biogenesis: disassembly of 
apoptotic cells) has been discontinued as these 
terms are historically burdened by manifold, con-

tradictory definitions, and inaccurate expecta-
tions of unique biogenesis [56].

Multi-omics compositional analyses of secre-
tome and its fractions have identified a variety of 
growth factors, cytokines, chemokines, extracellu-
lar matrix proteins, and remodelling enzymes, 
including transforming growth factor-β (TGF-β) 
vascular endothelial growth factor (VEGF), basic 
fibroblast growth factor (bFGF), insulin-like 
growth factor (IGF), bone morphogenetic protein-2 
(BMP-2), interleukin-1 receptor antagonist 
(IL-1Ra), interleukins-6 (IL-6) and 10 (IL-10), 
monocyte chemoattractant proteins-1 (MCP-1), 
and matrix metalloproteinases-1 (MMP-1) and 3 
(MMP-3) [19, 59, 64–68]. In addition, total lipid 
analysis by mass spectrometry identified nearly 
two thousand lipids in MSC-CM [69]. The bioac-
tive lipids secreted by culture-expanded MSC pop-
ulations, such as leukotrienes, arachidonic acid, 
prostaglandins, diacylglycerols, lysophosphatidyl-
choline, phosphatidylserine, and sphingosine-
1-phosphate, have been shown to contribute to 
diverse biological effects including intercellular 
communication, chemoattraction, angiogenesis, 
immune modulation, cell proliferation, and migra-
tion [21, 52, 69–71]. Furthermore, specialized pro-
resolving lipid mediators, including resolvins, 

a b

Fig. 12.1 Electron microscopy images showing EVs derived from equine MSCs by ultracentrifugation in 30,000× (a) 
resp. 85,000× (b) magnification. The white arrows indicate the same EV in both images
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protectins, and maresins, stimulate inflammation 
resolution by modulating  proinflammatory mecha-
nisms and promoting tissue repair and homeostasis 
[34–36, 52, 63, 69–73]. In addition to proteins and 
lipids, EVs also contain a broad variety of nucleic 
acids, predominantly miRNAs, with each miRNA 
possibly affecting hundreds of different mRNA tar-
gets in the surrounding microenvironment, and 
therefore being able to regulate gene transcription 
and the functions of recipient cells and to affect 
numerous signalling pathways [50, 51, 72–74]. 
Comprehensive characterization of the miRNA 
cargo of EVs using high-throughput RNA sequenc-
ing revealed that EVs are selectively enriched for 
distinct classes of nucleic acids, including RNAs 
encoding TGF-β signalling and transcription fac-
tors, which are involved in angiogenesis, cellular 
transport, apoptosis, and extracellular matrix turn-
over. In contrast, calcium signalling, mitochon-
drial, and cytoskeleton genes are selectively 
depleted from EVs compared to the donor MSCs 
[72]. Furthermore, EVs contain many well-charac-
terized anti-inflammatory miRNAs, including the 
miR-let7 family, which plays an important role in 
macrophage polarization towards the anti-inflam-
matory M2 phenotype and in reducing fibrosis and 
miRNAs targeting other downstream molecules in 
Toll-like receptor signalling including nuclear fac-
tor kappa-light-chain-enhancer of activated B cells 
(NF-κB), IL-6, and tumor necrosis factor α (TNF-α)
[72, 73].

The composition of the secretome (and its 
fractions) and hence its therapeutic effects differ 
depending on the donor cell, its somatic function, 
developmental and anatomical origin, extent of 
differentiation, and the microenvironment sur-
rounding the cells [54, 55, 58, 59, 75–79]. 
Correspondingly, the therapeutic potential of 
MSC-CM and EVs can be optimized for a given 
therapeutic application by careful selection of the 
donor cell, culture conditions, and cellular pre-
conditioning, such as 3D culture, inflammatory 
stimulation, or hypoxia [52, 54, 55, 58, 59, 61, 
75–81]. Conversely, EVs derived from IL-1β- 
pre-treated MSCs have been shown to induce OA 
changes in chondrocyte culture [82], and bone 
regenerative effect of MSC-derived EVs is 
impaired in type 1 diabetes [83], emphasizing the 

limitations of autologous transplantation and the 
requirement for careful selection of the secre-
tome/EVs donor cell and standardized culture 
conditions.

Thus far, the principal therapeutic fractions or 
bioactive factors underpinning the regenerative 
and immunomodulatory capabilities of MSC-CM 
in tissue repair have not been identified. To date 
very few studies have compared the therapeutic 
potential of MSC-CM to the corresponding EVs, 
and the difficulties in achieving equal dosage 
make these comparisons challenging [61]. 
However, recent research implies that the EVs 
and soluble fractions of the MSC secretome each 
have a distinct spectrum of bioactive factors and 
act in a synergistic manner to promote regenera-
tion by simultaneously regulating multiple sig-
nalling pathways [21, 54, 73, 84, 85]. For 
example, in a muscle injury model, only the total 
secretomes but not the EVs fractions were able to 
reduce the number of senescent cells, whereas 
the anti-inflammatory effects of the secretome 
were mainly mediated by the EVs fraction [73]. 
Accordingly, complete MSC-CM has superior 
therapeutic potential compared to its EVs-, pro-
tein-, or lipid-enriched fractions alone [21, 54, 
73, 84, 86].

12.2.1  Secretome: Preclinical 
and Clinical Evidence

Evaluating the therapeutic efficacy of secretome 
for cartilage regeneration in vitro, MSC-CM was 
shown to interfere with the NF-κB pathway and 
downregulate inflammation-associated and free- 
radical- related genes, such as TNF-α, IL-1β, and 
iNOS, to mediate anti-inflammatory, cytoprotec-
tive, and anti-catabolic effects, and to influence 
matrix turnover in OA-derived chondrocytes, 
synovium, and cartilage explants [62, 87–89]. In 
addition, MSC-CM enhanced production of 
immunosuppressive IL-10 in IL-1β-activated OA 
chondrocytes [90]. Furthermore, MSC-derived 
paracrine factors were shown to enhance chon-
drocyte proliferation, matrix synthesis, and phe-
notype maintenance [68, 91, 92]. MSC-CM was 
also able to counter the premature senescence of 
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OA chondrocytes and protect against degenera-
tive changes by reducing p53 acetylation, 
 downregulating senescence markers, and 
decreasing oxidative stress [93].

In preclinical in vivo studies, an intra-articular 
injection of the MSC secretome in a murine OA 
model provided early pain reduction and limited 
the development of cartilage damage analogous to 
MSC therapy [94]. Similarly, intra-articular injec-
tion of murine MSC-CM was shown to be effec-
tive in reducing disease severity, cartilage damage, 
knee-joint swelling, and histopathological changes 
in an antigen-induced model of inflammatory 
arthritis by suppressing TNFα induction, decreas-
ing aggrecan cleavage, enhancing Treg function, 
and adjusting the Treg:Th17 ratio [95].

Evaluating the effects of MSC-CM on bone 
regeneration in vitro, MSC-CM enhanced the migra-
tion, proliferation, and expression of alkaline phos-
phatase and osteogenic differentiation of MSCs 
including the expression of osteogenic marker 
genes, such as osteocalcin and Runx2 [96, 97].

In an in vivo model of surgically induced bone 
lesions, MSC-CM induced bone regeneration 
analogous to MSC therapy with equivalent quan-
tity and quality of newly formed bone, repaired 
area, bone density, arrangement of collagen 
fibres, maturation, and inorganic matrix calcifica-
tion [19]. Similarly, MSC-CM promoted the for-
mation of the new bone callus in a murine 
distraction osteogenesis gap by recruiting endog-
enous murine bone marrow MSCs and promoting 
their osteogenic differentiation via MCP-1/-3 and 
IL-3/-6 signalling [98]. The recruitment of 
endogenous cells by MSC-CM was also con-
firmed in a rat calvarial bone defect model, which 
showed increased new bone formation and migra-
tion of endogenous stem cells to the bone lesion 
following MSC-CM therapy [97]. Finally, the 
local application of MSC-CM in a rat distraction 
osteogenesis model significantly improved bone 
consolidation on μCT images, mechanical 
strength, and histological and immunohisto-
chemistry parameters [96].

In studies evaluating the therapeutic potential 
of MSC-CM on muscle regeneration, secretome 
was shown to promote stem cell proliferation, 
migration, and skeletal muscle differentiation 

and to provide protection against cellular senes-
cence in vitro [73, 86]. In vivo, in a murine mus-
cle injury model, systemic administration of 
MSC-CM promoted muscle regeneration and 
yielded significantly larger newly formed fibres, 
higher number of capillaries/fibre, more commit-
ted muscle progenitors, and a decreased number 
of infiltrating macrophages [73, 86].

In a next step towards clinical translation, a 
few clinical trials using MSC-CM for bone 
regeneration established the safety and feasibility 
of secretome administration [57, 99–102]. 
Furthermore, the administration of MSC-CM to 
treat alveolar bone atrophy enhanced vasculariza-
tion and early bone formation and reduced 
inflammation and infiltration of inflammatory 
cells, yielding improved bone quality in a short-
ened treatment time [100, 101]. Similarly, appli-
cation of allograft MSC-CM has improved 
wound healing after fractional carbon dioxide 
laser resurfacing by reducing transient adverse 
effects such as erythema, hyperpigmentation, and 
transepidermal water loss [99].

12.2.2  Extracellular Vesicles: 
Preclinical and Clinical 
Evidence

In recent years, EVs have come into focus in 
regenerative medicine due to their pleiotropic 
trophic and immunological functions and their 
ability to induce functional and phenotypic 
changes in recipient cells by transfer of bioactive 
molecules [21, 30, 31, 44, 46, 51, 103, 104]. They 
have been established as a major paracrine effec-
tor of the therapeutic responses obtained with 
MSC transplantation and as a potential cell-free 
therapy for musculoskeletal regeneration in vari-
ous orthopaedic conditions, including cartilage 
lesions and OA, critical-size bone defect healing, 
and muscle and tendon injuries [11, 13, 24, 38, 
50–53, 58, 63, 64, 69–74, 77, 83, 89, 90, 102, 
105–130].

Several studies have established the ability of 
EVs to treat cartilage injuries and OA. EVs have 
been shown to penetrate into articular cartilage, 
where they are internalized by chondrocytes and 
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promote cartilage regeneration, reduce the 
inflammatory response in OA chondrocytes, and 
stimulate extracellular matrix production [7, 131, 
132]. EVs increased the viability, proliferation, 
and migration of OA chondrocytes or chondro-
cyte progenitor cells in vitro with some studies 
showing a dose-dependent effect [108, 119, 121, 
123, 132, 133]. Furthermore, EV treatment 
increased the expression of chondrogenic genes 
SRY-box 9 (SOX9) and Wnt-7A, collagen type II 
and aggrecan, and anti-inflammatory IL-10. In 
contrast, EVs downregulated the production of 
proinflammatory mediators IL-1α, IL-1β, IL-6, 
IL-8, IL-17, TNF-α, and cyclooxygenase-2, cata-
bolic markers matrix metalloproteinase 13 and 
ADAMTS5, and hypertrophy markers RUNX2, 
collagen type-X, alkaline phosphatase, and osteo-
calcin [7, 74, 85, 108, 110, 111, 119, 123, 132, 
134–136]. The latter was in part achieved by 
inhibition of NF-κB and activator protein-1 and 
the downregulation of inducible nitric oxide syn-
thase [110]. EVs were also shown to protect 
chondrocytes from apoptosis and to downregu-
late senescence-associated β-galactosidase activ-
ity in osteoarthritic osteoblasts [110, 132]. EVs 
are also incorporated into synoviocytes, where 
they reduced the expression of proinflammatory 
cytokines and chemokines in a chronic model of 
osteoarthritic synoviocytes [111].

In vivo, intra-articularly injected EVs pro-
tected from joint damage and attenuated disease 
scores in chemically induced rodent OA models, 
a murine destabilized meniscus model, and an 
antigen-induced synovitis porcine model [35, 36, 
108, 118, 132]. In a rat osteochondral and a lap-
ine chondral defect model, EV treatment induced 
chondrocyte proliferation, matrix deposition, and 
cartilage defect repair yielding hyaline cartilage 
with good surface integrity, complete bonding to 
adjacent cartilage, subchondral bone restoration, 
and increased M2 macrophage polarization with 
a concomitant decrease in inflammatory cyto-
kines [34, 120, 123, 133]. Finally, EV treatment 
reduced pain and corresponding lameness associ-
ated with murine OA [108, 120].

In addition, MSC-derived EVs also show great 
potential in treating osteoporosis and bone 
defects. In vitro, EVs were able to promote the 

proliferation and osteogenic differentiation, 
including upregulation of osteogenic genes in 
primary osteoblastic cells and in MSCs from 
ovariectomized rats [117, 121, 122] Furthermore, 
EVs antagonized hypoxia and serum deprivation- 
induced osteocyte apoptosis and osteocyte- 
mediated osteoclastogenesis, confirming the 
therapeutic potential of EVs in age-related bone 
disease [113].

In vivo studies showed that EVs significantly 
stimulated bone regeneration and angiogenesis in 
critical-sized calvarial defects in rats with and 
without ovariectomy and accelerated bone heal-
ing in a murine femur fracture model [83, 116, 
121, 122].

The intravenous injection of EVs attenuated 
bone loss in old mice by stimulating bone forma-
tion and inhibiting bone resorption, yielding 
increased trabecular and cortical bone mass, 
enhanced osteoblast formation, and reduced 
osteoclast formation compared to the control 
mice [114].

EVs also promoted myogenesis and angio-
genesis in vitro and muscle regeneration with a 
modulated inflammatory response in an in vivo 
model of muscle injury [73, 86, 107]. Similarly, 
in a mouse Achilles tendon rupture model, EVs 
supported healing by increasing the number of 
endothelial cells and decreasing the M1/M2 
ratio [105]. The anti-inflammatory and prore-
generative effect of EV treatment in tendon 
healing was also confirmed by a reduced rate of 
post-repair tendon gap formation and rupture, 
increased collagen formation at the injury site, 
and a decrease in proinflammatory genes Il1b 
and Ifng via modulation of the macrophage 
inflammatory response [106].

12.3  Conclusions

MSC-derived secretome and its EV fraction have 
shown their therapeutic potential in the treatment 
of numerous orthopaedic indications, paving the 
way for cell-free, off-the-shelf regenerative med-
icine applications. The absence of replicating 
(allogeneic) cells in secretome-based therapies 
improves patient safety and facilitates product 
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standardization, quality control, and cost- efficient 
production and storage. In addition, donor cells, 
culture conditions, and preconditioning strategies 
can be optimized to tailor the secretome/EVs 
therapy for each indication specifically and pro-
vide off-the-shelf therapies for immediate appli-
cation in acute conditions. Furthermore, 
secretome-based biological medicines may be 
evaluated for safety, dosage, potency, and effi-
cacy analogous to conventional pharmaceutical 
agents which facilitates their safe translation into 
clinical practice.

However, much still needs to be done to facili-
tate successful clinical translation. Rational ther-
apy design will rely on a comprehensive 
understanding of the common and donor cell- 
specific molecular secretome/EV components 
and their in vivo functionality and the identifica-
tion of optimal secretome donor cells, precondi-
tioning, and culture methods for each indication. 
This may include the use of transgenic donor 
cells that are genetically modified to overexpress 
certain proteins and miRNAs or strategies to 
exogenously enrich EVs with specific proteins 
and nucleic acids via, e.g., electroporation, 
freeze-thaw cycles, saponin-mediated loading, or 
hypotonic dialysis, to enhance their functionality 
and therapeutic potential. Also, GMP-compliant 
protocols for the preparation and storage of the 
MSC secretome and quality control parameters 
need to be developed to ensure the safety and 
efficacy of MSC-CM and its fractions. Additional 
studies focusing on the optimal dosage and 
administration frequency are also essential to 
facilitate the successful translation of secretome/
EV-based treatments into the clinical setting.

Take-Home Messages
• Mesenchymal stromal cells (MSCs) 

exert their therapeutic effect predomi-
nantly by secreting a plethora of bioac-
tive factors, collectively termed 
secretome, to induce and support endog-
enous regeneration.

• The secretome is a composite product 
secreted by cells in  vitro (conditioned 
medium) and in vivo, which consists of 

soluble and extracellular vesicle (EV) 
bound proteins, lipids, and nucleic 
acids. These bioactive molecules are 
important mediators of intercellular 
communication and orchestrate the 
regenerative processes in damaged tis-
sues by modulating the immune 
response, regulating cell survival, 
renewal, and differentiation, inhibiting 
fibrosis, stimulating endogenous cell 
recruitment and proliferation, and pro-
moting vascularization and matrix 
production.

• EVs are cell-derived membranous struc-
tures surrounded by a phospholipidic 
bilayer, which serve as intercellular 
messengers via receptor-mediated inter-
action and by transferring bioactive 
lipid, protein, and nucleic acid cargo to 
recipient cells to elicit regenerative pro-
cesses and homeostasis. The heteroge-
neous population of EVs can be defined 
by their physical characteristics (e.g., 
size, density, morphology), their bio-
chemical composition, the cells of ori-
gin, and culture conditions.

• The secretome has proven equivalent 
therapeutic potential to its donor cells. 
The systemic and local administration 
of conditioned medium and/or its EV 
fraction has yielded promising results in 
a wide variety of currently intractable 
musculoskeletal problems including 
cartilage defects, osteoarthritis, bone 
defects, osteoporosis, muscle, and ten-
don injuries.

• The composition of the secretome (and 
its fractions) and hence its therapeutic 
effects differ depending on the donor 
cell, its somatic function, developmen-
tal and anatomical origin, extent of dif-
ferentiation, and the microenvironment 
surrounding the cells. Correspondingly, 
the therapeutic potential of MSC-CM 
and EVs could be optimized for a given 
therapeutic application by careful selec-
tion of the donor cells, culture condi-
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Rotator Cuff Tendinopathy: Cell 
Therapy

Philippe Hernigou and Jacques Hernigou

13.1  Introduction

Shoulder pain is the third most common muscu-
loskeletal complaint. Some commonly diagnosed 
shoulder problems include impingement of the 
rotator cuff (RC) tendons or subdeltoid bursa, 
bicipital tendinopathy, frozen shoulder, and 
gleno- humeral and acromio-clavicular arthritis. 
However, the most frequent cause of pain is ten-
dinopathy or partial RC tears. Tendinopathy (ten-
don disorder) is a condition that occurs in the 
general population and more frequently in ath-
letes [1], with pain and functional limitations of 
the affected joint involving the tendon insertion 
[2]. Many therapies [3] have been proposed: 
eccentric exercises, corticosteroids, anti- 
inflammatory non-steroidal drugs, shockwaves, 
platelet-rich plasma (PRP), and surgery. Despite 
positive results for some of these therapies, recal-
citrant cases remain, and these may have an evo-
lution to a RC tear.

If a diagnosis of tendinopathy has been made, 
it is important to take the diagnosis a step further 
and decipher whether the tendinopathy is from 
extrinsic causes, intrinsic causes, or a combina-

tion of the two. They may also have pain at rest, 
night pain, or a painful arc. Upon evaluation, the 
clinician may find weak external rotators, a weak 
supraspinatus, and signs of impingement. Signs 
of impingement may include painful overhead 
reaching, an inflamed subdeltoid bursa, or posi-
tive special tests meant to provoke symptoms. 
When a patient partially tears his RC, it is com-
mon that he/she presents with reduced shoulder 
function (i.e., dyskinesis, weakness, pain, and 
stiffness); in patients over the age of 60 with two 
out of three of the aforementioned symptoms 
(i.e., weak external rotators, weak supraspinatus, 
and impingement signs previously listed), there 
is a 98% chance of a RC tear, although this is not 
always true and asymptomatic tears exist.

13.2  Rotator Cuff: 
From Mechanical 
to Biological Improvement

13.2.1  Early History

The first description of RC injury appeared in 
Edwin Smith Papyrus (1600 BC) describing a RC 
injury in Egypt. But from a historical point of 
view [4], the first real description [5] was in 1788, 
when Alexander Monro depicted a tear in supra-
spinatus and infraspinatus in his book A 
Description of All the Bursal Mucosae of the 
Human Body. Five decades later, John Smith [6] 
published the first series of RC tears. In 1855, the 
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French surgeon Jean-François Malgaigne [7] dis-
cussed the role of dislocations in the cause of RC 
avulsions identified in cadaver specimens. 
Between 1860 and 1980, other etiologies for 
shoulder pain were investigated, including 
impingement of the thickened bursa under the 
acromion, entrapment or dislocation of the long 
head of the biceps, and subacromial stiffness and 
adhesions. After the introduction of X-rays in 
1895, calcifications were identified as a cause in 
1907 [8].

According to Perthes [9], in 1870 Karl Hüter 
firstly re-attached torn cuff tendons to the humeral 
diaphysis after a humeral head resection in 
chronic dislocation, and in 1898 Wilhelm Müller 
repaired RC tears to the humeral head during a 
surgical intervention for shoulder stabilization. 
The new century represented the beginning of a 
new era for RC surgery. Perthes reported in 1906 
[9] a small series of RC repair with suture 
anchors, and in 1911, Codman [10] in the USA 
described the technique to repair the supraspina-
tus tendon tears.

Important steps of open RC repair surgery 
are represented by McLaughlin’s [11] technique 
in 1944, Jean Debeyre and Patte’s [12] supraspi-
natus advancement technique, and Neer’s [13] 
tendon transfers, previously used to treat neuro-
logical palsies, which were first performed for 
RC tears by Cofield [14] and Gerber et al. [15]. 
In the 1990s, arthroscopic surgery was proposed 
to repair RC tears by Raymond Thal who pub-
lished in 1993 a technical note on arthroscopic 
sutures [16].

13.2.2  Biological Enhancement 
of Rotator Cuff Repair

Tendinopathy is based on tendon degeneration 
[17] associated with presence of inflammatory 
cells [18]. Histological findings [19] demon-
strated necrotic and apoptotic tenocytes, neo-
vascularization, and collagen disarray. The 
repair process [20] is based first on the possi-
bility of cells’ differentiating into new teno-
cytes to generate new tendon tissue and, 
second, on the paracrine effects of these cells 
[21] to modulate the inflammatory reaction 

and to stimulate repair by the production cyto-
kines. Until the end of the twentieth century, 
most of the therapeutic improvements con-
sisted in improving the mechanics of the sur-
gical technique either by means of anchors or 
by means of two rows of fixation; it was not 
until the beginning of the twenty-first century 
that the biological improvement of treatment 
was considered.

In the beginning of the twenty-first century, 
Goutallier [22] reported the influence of biologic 
factors on the results with a classification of cuff 
muscle fatty degeneration. McElvany et  al. [23] 
highlighted that the introduction of new surgical 
techniques generally did not result in an improve-
ment of results and that novel biological strategies 
to enhance RC healing should be investigated.

To enhance tendon tissue regeneration, new 
biological solutions are being investigated, 
including growth factors, PRP, as well as both 
freshly isolated tissue derived cells and culture- 
expanded cell populations (such as mesenchymal 
stromal cells (aka MSCs)). The use of PRP as a 
biological solution to improve RC tendon healing 
has gained popularity over the last several years. 
The first report of a clinical use of PRP in RC 
surgery was published by Randelli et al. in 2008 
[24], but evidence on the real benefit of this 
approach is still inconclusive [25].

Cell-based approaches were suggested to 
enhance tendon healing by the author, professor 
Hernigou, who has an experience of 30 years with 
freshly isolated preparations of bone marrow- 
derived cells [26], particularly in hip osteonecrosis. 
The first RC tears operated with cellular adjunction 
were performed by the author in open surgery in 
1996, and arthroscopic technique results with cel-
lular adjunction [27] were reported in 2014.

These preparations of freshly isolated cells 
include a small but important population of stem 
and progenitor cells [28–30] that are capable of pro-
liferation in vitro, commonly referred to as connec-
tive tissue progenitors (CTPs). The concentration 
and prevalence of CTPs in a sample of tissue-
derived cells can be estimated based on the number 
of colonies that are formed when those cells are 
placed into tissue culture. Tissue-derived cell popu-
lations can also be expanded through tissue culture 
in vitro [31] to generate homogeneous populations 
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of plastic adherent cells that have been defined as 
mesenchymal stromal cells (MSCs).

13.3  The Theoretical Benefits 
of Cell Transplantation 
on Enthesis Healing

13.3.1  Reparative Process 
of the Enthesis

The enthesis has been divided into four zones 
(Fig.  13.1): the tendon, the non-mineralized 
fibrocartilage, the mineralized fibrocartilage, and 
the cancellous bone [32]. In the tendon area (zone 
1), there is a predominance of type I collagen 
fibers together with a small amount of decorin 
which is a small cellular or pericellular matrix 
proteoglycan; in the non-mineralized fibrocarti-
lage area (zone 2), type II and III collagen fibers 
are predominant and small amounts of type I, IX, 
and X collagen fibers have also been detected. 
Aggrecans and decorin are also present. Zone 3 is 
constituted by the mineralized fibrocartilage, 
with a highly specialized mineralized content and 
type I collagen fibers. Lastly, zone 4 is character-
ized by a bone-like composition, as it corre-
sponds to the bony insertional area. As previously 

mentioned, it has been demonstrated that this 
specialized tissue does not regenerate after injury 
and repair. The fibrovascular tissue that replaces 
the native enthesis is characterized by a predomi-
nance of type III collagen due to the excessive 
formation of scar tissue and the absence of 
fibrocartilage.

The reparative process can be divided into 
three phases (inflammatory, reparative, and 
remodeling), and numerous cells and cytokines 
have been implicated. Some authors have pointed 
out that the inability to regenerate the native 
enthesis could be caused by the incomplete 
expression of the genes implicated in its forma-
tion [32]. The main problem with failure in RC 
repair is probably biologic, as it is well-known 
that the delicate and highly specialized fibro- 
cartilaginous transition zone between the RC and 
the bone does not regenerate after repair [33]. 
Standard tendon to bone repair techniques attain 
only a fibro-vascular scar tissue (Fig. 13.2) that 
has relatively poor mechanical properties [34]. 
Thus, the focus in research has changed from 
mechanical improvement of the repair techniques 
to finding ways to improve the biological envi-
ronment around that repair. The most important 
histopathological findings of ruptured tendons 
consist mainly in disarray (i.e., loss of structural 

Fig. 13.1 The four zones of the normal enthesis Fig. 13.2 Fibrocartilage healing of a tear

13 Rotator Cuff Tendinopathy: Cell Therapy



172

organization), poor or absent neoangiogenesis, 
chondral metaplasia, and fibrosis. All these fea-
tures seem to give to tendon tissue a low healing 
capability, so these aspects may therefore explain 
why the lesions of the RC are at high risk of re- 
tear. In fact, as reported in the literature [35, 36], 
RC tears recurrence varies from 39 to 89% of 
cases. Considering these observations, it seems 
possible to refer to a condition of primary healing 
failure rather than re-tear, so we would like to 
introduce the new concept of “non-healing.” In 
contrast, the histopathological features observed 
in the subacromial bursa consist of absence of 
disarray, presence of neoangiogenesis, absence 
of chondral metaplasia, hyperplasia/hypertrophy, 
and absence of necrosis. These aspects could be 
interpreted as an attempt to repair starting from 
the bursal tissue. Unfortunately, as time passes 
bursal tissue inflammation decreased so that the 
results of this “reparative burst” stops. In 
 conclusion, in the small lesion, the repair process 
could start from the tendon tissue, but in large 
lesions the attempt to repair starts with the activa-
tion of the bursal tissue. So, the main goal of cel-
lular therapy could be to boost the repair 
process.

13.3.2  Rationale for the Use of Cells 
to Treat Tendon Disorders

The association between biological abnormali-
ties and RC tears has been investigated by 
Hernigou. Hernigou et al. [37] demonstrated that 
there is a reduced level of colony founding CTPs 
at the tendon-bone interface tuberosity in patients 
with tendinopathy and RC tears.

Cells were isolated from the bone marrow at 
the tendon-bone interface tuberosity of the 
humeral head of patients with and without RC 
tears and placed into a colony formation assay. In 
patients with tendinopathy, and after a RC tear, 
there is a significant decrease in the prevalence of 
colony founding CTPs in the bone marrow of the 
proximal humerus at the tendon-bone interface 
tuberosity. Overall, the lag time between the 
onset of RC symptoms and RC repair played a 

major role in the decrease of CTPs in the affected 
tuberosity. In the case of traumatic tears, they 
observed that the decrease was moderate in 
patients with small tears that were diagnosed and 
treated early after the onset of symptoms. A 
severe decrease was present in patients for whom 
1  year or more had elapsed between the initial 
incident/onset of symptoms and surgery, particu-
larly in elderly patients. Overall, the findings in 
this study provided a context for surgeons to con-
sider use of cellular augmentation in treating 
tendinopathies.

Marrow-derived cells have demonstrated ther-
apeutic benefit in a wide range of orthopedic 
pathologies. As a first result of this observation 
(decrease of CTPs in the tuberosity of tendinopa-
thies), it is potentially counterproductive to 
remove bone marrow from a patient’s injured 
shoulder. Therefore, other sites of aspiration, like 
patient’s iliac crest, were used as a source of bone 
marrow-derived CTPs.

Note that culture-expanded populations of 
plastic adherent cells can be generated by placing 
a mixture of cells including CTPs into culture 
and expanding the progeny of these cells in com-
petition with one another. The result can be a 
culture-expanded population of adherent cells 
that are capable of limited self-renewal and of 
differentiating into other cell types [38]. These 
populations of culture-expanded cells are defined 
as mesenchymal stromal cells (MSCs) [31].

13.3.3  Preclinical Studies

Many preclinical studies suggest that the use of 
cell-based therapies in subjects with RC tears can 
lead to improved enthesis healing. Recent animal 
studies have been reported on the role of bone 
marrow-derived cells for the reconstruction of 
RC ruptures. The progeny of some marrow- 
derived CTPs has the potential to become both 
tenocytes and osteoblast, as well as to provide 
multiple growth factors to establish an environ-
ment conducive to soft and hard tissue regenera-
tion. The principal source of cells for 
cell-enhanced healing of the RC has been autolo-
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gous bone marrow. Gulotta et al. [39] performed 
an experimental unilateral detachment of supra-
spinatus tendon and a trans-osseous repair in rats. 
They showed that transplanted cells were present 
at the repair site and that they were metabolically 
active. Although they did not find significant dif-
ferences in between the treated and untreated 
groups, at 4 weeks, there was a higher amount of 
fibrocartilage formation and better orientation of 
fibrocartilage fibers.

In order to reproduce RC surgery, Kida et al. 
[40] designed a study in which they performed 
additional drilling to the greater tuberosity to 
release bone marrow and allow bone marrow 
cells to migrate into the suture zone. They tested 
chimeric rats that expressed green fluorescent 
protein in the bone marrow cells and looked for 
the expression of this protein after a period of 2, 
4, and 8 weeks. It seems that drilling and the sub-
sequent migration of stem/stromal cells might 
improve maximum load to failure at 4 and 
8 weeks.

More recently, Gulotta et  al. [41] have used 
genetically modified culture-expanded MSCs in 
order to express scleraxis and produce MIT1 and 
BMP-13 with promising results. MSCs geneti-
cally modified to overexpress MT1-MMP might 
be useful for augmenting suture as it has demon-
strated improved biomechanical strength at 
4  weeks based on a higher presence of 
fibrocartilage.

Culture-expanded adipose tissue-derived mes-
enchymal stromal cells (AMSC) have also shown 
multipotentiality in vitro [42]. Oh et al. [43] have 
published the first study in a RC model using 
AMSCs. Four groups were compared for a suture 
of the subscapularis tendon in rabbit using saline, 
saline and AMSCs, only AMSCs, and only 
suture. They found better healing properties in 
animals treated with AMSCs and a capacity for 
regeneration after fatty infiltration of the muscle. 
Recently, Viganò et  al. [44] used autologous 
micro-fragmented adipose tissue (μFAT) to 
improve tenocyte proliferation. Micro- 
fragmented adipose tissue exerted an anti- 
inflammatory action on supraspinatus tendon 
cells resulting in the reduction of catabolic and 

inflammatory marker expression. These observa-
tions potentially support the use of μFAT as adju-
vant therapy in the treatment of RC disease.

13.4  Benefit of Cell 
Transplantation for Rotator 
Cuff Repair: What Is 
the Current Evidence?

MEDLINE/PubMed, EMBASE, and trial regis-
ters were searched to identify human trials on RC 
tears treatment. Studies investigating any type of 
cell-based therapy for patients with tendon disor-
ders were eligible if they included patient- 
reported outcome measures or assessed tendon 
healing. We identified eight studies that exam-
ined the efficacy of stem/stromal cell injections 
in human RC tendon tears.

13.4.1  The First Trial: The Experience 
of the Senior Author

The first trial (level 2 evidence; prospective, con-
trolled matched trial was completed with MRI 
and ultrasonography control) to evaluate the effi-
cacy of an injection of bone marrow-derived cells 
[27] is an adjunct to single-row RC arthroscopy 
in comparison with single-row RC arthroscopy 
alone in patients diagnosed with RC tears 
(Fig. 13.3). The study group was composed of 45 

Fig. 13.3 Points of injection of cells after rotator cuff repair
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patients with symptomatic rupture (and tear size 
from 1.5 to 3.5 cm) of the RC that had undergone 
surgical repair with an arthroscopic protocol and 
adjunct therapy using autologous marrow-derived 
cells during a period of 5 years between 2000 and 
2004. Injection of processed marrow aspirates 
was performed at the end of rotator cuff tendon 
fixation. MSCs were injected in the tendon at the 
junction between the bone and tendon (4 mL) and 
in the bone at the site of the footprint (8  mL). 
Each patient receiving cell augmentation received 
a total of 12 mL of bone marrow concentrate pro-
cessed using a centrifuge. Each bone marrow 
concentrate (BMC) sample was assayed in vitro 
to quantify the number of colony founding CTPs. 
The mean concentration of CTPs returned to the 
45 patients was 4300 + 1800 per mL and the total 
number of CTPs returned to these patients was 
51,600 ± 25,000 cells. In addition to CTPs, these 
injections also delivered a total of 1824  ±  648 
million mononucleated cells (non-CTPs) at a 
concentration of 152 ± 53 million cells per ml. 
Therefore, the overall prevalence of CTPs among 
all cells transplanted was one in 36 thousand 
mononucleated cells.

Outcomes of patients receiving BMC during 
their repair were compared to those of a matched 
control group of 45 patients who did not receive 
BMC. The total follow-up was 10 years, and the 
results were published in 2014. In the BMC treat-
ment group, significantly fewer re-tears were 
reported after 10 years of follow-up as measured 
by MRI and ultrasonography (13% vs. 56%, 
respectively; P < 0.05). The efficiency of BMC 
augmentation of the standard of care rotator cuff 
repair was analyzed for the healing time, the 
quality of the healing surface on the footprint, 
and the absence of re-tear. Injection of BMC as 
an adjunctive therapy during rotator cuff repair 
enhanced the healing rate and improved the qual-
ity of the repaired surface as determined by ultra-
sound and MRI.  Forty-five (100%) of the 45 
repairs with BMC augmentation had healed by 
6 months versus 30 (67%) of the 45 repairs with-
out MSC treatment by 6 months. BMC injection 
also prevented further ruptures during the next 
10 years. At the most recent 10-year follow-up, 
intact rotator cuffs were found in 39 (87%) of the 

45 patients in the BMC-treated group, but just 20 
(44%) of the 45 patients in the control group. The 
number of transplanted CTPs was determined to 
be the most relevant to the outcome in the study 
group, since patients with a loss of tendon integ-
rity at any time up to the 10-year follow-up mile-
stone received fewer CTPs as compared with 
those who had maintained a successful repair 
during the same interval. There was level 2 evi-
dence for improved outcome of the arthroscopic 
RC repair with BMC augmentation in compari-
son with arthroscopic RC repair for re-tears as 
measured by MRI and ultrasonography.

Although not included in the article, the 
authors had checked as reported in another study 
with hip surgery [45] that these bone marrow- 
derived cells when “culture expanded” as MSCs 
were meeting the standard criteria [31] from the 
International Society for Cellular Therapy (i.e., 
cells that adhere to tissue culture plastic; retain 
the capability for tri-lineage differentiation 
(bone, cartilage, and adipose); express CD105, 
CD73, and CD90 (with 95% prevalence); and 
lack expression of CD45, CD34, CD14 or 
CD11b, CD79 alpha or CD19, and HLA-DR sur-
face molecules). No severe adverse events related 
to the injection of culture-expanded MSCs after 
treatment were observed: no shoulder ossifica-
tion or calcification, no local tumor or remote 
tumors after a follow-up that is now of 
10–20 years.

13.4.2  The Other Seven Trials

The second case series (level 4 evidence; absence 
of control group) examined the efficacy of 
another preparation of marrow-derived cells that 
the authors referred to as bone marrow mononu-
clear cells (BMMC) in patients undergoing sur-
gery for complete RC tears. Fourteen patients 
with RC tears entered the study from 2009 to 
2010. After a minimum of 12-month follow-up 
period, the series [46] was reported in 2012. In 
that series, 14 consecutive patients were treated 
with trans-osseous stitches through mini-open 
incision and subsequent BMMC injection 
obtained from the iliac crest. Samples were 
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assayed based on the number of CD34 positive 
cells, rather than colony formation. CD34, a 
marker of immature hematopoietic stem and pro-
genitor cells, was used as a surrogate measure of 
the relative quality of the marrow aspirates. Ten 
mL were injected. The mean number of mono-
nucleated cells implanted was 380 million per 
mL, and among these cells the mean number of 
CD34+ cells transplanted was 5.65 million per 
mL, making the mean prevalence of CD34+ cells 
one in 67 mononucleated cells. The University of 
California (UCLA) score was used as main out-
come; this score increased, but no statistical anal-
ysis was performed in this study. After a minimum 
12-month follow-up period, the UCLA score 
increased from 12 ± 3.0 to 31 ± 3.2. Clinical find-
ings remained unaltered in the following year in 
all but one patient (13/14). MRI analysis after a 
12-month follow-up period demonstrated tendon 
integrity in all cases (14/14), presence of low-
signal intensity areas along the supraspinatus ten-
don and distal muscle belly in eight cases (8/14), 
and high-intensity blooming small round artifact 
at the bursal and tendon topography in 11 cases 
(11/14). Six patients (6/14) showed formation of 
a high-signal intensity zone at the critical zone. 
There was a level 4 evidence for a superior effect 
of BMMC on RC tears compared with non-sur-
gery control group (with exercise therapy) for 
clinical score and VAS pain score.

In the third trial (level 4 evidence; nonsurgical 
controlled trial), a total of 81 shoulders were 
treated with autologous BMC injections for RC 
tears [47]. Nucleated cell count data were avail-
able for 81 joints. CTP assays were not per-
formed. The mean cell count was 470 million 
cells (standard deviation = 3.1, range = 0.6–22.7). 
Ultrasound or fluoroscopy was used to guide 
intra-articular or rotator cuff tear needle place-
ment. Clinical outcomes were assessed serially 
over time using the disabilities of the arm, shoul-
der, and hand score (DASH), the numeric pain 
scale (NPS), and a subjective improvement rating 
scale. Baseline scores were compared to the most 
recent outcome scores at the time of the analysis 
and adjusted for demographic differences. At the 
most current follow-up assessment after treat-
ment, the average subjective score improved 

from 36.1 to 17.1 (P = 0.001), and the average 
numeric pain scale value decreased (improved) 
from 4.3 to 2.4 (P = 0.001). These changes were 
associated with an average subjective improve-
ment of 48.8%. There was a level 4 evidence for 
a positive effect of bone marrow-derived cells on 
RC tears when comparisons were done between 
pre- and posttreatment scores.

The fourth trial (level 4 evidence; nonsurgi-
cal controlled trial) used culture-expanded 
human autologous bone marrow stromal cells 
[48] in repair of a RC tear and reported the pre-
liminary results of a safety study. Ten patients 
were included in the study. Marrow was har-
vested at 3–4  weeks before surgery. 
Subsequently, an arthroscopic repair of the 
rotator cuff tear was performed, and a suspen-
sion of culture-expanded MSCs was applied to 
the suture site at the end of the procedure. The 
clinical assessment of these patients included 
the visual analogue scale (VAS) and subjective 
questionnaires for Constant and UCLA scores. 
All patients underwent MRI examination at 6 
postoperative months. The average values at 
6 months postoperatively were 0 points for the 
VAS score, 32 for the UCLA score, and 84 for 
the Constant score. The MRI findings at 
6 months after surgery showed fully healed and 
well-integrated tissue of the rotator cuff tendon 
attachment in eight patients.

The fifth trial (level 2 evidence; prospective, 
surgical control group, with MRI control) deter-
mined the efficacy of one injection of allogenic 
adipose-derived culture-expanded MSCs loaded 
in fibrin glue (injection group: allo-ASC injec-
tion group) during arthroscopic RC repair (35 
patients), comparing the double-row suture 
bridge technique with injection versus the 
double- row suture bridge technique alone in 35 
matched patients with RC tears [49]. A dose of 
4.46 million MScs loaded in 2 mL of fibrin glue 
was used. The mean VAS score at rest and during 
motion improved significantly in both groups 
after surgery. At minimum of 12  months after 
intervention, a re-tear rate of 28.5% was found 
with MRI in the control group versus 14.3% in 
the MSC injection group (P < 0.001). Complete 
healing of the tendon, as measured with MRI, 
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was observed in 85.7% of patients in the inter-
vention group versus 71.4% of patients in the 
control group. There was level 3 evidence for a 
superior effect of allo-ASC injection augmenta-
tion for RC tears compared with arthroscopic 
double-row suture bridge technique alone on ten-
don healing and re-tears as measured by MRI.

The sixth trial (level 3 evidence; nonsurgical 
controlled trial) studied the efficacy of one injec-
tion with bone marrow aspirate concentration 
(BMAC) and PRP injection versus exercise ther-
apy in patients diagnosed with a RC tear with a 
total follow-up of 3 months [50]. Cell count and 
CTPs assay were not performed. The mean 
American Shoulder and Elbow Surgeons (ASES) 
score changed from 39.4 ± 13.0 to 54.5 ± 11.5 at 
3 weeks and 74.1 ± 8.5 at 3 months in the BMAC- 
PRP group and changed from 45.9  ±  12.4 to 
56.3 ± 12.3 at 3 weeks and 62.2 ± 12.2 at 3 months 
in the control group. The change in the ASES 
score differed significantly between groups at 
3  months (P  =  0.011) but not at 3  weeks 
(P  =  0.712). There was level 3 evidence for a 
superior effect of BMAC-PRP on RC tears com-
pared with exercise therapy.

The seventh trial (level 2 evidence; prospec-
tive, controlled matched trial with MRI and 
arthroscopic control) assessed the safety and 
efficacy of one intratendinous injection of 
culture- expanded autologous adipose tissue-
derived MSCs (AD MSCs) in patients with RC 
disease with three dose escalation cohorts [51]. 
Nineteen patients were treated, in two phases. 
With an initial dose escalation from 10 million 
cells to 100 million cells and the last ten patients 
treated with 100 million cells. The primary out-
comes were the safety and the Shoulder Pain 
and Disability Index (SPADI). Secondary out-
comes included clinical, radiological, and 
arthroscopic evaluations. Intratendinous injec-
tions of AD MSCs were not associated with 
adverse events. It significantly decreased the 
SPADI scores by 80% and 77% in the mid- and 
high-dose groups, respectively. Shoulder pain 
was significantly alleviated by 71% in the high-
dose group. MRI examination showed that vol-
ume of the bursal side defect significantly 
decreased by 90% in the high-dose group. 

Arthroscopic examination demonstrated that 
volume of the articular and bursal side defects 
decreased by 83 and 90% in the mid- and high-
dose groups, respectively. There was level 2 evi-
dence that one intratendinous injection of 
autologous AD MSCs in patient with a partial- 
thickness RC tear did not cause adverse events, 
but improved shoulder function, and relieved 
pain through regeneration of RC tendon.

The eighth trial (level of evidence: level 1; 
prospective, randomized, controlled trial) tested 
the hypothesis that treatment of symptomatic, 
partial-thickness RC tears (PT-RCT) with fresh, 
point of care, uncultured, unmodified, autologous 
adipose-derived from lipoaspirate was safe and 
more effective than corticosteroid injection [52]. 
A mean dose of 11.4 million cells was delivered 
in 5 mL. This pilot study suggested that the use of 
adipose-derived cells can lead to improved shoul-
der function without adverse effects. This level 1 
study evidenced the following key findings: no 
severe adverse events in the 12 months after treat-
ment and no greater risks than those connected 
with treatment of PT-RCT with corticosteroid 
injection. Despite the small number of subjects in 
this pilot study, those 12  in the autologous 
adipose- derived group showed statistically sig-
nificantly higher mean ASES total scores at Week 
24 and Week 52 posttreatment than the 8 subjects 
in the corticosteroid group (p < 0.05).

13.5  Conclusion

Many gaps in our knowledge remain with regard 
to indications, dosage, cell source, cell prepara-
tion, cell composition, cell concentration, and 
method of cell delivery. Tendon tears represent 
more severe injuries than tendinopathy, and out-
comes of tendon tears are often poorer, particu-
larly for rotator cuff tears of the shoulder. 
According to our review and to our experience, 
we are currently able to recommend cellular 
 therapies for some patients with rotator cuff ten-
don disorders. Our current practice is not to rec-
ommend cell therapy for every surgery but rather 
to propose this treatment for patients who have a 
risk of a re-tear after arthroscopic repair of the 
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rotator cuff. Those patients with risk of re-tear 
show advanced degeneration of the tendons, 
which are thinner and atrophic.

However, most of the evidence of efficacy is 
based on injections done during surgery and 
associated with surgical repair of rotator cuff 
tears; more studies are needed on the conserva-
tive cell-based injective treatment of RC tendi-
nopathy without rupture. Several other therapies, 
such as eccentric exercises, nonsteroidal anti- 
inflammatory drugs, shockwave therapy, cortico-
steroids, platelet-rich plasma, and surgery before 
rupture, have been proposed as treatments for 
tendinopathy, with moderate to low variable lev-
els of evidence and success. Based on current 
evidence, it is not possible to judge whether cel-
lular therapy using either freshly isolated tissue- 
derived cell preparations or culture-expanded cell 
preparations should be preferred over other con-
ventional treatments in the management of ten-
don disorders.
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14.1  Introduction

Shoulder pain is a very common musculoskeletal 
problem in the general population with a preva-
lence between 6.9% and 34%, and rotator cuff 
tendinopathy represents the leading cause of this 
symptom, increasing as a function of age [1]. The 
patho-etiology of rotator cuff tendinopathy is still 
poorly defined, but it is surely multifactorial 
including extrinsic and intrinsic pathogenetic 

mechanisms. Extrinsic factors cause a compres-
sion on the bursal side of the rotator cuff tendons. 
Acromion, subacromial, and acromioclavicular 
joint spurs, alterations in scapular or humeral 
kinematics, postural abnormalities, rotator cuff 
and scapular muscle performance deficits, and 
decreased extensibility of the pectoralis minor 
are mainly responsible for tendon compression 
[2]. Also, overuse is considered one of the most 
important extrinsic factor especially in individu-
als performing repetitive overhead activities, 
including throwing sports, like baseball or vol-
leyball, and heavy works [2]. Intrinsic factors, 
including alterations in biology, mechanical 
properties, morphology, and vascularity, contrib-
ute to rotator cuff tendon degeneration with ten-
sile or shear overload. Rotator cuff tendinosis 
may be the result of a disorganization in collagen 
fibril morphology and tendon ultrastructure. The 
loss of cellularity, followed by thinning and dis-
organization of tendon fibers, lead to the forma-
tion of a granulation tissue and fibrocartilaginous 
changes [3, 4]. All these changes increase the risk 
of rotator cuff tears.

The intrinsic factors could explain the ratio-
nale for the use of biologics in the treatment of 
rotator cuff tendinopathy, having demonstrated 
an influence on tendon morphology and function. 
Depending on the patients’ comorbidities, age, 
activity level, symptoms, and findings on physi-
cal examination and imaging, different biologic 
therapies have been described. Injection therapy 
of biologics can be applied as conservative 
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 treatment or adjuvant in surgical procedures. 
Historically, the injection therapy of choice was 
represented by the use of corticosteroids that can 
reduce pain and, consequently, improve func-
tional outcomes but without a tendon healing 
stimulation. Recently, an increasing interest in 
the use of platelet-rich plasma (PRP) injections 
for nonoperative management of rotator cuff ten-
dinopathy or in association with arthroscopic 
rotator cuff repair has emerged. At the same time, 
also hyaluronic acid (HA) injections, among the 
biologicals, are being widely studied. Meanwhile, 
the use of selected cytokines and growth factors 
is still restricted to animal studies.

14.2  Platelet-Rich Plasma (PRP)

PRP is one of the most studied adjuvants in rota-
tor cuff tendinopathy and tears, able to stimulate 
healing at the tendon-bone interface and 
decrease pain and inflammation [5, 6]. PRP is 
rich in growth factors including transforming 
growth factor-β (TGF-β), fibroblast growth fac-
tor (FGF), platelet-derived growth factor 
(PDGF), and others that are involved in the ten-
don healing. Several in  vitro and in  vivo pre-
clinical studies have been conducted in order to 
define the mechanism of action of PRP and the 
histological and mechanical effects on the 
healed tendons. TGF-b increases the expression 
of procollagen types I and III and mechanical 
properties. PDGF-BB, IGF-1, VEGF, and 
B-FGF promote tendon cell proliferation and 
tendon healing. These factors stimulate the gene 
expression of the matrix molecules and tendon 
cell proliferation and promote the synthesis of 
angiogenic and other growth factors and also 
activate circulation-derived cells [7, 8].

The impossibility of reproducing chronic ten-
dinopathy in animal models means that most of 
the studies are based on the effectiveness of PRP 
in surgically created tendon tears. Several studies 
analyzing different tendons (Achilles tendon, 
patellar tendon, flexor digitorum tendon) in dif-
ferent animals (rats, rabbits, horses) found that 
PRP accelerated healing time and led to superior 
quality tendons than control groups, with better 

organization of fibroblasts and collagen bundles. 
PRP treatment groups also had earlier regression 
of granulation tissue than the control groups, 
indicating an increased rate of repair. Tendons 
treated with PRP showed an increased load to 
failure [7, 8]. Animal studies confirmed these 
results on rotator cuff repair with intraoperative 
injection of PRP [9]. Furthermore augmentation 
with a sponge carrier or a dermal graft did not 
influence the effects of PRP on rotator cuff heal-
ing [10, 11], while the use of scaffolds for PRP 
may have adverse effects compared to the inject-
able preparation. In an animal study, platelet-rich 
fibrin matrix (PRFM) did not recapitulate the 
native enthesis, but rather induced an exuberant 
and disordered healing response that was charac-
terized by fibrovascular scar tissue [12]. Similarly, 
in humans there is no evidence to support the use 
of PRFM applied to the bone-tendon interface 
[13–15].

Currently, there are several PRP preparation 
protocols, which result in different formulations 
with varying platelet concentration and other 
components. There is a high heterogeneity even 
among the randomized controlled trials (RCTs) 
because disease severity, treatment formulation, 
and methodological quality vary widely, making 
it difficult to reach a definitive conclusion on the 
efficacy of PRP [5, 6].

In conservative treatment, the procedure is 
performed in an outpatient setting. Patients are in 
supine position with their arms placed on the 
superior part of the iliac wing with the palm up 
and the elbow flexed, or they are seated with the 
arm relaxed along the trunk and the elbow flexed. 
PRP is aseptically injected into the subacromial 
space. The approach could be anterior, lateral, or 
posterior (Fig. 14.1a–c) [16].

Compared to a landmark-guided approach, the 
subacromial ultrasound-guided injection is more 
accurate, allowing to deliver PRP exactly into the 
tendon lesion. After the visualization of the 
hypoechoic lesion, approximately 2 mL of PRP 
are injected via a 22 gauge needle. Some authors 
suggest the use of a peppering technique which 
consists of multiple intratendinous injections of 
little amounts of PRP solution withdrawing with-
out emerging from the skin, but slightly 
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 redirecting and reinserting the syringe needle. In 
fact, intratendinous PRP injections are retained 
within the tendon and primarily distribute longi-
tudinally with minimal cross-sectional spread. 
Meanwhile, intratendinous injections with this 
peppering technique may alter tendon morphol-
ogy and mechanics [17]. To our knowledge there 
are no comparative studies on the difference in 
the effects of subacromial and intratendinous 
injections.

Several studies have reported potential posi-
tive effects of PRP in the treatment of acute and 

chronic tendinopathy, but in rotator cuff ones the 
results are still inconsistent [18–20]. In 2019 a 
systematic review of RCTs by Harley et al. found 
that at short-term follow-up, PRP (mainly as sin-
gle injection protocol) may not be a beneficial 
therapy in nonoperative management for partial- 
thickness rotator cuff tears [18]. However, in a 
comparison with other injectable agents, in 
absence of physical therapy, PRP seemed to have 
a potential effect in rotator cuff tendinopathy 
[18]. In the RCT performed by Shams et al., 20 
patients treated with a single PRP injection were 

a

c

b

Fig. 14.1 Landmark-guided approaches in shoulder subacromial injections. (a) Anterior, (b) lateral, and (c) posterior 
approaches
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compared with 20 patients treated with a cortico-
steroid injection [19]. Patients were assessed at 
6 weeks and 3 and 6 months of follow-up. The 
patients in the PRP group showed significantly 
greater improvements in American Shoulder and 
Elbow Surgeons (ASES) score, Constant-Murley 
score (CMS), Simple Shoulder Test (SST), and 
Visual Analogue Scale (VAS) at 3 months of fol-
low- up compared to the corticosteroid group. 
However, no significant difference was found in 
terms of clinical outcomes and tendinopathy 
grade on magnetic resonance imaging (MRI) at 
final follow-up [19].

PRP in addition or compared to exercise 
therapy did not show clear results [20]. 
Kesikburun et al. found that, in patients who are 
undergoing a 6-week standard exercise pro-
gram, a single injection of PRP did not result in 
greater clinical improvements compared with 
placebo injection at 1  year of follow-up [20]. 
However, in other studies, PRP seemed to show 
a potential, although not significant, efficacy in 
terms of improvement of tendinopathy grade on 
MRI compared to exercise therapy. Therefore, 
PRP may have a role alongside exercise therapy 
to promote tendon healing, which may be bene-
ficial in the long-term [19–21]. Probably the 
beneficial effect of physical exercise was due to 
its cumulative effect maintained over time. 
Therefore, multiple injections of PRP could 
increase these effects [22].

In surgical rotator cuff repairs, despite the 
resolution of pain and the improvement in sub-
jective outcomes, there is a high rate of incom-
plete healing or re-tearing of the tendons [23]. 
Several studies have demonstrated that the failure 
of tendon repair occurs relatively early after sur-
gery, between 6 and 12  months postoperatively 
[23]. Moreover, the failure did not seem to be 
caused by commercially available sutures, but by 
the weakness of the tendon-suture interface. The 
reason for not healing was the poor tendon tissue 
quality due to degenerative changes, increasing 
with age [24, 25]. For all these reasons, augmen-
tation with PRP may be considered in patients 
with high risk of repair failure, such as older age 
(mostly > 65  years), multiple tendon involve-
ment, small/moderate tear size (> 2 cm), retrac-

tion (> 2 cm), and high-grade fatty infiltration of 
the muscles (Goutallier grade > 2) [26, 27].

Comparative clinical studies on the use of 
PRP after rotator cuff repair have demonstrated 
conflicting results, making it now difficult to 
draw definitive conclusions [6]. Literature data 
suggested a beneficial effect on the healing of 
arthroscopically repaired small and medium rota-
tor cuff lesions (re-tear rate 7.9% among patients 
treated with PRP, compared to 26.8% of those 
treated without PRP) [28].

However, we report here our preliminary 
results, not already published, of a RCT which 
compared clinical (University of California at 
Los Angeles (UCLA) Shoulder Score, VAS, SST, 
CMS, and shoulder external rotation strength) 
and radiological outcomes of 53 patients who 
underwent arthroscopic rotator cuff repair with or 
without the addition of PRP at the 10-year fol-
low- up. The addition of PRP consisted of an 
injection between the bone and the repaired rota-
tor cuff and then performing a dry arthroscopic 
check of the clot formation. Compared with the 
previous radiological control at the 2-year fol-
low- up, new re-lesions occurred in 6% of the 
patients that received PRP treatment, whereas in 
the control group, the percentage raises to 14% 
(p  =  0.61). The clinical and radiological out-
comes at the 10-year follow-up showed a sub-
stantial uniformity of results between the two 
groups. The minor differences observed in previ-
ous follow-ups tended to converge over time.

Even a large number of systematic reviews 
and meta-analyses did not point to a consensus. 
The recent meta-analysis of Chen et al. reviewed 
exclusively level 1 RCTs to assess the efficacy of 
PRP for rotator cuff-related abnormalities and 
evaluate how specific tendon involvement, the 
use of gel/non-gel formulations, and inclusion of 
leukocytes affect pain and functional outcomes 
and compared quantitative results with the mini-
mal clinically important difference (MCID) [5, 
29]. This study showed that long-term re-tear 
rates were significantly decreased in patients who 
received PRP in different manner (i.e., intraop-
erative injections, augmentation with autologous 
platelet-rich fibrin matrix or gel formulation); 
significant improvements in PRP-treated patients 
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were noted for multiple functional outcomes, but 
none reached their respective MCIDs [5].

A recent meta-analysis by Harley et al. of 18 
RCTs analyzed separately the effect of PRP and 
platelet-rich fibrin on rotator cuff repair [30]. 
They found that PRP improved the structural 
integrity of tendon compared with the controls 
(82.8% versus 69.5%; p  <  0.05), in small to 
medium tears (93.3% versus 73.5%; p < 0.05). In 
addition, the use of PRP leads to significantly 
improved visual analogue score at 30 days and at 
final follow-up, as well as improved CMS and 
UCLA score. They also investigated the differ-
ences between leukocyte-rich end leukocyte-poor 
PRP formulation finding that leukocyte-poor for-
mulation had better healing rates [30].

Lastly, in a systematic review and meta- 
analysis including 16 RCTs or prospective cohort 
studies, Cavendish et al. found that intraoperative 
PRP injection resulted in a 25% reduction in the 
risk of repair failure (as defined by postoperative 
imaging) regardless of tear size, with low hetero-
geneity among the included studies [6].

14.3  Hyaluronic Acid (HA)

HA is a high molecular weight glycosaminogly-
can constituted by a repetition of N-acetyl- 
glucosamine and a β-glucuronic acid [31]; its 
physiochemical properties of retaining water 
with a very high hydration ratio and viscoelastic-
ity are very well studied. HA seems to be effec-
tive for the treatment of shoulder osteoarthritis 
[32]; however, no consensus is present in litera-
ture about the clinical indication for rotator cuff 
tendinopathy [33, 34].

In vitro studies showed how HA enhances 
viability and proliferation, counteracting apopto-
sis, in rotator cuff tendon-derived cells, in a dose- 
dependent manner [35]. This biological property 
may be helpful as in tendinopathy a higher inci-
dence of tenocyte apoptosis and a decrease in 
collagen synthesis have been reported [36]. 
Mitsui et al. proved HA significantly and dose- 
dependently inhibited the expression of proin-
flammatory cytokine mRNA (IL-1b, IL-6, and 
TNF-alpha) in subacromial-synovium fibroblasts 

(SSF) frequently dysregulated in rotator cuff dis-
ease [37]. In both in vitro and in vivo trials, high 
concentration of HA increased collagen type I, 
stimulated endogenous growth and cell-cell 
interaction, resulting in a faster recovery, acceler-
ating healing processes after tendon repair and 
decreasing scar formation within the tendons 
[38]. Animal studies confirmed results of in vitro 
studies: a rabbit rotator cuff tear model showed 
that an intraoperative injection of 1  mL HA 
accelerated tendon-to-bone healing, enhancing 
the biomechanical strength and increasing chon-
droid formation and tendon maturity at the 
tendon- bone interface [39, 40]. In addition, 
Nakamura et al. proved the safety of HA in term 
of cell viability of tendon fibroblasts when com-
pared to corticosteroids in an in vivo study [41]. 
Nevertheless, in vivo studies had the limit of the 
acute injury model, where weight-bearing and 
biochemical reactions differ from humans with 
chronic tendinopathy [41].

In 2018, Lin et  al. [34] performed the first 
meta-analysis on injection therapies for rotator 
cuff diseases, extracting all data from RCTs pub-
lished up to September 2017. The study com-
bined both direct and indirect evidences into the 
same statistical framework, giving the more con-
sistent results of a level I study. In this meta- 
analysis, the authors reported that HA did not 
show a greater pain reduction in the short-, 
medium-, and long-term follow-up, compared to 
placebo. The main limitation of this study was 
that RCTs included in the meta-analysis consid-
ered several causes of rotator cuff tendinopathy, 
both degenerative or overuse disorders and 
impingement syndrome. On the contrary, three 
RCTs published just after this meta-analysis 
reported more encouraging results [42–44]. In 
the trial of Flores et al., 84 patients, suffering for 
persistent supraspinatus tendinopathy without 
rotator cuff tear, were randomized to receive 
either physical therapy in association with sub-
acromial HA injections (two injections with an 
interval of 1 week) or physical therapy only. The 
results supported the use of subacromial HA 
injections as adjuvant treatment to physical ther-
apy in the management of supraspinatus tendi-
nopathy thanks to an earlier return to pre-injury 
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activity and lower number of rehabilitation ses-
sions [42]. Moreover, Jeong et al. demonstrated 
that a hyaluronate/carboxymethyl cellulose 
intraoperative subacromial injection in 80 
patients with full-thickness rotator cuff tear 
improved gliding motion in the sub-deltoid 
space at 8 weeks of follow-up, with a not statisti-
cally significant tendency of a faster recovery 
[43]. Finally, in their RCT on 184 patients with a 
partial- thickness rotator cuff tear, Cai et al. com-
pared subacromial injections of normal saline 
(NS), saline hyaluronate (SH), PRP, and a com-
bination of SH and PRP at several follow-ups. 
Each patient received subacromial injections 
consecutively once a week for 4 weeks. SH, and 
even more SH  +  PRP, showed to improve the 
function of the shoulder reducing pain at every 
follow-up more than NS [44].

Clinical trials showed less promising results 
compared to in vitro and animal studies probably 
because of the different concentration in nutrients 
and oxygen that it is very different in the patho-
logical environment. Moreover, the effect of HA 
on the main proteins of extracellular matrix ten-
dons remains unsolved [35].

14.4  Cytokines and Growth 
Factors

Cytokines play an important role in cell chemo-
taxis, proliferation, matrix synthesis, and cell dif-
ferentiation having the potential to improve 
rotator cuff tendon healing via autocrine and 
paracrine signaling [4]. As highlighted by 
Sundman et al., these factors can vary across var-
ious preparations of PRP, which is why research-
ers have looked to specific cytokines to increase 
healing rates with rotator cuff repairs [45]. The 
enthesis of a tendon includes tendon, fibrocarti-
lage, and bone, so early research investigated 
osteoinductive factors as possible adjuvants.

Kim et al., studying the effect of a single intra-
tendinous PRP injection on the degenerative rota-
tor cuff tendinopathy according to compositions, 
found that PRP subgroup above IL-1B or TGF- 
B1 cutoff values (>5.19 pg/mL and >61.79 μg/
mL, respectively) showed significant differences 

in all examined clinical outcomes compared with 
the exercise group, while the PRP subgroup 
below IL-1B or TGF-B1 cutoff values did not 
[22]. IL-1β is a major cytokine that induces a 
catabolic action on tendon fibroblasts through the 
upregulation of inflammatory mediators and 
plays a role in the tendon’s degenerative changes 
in tendinopathy or regenerative capacity [22]. 
TGF-β1 inhibits matrix metalloprotease 
(MMP)-9 and MMP-13 expression preventing 
the degradation of collagen and enhancing the 
formation of tough fibrous tissues and is known 
to improve tendon strength and tendon healing 
[22]. Therefore MMP enzymes, due to their role 
in degrading collagen and other extra-cellular 
matrix proteins, have also been studied in soft tis-
sue repairs to prevent re-tears [22]. A signifi-
cantly higher levels of MMP-3 were found in 
patients with rotator cuff re-tears in a study by 
Gotoh et al. [46].

Doxycycline, a common antibiotic, has been 
widely studied because it inhibits MMP. In a rat 
study, doxycycline (130  mg/kg/day) showed 
promising results in preventing tendons re-tears. 
One hundred and eighty-three rats underwent 
repair of the supraspinatus tendon, and the ani-
mals were divided into four groups. In experi-
mental groups, an identical surgery was 
performed, and doxycycline was started orally at 
preoperative day 1 (group 1 = 66 animals), post-
operative day 5 (group 2 = 28 animals), or post-
operative day 14 (group 3  =  23 animals) and 
administered every day until the time of sacrifice. 
In the control group (group 4 = 66 animals), the 
supraspinatus was repaired to its anatomical foot-
print, and no dose of doxycycline was adminis-
tered. They found that in the first postoperative 
day, doxycycline-treated animals demonstrated 
greater metachromasia and improved collagen 
organization at the healing enthesis with the 
MMP-13 activity significantly reduced [47].

Specific growth factors, such as FGF and 
PDGF, have also been studied. Recombinant 
PDGF showed to improve the biomechanical 
strength of repair and increase the bone-tendon 
interdigitation histologically when used with a 
collagen matrix [48], but only gain the histologi-
cal characteristics of repairs when embedded in 
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sutures alone [49]. Similarly, in rat models, 
FGF-2 showed the same properties when applied 
to rotator cuff repairs [50–52] probably due to its 
role in tenogenic progenitor cells stimulation that 
can improve tendon to bone healing [53].

Despite numerous animal studies, these cyto-
kines and growth factors have not been studied in 
a human model yet, and new rigorous trials are 
necessary to evaluate the safety and efficacy of 
these adjuvants in rotator cuff tendinopathy and 
repair.

14.5  Conclusions

Orthobiologics injection therapies represent one 
of the new frontiers in the treatment of each stage 
of rotator cuff disease. The use of PRP and HA 
injections in the conservative treatment of rotator 
cuff tendinopathy or tears has been widely stud-
ied. Although results of in vitro and in vivo stud-
ies are very encouraging, clinical trials have 
shown inconsistent evidences, making it difficult 
to reach definitive conclusions. In order to sup-
port the routine use in clinical practice of PRP 
and HA injections for the treatment of rotator 
cuff tendinopathy, new studies should be per-
formed to clarify the best timing, doses, injection 
intervals, and type of PRP and HA formulations.

Finally, the promising results of growth fac-
tors and cytokines in in  vitro and animal trials 
will allow to better understand the structural and 
compositional deficiencies of the injured rotator 
cuff tissue to identify the biological needs and 
create a targeted injection therapy in the future.
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15.1  Introduction

Lateral epicondylitis (LE), also known as tennis 
elbow, is a prevalent, common, usually self- 
limiting disorder of the dorsolateral aspect of the 
elbow. It affects men and women equally, pre-
dominantly between the ages of 45 and 54 years 
[1]. If the local healing response fails, LE can 

evolve into a chronic condition involving the ori-
gins of the wrist extensor muscles (especially the 
extensor carpi radialis brevis—ECRB) where 
they attach to the lateral epicondyle of the 
humerus [2]. LE commonly affects individuals 
involved in repetitive tasks, including trade/office 
personnel. Despite the moniker, LE is less com-
mon in athletes.

The etiology of LE is not known, but exces-
sive use, microtrauma, age, smoking, and obe-
sity have been defined as risk factors [1]. LE is 
more prevalent than its medial counterpart, 
medial epicondylitis, affecting 1.3% of the gen-
eral population [3, 4], and its incidence seems to 
be decreasing [5]. Historically, LE was classi-
fied as an inflammatory disorder. Conservative 
plans have been characterized by the use of oral 
anti- inflammatory drugs, physical therapy 
(stretching, range of motion, strengthening), 
activity modification, rest, and steroid injections 
with variable long-term success [6]. However, 
the modern descriptions classify the condition 
as a tendinopathy.

While the specific causes of LE are not always 
clear, the process of mechanically induced tendi-
nopathy is followed by a failed healing response, 
which leads to some feature of chronic inflamma-
tion, calcification, fibrosis, vascular proliferation, 
and hyaline degeneration of the affected tendons. 
Although acute inflammatory cell infiltration is 
not typically seen in biopsies of the tendon lesion, 
it is now well-accepted that “molecular inflam-
mation” and the production of numerous inflam-
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matory mediators play a critical role in the 
progression and chronicity of tendinopathy and 
probably the initiation phase as well [7–9].

Given this new understanding of the physiopa-
thology of LE, treatment approaches have shifted 
toward novel biological therapies to restore ten-
don biology through reactivation of a healing 
response that may stimulate local tendon repair 
and/or regeneration, rather than just treating 
inflammation and pain. The developing treatment 
strategies include local injection of platelet-rich 
plasma (PRP), collagen-producing tenocyte-like 
cells, mixed cell preparations containing connec-
tive tissue progenitor cells from different sources 
(mostly bone marrow and adipose tissue), and 
autologous conditioned serum (ACS).

15.2  Pathophysiology

Describing the lateral epicondyle, the inferior 
surface of this bony structure serves as the origin 
for the lateral ulnar collateral ligament (LUCL) 
and the radial collateral ligament (RCL) [10]. 
Superficial to the RCL is the common extensor 
tendon. This tendon has been extensively investi-
gated in the diagnosis of LE, with detailed study 
defining the extent and severity of the abnormali-
ties seen within the tendon [11]. The ECRB, a 
part of the common extensor tendon origin, is the 
most commonly affected tendon and the structure 
where the pathology of LE is located [12].

Many different activities that involve the 
repetitive use of these muscles can lead to the 
condition, including, but not limited to, manual 
labor, playing a musical instrument, typing, and 
playing golf, tennis, or other racquet sports. The 
strength of tendons typically exceeds physiologi-
cal forces. However, like other materials, they 
also have a limit of fatigue resistance at forces 
that do not result in immediate rupture. The ten-
dons’ fatigue limit of loading exceeds the capac-
ity for local repair and remodeling to heal 
microtears; such microtears can then accumulate, 
weakening the regional structural integrity to the 
point that ongoing injury continues to exceed the 

rate of repair even at reduced levels of activity. 
This can lead to failure of healing and subse-
quently degeneration of the tendon which defines 
a tendinopathy. Although often called a “tendon-
itis,” at histopathology LE presents with few 
acute inflammatory cells and is instead more 
associated with hypertrophy of fibroblasts, abun-
dant disorganized collagen, hyperplasia of vascu-
lar elements, and eventually apoptosis and 
increase turnover of disorganized extracellular 
matrix [13, 14]. Various inflammatory mediators 
have been identified in biopsies of tendinopathic 
tendons. The pathophysiology of tendinopathy is 
complex, with variability in the cellular and 
molecular mediators based on the stage of the 
condition, inducing several abnormalities in 
tenocytes, including abnormalities in cell prolif-
eration, matrix synthesis, production of matrix- 
degrading metalloproteinases, and apoptosis [8]. 
The end result is the failure of tendon homeosta-
sis and/or imbalance of tissue injury and repair/
remodeling.

At histology, in patients with LE, the ECRB 
tendon presents apoptosis of tendon cells and 
signs of fibrotic regeneration [15], together with 
angiofibroblastic degeneration secondary to a 
failure of natural tendon repair mechanisms, with 
low numbers of inflammatory cells seen in 
patients with chronic LE [4, 16]. The underuse of 
the tendon (stress deprivation) can also predis-
pose to LE [17]. Underuse can cause the tendon 
structure to weaken, increasing the risk of full or 
partial rupture/failure [18]. Underuse can also 
decrease the vascularization of the tendon caus-
ing sustained use to lead to ischemia of the ten-
don and hyperthermic injuries that will greatly 
weaken the muscle-tendon-bone structure [17].

The etiology of LE is not always known and 
likely to be multifactorial. Repetitive overuse/
microtrauma, age, smoking, and obesity have 
been defined as risk factors. There are no consis-
tent associations between clinical presentation, 
imaging findings, and common histological find-
ings of vascular proliferation, hyaline degenera-
tion, and fibroblastic proliferation with calcific 
debris [19].
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15.3  Evaluation of Tennis Elbow: 
Lateral Epicondylitis

There is great variance in the presentation of LE 
with varying peripheral nerve irritation and pain 
response. Clinically, LE can present with inter-
mittent, low-grade pain to escalate to chronic and 
continuous severe pain which disturbs sleep [17]. 
The pain is generally worse with activities that 
involve grasping and wrist extension or those that 
can result in eccentric loading of the tendon such 
as in racquet sports.

At initial investigation, tenderness to palpa-
tion of the lateral epicondyle and common exten-
sor tendon are indicative of LE [12]. As the 
condition progresses, calcifications can be 
detected over the lateral epicondyle. Special 
maneuvers such as Maudsley’s test, Thomson’s 
maneuver, diminished grip strength, and the 
“chair” test can help make the diagnosis [20, 21]. 
Additionally, ultrasonography is often used to try 
to analyze the alterations of the tendons involved 
in this condition. Using this technique in various 
ultrasound images, intratendinous and peritendi-
nous evaluations can be made to differentiate 
between normal and pathologic tendons [11].

The diagnosis of LE, in general, is performed 
following clinical examination, with lateral 
elbow pain that increases on palpation and/or 
through resisted wrist dorsiflexion and resisted 
extension of the long finger [22]. Various other 
indicators used and tools help to evaluate the 
presence and extent of the condition [23].

The tenderness of the lateral epicondyle and 
the triggering of pain by resisted wrist extension 
and/or finger extensors with the elbow extended 
or flexed are key clinical findings to make the 
diagnosis [24]. The evaluation and diagnosis of 
tennis elbow is largely clinical, but imaging stud-
ies such as radiographs, ultrasonography, or MRI 
can be performed, when the diagnosis is not clear. 
Current ultrasound technology can provide high- 
resolution images [25]. The ultrasonographic 
findings classically included the following find-
ings: (1) enthesopathy, (2) tendinitis, (3) periten-
dinitis, (4) bursitis, (5) intramuscular hematoma, 
and (6) mixed findings [26]. With modern devices 
and high frequency transducers, real-time, high- 

definition images have been able to more clearly 
define the condition. However, it should be kept 
in mind that anatomical abnormalities can be 
identified in both symptomatic and asymptomatic 
subjects, as many of the tendon alterations seen 
in imaging studies represent typical age-related 
changes [27]. The use of color flow Doppler can 
be very useful in determining a painful, patho-
logic tendon which would demonstrate 
neovascularization.

15.4  Orthobiologic Treatment 
Options

15.4.1  Basic Mechanism of Action

The biologic treatment options in the manage-
ment of LE are designed to intervene and change 
the balance of injury and repair, generally be 
inducing a new injury or inflammatory process 
that may activate and accelerate a new cycle of 
repair and remodeling. These include injection of 
hyperosmolar dextrose for prolotherapy, platelet- 
rich plasma (PRP), culture-expanded autologous 
tenocytes, various types of progenitor cells 
(including BMAC, adipose derivatives, culture 
expanded mesenchymal stromal cells (MSCs)), 
and incubated autologous conditioned serum 
such as gold-induced cytokines at the site of the 
tendon lesion [28–36].

In the case of PRP, the potential active compo-
nents include a multitude of growth factors con-
tained in the alpha granules of the platelets. 
Following local injection, in aggregate, these 
promote a local inflammatory response followed 
by a local proliferation of intrinsic or recruited 
connective tissue progenitors. This is followed by 
a remodeling phase [18] (Fig.  15.1). However, 
PRP is a complex device. In addition to cytokines 
produced that have positive (desirable) immuno-
regulatory and anti-inflammatory functions, there 
may also be components that have negative unde-
sirable effects. The precise composition of indi-
vidual preparations of PRP varies markedly from 
one preparation to another, and there are cur-
rently insufficient data to define an optimal 
composition.

15 Orthobiologics for the Treatment of Tennis Elbow
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The specific growth factors believed to play a 
positive role in PRP include platelet-derived 
growth factor (PDGF), vascular endothelial 
growth factor (VEGF), transforming growth fac-
tor (TGF)-beta-1, insulin-like growth factor 
(IGF), epidermal growth factor (EGF), and fibro-
blast growth factor (FGF) [37]. PDGF and EGF 
are involved in activating chemotaxis, activation 
and proliferation of local connective tissue pro-
genitors (CTPs), and stimulation of other growth 
factor cascades. VEGF stimulates angiogenesis 
in the injured tendon. TGF-beta-1 and IGF factor 
are associated with an increased collagen synthe-
sis. FGF has multiple roles: angiogenesis, cell 
migration, CTP proliferation, and collagen syn-
thesis [38]. PDGF and EGF activate proliferation 
of CTPs in  local tissues, likely including local 
perivascular cells (e.g., pericytes) that amplify 
the healing response.

Culture-expanded mesenchymal stromal cells 
(MSCs) have been delivered by local injection. 
These cells are not found at the site of activation 
for much time. However, MSCs are possibly 
phagocytized by local monocytes that prolong 
the healing potential by activation and induction 
of a specific population of T-cells, the T-regulatory 
cells, which continue to favor a healing environ-
ment long after MSCs are removed [39].

Exogenous injected culture-expanded autolo-
gous tenocytes appear to also be immunomodula-
tory with very little engraftment. If effective, they 
are thought to primarily work through a paracrine 

mechanism, stimulating local and perhaps distant 
host cells. Injected cells produce PDGF-alpha, 
FGF-beta, and TGF-beta in a similar fashion to 
PRP to restore the normal biologic and mechani-
cal properties to the tendon by promoting colla-
gen synthesis, extracellular matrix, and tendon 
repair [31, 32, 40].

Processed autologous serum (aka autologous 
conditioned serum (ACS)) is a variant on the pro-
cessing of blood for PRP.  Incubation at 37  °C 
with specially designed glass beads for 24  h 
upregulates the Interleukin-1 receptor antagonist 
(IL-1ra) up to 100-fold and increases other anti- 
inflammatory cytokines including IL-4, IL-10, 
and IL-13 [41].

The mechanism of action of gold-induced 
autologous conditioned serum injected into the 
local tissue is thought to be mediated by local 
change in cytokines to tip the balance of local 
injury and wound healing/regeneration [42]. The 
process specifically increases the concentration 
of cytokines and growth factors in autologous 
blood, with significant increases in p-Gelsolin, 
granulocyte colony-stimulating factor (G-CSF). 
The following proteins are also upregulated: 
IL-8, macrophage chemotactic protein (MCP-3), 
stromal-derived protein-alpha (SDF-α), tumor 
necrosis factor-alpha (TNF-α), leukemia inhibi-
tory factor (LIF), IL-10, macrophage inflamma-
tory protein (MIP-1α), and MIP-1ß. Macrophage 
colony-stimulating factor (M-CSF), IL-15, 
IL-17, granulocyte-macrophage colony-stimu-
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administration is 
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lating  factor (GM-CFS), hepatocyte growth fac-
tor (HGF), IL-2Ra, IL-12p40, chemokine (C-C 
motif) ligand 11 (Eotaxin/CCL11), fibroblast 
growth factor- basic (bFGF), and interferon-
gamma (IFN-γ). Gelsolin has proven to be a par-
ticularly important cytokine at the epigenetic, 
transcriptional, and translational levels [36, 43] 
and is found in many cells in the human body 
and in the circulation as plasma-gelsolin 
(p-GSN). Its molecular structure is well con-
served between mammalian species as an actin-
binding protein which is critically important for 
the maintenance of cellular structure and homeo-
stasis [44, 45]. Gelsolin is currently being inves-
tigated as a biomarker for several different 
disease processes as decreased levels are associ-
ated with the onset of the various disease states 
in some conditions and has been found to have 
impacts on cancer, cellular apoptosis, infection 
and inflammation, cardiac injury, pulmonary dis-
eases, and aging [43, 44, 46].

15.4.2  Sites of Harvests and Source 
Materials

PRP and processed serum preparations are most 
commonly obtained from peripheral blood. As 
described in other chapters, bone marrow aspi-
rate (BMA) can be collected from the pelvis, 
spine, and the sternum. BMA contains a hetero-
geneous mixture of immature and adult hemato-
poietic cells that include lymphoid and myeloid 
precursors, rare megakaryocytes, and a small 
population of CTPs, erythrocytes, and platelets 
[47–49]. Adipose tissue can be harvested by per-
cutaneous liposuction, direct excision, or 
Coleman’s technique from the abdomen, inner 
thigh, outer thigh, and flank (the highest quantity 
and quality of cells yielded from the abdomen 
[50]). Adipose tissue harvested in this way will 
contain a mixture of adipocytes, vascular and 
perivascular cells, fibrous tissue fragments, 
blood, serum, clot material, and debris resulting 
from cell lysis. As a result, both BMA and 
adipose- derived starting materials contain a mix-
ture of cell populations, growth factors, and cyto-
kines, with both pro-inflammatory and 

anti- inflammatory properties. Some form of pro-
cessing is needed in both cases to remove unde-
sirable components and concentrate, and possibly 
even select for, desirable components.

15.4.3  Biologic Selection

Once the diagnosis of LE is confirmed, and con-
servative strategies have failed, treatment is 
determined by a combination of provider recom-
mendation and patients’ choice. Many options 
are available spanning from supervised neglect 
and conservative management to surgery. Since 
this book is dedicated to the review of injectable 
biological therapies, we will quickly review other 
nonoperative therapies. Generally, at least 
6  weeks of conservative therapy are recom-
mended before considering more invasive modal-
ities. A review of available conventional therapies 
with timeframe of treatment and efficacy is pro-
vided in Table 15.1.

15.5  Clinical Results

15.5.1  PRP

Many comparators to PRP have been used as 
controls in studies examining the role of PRP in 
the management of LE. This results in heteroge-
neity in the available data, which complicates 
systematic reviews and meta-analyses. For the 
purpose of this chapter, for comparison studies 
we will mainly focus on reviews and articles that 
compare PRP to corticosteroid (CS) injection, 
although this in itself is a controversial point, as 
CS offer at best short-term benefits and may pos-
sibly be detrimental.

Huang et al., in a systematic review and meta- 
analysis of nine randomized controlled trials 
(RCTs) and 565 subjects, quantitatively com-
pared PRP to CS in the management of LE and 
did not demonstrate that PRP treatment was 
superior to conventional management in terms of 
improvement in visual analog scale (VAS) (8/9 
trials) and Patient-Rated Tennis Elbow Evaluation 
(PRTEE) (1/9 trials). The 9 RCTs reported 11 
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short- and 5 long-term comparisons of pain and 6 
short-term comparisons of Disability of the Arm, 
Shoulder, and Hand (DASH) scores that were 
used for data pooling. The short-term data analy-
sis showed a statistically significant medium 
effect size of CS over PRP for pain relief (SMD, 
0.56; 95% CI, 0.14–0.99; I2 = 86%; P = 0.009) 
with moderate quality of evidence. There were no 
differences in the short-term DASH scores 
(SMD, −0.18; 95% CI, −0.88 to 0.51; I2 = 88%; 
P = 0.6) with low quality of evidence. In contrast 
to the short-term analyses, the improvement in 
pain scores reversed long-term: PRP provided 
significantly better pain relief than CS, with a 
very large effect size (SMD, −1.3; 95% CI, −1.9 
to −0.7; I2  =  85%; P  <  0.0001), although the 
quality of evidence was low [28].

Mi et  al. conducted a systematic review and 
meta-analysis of 8 RCTs (511 patients) published 
between 1980 and 2016, comparing PRP vs CS 
injections in LE patients. CS improved pain and 
function in the short-term (2–8 weeks), but PRP 
was more effective in the intermediate (12 weeks) 
and longer term (6 and 12 months). Li et al. con-
ducted a similar systematic review with meta- 
analysis of 7 RCTs to compare LE treatment of 
PRP vs CS: local CS fared better at short-term 
(4–8  weeks) follow-up, but beyond 24  weeks, 
PRP produced a significantly better outcome 
according to DASH score, Mayo Elbow 

Performance Score (MEPS), and VAS score [51]. 
The short-term efficacy of CS supports the notion 
of the presence of “molecular inflammation” 
[52]. Increasing evidence has demonstrated that 
inflammatory mechanisms likely are activated 
within the tendon during the symptomatic phase 
of the condition and in many cases results in a 
dysregulated homeostasis of the tissue [53].

The type of PRP injection administered is 
another area of active investigation to determine 
the optimal preparation. Currently, studies have 
used different types of PRP to treat LE (leukocyte 
rich or leukocyte poor or other), as well as differ-
ent platelet concentrations, and activation status. 
Currently, there are no clear recommendations 
based on evidence for the choice of leukocyte- 
rich PRP (LR-PRP) over leukocyte-poor PRP 
(LP-PRP), as both LR- and LP-PRP preparations 
have demonstrated comparable benefit [54]. A 
further limiting factor is that many studies have 
relatively short follow-up, which contributes to 
uncertainty concerning the duration of treatment 
effectiveness.

Omar et  al. also reviewed available RCTs 
comparing PRP to CS and did not find any sig-
nificant difference between PRP and CS after a 
follow-up of 6 weeks [55]. Analyzing individual 
studies, Mishra et  al. investigated the clinical 
value of PRP by comparing it with a control 
group who received a bupivacaine injection in 

Table 15.1 Schematic summary of available conventional therapies

Treatment How instituted Special equipment/personnel Efficacy
Rest +/− Initiated healthcare professional +/− oral 

medication (analgesic or anti-inflammatory) 
+/− topical medication (analgesic or 
anti-inflammatory)

None Likely 
short-term 
benefit

Stretching/
exercise therapy

Self-directed or supervised Therabands. Ice packs Unknown

Manual therapy Supervised therapy Various soft tissue 
manipulation devices

Unknown

Modalities Supervised therapy Iontophoresis, electrical 
stimulation, ultrasound, TENS, 
and low intensity light therapy

Likely 
short-term 
benefit

Shockwave Supervised treatment Shockwave device with both 
radial and focal applicators

Unknown

Corticosteroid 
injections

Clinician administered Ultrasound, corticosteroid Short-term 
benefit

Autologous 
blood products

Clinician administered Ultrasound, commercial kits/
centrifuge

Intermediate- 
term benefit

W. D. Murrell et al.
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230 patients. At 6 months, the PRP group reported 
a significant improved VAS score and an 
improved PRTEE score when compared to the 
control [56]. Krogh et al. compared the reduction 
in the intensity of pain in 60 patients divided into 
the 3 different groups, LR-PRP, CS, and saline, 
with no significant difference between the 3 
groups at the primary end-point of 3 months. At 
3 months, PRP demonstrated continued improve-
ment, whereas CS demonstrated a recurrence of 
pain after an initial improvement [57]. Yadav 
et al. compared LR-PRP with CS in 65 patients, 
with PRP displaying a significantly improved 
quick Disability of the Arm, Shoulder, and Hand 
(qDASH) score, higher VAS score, and greater 
grip strength at all time points, 15 days, 1 month, 
and 3 months [58]. Gosens et al. investigated the 
efficacy of an ultrasound-guided injection of 
LR-PRP against CS in a RCT including 100 
patients. Significant improvement was observed 
in the VAS score at 6 months and 1 and 2 years in 
the PRP group. The CS group showed early 
improvement, but VAS and DASH scores 
returned to baseline levels at 2-year follow-up 
[59]. Gautam et al. looked at CS and PRP, injected 
in a non-ultrasound-guided manner, in 30 patients 
[4]. There was no significant difference observed 
in the VAS score, MEPS, Oxford Elbow Score 
(OES), DASH score, or grip strength, but CS 
demonstrated a relative decrease in outcomes at 
6 months as compared to 3 months. Palacio et al. 
performed a RCT in 60 patients with 90- and 
180-day follow-ups, comparing LR-PRP to 0.5% 
neocaine to dexamethasone: no difference was 
seen at both the 90- and 180-day follow-ups [60]. 
Seetharamaiah et  al. randomly compared and 
evaluated 90 elbows with equal numbers in each 
of the three treatment groups (LR-PRP, saline, 
and CS) [61]. Both the PRP and the triamcino-
lone groups produced better pain relief at 3 and 
6  months as compared to normal saline group 
(P < 0.05). At 6 months, pain relief in the PRP 
group was significantly better than the triamcino-
lone group. Varshney et al. carried out a random-
ized study of 83 patients (50 treated with CS and 
33 with LR-PRP): there was no difference 
between the groups at 2 months after treatment 
[62]. At 6-month follow-up, the CS injection 

group returned to baseline VAS, but the PRP 
group continued to improve. In a randomized 
study, Lebiedzinski et  al. administered autolo-
gous conditioned plasma (ACP) to 53 patients, 
and 46 patients received CS with lignocaine [63]. 
The DASH score was significantly better in the 
CS group at 6 weeks and 6 months, but signifi-
cantly improved in the ACP group at 1  year. 
Gupta et al. conducted a randomized trial which 
included a total of 80 patients divided into 2 
groups, group A-PRP versus group B-CS and 
local anesthetic mixture in LE treatment [64]. 
Results were compared using DASH, VAS, and 
MEPS. Though the results with CS were better at 
6 weeks, PRP patients fared significantly better at 
3 and 12 months.

Overall, these studies and reviews suggest that 
PRP therapies for LE are both safe and effective. 
They are at least as effective as traditional CS 
injections and appear to provide better long-term 
outcomes. Further investigation in prospective 
studies and registry data collection will be needed 
to better refine the optimal timing, dose, and 
composition of PRP therapy in the clinical setting 
of LE.

15.5.2  Bone Marrow Aspirate (BMA) 
or Bone Marrow Aspirate 
Concentrate (BMAC)

A single report details the use of BMA or BMAC 
in LE.  Singh et  al. reported on a cohort of 30 
patients who had received no previous treatment 
for LE [33]. They were evaluated with the PRTEE 
score prior to and following the treatment of a 
single administration of BMAC. BMA (10 mL) 
was aspirated from the iliac crest, anticoagulated 
with heparin (1  mL) and centrifuged for 
20–30  min at 2000 RPM.  A total volume of 
4–5 mL was injected. Unfortunately, cell count 
and viability of the injectate was not reported. 
Patients were evaluated at 2, 6, and 12  weeks 
after administration. Overall, patients demon-
strated a baseline pre-injection mean PRTEE 
score of 72.8 ± 6.97 which decreased to a mean 
PRTEE score of 40.93  ±  5.94, P  <  0.0001 at 
2 weeks. The mean PRTEE score was  significantly 

15 Orthobiologics for the Treatment of Tennis Elbow



198

improved at the 6-week and 12-week follow- ups, 
reported at 24.46 ± 4.58 and 14.86 ± 3.48, respec-
tively; both P < 0.0001. Since this work did not 
provide a comparison to control group, further 
studies will be needed before BMA or BMAC 
preparations can be considered as therapy options 
for LE.

15.5.3  Adipose Tissue-Derived Cells

Evidence on using freshly isolated populations of 
fat-derived cells for LE therapy is lacking.

Lee et al. evaluated the safety and efficacy of 
allogenic adipose-derived culture-expanded 
MSCs (AD-MSCs) in treating LE [34]. In this 
investigation, allogeneic AD-MSCs combined 
with fibrin glue were injected into the hypoechoic 
common extensor tendon lesions of 12 patients 
with chronic LE; 6 patients each received a dose 
of 106 or 107 cells in 1 mL. Efficacy was analyzed 
by VAS score for elbow pain, modified Mayo 
Clinic Performance Index for the Elbow, and 
evaluating ultrasound images of tendon lesions 
after 6, 12, 26, and 52  weeks. From baseline 
through 52  weeks of periodic follow-up, VAS 
scores progressively decreased, elbow perfor-
mance scores improved, and the size of the ten-
don lesions also decreased. This provided 
evidence of safety and potential efficacy for allo-
genic AD-MSCs. However, some adverse effects 
were reported during the study, including mild 
swelling and joint effusion. Further studies in 
larger cohorts with appropriate controls will be 
needed before consideration of adipose-derived 
cells for LE therapy.

15.5.4  Autologous Culture- 
Expanded Fibroblasts

Another potential treatment is culture-expanded 
autologous fibroblast injection, particularly for 
more severe, chronic, and resistant forms of 
LE. In a pilot study of 12 patients with refractory 
LE, Connell et  al. evaluated culture-expanded 
fibroblasts derived from autologous skin biopsies 
[35]. A dose of 10 × 106 cells in 2 mL was injected 

in one arm, concentrated plasma (2  mL) in the 
other arm. Patients were followed for 6 months. 
Clinical and structural improvements were noted. 
Specifically, the median PRTEE score decreased 
from 78 before the procedure to 47 at 6 weeks, 35 
at 3 months, and 12 at 6 months after the proce-
dure (P = 0.05). The healing response on ultraso-
nography showed median decrease in (1) number 
of tears, from 5 to 2; (2) number of new vessels, 
from 3 to 1; and (3) tendon thickness, from 4.35 
to 4.2 (P  =  0.05). Of the 12 patients, 11 had a 
satisfactory outcome, and only 1 patient pro-
ceeded to surgery after failure of treatment at the 
end of 3 months.

More recently, Wang et al. published a study 
with 4.5-year follow-up regarding the use of 
culture- expanded fibroblastic cells derived from 
autologous patellar tendon [40]. A dose of 2 mL 
(2–5  ×  106  cells/mL) was injected under ultra-
sound guidance near the lateral epicondyle for 
treatment of severe refractory LE in 17 patients. 
The implantation was ultrasound guided. No 
adverse effects were reported. VAS scores, 
qDASH scores, and grip strength all improved 
significantly at 12 months.

Further studies using culture-expanded fibro-
blastic cells derived from skin, tendon tissue, 
bone marrow, or fat tissue are justified, particu-
larly for patients with LE who fail less invasive 
methods.

15.5.5  Gold-Induced Cytokines 
Injection (Autologous 
Conditioned Serum)

Clinically resistant LE in 22 patients was treated 
from 2010 to 2015 to investigate the safety and 
efficacy of injection of gold-induced cytokines 
for the treatment of LE. The composition of the 
injection is described elsewhere [36]. Primary 
outcome measure was improvement in VAS score 
at 1 month, 3 months, 6 months, and 1 year. At 
baseline, median VAS score was 6. Fourteen of 
22 patients were available at final follow-up at 
1-year, all 14 patients reported no pain (Fig. 15.2). 
Prospective controlled studies are planned with 
longer follow-up.

W. D. Murrell et al.
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15.6  Delivery of Orthobiologics

Injections in LE patients can be performed using 
anatomical landmarks only (Fig. 15.3, LR-PRP 
injections), however, as much as 30% of these 
injections may not be placed intralesionally 
[65]. This may be true because of the significant 
variations in anatomy [27]. For this reason, 
many practitioners who utilize orthobiologic 
preparations often insist that ultrasound guid-
ance of injection is critical: (1) to ensure opti-
mal localization of the injectate and (2) to 
optimize the patient experience and confidence. 
Because the site of injection can be particularly 
painful, a radial nerve block prior to the proce-
dure can be considered (Figs.  15.4 and 15.5). 
This can minimize the patient pain and anxiety 
and eliminate the need for local anesthetics that 
may result in undesirable distortion of local 
anatomy and compromise the concentration, 
delivery, and therefore the efficacy of the bio-
logic injectate.

Treatment is best administered with the patient 
sitting or supine, with a pillow to support the 
forearm, so that the elbow is freely accessible for 
injection proximal to distal or distal to proximal 
(Fig. 15.6). Many prefer distal to proximal along 
the muscle fibers of the ECRB, although a trans-
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verse approach to the tendon can also be per-
formed. If ultrasound is available, obtaining a 
pre-treatment image of the pathology is helpful, 
as it is always advantageous to have pre- and 
posttreatment images to document the clinical 
findings. Most practitioners will use a high fre-
quency linear probe with depth set to 2.5 or 3 cm. 
As the structure is quite superficial, the focus 
does not need to be below 1 cm.

Although most of these procedures can be per-
formed with a small amount of dilute lidocaine 
restricted to the subcutaneous tissues only, a 

radial nerve block may also be used for patient 
comfort. A field or radial nerve block can be 
administered; 3–5 mL of a mixture of equal parts 
1% lidocaine and 0.5% ropivicaine can be used to 
anesthetize the patient. The field block is per-
formed in the soft tissue 1–2 cm proximal to the 
most proximal portion of the injection site. The 
radial nerve block is performed under ultrasound 
guidance and is located in the lateral arm approx-
imately 5  cm proximal to the elbow joint 
(Figs. 15.4 and 15.5). The block can be performed 
distal to the branching point of the posterior 
interosseous nerve to spare motor function to a 
portion of the forearm. The injection around the 
nerve is performed on the long axis of the ultra-
sound probe in a lateral to medial direction, and 
care is taken not to inject the nerve, but to inject 
around it. The depth is not great, so using a 1.5 
inch 25 or 27 gauge needle can easily complete 
the task.

Once the patient is adequately anesthetized, 
the PRP or other orthobiologic can be adminis-
tered, with or without ultrasound guidance. The 
results of treatment can be seen at ultrasound 
before (Fig. 15.7a) as early as 3 months follow-
ing the procedure (Fig.  15.7b). Often, several 
passes are performed into the hypoechoic areas 
as in performing a needle tenotomy procedure.

Post-injection, especially if a block has been 
administered, it is helpful to use a sling to support 
the hand and elbow for a few hours until the 
block has worn off. Many rehabilitation proto-
cols have been described, but many are not based 
on empirical data, but experience derived from 
conservative treatment of LE. There is debate on 
whether to start with stretching versus immediate 
loading, with no agreement or data to support 
either of these approaches. One area of agree-
ment is that eccentric strengthening exercises 
should not be performed until the later phases of 
rehabilitation. In general, aggressive strengthen-
ing is initiated at 4–6 weeks after injection. It is 
suggested that the patient refrains from all 
NSAIDs for a minimum of 2 weeks but many cli-
nicians will restrict these medications for up to 
4 weeks.

Fig. 15.5 Ultrasound-guided radial nerve block

Fig. 15.6 Preferred patient positioning for ultrasound- 
guided injection
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15.7  Conclusion

LE is a common and disabling condition that 
leads to pain, time away from work and sport, 
and difficulty with activities of daily living. The 
goals of treatments (both orthobiologic and non- 
orthobiologic) are to completely relieve pain and 
rapidly restore long-term function.

After reviewing the wide range of available 
treatments and their results, there is emerging 
evidence for the effectiveness of orthobiologic 
therapies for LE.  PRP is the most commonly 
used and best documented of these therapies. 
PRP appears to be superior to traditional steroid 
injection therapies. However, the optimal timing, 
dose, and composition of PRP injections remain 
to be established.

Other therapies are promising, but remain 
much less well developed, and their efficacy is 
not yet firmly established. These include injec-
tion of culture-expanded autologous fibroblasts 
(from skin, tendon, bone marrow, or adipose ori-
gin) processed autologous serum or injection of 
gold-induced cytokines. Preliminary evaluation 
of these alternative therapies shows that they are 
safe and exhibit minimal side effects. These 
orthobiologic alternatives must be considered 
investigational, as the body of available studies is 
insufficient to provide definitive evidence of clin-
ical efficacy and incremental value beyond the 
current efficacy of PRP.

A fundamental limitation in the current lit-
erature is the lack of reporting of the composi-
tion of the orthobiologic administered, as well 
as frequent absence of details related to the pro-
cessing of the material, technique of adminis-

tration, and post-injection rehabilitation 
protocol. We encourage authors to report the 
“Minimum Information for Studies Evaluating 
Biologics in Orthopaedics” (MIBO) criteria for 
all clinical studies reporting on orthobiologics 
[66]. Another distinct limitation in the current 
literature is the paucity of follow- up imaging 
studies to evaluate changes in the structure and 
composition of the treated tendon. Future goals 
should focus on the completion of additional 
long-term controlled studies that further high-
light safety and adverse events, cost- 
effectiveness, long-term efficacy, indications, 
patient selection, preparation and procedure 
standardization, characterization, and quality 
management, as this will likely help to elimi-
nate the great variability seen in the current 
results.

a b

Fig. 15.7 Ultrasound image: (a) Pre-treatment. (b) Three months after LR-PRP injection. LE, note the increased tissue 
density and increased echogenicity. Courtesy Allan Mishra, MD

Take-Home Messages
• The mainstay of treatment of LE is con-

servative and can include NSAIDs, 
paracetamol (acetaminophen), physio-
therapy, and extracorporeal shockwave 
therapy as initial treatment and should 
be carried out for at least 6 weeks before 
considering alternative approaches.

• Corticosteroids can be considered after 
failing noninvasive nonoperative ther-
apy; however, this option likely only 
provides short-term benefit and is pos-
sibly harmful.

• PRP seems to provide better results than 
other injectable options such as saline, 
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Patellar Tendinopathy: Cell 
Therapy

Chris H. Jo and Sanghoon Oh

16.1  Introduction

Patellar tendinopathy causes pain and tenderness, 
which lead to a decrease in function at sports 
activity [1]. It occurs frequently in the people of 
young age, especially in athletes who are subject 
to repeated stress on the extensor mechanism [2]. 
Its prevalence is about 14% of all athletes; 45% 
of volleyball players and 35% of basketball play-
ers have experienced this disease [2, 3].

Whereas patellar tendinopathy was consid-
ered as an inflammatory tendinitis before the 
1990s, it has been understood as a chronic, non- 
inflammatory, histologically degenerative condi-
tion in the 2000s [4]. When 4~8% strain is 
repeatedly loaded to the tendon, microtrauma 
occurs via failure of cross-linked structure [5]. 
Accumulated microtrauma which is not repaired 
adequately results in the formation of a degenera-
tive zone within the tendon [4]. However, with 
advance of immunohistochemistry and molecular 
biology technologies, many studies showed that 
an inflammatory mechanism has become appar-
ent in the initiation and progress of tendinopathy 
[6, 7]. These studies suggest that key inflamma-
tory interactions occur in the early stages 
(~12  weeks) of repetitive tendon microtrauma 
when patients may be asymptomatic [8]. At these 

early stages, changes in tissue microenvironment 
and activation of the innate immune system inter-
act at a crossroads between reparative and degen-
erative inflammatory healing. These recent 
studies provide strong evidence that inflamma-
tion is a key component of tendinopathy that 
should not be overlooked in the development of 
therapeutic strategies in tendinopathy. Tenocytes 
play a major role to regulate tendon matrix and 
maintain the homeostasis of the tendon-cell envi-
ronment [9]. If balance between the pro- 
inflammatory system and the pro-resolving 
system is lost, tenocytes develop to inflammatory 
phenotypes and undergo apoptotic changes [9, 
10]. Through these changes, dysregulation occurs 
in the remodeling of the extracellular matrix that 
tenocytes are responsible for. Then, the tendon 
loses the reparative capacity and progresses to 
the degenerative inflammatory phase [10]. If 
microtrauma occurs continuously in this state, 
damage accumulates beyond the reparative 
capacity in the tendon which results in entering 
into a vicious cycle [1, 4]. Thus, in order to treat 
tendinopathy that is entering the chronic degen-
erative phase, the reparative capacity of the ten-
don must be restored with the treatment of 
inflammation and degeneration, and reinforcing 
pro-resolving system would be important. 
Through advance of molecular biology technolo-
gies, many studies have found out pro-resolving 
pathways [10]. Utilizing the potential of pro- 
resolving response represents a new approach to 
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treat inflammatory and degenerative tendon dis-
ease [11].

Recently, many studies suggested that stem/
stromal cells have an immunomodulatory effect 
and can orchestrate the inflammatory environ-
ment by reconstituting/repopulating the injured 
tendon [12]. The ability of stem/stromal cells to 
promote switching from pro-inflammatory to 
pro-resolving cellular response can be also used 
to modulate the degenerative environment of ten-
dons, so stem/stromal cell therapy is expected to 
be a novel promising therapeutic approach [12].

16.2  Current Treatments

Nonsteroidal anti-inflammatory drugs (NSAID) 
may relieve early acute pain. However, there is 
no conclusive evidence that they could prevent or 
treat the progression of patellar tendinopathy, 
neither that they are effective in the treatment of 
chronic patellar tendinopathy entering a degen-
erative phase [4]. Furthermore, NSAIDs may 
rather mask symptoms and disturb proper treat-
ment [4]. So, until conclusive evidence on 
NSAIDs for treating tendinopathy, they should 
rather be used for simple pain control.

Eccentric exercise is known to have the effect 
of increasing the remodeling process of the col-
lagen fibers of patellar tendon and is commonly 
used as the main treatment of patellar tendinopa-
thy [13]. Several studies suggested that eccentric 
exercise has the most high-level evidence among 
the treatments used to date [13–17]. The most 
frequently used method for the treatment of 
patellar tendinopathy is a decline board squat 
training that repeats the knee bending and stretch-
ing exercise on the decline board while standing 
by the foot of the affected leg [13]. Although this 
treatment has high-level evidence, the therapeu-
tic outcomes are not optimal yet, and there is no 
unified protocol [17, 18].

Corticosteroid injection has been used widely 
for patellar tendinopathy. Nevertheless, the thera-
peutic effect of corticosteroid injection is contro-
versial [4, 15, 16, 19]. Paavola et al. reported that 
corticosteroid injection was helpful for tendinop-
athy by altering the release of noxious and pain-

ful chemicals [20]. However, Kongsgaard et  al. 
reported that corticosteroid injection was effec-
tive in VISA-p score or VAS at short-term follow-
 up, but not at long-term follow-up [21]. Moreover, 
its effect was inferior to eccentric exercise at 
6 months, and it may increase the likelihood of 
tendon rupture. Fredberg et al. also reported that 
corticosteroid injection only has short-term effect 
on pain in patellar tendinopathy and does not 
have long-term effects [22]. Furthermore, Dean 
et al. (2014) argued that the local administration 
of corticosteroids disturbs collagen synthesis of 
tendon and reduces their mechanical properties 
[23]. Thus, corticosteroid injection on patellar 
tendinopathy should be carefully performed for 
specific conditions.

Extracorporeal shock wave therapy (ESWT) 
has been suggested as a treatment option for 
patellar tendinopathy [4]. The effect of ESWT on 
patellar tendinopathy is based on three theories 
[24]. The first is the relief of pain caused by 
hyperstimulation analgesia. Overstimulation of 
pain areas reduces signal transmission in the 
brain stem. The second is that the mechanical 
load generated by mechanical stimulation of 
EWST increases tendon regeneration. The third 
is the removal of tendon calcification through 
ESWT.  ESWT has been attempted in patients 
who had no results with other conservative treat-
ments, but its effectiveness and role are contro-
versial [13].

Platelet-rich plasma (PRP) is a platelet con-
centrate which can help the repair and regenera-
tion by delivering cytokines and growth factors to 
tendons [25]. Several author reported conflicting 
results [26, 27]. The optimal number of PRP 
injections for patellar tendinopathy is controver-
sial among several studies [27–29]. PRP injec-
tion for patellar tendinopathy is expected to be 
promising, but still further mechanistic studies 
should be necessary. Further details on PRP use 
for patellar tendinopathy are reported in this 
chapter.

Dry needling is based on the following 
assumptions; that is, by repeatedly stabbing the 
tendinosis site, disruption and internal bleeding 
of the collagen fibers are caused, and inflamma-
tory processes are activated. Autologous blood 
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rich in growth factors can therefore reach the site 
to accelerate collagen regeneration, cell prolifer-
ation, and tendon healing [25]. However, there is 
no research showing that dry needling alone has 
an effect on patellar tendinopathy neither if per-
formed with autologous blood injection [2]. 
James et  al. reported that dry needling signifi-
cantly improved the VISA score and the thick-
ness and tendinosis zone decreased on ultrasound 
evaluation [30]. However, there is no sufficient 
evidence about the effect of dry needling for gen-
eral clinical uses [25].

Injections of a sclerosing agent such as polido-
canol were suggested to treat patellar tendinopa-
thy by preventing excessive neovascularization 
and destroying new vessels and vasa nervorum. In 
a study by Alfredson and Ohberg, polidocanol 
injection resulted in pain improvement and reduc-
tion of neovascularization under ultrasound evalu-
ation and promoted return to activity as prior to 
symptom development [31]. However, according 
to a study by Hoksrud and Bahr, sclerosing agent 
injection was effective at short-term follow-up, 
but not at long- term follow-up. More than 1/3 of 
the patients showed symptoms worsening and 
eventually received surgical treatment [32]. So 
far, the therapeutic effect of sclerosing agent 
injections is unclear, and further research is 
needed.

16.3  Cell Therapy

Currently conservative therapies are still the 
mainstay treatment for patellar tendinopathy. 
However, as scar tissue formation and conse-
quent inferior biomechanical properties cannot 
be managed with these conservative treatments, 
alternative approaches that could improve histo-
logical and biomechanical properties, in addition 
to symptoms, through regeneration have been 
proposed [33].

Cell therapies could be grouped into one of 
three categories; culture-expanded undifferenti-
ated cells, culture-expanded differentiated cells, 
and minimally manipulated heterogeneous native 
cells including native connective tissue progeni-
tors (CTPs) (Table 16.1). In order to investigate 

the effect of cells on the regeneration of impaired 
tendons, studies on cell characterization, mode of 
action (mechanism), and adverse events are 
needed. To date, several studies have been carried 
out to establish in vitro, in vivo, and clinical evi-
dence for cell injection therapy. To this end, these 
studies will be introduced and evidence for the 
usefulness of cell therapy will be presented.

16.4  In Vitro Isolation 
and Preparation of Culture- 
Expanded Cell Populations 
with Potential Value 
in Treating Tendinopathy

Mesenchymal stromal cells (MSCs) are defined 
to have adherence to plastic, specific cell surface 
antigen and multipotent differentiation potential 
[34]. MSCs can be culture expanded readily from 
a variety of tissue sources and are sub-classified 
by the tissue of cell origin and the harvest and 
processing methods used [35]. Bone marrow- 
derived MSCs (BM MSCs) and adipose tissue- 
derived MSCs (AD MSCs) are the most widely 
utilized cells in tendon tissue engineering. For 
clinical use, MSC differentiation toward a target 
tissue-specific lineage is considered to be impor-
tant [36]. Tenogenic differentiation of MSCs can 
be induced by biochemical and mechanical stim-
ulation [37, 38]. Several in vitro studies reported 
that tenogenesis of BM MSCs can be facilitated 
by various growth factors such as transforming 

Table 16.1 Cell therapy options

Culture-expanded 
undifferentiated 
cells

Culture- 
expanded 
differentiated 
cells

Minimally 
manipulated 
heterogeneous 
native cells

Mesenchymal 
stromal cells 
(MSC)
Tendon-derived 
stromal cells 
(TDSC)
Embryonic stem 
cells (ESC)
Induced 
pluripotent stem 
cells (iPSC)

Tenocytes
Dermal 
fibroblasts

Bone marrow- 
derived 
mononuclear cells 
(BM MNC)
Stromal vascular 
fraction (SVF)
Human placenta- 
derived cells
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growth factor-β3 (TGF-β3), bone morphogenic 
protein-12, 14 (BMP-12, BMP-14), and ascorbic 
acid [36, 39]. TGF-β3 was reported to induce the 
expression of tendon-specific markers such as 
scleraixs in BM MSCs, and the effect of TGF-β3 
was upregulated by the presence of BMP-12. In 
addition, with media containing ascorbic acid, 
the expression of tendon matrix markers such as 
collagen was upregulated [36]. BMP-14 was also 
revealed to increase the expression of scleraxis 
and tenomodulin [39]. Increased expression of 
scleraxis and tenomodulin led to the activation of 
Sirt1-JNK/Smad1-PPARγ signaling pathway and 
then induce the tenogenic differentiation of BM 
MSCs [39]. Tenogenic differentiation of AD 
MSCs can also be promoted by biochemical 
materials. Like in BM MSCs, TGF-β3, BMP-12, 
and BMP-14 induce tenogenic differentiation of 
AD MSCs [36]. These growth factors increased 
proliferation and expression of tendon-specific 
markers in AD MSCs [40]. Mechanical stimula-
tion is another factor to promote tenogenic dif-
ferentiation of MSCs. There were some studies 
that argued mechanical stretch could promote 
proliferation and tenogenic differentiation of 
MSCs [37, 38].

The potential of tendon-derived stromal cells 
(TDSCs) has been studied by various authors. 
Guo et  al. reported the spontaneous tenogenic 
differentiation of TDSCs [41]. Spontaneous teno-
genic differentiation occurs in vitro with forma-
tion of a 3D layer with abundant ECM resembling 
normal tendon. CD90 and nucleostemin 
decreased, whereas tenogenic markers of scler-
axis, early growth response factor 1 (EGR1), and 
eyes absent homolog transcriptional coactivator 
and phosphatase 1 (EYA1) as well as matrix 
markers of collagen type I, tenomodulin, decorin, 
and fibromodulin increased. In addition, they 
showed that transforming growth factor-β (TGF- 
β) promoted tenogenic differentiation of TDSCs. 
Xu et  al. reported that transfection of BMP-12 
and connective tissue growth factor (CTGF) into 
TDSCs led to tenogenic differentiation of TDSCs, 
whereas it prevented differentiation of other lin-
eages with downregulation of osteogenic, adipo-
genic, and chondrogenic markers [42]. Bi et al. 
reported that biglycan and fibromodulin are fac-

tors required for the differentiation of TDSCs 
[43]. The use of CD 146+ endogenous tendon- 
derived cells recruited with CTGF is another 
strategy for tendon regeneration without exoge-
nous cell transplantation [44].

Embryonic stem cells (ESCs) are pluripotent 
cells found in early developmental stages [45]. 
Some authors reported tenogenic differentiation 
of ESCs using several growth factors [46]. But 
there is ethical concern about the clinical use of 
ESCs due to the destruction of a human embryo 
in cell preparing [47]. Induced pluripotent stem 
cells (iPSCs) are an alternative cell population, 
with very similar properties to ESCs but bypass-
ing this ethical concern. However, there are still 
limitations of ESCs and iPSCs in light of the 
potential of carcinogenesis due to unlimited plu-
ripotency [47, 48].

Dermal fibroblasts are another potential option 
for cell therapy. Similar to tenocytes, dermal 
fibroblasts can form tendon-like tissue with abun-
dant collagen fibers, and the maximum tensile 
strength of tissue was similar to normal tendon 
[49]. Based on these results, it was argued that 
dermal fibroblasts could have a useful effect on 
tendon healing. However, Zhang et al. and Evans 
and Trail showed that fibroblasts produced both 
collagen types I and III, whereas tenocytes only 
produced collagen type I [50, 51]. Moreover, it 
was found that the arrangement of collagen fibers 
was more regular with tenocytes than with fibro-
blasts suggesting that dermal fibroblasts may 
have a lower tendon healing potential than teno-
cytes. In addition, no studies have characterized 
the details of tenogenic markers in dermal fibro-
blasts, so these cells have insufficient evidence as 
a treatment option for tendinopathy [52]. There 
are some studies using dermal fibroblasts, but 
many problems exist on this cell group, and there 
are some studies that were retracted. In addition, 
scar tissue formation may be a problem in tendon 
healing. Fibroblasts can induce such scar tissue 
formation and thus have limitations in cell ther-
apy for tendinopathy compared to other cell 
groups.

Minimally manipulated cells also have been 
widely used in tendon tissue engineering. These 
non-cultured cells do not require cell expansion; 
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physicians can prepare and use them ad hoc. 
Mononuclear cells from BM and SVF from adi-
pose tissue are the most commonly used mini-
mally manipulated cells, [53, 54] and some 
authors suggested that they would promote ten-
don healing via expression and secretion of 
growth factors [55].

16.5  Preclinical In Vivo Evidence 
for Cellular Therapy 
for Tendinopathy

BM MSCs implanted with collagen gel or 
sponges or fibrin carrier in a patellar tendon 
defect in a rabbit model have been extensively 
studied, and most of them reported beneficial 
effects of BM MSCs for tendon regeneration [56, 
57]. Awad et  al. reported that autologous BM 
MSCs in collagen type I gel implanted into a 
patellar tendon defect in a rabbit model showed 
significant increases in biomechanical properties 
but produced no visible improvement in its histo-
logical microstructure [56]. In a subsequent 
study, they demonstrated that MSC-collagen 
composites implanted in a patellar tendon defect 
significantly improved the biomechanical proper-
ties of tendon repair tissues up to 26  weeks. 
However, they also found that greater MSC con-
centrations produced no additional histological 
or biomechanical improvement [58]. Moreover, 
unexpected ectopic bone formation was discov-
ered in 28% of the MSC treated group. This com-
plication suggested that preimplantation 
tenogenic differentiation may be desirable to 
reduce the risk of differentiation of transplanted 
cells to osteogenic or chondrogenic lineages. Yin 
et al. [59] reported that a stepwise tenogenic dif-
ferentiation approach, by first using TGF-b1 
stimulation followed by combination with CTGF, 
would prompt tenogenic differentiation of BM 
MSCs while suppressing differentiation into 
other lineages.

Culture-expanded fibroblastic MSC-like cells 
from tendon tissue (TDSCs) are an alternative to 
BM MSCs that may reduce risk of osteogenic 
and chondrogenic differentiation. TDSCs can 
also be cultured readily, because the prevalence 

of colony founding connective tissue progenitors 
(CTPs) is higher in tendon tissue than in native 
bone marrow [60–62]. Ni et  al. analyzed the 
effects of culture-expanded TDSC on tendon 
healing by injecting TDSCs into patellar tendon 
defects in rats and performed TDSCs tracking 
[63]. Good results were obtained from gross 
observation, histologic, and biomechanical stud-
ies. TDSCs implantation was reported to aid in 
earlier and better recovery of injured tendons. Lui 
et  al. investigated the medium- and long-term 
tendon regeneration effects and inflammatory 
responses on tendons by implanting allogeneic 
TDSCs targeting patellar tendon window defects 
in rats [64]. TDSCs were helpful for tendon heal-
ing including histological and biomechanical 
results without increasing the risk of ectopic bone 
formation. In addition, TDSCs implantation 
showed weaker immunoreaction compared to the 
control group, so it was also inferred that the 
TDSCs implantation had an anti-inflammatory 
effect. Lui et al. reported that CTGF and ascorbic 
acid pre-treated TDSCs with fibrin glue showed 
better results in histologic, biomechanical, and 
ultrasound evaluation as well as lower ectopic 
bone formation in a rat model of patellar tendon 
defect [62]. Similarly, Xu et al. also demonstrated 
that the implantation of TDSCs transfected with 
BMP-12 and CTGF in a rat patellar tendon defect 
promoted patellar tendon regeneration [42]. 
Scleraxis is a basic helix-loop-helix transcription 
factor observed in tendons from the condensation 
stage to adulthood. Tan et al. compared the effects 
of scleraxis-transduced TDSCs and naïve TDSCs 
in a patellar tendon defect of a rat model [65]. 
Scleraxis-transduced cells resulted in improved 
tendon repair and did not increase side effects 
such as ectopic cartilage and bone formation. As 
such, TDSCs have potentials for tendon regener-
ation like BM MSCs, but reported to have fewer 
side effects such as ectopic bone formation.

The mechanism behind successful cell implan-
tation for tendon regeneration is not clearly 
understood. Becerra et al. carried out an intrale-
sional injection of ten million technetium 99 m 
(Tc 99 m)-labeled autologous MSCs into a natu-
ral tendinopathy lesion of a horse [66]. Cell 
tracking showed that the number of MSCs in the 
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lesion was decreased gradually over time. In 
other cell tracking studies, Ni et al. [63], Lui et al. 
[64], and Tan et al. [65] observed that the number 
of transplanted TDSCs decreased during the 
healing process gradually in the patellar tendon 
defects in rats. These studies indicated that MSCs 
disappeared gradually within the tendon without 
migrating to other organs. Thus, it can be inferred 
that the intralesional injection of cells helped ten-
don healing through one or more mechanisms 
that did not involve direct tenogenic differentia-
tion. Many researchers have focused on the heal-
ing process of tendon through the paracrine 
effects. In the future, much more research will 
need to focus on the paracrine or anti- 
inflammatory effects.

iPSC-derived cells have also been examined. 
Xu et al. observed the recovery of patellar tendon 
after the implantation of human iPSC-derived 
neural crest stem cells (iPSC-NCSC) in patellar 
tendon defects of a rat model [48]. The group 
treated with stem cells showed significantly bet-
ter recovery in terms of macroscopic observation, 
histologic examination, and biomechanical anal-
ysis. Transplanted iPSC-NCSC also increased 
the host ECM deposit and thereby upregulated 
the endogenous repair system.

In a collagenase-induce tendinopathy of patel-
lar tendon of a rat model, Ma et al. showed that 
the intratendinous injection of culture-expanded 
human placenta-derived MSC-like cells (PLX- 
PAD) resulted in better load to failure and stiff-
ness in comparison with those in the control 
group. Gene expression analysis demonstrated 
higher levels of interleukin-1β (IL-1β) and IL-6 
early in the healing process in the PLX-PAD- 
treated tendons. The authors concluded that a 
transient beneficial effect on tendon failure load 
would be expected because of the induction of an 
early inflammatory response with PLX- 
PAD. While cells derived from human extraem-
bryonic tissues, such as the placenta, could 
emerge as source of cells for musculoskeletal 
repair, they need further preclinical and clinical 
research.

Lee at al. [44] confirmed that proliferation and 
tenogenic differentiation of culture-expanded 
CD146+ tendon-derived CTPs is regulated 

in vitro by CTGF and experimented with deliver-
ing CTGF to transection defects of rat patellar 
tendon. As a result, CTGF increased the preva-
lence of CD146+ cells in the tendon, and CD146+ 
cells differentiated into tenocyte-like cells over 
time. The positive results were confirmed also by 
the histological and biomechanical analysis. This 
experiment supported the potential of targeting 
endogenous CD146+ cells to induce differentia-
tion into tenocytes and promote tendon regenera-
tion through CTGF delivery. Targeting native 
progenitor populations of cells, rather than inject-
ing cells, is a yet untapped option for cell therapy 
by promoting the endogenous repair.

16.6  Clinical Evidence for Cellular 
Therapy for Patellar 
Tendinopathy

Clarke et al. carried out a randomized controlled 
trial in 46 patients with chronic patellar tendi-
nopathy to investigate the effect of culture- 
expanded autologous skin-derived tenocyte-like 
cells (SDTCs) injections [19]. SDTCs were 
obtained and cultured by harvesting fibroblasts 
from skin biopsies. SDTCs showed collagen 
type I and III expression in an ex  vivo linear 
stretching model and showed tenocyte-like 
behavior. SDTCs injected with autologous 
plasma showed symptom improvement, more 
quickly than the autologous plasma injection 
only in the VISA score at 6  months after the 
injection. Ultrasonography demonstrated 
reduced hypoechogenicity and tear size in all 
patients compared to those before the injection, 
whereas the tendon thickness only decreased in 
patients treated with SDTCs injected with the 
autologous plasma. However, fibroblasts from 
the skin and tenocytes from tendon are different 
and have distinct biological characteristics [67, 
68]. Skin injury results in scar formation in most 
cases. Skin fibroblasts have limited ability to 
repair or regenerate damaged skin and are asso-
ciated with excessive formation of extracellular 
matrix by fibrocytes and myofibroblasts sug-
gesting a less probable role in tendon regenera-
tion [69].
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In a study of Pascual-Garrido et  al., eight 
patients with refractory patellar tendinopathy 
were treated with an ultrasound-guided injection 
of freshly isolated and heterogeneous autologous 
cells from a bone marrow aspirate (BM MNCs) 
that were concentrated using a centrifuge. 
Patients were evaluated for clinical symptoms at 
2 and 5  years after injection [70]. Some func-
tional scores and ultrasound evaluation of ten-
dons improved significantly after the injection. 
All of eight patients were satisfied with the clini-
cal symptoms, and seven out of eight patients 
said that they were willing to receive the same 
treatment if symptoms relapse in the future. 
While this provides evidence of potential safety, 
this cohort was not compared to a control group, 
so superiority to conventional therapy could not 
be established.

Finally, Rodas et al. published a study proto-
col comparing the effects of culture-expanded 
autologous BM MSCs and PRP injection in 20 
football players with chronic patellar tendinopa-
thy [71]. Evidence comparing BM MSCs and 
PRP injections would provide useful information 
on cell therapy for patellar tendinopathy, but cur-
rently data are still missing.

16.7  Conclusions

Despite the potential promise of cell therapy 
strategies for treatment of patellar tendinopathy, 
and a plethora of potential alternatives for cell 
sourcing and processing, both preclinical and 
clinical evidence are no sufficient to make a rec-
ommendation for the use of cellular therapy in 
this setting. Further basic research is needed to 
identify the potential mechanism of successful 
cell therapy, tracking injected cells to determine 
their fate, and quality attributes for injected cells 
that both improve performance and avoid the risk 
of ectopic cartilage and bone formation. It is 
highly desirable to explore scarless regeneration 
of tendon using methods that could recapitulate 
the formation of native tendon with cells. Clinical 
research must invest in high-quality clinical trial 
design, with adequate sample size, controls, pre- 
and posttreatment functional assessment, nonin-

vasive tissue assessment, and sufficient follow-up. 
By solid evidence, we hope that cell therapy for 
tendinopathy will open a promising new era of 
musculoskeletal regeneration.

Take-Home Messages
• Most of the current treatment options 

for patellar tendinopathy are only for 
symptomatic relief, and even outcomes 
are still controversial suggesting the 
need for alternative strategies including 
cell therapy.

• Current cell therapies are grouped in 
one of three categories: stem/stromal 
cells, differentiated cells, and minimally 
manipulated cells. Among them, only 
minimally manipulated cells are cur-
rently clinically available, while the oth-
ers are still experimental.

• Stem/stromal cells include a variety of 
different immature cells such as embry-
onic stem cells, tissue-specific stem/
stromal cells, and induced pluripotent 
cells. Lots of experimental studies 
showed their potential as a promising 
treatment option for patellar tendinopa-
thy. Nonetheless, clinical translation is 
slow and much to be elucidated remains 
before widespread clinical use.

• Differentiated cells include dermal 
fibroblast and tenocytes. Relatively few 
experimental and clinical studies have 
investigated their potential for tendinop-
athy. Considering that fibroblasts form 
scar tissue and that cultured tenocytes 
are prone to lose their original pheno-
type and could generate scar tissue 
rather than tendon matrix, they have 
limited usefulness as cell therapy for 
tendinopathy.

• Some recent studies reported good out-
comes with minimally manipulated 
cells from bone marrow in patients with 
refractory patellar tendinopathy. 
Nonetheless, more clinical high-quality 
evidence is necessary for clinical use.
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Patellar Tendinopathy: Biologics

Rahman Kandil and Jason Dragoo

17.1  Introduction

Patellar tendinopathy is a common cause of ante-
rior knee pain. It is often an overuse injury caused 
by excessive activities that require jumping, run-
ning, or rapid changes in direction. The reported 
prevalence ranges from 14 to 32% in basketball 
players and 45% in volleyball players [1]. This 
disease process is more common in males and 
has been reported in all activity levels from recre-
ational to professional athletes [2].

Patellar tendinopathy is a disease process 
characterized by the degeneration of the proxi-
mal patellar tendon. It is not an inflammatory 
process, and therefore patellar tendinitis is no 
longer commonly used to describe this disease. 
Histologically, patellar tendinopathy is character-
ized by progressive degeneration of the tendinous 
tissue, an inability of the tissue to repair itself, 
and the absence of inflammatory cells. To the 
naked eye, the affected region of tendinopathy 
appears yellow and commonly is described as 
“mucoid degeneration” [3].

17.2  Evaluation and Diagnostic 
Workup

The common classification system for patellar 
tendinopathy is based on its clinical features [4]. 
This classification system includes four progres-
sive stages graded according to disease severity 
(see Table 17.1).

Blazina stage 1 patellar tendinopathy is cate-
gorized by pain only after participation in sports. 
Patients in stage 1 do not have pain at baseline. 
Blazina stage 2 is categorized by pain at the 
beginning of the sport activity, slowly disappear-
ing after warm-up, but then reappearing after 
fatigue. Blazina stage 3 is categorized by con-
stant pain at rest and with activity. Finally, 
Blazina stage 4 is a complete rupture of the patel-
lar tendon.

Patients with patellar tendinopathy often com-
plain of anterior knee pain and tenderness to pal-
pation of the proximal patellar tendon and inferior 
pole of the patella [4]. The decline squat test, in 
which a single leg squat is performed in 30° of 
knee flexion, reproduces the pain associated with 
patellar tendinopathy [5].
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Table 17.1 Blazina classification of patellar 
tendinopathy

Stage Description
1 Pain only after sports
2 Pain at the beginning of sports, disappearing 

after warm-up, but reappearing after fatigue
3 Constant pain at rest and with activity
4 Complete rupture of the patellar tendon
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Typical findings on magnetic resonance imag-
ing (MRI) include focal T2 hyperintensity signal 
changes in the proximal patellar tendon, larger 
tendon cross-sectional area, proximal thicken-
ing, partial tearing, and abnormalities of the pos-
terior border of the patellar tendon and 
infrapatellar fat pad [5]. While there have been 
multiple proposed MRI classification systems 
for patellar  tendinopathy, no single grading sys-
tem is commonly and consistently used in the 
literature.

17.3  Treatment Options

17.3.1  Nonoperative Management

The mainstay of treatment for patellar tendinopa-
thy is conservative management. Many patients 
report improvement in symptoms and return to 
play after a period of nonoperative management. 
A variety of treatment options have been reported 
in the literature with physical therapy being the 
foundation of conservative management. Other 
conservative treatment options include dry nee-
dling and extracorporeal shock wave therapy 
(ESWT) [6].

An eccentric exercise physical therapy program 
is considered the standard treatment for patellar 
tendinopathy. Eccentric exercises have been pro-
posed to help in patellar tendinopathy by increas-
ing the remodeling process of the collagen fibers 
in the diseased portion of the patellar tendon.

One landmark study compared eccentric to 
concentric exercises in patients with patellar ten-
dinopathy and found a significant improvement 
in visual analog scores (VAS) and Victorian 
Institute of Sports Assessment (VISA) scores 
within the eccentric group but no improvement 
within the concentric group [7]. A recent system-
atic review found that eccentric exercises are the 
only high-level evidence treatment option for 
patients with patellar tendinopathy [8].

Despite being an important component of 
most treatment programs for patellar tendinop-
athy, many patients fail to improve with eccen-
tric exercises only and require additional 
treatment [9].

17.4  Surgical Treatment

While most cases of patellar tendinosis can be 
managed non-surgically, some recalcitrant cases 
may benefit from surgical management. Surgery 
is indicated in patients with persistent symptoms 
and functional impairment that have failed at 
least 6 months of conservative management.

If patients continue to have pain interfering 
with physical activity after exhausting a course of 
physical therapy, injections, and other nonopera-
tive interventions, then surgery can be consid-
ered. About 10% of patients treated for patellar 
tendinosis undergo surgery [10].

Goals of surgery include removal of fibrous 
tissue, stimulation of biologic healing through 
debridement, and re-establishing vascularity to 
the diseased tendon. There is strong evidence to 
support surgical treatment for cases of chronic 
patellar tendinosis in patients with severe base-
line symptoms and those who failed conservative 
management [11]. The overall success rate of 
surgical management is greater than 80% [12].

Multiple surgical options exist for the treat-
ment of patellar tendinosis including the 
following:

• Open longitudinal tenotomy with excision of 
pathology +/− resection of the inferior pole of 
the patella

• Open, multiple longitudinal tenotomies
• Arthroscopic debridement and/or patellar 

tenotomy
• Arthroscopic vs open drilling or resection of 

the inferior pole of the patella

17.5  Role of Injectable Biologics

17.5.1  Overview

Different types of injections have been studied 
for patellar tendinopathy, including corticoste-
roids or biologic injections such as platelet-rich 
plasma (PRP), hyaluronic acid (HA), and autolo-
gous bone marrow stromal cells.

Corticosteroid injections are widely used in 
orthopedic surgery for a variety of conditions 
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including arthritis, bursitis, and tendinopathy. 
Since patellar tendinopathy is not an inflamma-
tory condition, the effect of anti-inflammatories 
on the pathogenesis of patellar tendinopathy is 
dubious. The evidence is limited on the efficacy 
of corticosteroid injections in patient with patel-
lar tendinopathy, and one significant drawback is 
the risk of patellar tendon rupture. A study by 
Chen et al. found that a series of seven weightlift-
ers with patellar tendon rupture were all found to 
have had a corticosteroid injection in the patellar 
tendon prior to the rupture [13]. In addition, some 
studies raise concerns regarding the effect of cor-
ticosteroids on tendon strength [14]. Finally, a 
newer study found that dexamethasone induced 
stem cells to differentiate into non-tenocytes 
including chondrocytes and adipocytes, suggest-
ing that injections of dexamethasone into a ten-
don may lead to the formation of non-tendon 
tissue within the tendon, ultimately weakening 
the tendon [15]. HA has been studied in the treat-
ment of multiple orthopedic conditions, but the 
primary indication is osteoarthritis. One study by 
Fogli et al. looked at the effect of HA injections 
in patients with patellar tendinopathy and other 
tendinopathies [16]. They found that patients 
receiving ultrasound-guided HA peritendinous 
injections had significant pain relief and reduc-
tion in tendon thickness and neovascularization. 
Autologous bone marrow stromal cells are 
another biologic treatment option for patellar ten-
dinopathy. Pascual-Garrido et  al. performed a 
case series looking at the clinical outcomes of 
autologous bone marrow stromal cell injections 
in patients with chronic patellar tendinopathy 
refractory to conservative treatment [17]. They 
found that statistically significant improvement 
in most clinical scores at 5-year follow-up.

Beside these attempts to investigate the role of 
injectable therapies, the majority of the current 
studies specifically look at biologic injections 
with a focus on the effect of PRP on patellar ten-
dinopathy. The level of evidence ranges from 
case series to randomized control trials. PRP is 
prepared by centrifuging anticoagulated autolo-
gous whole blood obtained by phlebotomy (see 
Fig.  17.1). PRP contains a hyper-physiological 
concentration of autologous platelets, 3–8 times 

the concentration of platelets in whole blood 
[18]. Platelets are one of the first responders 
arriving at the site of tissue injury and help release 
growth factors that play a critical role in mediat-
ing healing [19]. PRP is therefore thought to be 
capable of enhancing tissue repair because of its 
high concentration of growth factors.

There is no standard protocol for obtaining 
PRP and variability in the number of injections 
needed for optimal results. In addition, the exact 
definition of PRP has not been determined in 
terms of the concentration of platelets, and most 
published reports differ on PRP concentrations 
[20]. One systematic review by Jeong et  al. 
reported that PRP seems to have a positive effect 
in treating patellar tendinopathy, but the available 
evidence at that time was deemed to be low qual-
ity, and, thus, their finding was not considered 
definitive [21].

Another systematic review showed that stud-
ies comparing PRP with other treatments had 
inconsistent results and that none of the studies 
showed marked differences between PRP and 
other treatments [22]. A comprehensive and 

Fig. 17.1 PRP preparation
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recent systematic review meta-analysis included 
a total of 70 studies involving 2530 patients. 
Eccentric exercise therapies obtained the best 
results at short-term. At long-term follow-up 
greater than 6 months, multiple injections of PRP 
obtained the best results, followed by ESWT and 
eccentric exercise [23].

A randomized controlled trial by Vetrano et al. 
looked at 46 athletes with patellar tendinopathy 
and randomized into two homogeneous treatment 
groups with the treatment arms being PRP vs 
ESWT. Both treatment groups showed significant 
improvement of symptoms at all follow-up 
assessments. There were no significant differ-
ences between groups at 2-month follow-up. The 
PRP group showed significantly better improve-
ment than the ESWT group in VISA-P, VAS 
scores at 6- and 12-month follow-up, and modi-
fied Blazina scale score at 12-month follow-up. 
In conclusion, this study showed that PRP injec-
tions lead to better mid-term clinical results com-
pared with focused ESWT in the treatment of 
patellar tendinopathy in athletes [24].

17.5.2  Number of Injections

There is variability in the number of injections 
used for patellar tendinopathy. Some providers 
administer a single PRP injection for patellar ten-
dinopathy, while others may provide multiple 
injections. One of the first prospective case series 
looking at PRP and patellar tendinopathy evalu-
ated the efficacy of multiple PRP injections on 
the healing of chronic refractory patellar tendi-
nopathy. The study documented good and stable 
results up to 4 years’ follow-up with high patient 
satisfaction rates and return to sports. They con-
cluded that three ultrasound-guided intra- 
tendinous injections of 5 milliliters of PRP, 
2 weeks apart from each other, provided a good 
clinical outcome for the treatment of chronic 
recalcitrant patellar tendinopathy with stable 
results up to medium-term follow-up [25].

A high-quality prospective series found that 
the application of three consecutive US-guided 
PRP injections, 1 week apart from each other, 

significantly improved symptoms and function 
in athletes with chronic patellar tendinopathy 
and allowed fast recovery to their pre-symptom 
sporting level. In addition, this study looked at 
the effect of PRP on imaging findings and found 
that PRP treatment permitted a return to a nor-
mal architecture of the tendon as assessed by 
MRI [26].

A randomized controlled trial compared clini-
cal outcomes in patellar tendinopathy after a sin-
gle ultrasound-guided injection of leukocyte-rich 
PRP vs dry needling. The authors concluded that 
a regimen of leukocyte-rich PRP injection and a 
standardized eccentric exercise program acceler-
ates the recovery from patellar tendinopathy rela-
tive to exercise and ultrasound-guided dry 
needling alone [9].

Regarding location of injection, there is vari-
ability in available studies. Some studies 
describe peritendinous injections, while most 
authors describe injections into the tendon and 
area of tendinopathy using ultrasound guidance 
for confirmation. Our preferred patellar tendi-
nopathy injection technique is to localize the 
area of tendinopathy by ultrasound and patient 
feedback and then injecting local anesthetic 
subcutaneously using sterile technique. Care is 
taken not to anesthetize the tendon or tendon 
sheath. The patellar tendon is then injected with 
the needle oriented in cranio-caudal direction at 
an angle of 45°.

17.6  PRP Formulations

With regard to various PRP formulations, one 
study found that leukocyte-rich PRP (LR-PRP) 
induces a greater short-term inflammatory and 
fibrotic response than leukocyte-poor PRP 
(LP-PRP) [27]. Dragoo et al. suggested that the 
inclusion of the white blood cell fraction in PRP 
preparations may increase growth factor yield but 
may also lead to increased inflammation and pos-
sibly a delayed healing response [22].

A recent high-quality randomized controlled 
trial looked at the effect of a single ultrasound- 
guided injection of LR-PRP, LP-PRP, or saline in 
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patients with advanced patellar tendinopathy. 
There was no significant difference in mean 
change in VISA-P score, pain, or global rating of 
change among the three treatment groups at 
12  weeks or any other time point. The authors 
found that when combined with an exercise- 
based rehabilitation program, a single injection 
of LR-PRP or LP-PRP was no more effective 
than saline for the improvement of patellar tendi-
nopathy symptoms [28].

17.7  Conclusion

Injectable PRP has promising results for the 
treatment of patellar tendinopathy. Numerous 
high-quality studies show improvement in symp-
toms, and many show a significant improvement 
compared to other conservative options including 
physical therapy, ESWT, dry needling, and more. 
There is room for improvement with regard to 
uniformity of administration protocols, and more 
high-quality controlled studies are needed to 
determine its true efficacy.
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cause of anterior knee pain character-
ized by the degeneration of the proximal 
patellar tendon.
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treatment option in patients with patel-
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PRP leading to an improvement in 
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Orthobiologics for the Treatment 
of Achilles Tendinopathy

Joseph D. Lamplot, Cort D. Lawton, 
and Scott A. Rodeo

18.1  Introduction

Achilles tendinopathy (AT) is a chronic degener-
ative process associated with diminished vascu-
larity, repetitive microtrauma, and aging [1, 2]. 
Although surgical specimens rarely contain typi-
cal inflammatory cell populations, the current 
understanding is that “molecular inflammation” 
plays an important role in the underlying patho-
logic process. Inflammatory mediators produced 
by both intrinsic tendon stromal cells and infil-
trating immune cells play a fundamental role in 
the initiation and regulation of tendinopathy [3, 
4]. Achilles tendinopathy can occur at its inser-
tion on the calcaneus or midsubstance, typically 
2–6  cm from its bony insertion [5]. Insertional 
Achilles tendinopathy (IAT) accounts for approx-
imately 20–25% of Achilles tendon disorders, 
whereas midsubstance Achilles tendinopathy 
(MAT) accounts for 66% [6, 7]. AT typically 
presents with pain occurring at the beginning of 
activity, with a decrease in discomfort as activity 
continues [8, 9]. In advanced cases, pain may 

occur in all phases of activity and interfere with 
activities of daily living [8, 9]. Although AT typi-
cally results from overuse, it may present insidi-
ously in middle-aged overweight patients with no 
history of increased physical activity [10]. Risk 
factors associated with AT include hypertension, 
diabetes, and obesity [2, 11]. However, in many 
cases, the etiology is multifactorial [12, 13]. 
Changes in activity level, previous tendon inju-
ries, poorly fitting footwear, and environmental 
factors such as training on hard or uneven sur-
faces may predispose patients to AT [7]. Multiple 
studies have reported that AT accounts for up to 
18% of all injuries in runners [14–16]. Presenting 
signs and symptoms include pain and swelling 
over a region of nodular tendon thickening [5]. 
While the diagnosis of AT is largely clinical, 
radiographs may show calcifications within the 
tendon or insertional osteophytes, and ultrasound 
(US) or magnetic resonance imaging (MRI) may 
demonstrate tendon thickening (Fig. 18.1) [5, 7].

Initial management of Achilles tendinopathy 
is non-operative and may include eccentric exer-
cises, cryotherapy, extracorporeal shockwave 
therapy, orthotics, splints, injections, and nonste-
roidal anti-inflammatory drugs (NSAIDs) [17–
20]. There is a consensus that progressive tendon 
loading in the form of eccentric strengthening is 
an important component of a non-operative man-
agement strategy [21–23]. Non-operative man-
agement has been reported to be effective in 
approximately 75% of patients, with failure of 
non-operative management correlated with 
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 severity of tendinosis, advanced patient age, and 
duration of symptoms [5, 21]. Several different 
types of injection therapies have been described 
including corticosteroids, high-volume saline, 
prolotherapy, autologous blood products (ABP), 
platelet-rich plasma (PRP), aprotinin, botulinum 
toxin, sodium hyaluronate (HA), polysulfated 
glycosaminoglycan, sclerosing agents, and cell- 
based therapies [20, 22, 24–31]. This chapter 
specifically focuses on injectable biologic thera-
pies for Achilles tendon pathology. While the 
main focus will be on AT, results of injectable 
biologics in the setting of Achilles tendon repair 
will briefly be discussed.

18.2  Pathophysiology

The Achilles tendon originates from the apo-
neuroses of the gastrocnemius, soleus, and 
plantaris muscles and is primarily composed of 
type I collagen [32]. It inserts 2 cm distal to the 
posterosuperior calcaneal prominence and has 
an anterior-posterior diameter of 5–6 mm [33, 
34]. The insertion may be predisposed to tendi-
nopathy due to high shear and compressive 
forces in this location [24]. Meanwhile, MAT 

has been attributed to decreased vascularity as 
the tendon spirals through a 90° lateral turn 
toward its insertion [35]. When the tendon 
experiences repetitive submaximal forces, 
microscopic damage occurs to the extracellular 
matrix (ECM), and collagen cross-links begin 
to fail across the length of the tendon. The ten-
don then undergoes attempted remodeling and 
repair [24]. Tendinopathy results when there is 
an imbalance between repetitive injury and 
repair. Histologically, this process is character-
ized by a disorganized proliferation of teno-
cytes, degeneration of mature tendon cells, and 
disrupted collagen fibers with an increase in 
ECM, with an abnormal increase in matrix gly-
cosaminoglycans [8–10, 36–38]. As the parallel 
orientation of collagen fibers is disrupted, there 
is a decrease in collagen fiber diameter and 
density of collagen with an increase in type III 
collagen [8–10, 36–39]. In addition to a loss of 
parallel collagen structure and loss of fiber 
integrity, tendon degeneration is characterized 
by capillary proliferation and, in later phases, 
fatty infiltration [38, 40]. These changes in ten-
don microstructure and composition lead to 
symptoms and may predispose to Achilles ten-
don rupture [35, 41].

a b c

Fig. 18.1 Magnetic resonance imaging (MRI) of Achilles 
tendinopathy. (a) Sagittal inversion recovery (IR), (b) sag-
ittal proton density (PD), and (c) axial PD images demon-
strate severe Achilles tendinosis with profound 

intrasubstance degeneration and interstitial tearing with-
out partial thickness defect. Tendinosis extends distally to 
the Achilles insertion
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18.3  Role of Biologic Therapies

Biologic therapies for AT aim to restore the 
properties of the native tendon, thereby reduc-
ing pain, improving function, and reducing the 
risk of rupture [42]. The reparative process that 
occurs following tendon injury leads to the for-
mation of a fibrovascular scar comprised mainly 
of type III collagen rather than the native type I 
collagen. This results in a tendon that is mechan-
ically weaker than the uninjured tendon [43]. 
Biologic therapies may help facilitate a more 
robust healing response compared to other com-
monly used nonsurgical treatment modalities, 
thereby resulting in a tendon with biomechani-
cal properties that are more similar to the native 
uninjured tendon. These therapies may also 
have a role as an adjuvant treatment in the surgi-
cal setting [7].

18.4  Corticosteroids

Corticosteroid injections have largely fallen out 
of favor for treatment of AT, mainly out of con-
cern for an increased risk of iatrogenic tendon 
rupture [20, 44]. In a randomized controlled trial 
(RCT) in which AT patients received either three 
corticosteroid or placebo peritendinous injection, 
Fredberg et al. [28] reported a significant reduc-
tion in Achilles tendon diameter in the corticoste-
roid group compared with placebo. In another 
RCT of patients with AT, DaCruz et al. [26] ran-
domized patients to either a single peritendinous 
injection of methylprednisolone with 0.25% 
Marcaine or Marcaine alone, reporting no differ-
ence in return to normal activity between the two 
groups.

With regard to complications related to corti-
costeroid injections, reversible atrophy of the 
Achilles tendon has been described in approxi-
mately 50% of patients, representing a higher 
rate when compared to placebo [45]. While 
Fredberg et  al. [28] reported that only 8% of 
patients treated with corticosteroids required 
future surgery, DaCruz [26] et  al. reported that 
39% eventually required operative intervention. 
One study reported a single episode of Achilles 

tendon rupture [28]. Altogether, current evidence 
does not support the use of corticosteroid injec-
tion for AT.

18.5  Sodium Hyaluronate

Although the effects of sodium hyaluronate 
(hyaluronic acid [HA]) on Achilles tendon heal-
ing have been explored in the setting of both AT 
and Achilles tendon repair, most studies have 
been preclinical investigations in animal models. 
In one recent clinical trial, Lynen et al. [46] per-
formed an RCT comparing extracorporeal shock 
wave therapy (ESWT) and peritendinous HA 
injections in treatment of MAT, reporting a clini-
cally relevant improvement in terms of VAS pain 
scores and VISA-A scores at 4  weeks and 
6 months. The authors concluded that two peri-
tendinous HA injections led to greater treatment 
success than three ESWT applications at weekly 
intervals in the treatment of MAT.  Halici et  al. 
[47] evaluated the effects of HA on vascular 
endothelial growth factor (VEGF) and type IV 
collagen expression during the healing process in 
a rabbit Achilles rupture model, finding a 
decrease in tendon adhesions and accelerated tis-
sue repair in the HA group at 6 and 12 weeks, 
with strongly positive VEGF immunostaining at 
the 6th week persisting into the 12th week. In a 
rat Achilles tendon rupture model, Tosun et  al. 
[48] reported that rats treated with either HA or 
combination therapy with HA and chondroitin 
sulfate demonstrated a significantly lower num-
ber of adhesions in the combination group and a 
higher maximum stress compared to HA alone or 
control. In a rat Achilles tendinopathy model in 
which degeneration was induced with local corti-
costeroid injections, Tatari [49] reported 
improved histopathologic scores in the HA group 
compared to the control group at 75 days post-
treatment. However, Wu et  al. [50] performed 
intratendinous HA or phosphate buffered saline 
(PBS) injection in a rat model, demonstrating 
more severe tendon injury and inflammatory 
changes as indicated by histopathology, IL-1β 
expression, and macrophage density in the HA 
group. Altogether, the role of HA in the treatment 
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of Achilles tendon injury remains poorly defined. 
While Lynen [47] et  al. reported promising 
results, additional randomized studies with larger 
numbers will be necessary to better elucidate its 
role in Achilles tendon injury. Additionally, fur-
ther evidence will be necessary to elucidate the 
role of peritendinous and intratendinous injec-
tions of HA in this setting.

18.6  Platelet-Rich Plasma

PRP is defined as a sample of plasma with an 
increase in platelet concentration above baseline 
levels or platelet levels greater than 1.1 × 106/μL 
[51]. When the platelets degranulate, growth fac-
tors are released including platelet-derived 
growth factor (PDGF), transforming growth 
factor-β (TGF-β), VEGF, platelet-derived angio-
genesis factor (PDAF), epidermal growth factor 
(EGF), platelet-derived endothelial growth factor 
(PDEGF), epithelial cell growth factor (ECGF), 
and insulin-like growth factor (IGF) [52, 53]. As 
these growth factors have been shown to enhance 
tissue healing, their use may be of particular 
interest in areas with low intrinsic healing poten-
tial such as the Achilles tendon [54]. Like other 
biologic therapies, the goal of PRP is to restore 
the properties of the injured tendon. Due to its 
autologous nature, PRP is inherently safe [55]. 
However, current evidence summarized below 
does not appear to support its use in AT [54, 
56–58].

The few published Level I RCTs on the use of 
PRP in patients with AT have not reported that 
PRP decreases pain or improves function com-
pared with placebo [14, 27]. Zhang et  al. [23] 
performed a meta-analysis on the use of PRP for 
chronic AT including only Level I studies in 
which patients underwent a peritendinous PRP 
injection or saline injection. Both groups also 
underwent eccentric training. The authors noted 
that they had sufficient statistical power analysis 
to determine a clinically meaningful difference in 
the primary outcome (VISA-A score). Meta- 
analysis demonstrated no difference between the 
PRP and saline groups when examining VISA-A 
score, ultrasonographic evaluation of tendon 

thickness, or color Doppler activity. Only one 
RCT reported that four injections of PRP at 
2-week intervals improved VISA-A scores for AT 
compared with saline injection [59]. The authors 
of that study postulated that repetition of injec-
tions may prolong the exposure of the tendon 
matrix to cytokines and anti-inflammatory medi-
ators, thereby enhancing improvement in symp-
toms and possibly tendon healing.

In a meta-analysis by Filardo et al. [60] exam-
ining PRP in tendon-related disorders including 
chronic AT, a discrepancy was observed between 
the results described in RCTs and case series. All 
of the non-controlled studies reported significant 
improvements in clinical outcomes, with good 
return to sport rates and positive effects lasting up 
to mid-term evaluation. Conversely, consistent 
with the findings of Zhang et al. [23], the RCTs 
which featured a control group did not favor 
PRP. Similar results were reported in an RCT by 
Krogh et al. [61] which showed no difference in 
patient-reported outcomes (VISA-A and VAS 
pain scores) between those receiving peritendi-
nous injection of PRP or saline solution 3 months 
posttreatment (Fig. 18.2). PRP was found to sig-
nificantly increase tendon thickness as assessed 
by US at 3 months posttreatment. Kearney et al. 
[62] performed an RCT of only 20 patients com-
paring a PRP injection with a rehabilitation pro-
gram, reporting a trend toward improvement in 
the PRP group which did not meet statistical sig-
nificance, possibly in part due to an underpow-
ered sample size. Most recently, Liu et  al. [63] 
performed a meta-analysis of PRP in the treat-
ment of chronic AT, also finding no significant 
difference in VISA-A improvement or VAS pain 
scores following PRP injection compared to con-
trol. To date, the majority of studies using PRP 
for AT have been in patients with either MAT or 
mixed cohorts, and results have been inconsis-
tent. Two retrospective case series specifically 
examining the use of PRP for IAT have recently 
been presented but not yet published [64, 65], 
reporting patient satisfaction rates of just 53% 
(10/19) [62], and 57% (8/14) [63] at 6-month 
follow-up.

PRP has also been evaluated in the setting of 
Achilles tear and as an adjuvant to surgical repair 
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[53]. In a rat Achilles tendon injury model, the 
early phases of Achilles tendon healing following 
rupture were enhanced following PRP injections, 
with early increases in fibrillary collagen deposi-
tion [66]. Rat Achilles tendons injected with PRP 
following surgical repair have also demonstrated 
improved maturation of tendon callus, stronger 
biomechanical properties, enhanced neovascular-
ization, and improved histological quality [66–
68]. While few human studies have investigated 
PRP in Achilles tendon tear, case series have 
reported encouraging outcomes [58, 69]. A case 
series of six athletes with torn Achilles tendons 
treated with PRP following repair demonstrated 
earlier recovery of range of motion and return to 
sport compared to athletes who underwent sur-
gery without PRP treatment. These findings were 
corroborated by a review of ten studies demon-
strating a strong positive effect of PRP when 
administered following Achilles tendon repair 
[58]. However, another recent review identified 
four studies investigating the use of PRP in the 

treatment of Achilles tendon rupture [60], finding 
no beneficial effects of PRP administration dur-
ing or immediately after tendon suturing. In fact, 
one study reported inferior outcomes when PRP 
was added to Achilles tendon repair compared to 
repair alone, concluding that the addition of PRP 
may be detrimental to tissue healing in this set-
ting [70].

Other variations of PRP have been explored in 
an effort to optimize the therapeutic benefits of 
autologous platelets. Plasma rich in growth fac-
tors (PRGF) is a type of leukocyte-poor PRP 
which has demonstrated positive effects on teno-
cyte growth and migration in vitro [71]. Platelet- 
rich clot releasate (PRCR) is an acellular serum 
product with activated platelets derived from 
PRP. In an in vitro model of rat tendon stem/stro-
mal cells, PRCR was shown to induce tenocyte 
differentiation while inhibiting the differentiation 
of other cell types thought to impede tendon heal-
ing [72]. At this time, there is no data on these 
variations of PRP in human subjects. Altogether, 

a

c d

b

Fig. 18.2 Ultrasound (US)-guided peri-Achilles injec-
tion. (a) Long-axis and (b) short-axis images demonstrat-
ing moderate to severe Achilles tendinosis with tendon 
thickening of the paratenon without tear at the critical 
(watershed) zone. (c) Short-axis image demonstrating 

short 25-guage needle advancing into peritendinous tis-
sues of Achilles tendon at the critical zone. (d) After con-
firming proper needle positioning, the injection was 
placed around the superficial and deep margins of the 
Achilles at the critical zone
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current evidence does not appear to support the 
use of PRP for Achilles tendon injuries.

18.7  Autologous Blood Products

Autologous blood alone has also been investi-
gated as a treatment for AT. Similar to PRP, autol-
ogous blood has an excellent safety profile but 
does not require any processing following a 
peripheral blood draw. A recent meta-analysis of 
seven studies sought to compare the efficacy of 
autologous blood-derived product (ABP) injec-
tion with placebo (sham injection, no injection, 
or physical therapy alone) in patients with AT 
[73]. The authors reported no between-group dif-
ference in VISA-A score at any time point. 
Furthermore, meta-regression demonstrated no 
association between change in VISA-A score and 
duration of symptoms. In another study compar-
ing outcome of peritendinous autologous blood 
injection with placebo for chronic AT, Pearson 
et al. [29] reported no between-group difference 
in VISA-A score but a 21% rate of post-injection 
discomfort in the autologous blood group which 
subsequently resolved in all cases. Current data 
does not support the use of autologous blood in 
the treatment of AT.

18.8  Peripheral Blood 
Mononuclear Cells

Several recent studies have suggested that periph-
eral blood mononuclear cells (PBMNCs), which 
include monocytes, macrophage, and lympho-
cyte, may have a role in the treatment of Achilles 
tendon injuries [74, 75]. Monocytes and macro-
phages have known roles in promoting tissue 
repair and regeneration [74, 76]. Monocytes and 
macrophages are multipotent, with the ability to 
differentiate into different macrophage pheno-
types depending on environmental signals [7]. 
These cells promote angiogenesis by inducing 
the release of VEGF [7, 77], facilitate tissue 
regeneration by stimulating the release of growth 
factors and cytokines [7, 78], and activate the 
connective tissue progenitor cell (CTP) popula-

tion that are resident in native tendon via para-
crine signaling [7, 79].

Inflammation within tendons in early phases 
of tendinopathy is characterized by an infiltration 
of immune cells including neutrophils and mac-
rophages [80, 81]. Initially, macrophages release 
cytokines at the repair site which promote ECM 
degradation, inflammation, and apoptosis. In 
later stages of tendon healing, macrophages 
release anti-inflammatory cytokines which pro-
mote tendon remodeling [82–84]. The balance 
between pro-inflammatory (M1) and anti- 
inflammatory (M2) macrophages during the heal-
ing process has a large impact on the resolution 
of inflammation and ultimate tendon healing. To 
illustrate this, Sugg et al. [85] monitored changes 
in the macrophage phenotype (M1/M2) follow-
ing rat Achilles tendon repair, confirming the 
sequential transition of macrophages between the 
M1 and M2 phenotypes during the healing pro-
cess. These findings support the dual function of 
macrophages in the early degradation and later 
repair of damaged tendon tissue. In a rat Achilles 
tendon tear model, Daher et al. [86] found that, 
when seeded on a biodegradable scaffold, alloge-
neic cells from peripheral blood improved bio-
mechanical properties and histological 
organization in healing tendons when used as an 
augment to suture repair.

Although no studies have examined the role of 
macrophages or other PBMNCs in the treatment 
of human AT or Achilles repair, the injection of 
monocytes harvested from peripheral blood may 
represent a novel therapeutic option with a strong 
scientific rationale [80]. Further preclinical stud-
ies will be necessary to determine the efficacy of 
PBMNCs in this setting.

18.9  Bone Marrow Aspirate 
and Bone Marrow Aspirate 
Concentrate

Bone marrow aspirates (BMA) from the iliac 
crest contain a mixed population of marrow- 
derived cells. This includes hematopoietic cells, 
but also includes connective tissue progenitors 
(CTPs), with the capacity to proliferate and 
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 generate progeny of cells with the capacity to 
form one or more connective tissue phenotypes 
in culture. The prevalence of CTPs, even in 
healthy marrow, is low (range 1 in 10,000 to 1 in 
100,000 nucleated cells, so CTPs with colony 
founding potential comprise less than 0.01% of 
all nucleated cells in a BMA sample [87–90]}.

An anticoagulated bone marrow aspirate can 
be processed using a centrifuge to remove red 
cells based on density and concentrate nucleated 
cells four to sixfold and provide what is com-
monly called a bone marrow aspirate concentrate 
(BMAC) [7]. Bone marrow aspirates are most 
commonly obtained from the iliac crest. Marrow 
can also be aspirated from other sites including 
the proximal tibia, distal femur, and proximal 
humerus [7, 42], but the yield of CTPs is gener-
ally lower and more variable. This method of 
centrifugation concentrates the mononucleated 
cells, hematopoietic stem cells, and platelets in 
one layer and both acellular serum and the red 
blood cells in other layers, which are typically 
discarded [7]. While the main function of BMAC 
is to deliver nucleated cells to target tissues, 
BMAC processing can be modified to also con-
centrate platelets and platelet concentrations sim-
ilar to PRP, i.e., platelet-rich BMAC [87]. The 
presumed effect of BMAC in the treatment of 
tendinopathy appears to be to reduce inflamma-
tion and fibrosis and to facilitate activation of 
native CTPs and their potential to differentiate 
into tenocytes to via a paracrine mechanism [91].

An in vitro study demonstrated an increase in 
in situ cell proliferation within Achilles tendon 
scaffolds seeded with BMAC compared to 
culture- expanded MSC-like human bone marrow 
stromal cells [92]. In a rat Achilles injury model, 
Okamato et al. [93] peritendinously injected tran-
sected Achilles tendons with either processed 
bone marrow cells (“BMCs”), bone marrow- 
derived culture-expanded MSCs, or control vehi-
cle and observed the highest load to failure in the 
BMC group. The load to failure for tendons 
treated with BMCs was equal to that of an unin-
jured tendon at 28 days postoperatively [93].

Only one study to date has evaluated the effect 
of BMAC injections in the setting of human 
Achilles tendon injury [45]. In a case series of 27 

patients (28 tendons), Stein et al. [45] performed 
open Achilles tendon repair augmented with 
BMAC injection, reporting a 92% rate of return- 
to- sport at a mean of 5.9 months postoperative. 
There were no re-ruptures and one superficial 
wound dehiscence. Although these results are 
encouraging, there was no comparative group. 
Further investigation into the use of BMAC in 
Achilles tendon injuries is warranted.

18.10  Processing of Adipose Tissue 
as a Cellular Preparation

Adipose tissue can be harvested and processed 
using mechanical dissociation or enzymatic 
digestion to prepare cells in a form that allows 
injection in a “same-day point of care” 
procedure.

One recent RCT compared intratendinous 
cells released by enzymatic digestion (the stro-
mal vascular fraction [SVF)] and PRP injections 
for the treatment of midsubstance Achilles tendi-
nopathy (MAT), utilizing the within adipose tis-
sue [94]. The authors found no clinical differences 
in VAS pain, VISA-A, American Orthopaedic 
Foot and Ankle Society Ankle-Hindfoot Score, 
Short Form-36 [SF-36]), or image-based metrics 
(MRI and ultrasonography [US]) between the 
two groups at 60, 120, and 180-day follow-up 
[94]. Both treatments provided improved clinical 
and image-based outcomes at all time points. 
However, the SVF group had improved VAS 
pain, AOFAS, and VISA-A scores at 15 and 
30  days post-injection. While early clinical 
results are encouraging, there is currently limited 
evidence to support the use of SVF in treatment 
of MAT. Additional clinical studies, and particu-
larly high-quality RCTs, will be necessary to 
support their use in this setting.

18.11  Culture-Expanded 
Mesenchymal Stromal Cells

Culture-expanded mesenchymal stromal cells 
(MSCs), primarily derived from bone marrow, 
have been investigated in the treatment of various 
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Achilles tendon injuries [95, 96]. Culture- 
expanded MSC populations include plastic 
adherent culture-expanded cells expressing 
appropriate in vitro markers that are derived from 
bone marrow and from adipose tissue (sometimes 
called ADSCs), which are addressed separately 
below.

MSC populations are thought to have the 
potential to enhance tissue healing by differentia-
tion into tenocytes and by signaling anti- 
inflammatory and anti-apoptotic pathways [97]. 
There is evidence suggesting that the most impor-
tant effects of injection of culture-expanded cells 
occur in the early phases of the healing process 
[42]. In a rabbit Achilles tendon tear model, ten-
dons treated with culture-expanded bone marrow- 
derived MSCs demonstrated improved collagen 
fiber organization at 3 weeks posttreatment, but 
not later in the healing process [98].

Large variation exists between batches of 
MSCs from various sources. There is also varia-
tion that depends on processing technique and 
the environment use during expansion [42]. For 
example, MSCs cultured under physiological 
oxygen tension conditions (e.g., 3–7% FiO2) 
have been shown to exhibit an increased prolif-
eration rate and differentiation potential along 
with improved cell migration [42]. MSCs cul-
tured under physiological oxygen conditions also 
secrete more cytokines and growth factors com-
pared to MSCs grown under hyperoxic atmo-
spheric (20% FiO2) conditions, which place 
culture cells under increased oxidative stress 
[99]. One study in a rat Achilles tendon tear 
model demonstrated that the ultimate load to fail-
ure was significantly higher when the tendons 
were treated with MSCs cultured with a lower 
oxygen tension compared to MSC cultures at 
20% O2 at 2 and 4 weeks postoperatively [99].

It is possible that genetically modified MSCs 
may be utilized to enhance tendon repair. In a rat 
Achilles tendon tear model, treatment of injured 
tendons with MSCs modified to produce the zinc 
finger transcription factor EGR1 led to an 
increased formation of tendon-like tissue [100]. 
In another study, transected rat Achilles tendons 

treated with Smad8/BMP-2-engineered MSCs 
demonstrated an earlier recovery of biomechani-
cal properties compared to control [101]. Future 
investigation of genetically engineered MSCs 
may seek to determine if a single growth factor or 
combination of growth factors is needed to opti-
mize tendon healing and repair. Altogether, fur-
ther studies will be necessary to better elucidate 
the role of culture-expanded MSCs in the treat-
ment of Achilles tendon injury.

18.12  Culture-Expanded Adipose- 
Derived Stromal Cells 
(ADSCs)

Adipose-derived stromal cells (ADSCs) have 
been investigated for their role in the treatment of 
tendinopathies and have several potential advan-
tages as a cell source, including the low morbid-
ity in harvest (like BMA) and a relatively high 
prevalence of tissue resident CTPs. ADSCs have 
a higher prevalence of colony founding CTPS 
(mean ~0.2% vs. 0.005%) compared to bone 
marrow [42, 102]. Like marrow-derived MSCs, 
adipose-derived MSCs (ADSCs) have the capac-
ity to differentiate into multiple cellular lines, 
including adipocytes, chondrocytes, osteoblasts, 
and muscle cells and may have comparable or 
even better efficacy to marrow-derived MSCs in 
some clinical settings [94, 103] [42].

The use of culture-expanded ADSCs for the 
treatment of tendinopathy has been investigated 
in multiple animal models with encouraging 
results [7, 94, 103]. ADSCs have been shown to 
induce tenocyte differentiation by overexpress-
ing bone morphogenetic protein 12 (BMP12) 
[103–105]. ADSCs have also been shown to 
increase the expression of cartilage oligomeric 
matrix protein (COMP), an ECM protein criti-
cal for the formation of organized collagen 
fibrils [106, 107]. Additionally, local delivery of 
ADSCs have been shown to increase collagen 
type I, VEGF, and fibroblast growth factor 
(FGF) as well as the tensile strength of healing 
rabbit Achilles tendons [7].
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18.13  Growth Factors

Growth factors including TGF-β, VEGF, PDGF, 
and IGF-I are involved in proliferation, differen-
tiation, chemotaxis, and synthesis of ECM, all 
of which occur during tissue healing. In the set-
ting of tendon healing, growth factors are pro-
duced by tenocytes and various leukocyte 
populations and are released from platelets dur-
ing degranulation. While there is minimal data 
in human subjects to support the use of inject-
able growth factors in Achilles tendon injury, an 
understanding of some of the key growth factors 
in tendon healing and regeneration may be 
important in the development of future inject-
able therapies [108].

18.13.1  Transforming Growth 
Factor-β

TGF-β is a family of proteins present in three dif-
ferent isoforms (TGF-β1, TGF-β2, and TGF-β3) 
involved in several cellular processes including 
proliferation and cell migration [109]. TGF-β has 
an important role in tissue healing [109]. Collagen 
fibers are largely responsible for the mechanical 
strength of the healing tendon, and as such, 
TGF-β therapy may be an important target for 
tendon healing applications [110]. TGF-β ther-
apy may increase the mechanical strength of the 
healing Achilles tendon via upregulation of col-
lagen synthesis, increased cross-link formation, 
and enhanced ECM remodeling [111, 112]. TGF- 
β1 increases the synthesis of collagen type I and 
III in tenocytes and tenocyte progenitors and is 
overexpressed within the tendon in the early 
post-injury period. Promising results have been 
reported following TGF-β injections in a rat 
Achilles tear model [113]. As early as 2 weeks 
postoperative, Achilles tendon injected with 
TGF-β following repair had a histological appear-
ance similar to that of native tendon [114]. 
Additionally, a dose-dependent increase in the 
expression of type I and type III procollagen was 
observed.

18.13.2  Vascular Endothelial 
Growth Factor

The VEGF family consists of several isoforms 
(VEGF-A, VEGF-B, VEGF-C, VEGF-D, and 
VEGF-E, and placenta growth factor) [7]. While 
VEGF-A is a critical regulator of neovasculariza-
tion which is required for tissue healing, exces-
sive VEGF production can lead to scar formation 
[115]. VEGF appears to be important during 
early phases of tendon healing, as a canine model 
of flexor tendon healing demonstrated peak 
mRNA levels at days 7–10 post-injury followed 
by a return to baseline by day 14 [116]. In an 
Achilles tendon repair model, exogenous VEGF 
injection at the repair site was found to increase 
TGF-β gene expression and lead to early increases 
in tensile strength [117]. In a rat Achilles tendon 
defect model, Tempfer et al. [118] utilized a local 
injection of the monoclonal antibody bevaci-
zumab at the defect site to block VEGF-A signal-
ing. In the bevacizumab-treated tendon defects, 
angiogenesis was found to be significantly 
reduced. This was accompanied by a significantly 
reduced cross-sectional tendon area, improved 
matrix organization, increased stiffness, increased 
maximum load to failure, and an improved gait 
pattern [118]. While the findings of these studies 
suggest that VEGF plays a key role in tissue heal-
ing in the setting of Achilles tendon injury, addi-
tional studies will be necessary to determine how 
both overexpression or suppression of VEGF 
affect Achilles tendon healing, structure, and 
function.

18.13.3  Bone Morphogenetic 
Proteins (BMPs)

Bone morphogenetic protein-12 (BMP-12), also 
known as growth and differentiation factor-7 
(GDF-7), promotes the differentiation of stem/
stromal cells into tenocytes and induces the for-
mation of tendon and ligament-like tissue [119]. 
Treatment of transected rat Achilles tendons with 
a genetically modified skeletal muscle flap 
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transduced with adenovirus carrying BMP-12 
demonstrated an early increase in the maximum 
load to failure, persistently increased stiffness, 
and improved collagen organization and collagen 
fiber diameter at all time points compared to con-
trols [119]. In a rat Achilles tendon rupture 
model, concomitant administration of BMP-12 
and BMP-13 resulted in an increased rate of cel-
lular infiltration, increased tissue volume, and 
altered levels of mRNA consistent with tendon 
healing [120]. Conversely, genetically engineered 
BMP-12 knockout mice demonstrated no signifi-
cant effects on the composition or structure of 
Achilles tendons [121]. As such, the role of 
BMP-12  in tendon healing and regeneration 
remains poorly defined.

Bone morphogenetic protein-14 (BMP-14), 
also known as growth and differentiation factor-5 
(GDF-5), is also a member of the transforming 
growth factor superfamily. This growth factor 
plays a role in tendon collagen organization 
[122]. The results of several animal studies have 
suggested a role in promoting Achilles tendon 
healing [42]. When injected ectopically, BMP-14 
has been shown to induce neotendon formation 
[42]. Bolt et al. [123] reported that transected rat 
Achilles tendons that were treated with BMP-14- 
transfected adenovirus following repair had a 
70% greater tensile strength than control at 
2  weeks following repair, less visible gapping, 
and no ectopic bone or cartilage within the ten-
dons treated with BMP-14. When rat Achilles 
tendon fibroblasts were treated with BMP-14, 
Keller et al. [122] demonstrated that ECM syn-
thesis and cellular proliferation were increased. 
The use of BMP-14-coated sutures also has been 
shown to lead to improved early tendon healing 
at 3  weeks postoperative but not at later time 
points [124]. Further research will be necessary 
to determine the role of BMPs as adjuvants in the 
treatment of Achilles tendon pathologies.

18.13.4  Interleukin-6 (IL-6)

The ability of interleukin-6 (IL-6) to stimulate 
collagen synthesis has led investigators to explore 
its role in the treatment of AT. Concentrations of 

IL-6 in the peritendinous region surrounding the 
Achilles increase markedly following exercise or 
mechanical loading [42]. As such, IL-6 may 
allow for the transformation of mechanical load-
ing into collagen synthesis. In a patellar tendon 
repair model, Andersen et  al. [125] found that 
when recombinant human IL-6 was injected into 
the peritendinous tissues surrounding the Achilles 
tendon in healthy volunteers, it resulted in 
increased local collagen synthesis compared to 
the contralateral side with or without exercise. 
Additional preclinical studies will be needed to 
determine the efficacy of IL-6  in the setting of 
Achilles tendon injury.

18.13.5  Combination Treatment 
with Growth Factors

In addition to those mentioned above, several 
individual growth factors including PDGF, 
cartilage- derived morphogenetic protein-2 
(CDMP-2), IGF-1, and hepatocyte growth factor 
(HGF) have shown positive effects in terms of 
tendon healing when applied to Achilles tendons 
using a variety of delivery methods [42, 67, 126–
131]. Konerding et  al. [132] hypothesized that 
the application of multiple mitogenic and angio-
genic growth factors would lead to improvement 
of tendon healing in a rabbit Achilles tendon tear 
model. However, the concomitant peritendinous 
injection of VEGF, bFGF, and PDGF did not 
result in significant improvements in any out-
comes including blood vessel density, collagen I/
III ratio, or mechanical strength. Further research 
will be necessary to determine whether the exog-
enous administration of growth factors in isola-
tion or in combination enhances healing in the 
setting of Achilles tendon injury.

18.14  Proteinase Inhibitors

Aprotinin is a serine proteinase inhibitor obtained 
from the bovine lung which may function as a 
collagenase inhibitor in the setting of tendinopa-
thy [25]. Brown et  al. [25] reported results of 
using a series of three once-weekly injections of 
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aprotinin for the treatment of Achilles 
 tendinopathy, finding no significant differences 
between the treatment group and placebo with 
respect to the primary outcome measure (VISA-A 
score) or any secondary outcome measure (num-
ber of hops to pain, return to sport, single-leg 
heel raises to pain, and patient pain rating). 
Aprotinin is no longer commonly used for the 
treatment of AT, and data does not support its use.

18.15  Conclusions

At this time, no definite treatment recommenda-
tions can be made on the currently available evi-
dence, and biologic therapies should be used 
judiciously, tailoring the treatment to the needs of 
the patient while setting appropriate expectations 
for treatment outcomes. While various injectable 
biologic treatments for Achilles tendon disorders 
hold promise, further scientific investigation is 
needed before evidence-based protocols can be 
developed, tested, or widely adopted. As most 
cases of AT are successfully treated non- 
operatively [5, 21], a goal of any biologic therapy 
in this setting should be to improve early healing, 
thereby expediting recovery. As several risk fac-
tors are associated with AT [2, 11], personalized 
approaches to biologic therapy based on demo-
graphic and patient-specific risk factors of AT 
should be explored. Corticosteroids have largely 
fallen out of favor due to adverse tissue effects 
and concern for tendon rupture [28]. The role of 
HA remains poorly defined, and the scientific 
rationale underlying its potential efficacy in this 
setting is not as strong as some other biologic 
therapies. While the results of multiple case 
series have been encouraging, PRP has been 
shown in multiple high-level RCTs to be ineffec-
tive in the treatment of AT, and as such, its use 
cannot be recommended at this time [23].

Preclinical and early human studies of cell- 
based biologic therapies have demonstrated more 
success than corticosteroids and autologous 
blood products. Adipose-derived cells have 
shown great promise in preclinical and early clin-
ical studies of AT, and future randomized con-
trolled studies will need to corroborate these 

promising findings [7, 94]. Similarly, preclinical 
and early clinical studies of BMAC and BMCs in 
the treatment of AT have been encouraging, and 
further investigation is warranted before wide-
spread adoption can be recommended [45, 93]. 
Although culture-expanded MSCs including 
those derived from bone marrow and peripheral 
blood have not yet been investigated in human 
AT, preclinical studies have demonstrated good 
outcomes [86, 99].

Various growth factors are known to have 
important roles in tendon healing and regenera-
tion, and while exogenous injection of various 
growth factors including VEGF, TGF-β [115], 
BMP-12 [114], and BMP-14 [123] have improved 
tendon healing in preclinical models, no human 
studies have yet been performed.

Take-Home Messages
• The reparative process following 

Achilles tendon injury leads to the for-
mation of a fibrovascular scar that is 
mechanically weaker than the native 
uninjured tendon.

• Biologic therapies may facilitate a more 
robust healing response with biome-
chanical properties more similar to the 
native uninjured tendon.

• Current evidence does not support the 
use of hyaluronic acid (HA), platelet- 
rich plasma (PRP), or autologous blood 
products in the treatment of Achilles 
tendinopathy.

• While bone marrow aspirate concen-
trate (BMAC) has demonstrated prom-
ising outcomes in preclinical models of 
Achilles injury and in the setting of sur-
gical repair of the Achilles rupture, 
larger comparative studies are necessary 
to determine the efficacy of BMAC in 
this setting.

• While injectable biologics including 
culture-expanded mesenchymal stromal 
cells (MSCs), adipose-derived stromal 
cells (ADSCs), and exogenous growth 
factors hold promise, the currently 
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19.1  Introduction

Plantar fasciitis (PF) is characterized by plantar 
medial heel pain, usually presenting in the 
morning at the first few steps. Obese individu-
als, who stand for prolonged periods and who 
walk on hard surfaces [1, 2], typically suffer 
from PF, the commonest cause of plantar heel 
pain in adults [3].

The diagnosis can be achieved through patient 
clinical history and clinical findings. Stretching 
exercises, activity modification, and use of sev-
eral analgesics resolve symptoms in over 80% of 
patients, while biomechanical factors can be cor-
rected by insoles or various kinds of orthotics or 
night splints [4, 5]. In the small group of patients 
who develop intractable PF, other available strat-
egies are extracorporeal shock wave therapy and 
corticosteroid injections [6]. Surgical manage-
ment of PF consists of plantar fascia release, but 

efficacy is still debated [7, 8]. In recent years, 
biological treatments have been getting popular-
ity in many orthopaedic conditions [9].

19.2  Platelet-Rich Plasma (PRP)

Platelet-rich plasma (PRP) is a device used for sev-
eral chronic degenerative soft tissue conditions, 
including PF.  To prepare PRP, the patient’s own 
blood is centrifuged to obtain an increased platelet 
concentration. Platelet alpha-granules contain 
growth factors and mediators [vascular endothelial 
growth factor (VEGF), transforming growth factor-
beta 1 (TGF-β1), EGF, platelet- derived growth fac-
tor (PDGF), bFGF, IGF-1], which are concentrated 
through a single- or double- centrifugation process. 
Supraphysiological amounts of these cytokines and 
growth factors are injected into the injury site and 
promote the physiological healing process [10]. 
PRP is postulated to promote native tissue regen-
eration [11].

The efficacy of PRP injections in the manage-
ment of chronic PF has been evaluated in several 
randomized controlled trials. Platelet-rich plasma 
is not associated with the complications of corti-
costeroid injections, such as plantar fascia rup-
ture or fat pad atrophy [12].

Platelet-rich plasma injections were compared 
to corticosteroid injections in two recent meta- 
analyses: PRP injections are a valid alternative to 
corticosteroid injections with some studies dem-
onstrating superiority of PRP [13–15].
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Ragab and Othman assessed 25 patients man-
aged with a single injection of PRP. The average 
visual analog scale (VAS) pain decreased from 
9.1 to 2.1 by 1 year after the injection [16].

After 1 year, a marked improvement in terms 
of VAS after PRP injection (from 7.1 ± 1.1 to 
1.9 ± 1.5) was reported in a prospective uncon-
trolled study by Martinelli et  al. [17] 
(Table 19.1).

Sami et al. compared the use of PRP injec-
tions under ultrasonography guidance to phys-
iotherapy. They prospectively recruited patients 
suffering from chronic PF and divided them 
into two treatment groups (PRP group vs phys-
iotherapy group). All patients were evaluated 
using the American Orthopaedic Foot and 
Ankle Society (AOFAS) before and after treat-
ment. The AOFAS score improved significantly 
in the PRP group. Ultrasonography was per-
formed before and 4 weeks after treatment, fas-
cial echogenicity was significantly changed in 
most of the patients after PRP injection, and 
fascial thickness was statistically decreased in 
the PRP group compared to the physiotherapy 
group [20].

A comprehensive systematic review analysed 
the use of PRP in the treatment of PF [21]. Most 
the analysed studies mentioned a significantly 
larger improvement in symptoms between the 
first visit and the last follow-up assessment.

Platelet-rich plasma injections are an effective 
strategy to decrease pain and enhance function in 
chronic plantar fasciitis and may be superior to 
corticosteroids, especially considering its safety 
profile [16] (Fig. 19.1).

19.3  AWB vs PRP

Autologous whole blood (AWB), unlike PRP, is 
not obtained separating the blood components. 
AWB contains red blood cells, white blood 
cells, and platelets rich in growth factor. After 
extracting the patient’s blood from a vein, the 
doctor injects this blood into the heel. This 
whole blood with its growth factors can help 
trigger a healing response. Autologous whole 
blood cells seem to be as effective as PRP, but 
more randomized comparative clinical trials are 
needed to establish efficacy of AWB compared 
to PRP injections [22].

19.4  Corticosteroid vs PRP

Different studies analysed the use of corticoste-
roids injections vs PRP in patients with PF using 
functional evaluation and pain scales. Monto 
recruited 40 individuals with chronic unilateral 
PF who had failed traditional conservative treat-
ment. They were randomized into two groups 
[14]. Group 1 was managed with one ultrasound- 
guided injection of 40 mg DepoMedrol (methyl-
prednisolone), and group 2 was treated with one 
ultrasound-guided injection of autologous PRP.

The average AOFAS score before treatment 
was 52 in the corticosteroid group, improving 
to 81 at 3 months posttreatment and decreasing 
to 74 at 6 months; at 12 months it dropped to 

Table 19.1 Success rate of PRP injection therapy

References Success definition
Success 
rate (%)

Kumar et al.
(2013) [18]

Patients satisfaction at the 
question “would have the 
procedure again”

64

Martinelli et al.
(2013) [17]

Roles and Maudsley 
score: excellent and good

78.6

Ragab and 
Othman (2012) 
[16]

Satisfaction at patient’s 
questionnaire

88

Aksahin et al. 
(2012) [19]

Roles and Maudsley 
score: excellent and good

33.3

Fig. 19.1 Ultrasound-guided injection of platelet-rich 
plasma
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58, with a final score of 56 at 24  months. 
Conversely, average AOFAS score was 37  in 
the PRP group before treatment and raised to 
95 at 3 months, remaining elevated at 94 at 6 
and 12 months, and reaching a final score of 92 
at 24  months. In patients with severe chronic 
PF who have not obtained the desired result 
following traditional conservative manage-
ment, PRP is able to provide successful bene-
fits in the long-term, being more efficacious 
than corticosteroid injections, and appearing 
safer than surgical alternatives [23].

In the controlled, randomized, blinded clinical 
study by Acosta-Olivo et al., patients were ran-
domized into two groups. Administration of 
dexamethasone 8 mg plus 2 mL of lidocaine was 
adopted in the steroid treatment group, while 
3 mL of PRP activated with 0.45 mL of 10% cal-
cium gluconate was used in the PRP treatment 
group. The VAS, Foot and Ankle Disability Index 
(FADI), and American Orthopaedic Foot and 
Ankle Society (AOFAS) scale were proposed to 
all patients at the beginning of the study and at 2, 
4, 8, 12, and 16 weeks posttreatment. In conclu-
sion, none of the cores was statistically different 
between the two groups, but PRP was more effi-
cacious than corticosteroid injections in patients 
with PF failed to respond to non-operative treat-
ment [24]. In the end, the efficacy of PRP is com-
parable to that of steroids injections, without 
complications associated with steroid use and, in 
addition, promoting the regeneration of damaged 
tissue, especially soft tissues, such as muscles 
and tendons, thanks to its regenerative properties. 
On the contrary, there are some disadvantages: 
PRP is more costly than steroids; the process to 
obtain PRP is time expensive for patients and 
physicians.

19.5  Prolotherapy

Prolotherapy is an injection-based treatment used 
in chronic musculoskeletal conditions, such as 
PF.  In this procedure, a natural irritant (such as 
hyperosmolar dextrose) is injected into the soft 
tissues of the plantar fascia to cause osmotic des-
iccation and potential death of local cells and 

trigger a healing response. Prolotherapy injec-
tions can be effective in patients with chronic PF 
[25–27]. The efficacy of a prolotherapy injection 
has been reported to be superior to that of corti-
costeroids, as it allows tissue healing similar to 
PRP [28]. Prolotherapy injections are simpler to 
prepare than PRP, noninvasive, and more cost- 
effective [29]. This procedure is considered safe 
and effective, with only minor reported adverse 
effects mainly in the site of injections [30]. 
Uğurlar et al. compared the use of extracorporeal 
shock wave therapy (ESWT) and corticosteroids, 
PRP, and prolotherapy injections for the treat-
ment of plantar fasciitis through a randomized 
controlled prospective clinical study. The clinical 
outcomes were assessed using the visual analog 
scale (VAS) and Revised Foot Function Index. 
The corticosteroid injection reduced foot pain in 
the first 3  months, while ESWT had similar 
results in the first 6 months. The result of prolo-
therapy and PRP was seen during the follow-up 
period, while the corticosteroid injection lost its 
effectiveness. Nevertheless, at the 36-month fol-
low- up point, no significant difference was noted 
in terms of VAS and Revised Foot Function Index 
score among the four treatments [31].

19.6  Bone Marrow Aspirate 
Concentrate (BMAC)

One promising new non-surgical treatment is 
bone marrow concentrate (BMC) or bone mar-
row aspirate concentrate (BMAC) therapy [32]. 
BMAC is based on autologous bone marrow 
aspiration, followed by centrifugation to concen-
trate nucleated cells from bone marrow. These 
cells (20–100 nucleated cells/mL) include a small 
population of connective tissue stem cells and 
progenitors (CTPs) (generally <0.05%), hemato-
poietic stem cells (HSCs) and progenitors (<1%), 
and growth factors and platelets [33]. The per-
centage of CTPs in BMAC varies from 0.001% 
to 0.01% of mononuclear cells after centrifuga-
tion. However, BMAC is also a source of growth 
factors, including transforming growth factor- 
beta (TGF-b), vascular endothelial growth factor 
(VEGF), platelet-derived growth factor (PDGF), 
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bone morphogenetic protein (BMP)-2, and 
 BMP- 7, which are potentially valuable as ana-
bolic and anti-inflammatory agents [34, 35].

Recently, there has been a spike in interest in 
the use of bone marrow aspirates (BMAs) and 
BMAC in musculoskeletal ailments. Much of the 
early hope of cell therapy has been placed on the 
potential for CPTs in native tissues [36] [37]. 
However, these hopes of new tissue formation 
from transplanted cells have been elusive. The 
progeny of transplanted cells has not been shown 
to survive in new tissues. Paracrine effects appear 
more likely, whereby secretory products of one 
or more of the many cell types that are present in 
a BMAC preparation contribute to increase the 
activation of local CTPs resident in tendon tissue 
where they may proliferate and generate new tis-
sue and organized extracellular matrix [38]. To 
date, there are no published clinical studies on 
efficacy of BMAC in plantar fasciitis.

19.7  Placenta Tissue Extracts

Foetal tissues consist of the chorionic membrane, 
amniotic membrane, and umbilical cord. These 
tissues are known for their healing characteris-
tics, from numerous growth factors, cytokines, 
and matrix components [39]. Fresh human amni-
otic membrane is not used in the clinical setting 
because of his risk of disease transmission, but, 
thanks to the PURION process, it can be cleaned, 
sterilized, and dried to obtain human amnion/
chorion membrane (dHACM) allograft [40]. 
Furthermore, the dHACM can be refined using a 
micronization process to produce a powder; dis-
persion of this powder into suspension with ster-
ile 0.9% saline solution can be injected in injured 
soft tissues to promote regeneration and reduce 
inflammation. In vivo and in  vitro studies have 
shown that the amniotic membrane does not only 
help to modulate inflammation and enhance soft 
tissue healing but also has antibacterial and pain 
reduction properties [41]. Cazzel et al. evaluated, 
in a prospective, single-blind, randomized con-
trolled trial, one injection of micronized dHACM 
or 0.9% sodium chloride placebo in 145 subjects 
with chronic PF. Visual analog scale (VAS), Foot 

Function Index-Revised (FFI-R) score, and pres-
ence/absence of adverse events were assessed at 
4  weeks, 8  weeks, 3  months, 6  months, and 
12 months post injection. Pain reduction (VAS) 
and functional improvement outcomes (FFI-R) 
were statistically significant and clinically rele-
vant in patients treated with micronized dHAMC 
compared to patients managed with placebo [42]. 
A prospective, randomized, single-centre clinical 
trial was performed by Zelen et al. examining the 
efficacy of micronized dehydrated human amni-
otic/chorionic membrane (mdHACM) injections. 
Follow-up visits occurred over 8 weeks to mea-
sure pain, function, health, and well-being. 
Significant improvement in terms of American 
Orthopaedic Foot and Ankle Society (AOFAS) 
Hindfoot scores was observed in patients receiv-
ing 0.5 mL or 1.25 mL mdHACM versus controls 
[43]. Hanselman et  al. compared the treatment 
with cryopreserved human amniotic membrane 
to a traditional corticosteroid injection in a con-
trolled randomized double-blind trial. Total fol-
low- up was 12  weeks in 23 patients. 
Cryopreserved human amniotic membrane injec-
tion is considered safe and comparable to corti-
costeroid injection in terms of VAS and Foot 
Health Status Questionnaire (FHSQ), but sample 
size was small, and additional comparative effec-
tiveness studies are required [44]. Treatment with 
dHACM injection can be used to manage chronic 
PF, but larger multicentre randomized controlled 
trials are required to assess its efficacy compared 
to corticosteroids and other biologics treatments.

19.8  Conclusions

Conservative treatment is successful in the major-
ity of patients with PF. Physicians need to bear in 
mind that early recognition and treatment usually 
lead to a shorter course of treatment as well as 
increased probability of success with conserva-
tive measures.

Stretching and strengthening programmes 
play an important role in the management of 
plantar fasciitis and must be advised in addition 
to biological treatments. In general, plantar fasci-
itis is a self-limiting condition. Unfortunately, the 
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time until resolution is often 6 to 18  months, 
which can lead to frustration for patients and 
physicians.

Ignoring plantar fasciitis may sometimes 
result in chronic heel pain that hinders patients’ 
regular activities, and therefore using the right 
conservative measure can make the difference. In 
some cases, after 6 or more months of conserva-
tive treatment, it is necessary to try more invasive 
options. Surgical release of the plantar fascia is 
effective in the small proportion of patients who 
do not respond to biological measures. New tech-
niques, such as endoscopic or percutaneous plan-
tar fascia release, may have a role.

The current widespread use of corticosteroids 
must be discouraged because of the adverse reac-
tions and the limitation of their prolonged use.

Biological treatments are becoming a viable 
management option given their low apparent risk 
and potential for new mechanisms for tissue 
restoration.

Additional well-designed randomized double- 
blinded controlled trials are needed to distinguish 
between improvement related to intervention and 
improvement that would take place in the natural 
course of resolution.
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Ligament Lesions: Cell Therapy

Robert S. Dean, Nicholas N. DePhillipo, 
and Robert F. LaPrade

20.1  Introduction

Cell therapies provide a broad range of promising 
strategies as potential treatments and/or augmen-
tation procedures for current orthopedic patholo-
gies. In concept, they may include use of 
undifferentiated cells that can either be induced 
into forming target tissues/structures or both dif-
ferentiated and undifferentiated cells that can 
enhance the native healing process through direct 
or indirect mechanisms. While there is a relative 
paucity in the literature regarding clinical out-
comes using cell therapies in ligament injuries, 
the preclinical studies have been encouraging. 
Success will depend on integration of specific 
knowledge of the healing process that occurs in 
damaged ligaments, the local anatomy, with the 
intrinsic biological attributes and potential of cel-
lular therapy options.

20.1.1  Native Ligament Healing

There are three stages of ligament healing 
(Fig.  20.1). The first stage is the inflammatory 
phase, which is initiated immediately following 
the inciting injury and lasts for 2–3  days. The 

hallmark event that occurs during this phase is 
the adhesion and activation of platelets which ini-
tiate a clot formation. The activated platelets 
release products from their alpha granules, 
including platelet-derived growth factor (PDGF), 
transforming growth factor-β (TGF-ß), vascular 
endothelial growth factor (VEGF), and fibroblast 
growth factor (FGF), among others. These growth 
factors may help stimulate local growth including 
angiogenesis and collagen synthesis, initiate cel-
lular differentiation, and are crucial to the pro-
gression of the healing process [1].

The hypercellularity/proliferative phase is the 
second phase of ligament healing and typically 
begins several days after the inciting ligament 
injury (Fig. 20.1). It is defined by cell prolifera-
tion, neovascularization, and matrix synthesis, 
among other metabolic processes which aid in 
remodeling and organization of a healing liga-
ment. During this phase, growth factors, chemoat-
tractants, and mitogenic agents help induce native 
connective tissue progenitors (CTPs) in  local 
injured and adjacent tissues to proliferate and dif-
ferentiate into myofibroblasts [2]. There are also 
increased levels of insulin-like growth factor-I 
(IGF-I) (a proliferative growth factor) and insulin-
like growth factor-II (IGF-II) (a collagen synthe-
sis stimulator) locally and an increased expression 
of transforming growth factor-ß1 (TGF-ß1-a col-
lagen and non-collagen protein stimulator). 
During the hypercellularity/proliferative phase, 
there is a decreased level of basic fibroblast 
growth factor (bFGF) which has an important role 
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in inhibiting angiogenesis [3]. By the conclusion 
of this phase of the inflammatory process, several 
months after the inciting event, rat medial collat-
eral ligaments (MCLs) have been shown to regain 
approximately 80% of their strength [4].

The third and final stage of healing is the hypo-
cellular/remodeling phase. This stage starts several 
weeks after the inciting injury and can continue for 
months to years. During this phase, infiltration of 
the acute inflammatory products including fibro-
blasts, inflammatory cells, and endothelial cells 
diminish to pre-injury levels. Furthermore, colla-
gen fibers and ligament matrix components 
undergo nearly continuous remodeling to promote 
strong ligamentous growth. This phase is primarily 
marked by collagen maturation and strengthening 
of the injured ligament [1]. In the end, ligaments 
heal with fibrovascular scar, which possess inferior 
biomechanical and mechanical properties com-
pared to the native structure [5].

20.1.2  Relevant Osseous and Soft 
Tissue Anatomy

The ACL is an intra-articular, extra-synovial liga-
ment consisting of two separate bundles that pri-
marily serve to resist anterior translation of the 
tibia relative to the femur. The anteromedial and 
posterolateral bundles attach proximally at the 
posterior aspect of the medial wall of the lateral 
femoral condyle, just lateral to the intercondylar 
ridge, and distally to the tibia in between the 
medial and lateral tibial eminences (Figs.  20.2 
and 20.3) [6]. The ACL is made primarily of type 

I collagen and has an elastic characteristic which 
helps maintain its stability with sudden move-
ments and prolonged strain [7]. It has a character-
istically poor blood supply. It is coated in synovial 
tissue and surrounded by synovial fluid which 
likely contribute to the intrinsic healing capacity 
of this ligament [8].

The bony anatomy of the medial aspect of the 
knee is formed by the medial femoral condyle 
and the medial tibial plateau which articulate in a 
convex-on-concave fashion, respectively [9], 
whereas the opposing bony surfaces of the lateral 
aspect of the knee articulate in a convex-on- 
convex manner, creating an inherently unstable 
region of the knee (Fig. 20.4) [10, 11]. Animal 
model studies have demonstrated that injuries to 
the lateral aspect of the knee heal poorly due to 
this inherent bony instability, leaving the knee 

Fig. 20.2 Anatomical dissection from an anterior to pos-
terior perspective. This dissection shows the intimate, yet 
distinct relationship of the two bundles of the anterior cru-
ciate ligament. AM Anteromedial bundle, PL Posterolateral 
bundle

Fig. 20.1 The three phases of ligament healing

Maximum
Phase
Response

Inflammatory:
48-72 hrs

Hypercellular/Proliferative:
Several Months

Hypocellular/Remodeling:
Months/Years

YearsMonths72 hrs
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susceptible to medial compartment osteoarthritis, 
medial meniscus injury, instability, and lateral 
compartment gapping [10–14].

20.1.3  Differences in Healing 
Between the Collateral 
Ligaments and Cruciate 
Ligaments

Comparisons between ACL and MCL have 
revealed unique properties of the respective liga-
ments which may contribute to the differences in 
their intrinsic healing capacity. Zhang et al. [15] 
demonstrated that the MCL contained a cell pop-
ulation with elevated natural levels of putative 

stem cell markers STRO-1 and OCT-4. Further, 
the MCL demonstrated a higher prevalence of 
colony founding connective tissue progenitor 
cells, which demonstrated higher proliferation 
rate when cultured in vitro and a greater potential 
for multi-lineage differentiation than the ACL 
[15]. This difference in the native intrinsic popu-
lation of colony founding CTPs may be related to 
the difference in healing capacity between the 
ACL and MCL in both partial and complete tears 
[8, 16]. Another potential explanation for the dif-
ferences in repair potential is related to the differ-
ences in mechanical stabilization and the 
microenvironment surrounding each ligament. 
While the MCL is found extra-articularly, the 
ACL is surrounded by synovial fluid [2, 8, 16]. 
The synovial fluid prevents clot formation at the 
injured ACL, which limits the body’s ability to 
form a provisional scaffold to initiate self-repair, 
and restricts the release of crucial growth factors 
[16–19].

20.2  Types of Cellular Therapies

Mesenchymal stem cells (MSCs) are defined by 
the International Society for Cellular Therapy as 
culture-expanded cells that exhibit plastic adher-
ence and possess specific cell surface markers, 
i.e., cluster of differentiation (CD), CD73, CD90, 
and CD105, and lack the expression of CD14, 
CD34, CD45, and human leukocyte antigen-
 DR. Additionally, these cells must have the abil-
ity to differentiate into adipocytes, chondrocytes, 
and osteoblasts [20]. The original MSCs were 
derived from bone marrow, but they have since 
been derived from many other types of tissues 
including adipose, skin, and synovial fluid, 
among many others [21–23]. The potential bene-
fits of culture-expanded MSCs can be grouped 
into the following general categories: immuno-
modulation, anti-apoptosis, angiogenesis, sup-
port of stem/progenitor cells, anti-scarring, and 
chemoattraction [24]. Specifically, for use in 
orthopedics, clinicians take advantage of the 
immunomodulatory paracrine effects of MSCs to 
limit the inflammatory microenvironment in 
acute ligamentous injury [25]. The most com-
monly used MSCs come from bone marrow or 

Fig. 20.3 Anatomical dissection of the ACL from a 
medial to lateral perspective of the knee in full extension 
(top) and approximately 90 degrees of flexion (bottom). 
The green line corresponds to the anteromedial (AM) 
bundle, and the blue line corresponds to the posterolateral 
(PL) bundle

20 Ligament Lesions: Cell Therapy
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from adipose tissue, and the iliac crest, metaphy-
sis of the distal femur, proximal humerus, and 
proximal tibia are the most common sites to har-
vest bone marrow-derived MSCs [26].

It should be noted that cell populations that 
are present in native tissues or cells that can be 
extracted from native tissues are heterogenous. 
Native tissues contain a predominance of mature 
differentiated cells, along with a mixed popula-
tion of tissue-specific CTPs, endothelial progen-
itors (EPCs), and, in the case of bone marrow, 
hematopoietic stem cells and progenitors 
(HSCs). True stem or progenitor cells are 
expected to be the least common cells among 
those extracted from native tissues. Moreover, 
mixtures of freshly isolated progenitors exhibit 
large variation in biological attributes and poten-
tial. As a result, culture- expanded MSC popula-
tions and laboratory purified cell lines, which 
can be fabricated in vastly greater cell concentra-
tion, are felt to offer a greater degree of potential 
potency [27].

Induced pluripotent stem cells (iPSCs) are 
reprogrammed, or dedifferentiated, cells that 
have pluripotent differentiation capacity. 
Essentially, these iPSC populations, once iso-
lated, allow scientists to reprogram mature cells 
into any cell type other than trophoblast (i.e., pla-
centa, amnion, and chorion). While the research 
regarding iPSCs and their use in osteogenesis, 
chondrogenesis, and myogenesis is more robust, 
research regarding tenogenesis and ligament 
regeneration are in the very early, preclinical 
stages [28]. iPS-derived cell populations are not 
currently available for clinical use in any muscu-
loskeletal application.

Mishra et  al. provided preclinical evidence 
that suggested that there is a synergistic relation-
ship between MSCs and platelet-rich plasma 
(PRP) therapy [29]. This study confirmed that 
PRP-enhanced chondrogenic differentiation of 
MSCs in vitro. This relationship shows promise 
with respect to clinical outcomes in the treatment 
of ligament lesions.

Fig. 20.4 Magnetic resonance image of the lateral knee 
(left) and medial knee (right). This image demonstrates 
the inherently unstable convex-on-convex articulation of 

the femur and tibia at the lateral aspect of the knee (left) 
and the more stable convex-on-concave articulation of the 
joint at the medial side of the knee (right)

R. S. Dean et al.
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20.3  Outcomes and Reasons 
for Cell Therapy

Historically, direct ACL repair using native tis-
sues alone has been associated with sub-optimal 
clinical outcomes, with more than half of patients 
suffering re-tears of the repair by 5 years postop-
eration [30]. It has been theorized that this is 
because of the poor intrinsic healing capacity of 
the ACL which has been linked to the decreased 
amount of local growth factors, cellularity, and 
expression of molecules compared to other liga-
ments and tendons [19, 31–35]. Additional stud-
ies have suggested that the poor success following 
ACL repair is also correlated with the unfavor-
able environmental factors including the intrinsic 
progenitor cell populations, mechanical environ-
ment, inflammatory condition, blood supply, and 
nutrient and growth factor supply [8, 18, 36]. 
ACL reconstruction techniques have been more 
successful than primary repairs with success 
rates approaching 80–90% [37]. However, there 
is still room for improvement, including faster 
recovery and even higher success rates.

PCL tears are associated with meniscus tears, 
osteoarthritis, and subsequent total knee replace-
ment [38]. Historically, PCL injuries have been 
managed nonoperatively. Shelbourne et  al. 
reported on 68 patients with acute PCL injuries 
that were managed conservatively for an average 
of 17.6  years [39]. They reported an average 
IKDC of 73.4 and reported moderate to severe 
osteoarthritis in 11% of patients [39]. Surgical 
reconstruction techniques of the PCL are sepa-
rated into single and double bundle reconstruc-
tions. Randomized controlled trials have shown 
that single bundle reconstructions have a greater 
amount of posterior tibial translation at 2 years 
postoperatively [40, 41]. Additionally, LaPrade 
et  al. [42] concluded that double bundle PCL 
reconstructions had a failure rate of 1% and mean 
side-to-side difference of only 1.6 mm at average 
of 3 years postoperation [42].

Studies have reported that after healing of a 
torn MCL, the remodeled MCL is ultimately 
weaker and less stiff than the native MCL [43–
46]. Furthermore, injured MCLs in the remodel-
ing phase of healing are less elastic and are 

slower to regain their native length after being 
stretched compared to an uninjured MCL [46]. 
Increased ligamentous laxity leaves the ligament 
at an increased risk of re-tear and the knee at an 
increased risk of mechanical instability [46, 47]. 
However, outcomes after conservative manage-
ment of grade III MCL tears have been relatively 
encouraging, with an average return to competi-
tive contact sports at 9.2  weeks [48]. Surgical 
treatment of these injuries using non-anatomic 
reconstruction of the superficial MCL and poste-
rior oblique ligament have been shown to subjec-
tively reduce medial compartment laxity to 
<5 mm and have yielded IKDC subjective scores 
of A or B in 74% of patients [49]. Additionally, 
LaPrade and Wijdicks [50] reported on 28 
patients who had single-stage anatomic recon-
struction of the sMCL and posterior oblique liga-
ment, with concurrent cruciate ligament 
reconstruction. Patients in this cohort reported 
improved subjective IKDC scores, and all 
patients demonstrated resolution of side-to-side 
medial instability at 2-year follow-up. On valgus 
stress radiographs there was improvement from 
6.3 to 1.3  mm in side-to-side medial compart-
ment opening [50].

With respect to lateral-sided knee injuries, 
there is a relative paucity in the literature regard-
ing conservative management. Of the few studies 
that exist, conservative management has demon-
strated favorable results with minimal radio-
graphic changes and minimal symptomatology at 
8-year follow-up in grade I and grade II postero-
lateral corner (PLC) injuries [51, 52]. However, 
in patients with acute grade III FCL injuries with-
out clinical evidence of cruciate ligament dam-
age, there was a high incidence (50%) of 
posttraumatic osteoarthritis and relatively poor 
outcome scores (Lysholm: 65, Marshall/HSS: 
28) at 8-year follow-up [51]. Two studies have 
demonstrated positive outcomes for isolated FCL 
tears diagnosed on magnetic resonance imaging. 
A case series reported 4/5 patients were able to 
return to professional football in under 2 weeks 
after injury, and a case report described return to 
competitive sport at 15 weeks in one patient [53]. 
Of note, neither of these studies utilized stress 
radiographs to aid in diagnosis, and neither 
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 conducted follow-up imaging of any kind to con-
firm FCL healing. Furthermore, operative man-
agement using anatomic-based reconstruction of 
isolated grade III FCL injuries has provided 
encouraging outcomes (Lysholm: 84, WOMAC: 8) 
[54, 55].

20.3.1  Cell Therapies for Anterior 
Cruciate Ligament

The use of cell therapy agents in the setting of 
knee ligament injury has yielded promising 
results in preclinical in vitro models, but there is 
a lack of clinical studies. Moreover, the under-
standing of the specific mechanisms of action, 
dosing recommendations, and reproducible prep-
aration of biologic agents are currently lacking in 
the orthopedic literature.

20.3.1.1  Preclinical Evidence
There have been several preclinical studies that 
have examined the effects of culture-expanded 
cells (embryonic, iPSC, and MSC) on ACL heal-
ing in animal models. Collectively, these studies 
have shown enhanced ligament recovery at 
8–12  weeks following injury [56–67]. These 
improvements were defined by histological 
scores and biomechanical performance of the 
injured ligaments [56–67].

Tissue-engineered ACLs seeded with culture- 
expanded MSCs have demonstrated increased pro-
duction of collagen [68, 69]. Furthermore, a study 
demonstrated that culture-expanded porcine adi-
pose-derived MSCs cells were able to stimulate 
procollagen and ACL-fibroblast proliferation [70]. 
To date, experiments involving the induction of 
human adipose-derived stem cells into ligaments 
have not been successful, and in one experiment, 
injection of adipose-derived stem cells inhibited 
chondrogenesis in ligaments [71–73].

Additionally, one study compared MSCs gen-
erated from old and young donors during ACL 
reconstruction or arthroplasty [74]. They con-
cluded that the regenerative potential of ACL 
MSCs was not significantly different based upon 

age and that cells from both sources had adequate 
and equal regenerative potential [74].

Lange-Consiglio et al. [75] compared the use 
of amniotic membrane MSCs to bone marrow- 
derived MSCs in a horse model with 95 horses 
with injury to either the suspensory ligament or 
the superficial digital flexor tendon. The horses 
that received the amniotic derived stem cells had a 
lower reinjury rate at 2 years (4% vs. 23.1%) and 
were able to return to activity at earlier times [75].

20.3.1.2  Clinical Evidence
One clinical case series considered ten patients 
that underwent percutaneous injection of autolo-
gous bone marrow-derived nucleated cells in 
both partial and complete ACL tears [76]. 
Approximately 10–15 mL of bone marrow aspi-
rate was obtained from the patients’ iliac crest. 
Ultimately the injectate consisted of 2–3 mL of 
bone marrow aspirate concentrate, PRP, and 
platelet lysate. The average nucleated cell count 
of the included patients was 694  million cells 
(range, 376–123  million cells). This study 
reported improved imaging metrics at 3.7 months 
after injury in grade 1 and 2 grade tears. All 
patients in this study reported improvements in 
functionality scores, while there was not a sig-
nificant improvement in pain [76].

To date, one randomized controlled clinical trial 
has evaluated the use of adult marrow- derived cells 
in ACL injuries [77]. In this trial on ACL recon-
structions, Silva et al. [77] collected 30 mL of bone 
marrow harvested from the anterior iliac crest into 
the femoral end of the graft and around the femoral 
tunnel during the initial reconstruction. The har-
vested bone marrow was centrifuged for 15 min at 
3200 RPM, and 3 mL of concentrate was obtained; 
1.5 mL was injected inside the femoral end of the 
graft, and the other 1.5 mL was placed in the tunnel 
around the graft. According the manufacturer of the 
equipment utilized in this study, this concentrating 
technique produces a concentrate with six times the 
number of stem cells compared to baseline. This 
study found no significant difference in graft to 
bone healing assessed on MRI at 3 months after the 
reconstruction.
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Similarly, one prospective randomized trial 
has examined the effects of a single injection of 
culture-expanded allogenic MSCs during ACL 
reconstruction with 17 patients. The study group 
received 75 million allogenic MSC suspended in 
hyaluronan, while the control received only hyal-
uronan. This study concluded that injection of 
MSCs was safe with minimal side effects and 
that they may improve symptoms and structural 
outcomes [78]. They reported that the study 
group has significant improvements in KOOS 
pain, activities of daily living, and SF-36 bodily 
pain scores. The study also found that the group 
that received culture-expanded allogenic MSCs 
had reduced medial and lateral tibiofemoral joint 
space narrowing, less bone expansion, and a 
trend toward reduced tibial cartilage volume loss 
compared to the hyaluronan control group [78].

Finally, a recent surgical technique has 
described infusion of an autogenous bone mar-
row aspirate concentrate (BMAC) within 
allograft ACL reconstructions [79]. While out-
comes for this technique are yet to be described, 
surgeons have theorized that infusion of BMAC, 
either from the intercondylar notch or the iliac 
crest, may improve the microenvironment for 
healing following surgical reconstruction.

20.3.2  Cell Therapies for Collateral 
Ligaments

20.3.2.1  Preclinical Evidence
In a preclinical trial, culture-expanded MSCs 
were introduced locally in the setting of grade 
III MCL tears in an animal model. The study 
found that this led to a significant increase in 
type II macrophages, increased early endotheli-
zation (day 5), and procollagen 1α matrix depo-
sition, which collectively resulted in a limited 
inflammatory microenvironment post injury 
[25]. Both low concentrations (1 × 106) and high 
(4  ×  106) concentrations of MSCs have been 
shown to provide beneficial anti-inflammatory 
effects on ligament healing at 14 days following 
introduction [80]. However, the samples from 

the rats treated with the lower concentration had 
decreased M1 macrophages and decreased num-
bers of pro- inflammatory cytokines compared to 
the samples treated with the higher dose. 
Moreover, the high dose was shown to cause 
decreased early inflammation after 5  days but 
was less advantageous than the lesser dose of 
MSCs at 14 days [80]. At 14 days, lower doses 
demonstrated the most significant improvement 
in failure load and stiffness [80].

Jiang et  al. [81] reported that the addition of 
MCL-derived stromal cells and umbilical-cord- 
blood-derived CD34+ cells to rat MCL tears leads 
to improved healing, including diminished swell-
ing, improved tensile strength at 2 and 4 weeks, 
increased type I collagen deposition, and increased 
local angiogenesis [81]. An additional preclinical 
study determined that CD34+ promoted local vas-
culogenesis and was ultimately associated with 
improved histological appearance of the MCL at 
2 and 4 weeks post injury [82].

Nishimori et  al. [83] found that murine- 
derived stromal cells transduced to overexpress 
the VEGF gene in the setting of MCL rupture led 
to increased capillary density, without improve-
ment in biomechanical properties. Interestingly, 
this study also demonstrated that inhibition of 
angiogenesis yielded significantly decreased bio-
mechanical properties in MCL injuries [83].

20.3.2.2  Clinical Evidence
Currently, there are no known clinical studies 
which report the efficacy of cell therapies in col-
lateral ligament injuries.

20.3.3  Cell Therapies for Ulnar 
Collateral Ligament

A 2015 case report described a 25-year-old pro-
fessional pitcher with ulnar collateral ligament 
(UCL) instability and ulnar neuritis who under-
went UCL reconstruction with ulnar nerve 
decompression. The procedure utilized a der-
mal allograft, PRP, in addition to one milliliter 
of MSCs (Ovation, Osiris Therapeutics, 
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Columbia, MD). By 4 months postoperation he 
returned to a throwing program and did not 
report complications by 21 months [84].

20.4  Current Indications 
and Contraindications

There are currently no scientifically validated 
indications for the use of cell therapy in ligament 
pathologies. However, recent advancements in 
preclinical and clinical research have been 
encouraging, and it seems likely that the use of 
cellular therapy may be scientifically supported 
in the future. Furthermore, well-designed clinical 
trials are needed to determine the efficacy and 
potential side effects associated with cell therapy 
in the clinical setting [85]. There are currently no 
known absolute contraindications to cell therapy 
in orthopedics.

20.5  Conclusions

The clinical use of cellular therapies to treat 
orthopedic pathologies has outpaced the rela-
tively limited clinical evidence. Specifically, 
there is no compelling evidence as yet in the 
orthopedic literature supporting the use of cell 
therapies for ligament injuries.

A majority of the existing studies on this 
topic describes preclinical trials considering the 
use of cell therapies in MCL tears, with only a 
few clinical case series or case reports (level V 
evidence) that describe the use of BMAC or 
culture- expanded MSCs in human ACL or UCL 
injuries. Further, at this time there are no stud-
ies, clinical or preclinical, which have examined 
the effects of cell therapies on PCL or FCL 
injuries.

Considering this lack of information, the cur-
rent authors recommend caution with the use of 
cell therapies in the setting of ligament injuries 
until further clinical evidence is provided. We 
urge further preclinical and clinical research to 
investigate the utility of cellular therapies in 
acute ligament injury and reconstructive proce-
dures too. Promising science should not be 

blindly implemented in the clinic setting without 
clinical trials demonstrating successful, repro-
ducible outcomes.
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Ligament Lesions: Biologics
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21.1  Introduction

Surgical biologic augmentation techniques, 
known as ortho-biologics, have been progres-
sively increasing in the past decade [1]. Surgeons 
expect these biologics to enhance tissue healing 
in order to restore a native or near-native tissue 
and aid in symptoms management while reduc-
ing risks for treatment failure [1]. The most popu-
lar ortho-biologic currently used as an adjuvant 
for conservative and surgical approaches in the 
treatment of ligament injuries is platelet-rich 
plasma (PRP).

PRP is commonly defined as a blood sample 
with a platelet concentration above baseline val-
ues [2]. It derives from the centrifugation process 
of autologous blood [3]. This centrifugate gener-
ates a platelet concentrate mixed with growth 
factors and interleukins, which are believed to 
enhance tissue recovery [4, 5]. PRP started to be 
used in orthopedic surgery in the 1990s, reaching 
recognition in the twenty-first century because of 
its use in sports medicine [6]. One of the main 
applications studied is knee surgery, especially 
ligamentous injuries, with promising results in 
anterior cruciate ligament reconstruction (ACL- 
R), while conservative injective applications have 
been performed to address medial collateral liga-
ment (MCL) lesions as well as ankle sprains. 

However, “there is no clear algorithm for the 
indications, processing methodology, applica-
tion, and reporting, which has led to inconsisten-
cies in clinical and basic science results” [1]. This 
chapter aims to review the latest available evi-
dence and discuss the rationale for the use of PRP 
in ligamentous injuries.

21.2  PRP Use in Anterior Cruciate 
Ligament Injuries

This book focuses on injectable biologic thera-
pies. However, since anterior cruciate ligament 
(ACL) injuries have been traditionally operated, 
PRP is mainly associated with surgical applica-
tion. Therefore, ACL-R results will be primarily 
discussed, followed by a description of the recent 
evidence regarding injective applications in ACL 
treatment, mostly on partial ACL injuries.

ACL-R is the gold standard for restoration of 
stability and knee function after an ACL rupture 
[7]. Restoration of the normal joint kinematics is 
believed to be necessary to prevent secondary 
knee injuries such as cartilage, menisci, and other 
core ligaments of the knee [8]. When done cor-
rectly, it is a surgical procedure with successful 
outcomes and self-reported satisfaction [8–10]. 
However, besides advancements in technology, 
rehabilitation, and a better understanding of the 
knee anatomy and biomechanics, there is still a 
0.7–20% failure rate reported [10, 11]. In terms 
of returning to sports activity, a rate of 82% has 
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been reported, with only 63% reaching their pre- 
injury sport level [12]. The rate is even lower in 
elite athletes, with less than 50% returning to 
level I sports [13]. Moreover, the timing for 
return to sports has progressively increased to 
avoid failures [14], and few advances have been 
made to reduce the healing time of ACL graft and 
subsequent development of degenerative joint 
disease [14]. Summed to the increasing patients’ 
expectations for returning to their pre-injury 
sport activity as soon as possible [15, 16], differ-
ent biological agents, such as PRP, have been 
tested in ACL-R to improve functional outcomes 
and accelerate the rehabilitation process while 
diminishing the graft failure rates.

PRP contains interleukins and growth factors 
that have been shown to promote cell prolifera-
tion, migration, differentiation, and angiogenesis, 
all properties that may improve ligament, bone, 
and wound healing [7]. In ACL procedures, 
experimental preclinical evidence has high-
lighted overall encouraging results. Andriolo and 
colleagues [17] reviewed the most significant 
investigations, indicating that in  vitro studies 
have shown that the use of PRP increased the 
expression of procollagen gene and collagen pro-
tein and also contributed to reduce apoptosis and 
stimulate fibroblast metabolic activity in ACL 
grafts. In animal models, PRP augmentation pro-
motes superior biomechanical properties such as 
a higher tensile load and linear stiffness of ACL 
grafts [17]. Clinical data suggest beneficial 
effects in ACL injuries as well. There is evidence 
showing favorable PRP biological properties in 
graft maturation (intra-articular ligamentization 
and osteointegration of the graft-tunnel interface) 
and donor site morbidity, specifically for bone 
tendon bone (BTB) grafts [8]. Therefore, it is 
expected that these advantages could lead to 
faster and secure rehabilitation while diminishing 
failure rates.

A systemic review of the literature on the use 
of PRP and ACL-R found only 11 clinical articles 
(516 patients) for inclusion [6]. The review 
revealed that during the first decade of the present 
century, different clinical studies showed an 
enhanced effect over the ligamentization (remod-
eling) of the intra-articular component of the 

ACL-R graft [18–21]. One study showed 
improved integration [22]. However, most of the 
investigations failed to have validated methods 
and scores for measuring graft maturation, and 
different volumes and concentrations of PRP 
were used. Most importantly, the clinical impli-
cations of improved graft maturation remain 
unknown. Of the 11 analyzed articles in the men-
tioned systematic review, 5 investigated clinical 
outcomes. Of these, only one demonstrated a 
positive correlation with clinical evaluation, 
showing that patients treated with PRP had sig-
nificantly better anteroposterior knee stability 
than patients without PRP [22]. Nevertheless, 
even though the authors included Tegner and 
Lysholm scores in their materials and methods, 
no functional outcomes were reported. Another 
recent systematic review of 34 studies concluded 
that MRI-based graft maturity is challenging at 
present times and cannot predict clinical and 
functional outcomes in patients at both early and 
long-term follow-up [23]. Further reviews agree 
with these observations [8, 24]. Davey and col-
leagues [7] reported this year (2020) a systematic 
review that included only randomized controlled 
trials. The authors concluded that current level I 
evidence does not support the use of PRP to 
improve graft healing [7].

Regarding donor site morbidity, it can be a 
significant source of post-operative pain in 
ACL-R [8]. There is clinical data with promising 
early results, reporting a significant reduction in 
the immediate post-operative pain scores (visual 
analogue scale (VAS), 0.6–3.8 vs. 2.6–5.1) in 
patients with BTB tendon harvest site treated 
with PRP injections into the bone gaps (patellar 
and tibial) immediately after skin closure [25] 
and through a PRP gel added directly to fill the 
patellar tendon gap, before suturing the peri-
tenon [26, 27]. However, Seijas and colleagues 
showed that this difference in VAS scores 
becomes insignificant at 2 months post-op [25], 
while De Almeida and colleagues showed no dif-
ference in isokinetic testing and Lysholm, IKDC, 
Kujala, and Tegner scores at 6  months post-op 
[26]. Interestingly, Cervellin and colleagues [27] 
did not find a significant difference at 12 months 
post-op in VAS scores but found that the PRP 
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group showed a significantly higher Victorian 
Institute of Sport Assessment (VISA) score. This 
observation may suggest the importance of using 
more than one scale when subjective data is 
being tested. Healing of the patellar tendon gap-
ping has also been evaluated with controversial 
results. While De Almeida and colleagues 
showed significantly less gapping on MRI at 
6  months following surgery [26], Walters and 
colleagues found no differences in healing indi-
ces on MRI at the same time when using PRP 
mixed with autologous cancellous bone chips 
and placed into the patellar donor site [28]. 
Walters et  al. also did not find differences in 
kneeling pain, pain with daily living activities, 
and IKDC scores at 3, 6, 12, and 24 months of 
follow-up. In the already mentioned systematic 
review from this year, the authors concluded that 
current level I evidence does not support the use 
of PRP to improve donor site morbidity and 
reduce post-operative pain levels [7].

In terms of the latest clinical results, there is 
insufficient evidence to recommend the use of 
PRP in ACL-R for improving graft maturation 
and donor site morbidity or improving functional 
outcomes, no matter the method of application. 
Moreover, even though there is some controver-
sial evidence to support the use of PRP for 
improving graft ligamentization, there is no clini-
cal evidence that shows a correlation between 
these findings and faster and more secure reha-
bilitations with lower failure rates. A detailed 
analysis of the published evidence shows system-
atical weaknesses in the current literature. In 
essence, there is a scarce of high-level evidence 
investigation, with considerable variability of 
PRP preparations and methods of applications, 
impeding comparison between them [29]. For the 
exposed reasons, doubts about the use of PRP in 
ACL-R will remain, at least until new studies 
with a better scientific quality advise something 
different.

As already mentioned, ACL-R remains the 
gold standard for the treatment of ACL injuries, 
especially for complete ruptures. However, even 
though scarce, there is evidence supporting alter-
native treatments such as ortho-biologic injec-
tions alone and ortho-biologic augmented repairs 

for partial ACL lesions [30]. These alternatives 
can preserve the native insertion site of the 
remaining fibers and, therefore, its propriocep-
tive function, which may lead to more physiolog-
ical knee biomechanics [30]. Although animal 
studies using PRP alone to treat ACL partial inju-
ries have failed to restore native knee stability, 
few clinical studies show promising results. 
Seijas et al. reported a high return to sports in 19 
professional soccer players with a partial ACL 
tear treated with intraligamentous PRP injections 
into the intact bundle under direct arthroscopic 
visualization and the articular space after empty-
ing the knee at the end of the procedure. No com-
plications were noted, and at 1-year follow-up, 
MRI evaluations showed complete ligamentiza-
tion and satisfactory anatomic arrangement of all 
ACL remnant bundles [31]. Nevertheless, the 
study is limited, lacking a control group and 
assessment of functional parameters. Koch et al. 
used a similar technique, adding a trephination of 
the ACL origin, and followed 38 patients for 
33 months (±17.4 months). The authors reported 
a failure rate of 9.5%. On the remaining subjects, 
good to excellent results in personal reported out-
comes were shown. Clinical examination 
revealed a stable Lachman test, negative pivot 
shift phenomenon, and a significant reduction in 
anteroposterior laxity compared to preoperative 
status in all patients. Functional performance 
testing showed no significant differences between 
the injured and healthy side. Return to sports was 
achieved after a mean of 5.8  months (±3.6) in 
71.1% of the included patients [32]. However, 
once again, the study is limited due to the absence 
of a control group. The retrospective design of 
the investigation and the exclusion of patients 
with complete ruptures of one of the ACL bun-
dles must also be noted. Interestingly, Murray 
et  al. reported the use of a collagen scaffold 
soaked with whole blood to deliver platelets in 
combination with a novel bioenhanced primary 
repair technique using a suture stent, named 
bridge-enhanced ACL repair (BEAR technique), 
and reported that it resulted in biomechanical 
properties of the repaired ACL equivalent to an 
ACLR after 3, 6, and 12 months of healing in an 
animal model [30]. Further studies with higher 
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clinical evidence and longer follow-up are neces-
sary to support PRP in the treatment of partial 
ACL tears.

21.3  PRP Use in Medial Collateral 
Ligament Injuries

As opposed to PRP use in ACL lesions, its use in 
medial collateral ligament (MCL) injuries has 
focused mainly on enhancing non-operative 
management with a focus on promoting healing 
and obtaining a faster rehabilitation period, with 
most of the studies being animal models and only 
a few case reports and one case series of its use in 
humans.

LaPrade et al., in a controlled laboratory study 
using New Zealand white rabbits, showed that 
low doses of PRP did not have any impact on 
healing in acute grade 3 MCL tears (mid-body 
injury) [33]. Contrarily, higher doses of PRP 
decreased the quality of reparative tissue in this 
study, suggesting that there is no substantial role 
for PRP in this specific injury and that more 
in vivo studies are needed to recommend its use 
in humans. Amar et  al. published a controlled 
study in rats, obtaining similar results, thus not 
recommending PRP use in MCL injuries [34].

On the other hand, da Costa et  al. [35] and 
Yoshioka et al. [36] published controlled labora-
tory studies in animal models (rabbits) reporting 
accelerated ligament healing and better structural 
properties after PRP application for MCL inju-
ries. However, despite the positive results, both 
studies state that the clinical relevance of these 
findings is uncertain and that more studies, espe-
cially in vivo, are needed to assess the usefulness 
of this therapy in MCL injuries.

Regarding the clinical use of PRP in MCL 
lesions, the evidence is restricted mostly to case 
reports (1–3 patients), being Zou and colleagues 
[37] the only group that reported a case series 
study. In their article, they treated 52 patients 
with chronic pain (>3-month history) after low- 
grade MCL injuries (6.5 ± 1.11 months) with 3 
PRP intra-articular injections (1 injection weekly 
for 3 weeks). They obtained significantly better 
International Knee Documentation Committee 

(IKDC) and VAS scores between pre-treatment 
and post-treatment; however, there were no sig-
nificant differences among the various post- 
treatment time points (1  month, 3  months, 
6  months). Complete healing of proximal liga-
ments was identified on magnetic resonance 
images. Regarding the other reports [38–40], the 
clinical relevance to recommend its use is limited 
due to their small samples.

With the evidence available at this time, 
mostly in animal studies, and with controversial 
results, the authors of the present chapter con-
clude that the use of PRP for the treatment of 
MCL injuries cannot be recommended. The only 
human case series shows promising results for 
chronic pain after low-grade MCL injuries. 
However, more studies, especially in  vivo and 
human studies, are needed to obtain clinical rel-
evance and assess its efficacy in treating MCL 
lesions.

21.4  PRP Use in Ankle Sprains

There are limited data available on PRP in acute 
ankle sprains [41]; however, interest is growing 
regarding the use of PRP in acute syndesmotic 
injuries in high-level athletes. A small cohort of 
rugby players with anterior inferior tibiofibular 
ligament (AITFL) tears [42] showed a shorter 
time to return to play, higher agility, and better 
vertical jumps when treated with a single autolo-
gous PRP injection into the AITFL.  There was 
also a lower level of fear avoidance associated 
with rugby in the intervention group. Another 
study followed 16 elite athletes receiving 
ultrasound- guided injections of PRP into the 
injured AITFL [43]. The PRP group showed a 
shorter time to return to play, re-stabilization of 
the syndesmosis joint, and less long-term resid-
ual pain.

Contrarily, regarding other varieties of ankle 
sprains, evidence has not shown benefits on 
injecting PRP into the lesion. In 2015, a double- 
blind, randomized control trial examined patients 
presenting to the emergency department with 
unclassified ankle sprains [44]. It failed to find a 
significant difference in pain or function within 
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the first month comparing a PRP injection with a 
placebo injection. Another recent study in 2020 
showed no differences in PRP-injected patients 
when the two groups were treated with rigid 
immobilization [45].

In spite of the promising evidence, further 
investigation with higher clinical evidence and 
specific injury classification is needed to deter-
mine if there is a role for the routine use of PRP 
injections in ankle ligamentous injuries.

21.5  Conclusion

In terms of the latest clinical evidence, the use of 
PRP for ligament injuries remains controversial. 
There is insufficient evidence to recommend the 
use of PRP in ACL-R for improving graft matura-
tion and donor site morbidity or improving func-
tional outcomes. The use of PRP injections for 
the treatment of partial ACL injuries, MCL inju-
ries, and ankle sprains cannot be recommended. 
Finally, there is no reported clinical evidence of 
the use of PRP in other knee ligament injuries 
such as posterior cruciate ligament, lateral col-
lateral ligament, and posterolateral corner.

21.6  Summary Table

Evidence
Authors’ 
recommendation

PRP in 
ACL 
injuries
ACL-R –  Controversial clinical 

evidence regarding 
the use of PRP in 
ACL-R for 
improving graft 
maturation and donor 
site morbidity or 
improving functional 
outcomes, no matter 
the method of 
application

–  Even though there is 
some controversial 
clinical evidence to 
support the use of 
PRP for improving 
graft ligamentization, 
there is no clinical 
evidence that shows 
a correlation between 
these findings and 
faster and more 
secure rehabilitations 
with lower failure 
rates [6, 7]

Insufficient 
evidence for 
recommendation
   –  There is a 

scarce of 
high-level 
evidence 
investigation 
and with 
considerable 
variability of 
PRP 
preparations 
and methods of 
applications, 
impeding 
comparison 
between them

Take-Home Messages
• The most popular and evidence-based 

ortho-biologic currently used as an 
adjuvant for conservative and surgical 
approaches in the treatment of ligament 
injuries is PRP.

• In terms of the latest clinical results, 
there is insufficient evidence to recom-
mend the use of PRP in ACL reconstruc-
tion for improving graft maturation and 
donor site morbidity or improving func-
tional outcomes, no matter the method 
of application.

• Even though there is evidence support-
ing ortho-biologic injections alone and 
ortho-biologic augmented repairs for 
partial ACL lesions, further studies with 
higher clinical evidence and longer fol-

low- up are necessary to support PRP in 
the treatment of partial ACL tears.

• The available evidence for the use of 
PRP in the treatment of MCL injuries 
derives mostly from animal studies and 
has controversial results.

• There is promising evidence regarding 
the use of PRP in the treatment of ankle 
ligamentous injuries; however, further 
investigation with higher clinical evi-
dence and specific injury classification 
is needed to determine if there is a role 
for the routine use of PRP injections in 
ankle sprains.

• The routine use of PRP for ligament 
injuries remains controversial.

21 Ligament Lesions: Biologics



262

Evidence
Authors’ 
recommendation

Partial 
ACL 
injuries

– Animal studies 
have failed to restore 
native knee stability
– Two clinical 
studies have shown 
promising results with 
PRP intraligamentous 
injections; however, 
both lack a control 
group [31, 32]

Not recommended
   – Further 

studies with 
higher clinical 
evidence and 
longer follow-up 
are necessary to 
support PRP in 
the treatment of 
partial ACL tears

PRP in 
MCL 
injuries

–  Mostly in animal 
studies, with 
controversial results

–  The only human 
case series shows 
promising results for 
chronic pain after 
low-grade MCL 
injuries [37]

Not recommended
   – More studies, 

especially in vivo 
and human 
studies, are 
needed to obtain 
clinical relevance 
and assess its 
efficacy in 
treating MCL 
lesions

PRP in 
ankle 
sprains

–  Promising clinical 
evidence for AITFL 
sprains

–  No difference within 
unclassified ankle 
sprains

Not recommended
   – Further 

studies with 
higher clinical 
evidence and 
specific injury 
classification are 
necessary to 
support PRP in 
the treatment of 
partial ankle 
sprains
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Meniscal Lesions: Cell Therapy

Kazunori Shimomura, David A. Hart, 
and Norimasa Nakamura

22.1  Introduction

The meniscus plays important roles in the knee 
joint, including force transmission, congruency 
of the joint, lubrication, and provision of joint 
stability [1–3]. Meniscal tears are the most com-
mon injury of the knee regardless of age, and the 
mean annual incidence of meniscal lesions per 
10,000 population has been reported to be 9.0 for 
males and 4.2 for females [4]. Importantly, effec-
tive treatments for such injuries remain challeng-
ing, particularly for young, active patients. Part 
of this challenge is due to the meniscus having 
limited healing potential owing to its hypocellu-
larity and hypovascularity, as well as its complex 
structure [5]. The damaged meniscus is recog-

nized to lose function in the absence of adequate 
treatment, and such knees are at high risk for the 
development of osteoarthritis (OA) [6, 7]. 
Therefore, orthopedic surgeons should always 
consider preserving the important meniscal func-
tions as extensively as possible.

Based on meniscal anatomy and vascularity, 
the meniscus has limited healing capacities espe-
cially in the central two-thirds avascular zone, 
while meniscal tears in the peripheral vascular 
zone should be reparable [2]. As many studies 
have addressed, meniscal tears in the vascular 
zone of the peripheral area, such as vertical lon-
gitudinal tears, have good indications for effec-
tive meniscal repair [8, 9]. On the other hand, 
meniscal tears that include lesions in the avascu-
lar zone, such as radial tears which account for 
the majority of the tissue injuries, are not expected 
to spontaneously heal. Thus, such tears have been 
mostly treated by partial meniscectomy [10]. A 
partial meniscectomy increases the subsequent 
risk for OA at least 10- to 20-fold [11]. Therefore, 
the development of novel therapeutic methods 
for meniscal repair is both timely and necessary 
to address these issues.

Recently, there has been strong interest in 
approaches to enhance repair and healing of the 
injured meniscus to restore function. The cur-
rently available restorative procedures are mainly 
transplantation of a meniscal allograft transplant 
[12, 13] or implantation of a scaffold [14, 15]. 
Regarding a meniscal allograft implantation, a 
recent systematic review concluded that meniscal 
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allograft transplantation appears to provide good 
clinical results over short-term and mid-term fol-
low- up, with improvement in knee function [13]. 
On the other hand, some drawbacks of allografts 
were reported to include immunological reaction 
to the implanted tissue, potential disease trans-
mission, graft size mismatching, and limited 
donor availability [13, 16]. Regarding a scaffold 
implantation, there have been several implants 
that have been made available for clinical prac-
tice, including a collagen meniscus implant 
(CMI®) [17] and a polyurethane polymeric 
implant (Actifit®) [15]. These two implants pro-
vided significant pain relief and functional 
improvement with safety. On the other hand, sev-
eral studies reported negative outcomes based on 
MRI results with these two implants, despite the 
general observation of improved clinical scores, 
showing these implants were partially or totally 
resorbed during follow-up, accompanied by 
extrusion of the implanted materials and sub-
chondral bone edema [15, 18, 19]. Thus, there is 
likely still room for improvement regarding the 
development of such implants serving as menis-
cal substitutes.

Alternatively, several biologics have been 
studied as potential therapies for OA or repair of 
meniscus and/or cartilage injuries. These include 
blood products [e.g., platelet-rich plasma (PRP)] 
[20], native tissue-derived cells, cells isolated 
and expanded in  vitro [e.g., mesenchymal stro-
mal cells (MSC)] [21], secretory products of 
MSCs (e.g., MSC-derived extracellular vesicles 
or growth factors) [22], and disease-modifying 
drugs [23]. Intra-articular injections of cells have 
the potential to provide beneficial effects for the 
prevention of knee OA and are seen as a potential 
therapy for meniscal regeneration [21, 24]. This 
chapter will discuss the feasibility of using inject-
able biologics, with a special focus on cells, for 
the repair of meniscal lesions.

22.2  Cell Selection

The most tissue-relevant cell source for meniscal 
repair may be autogenous biopsy specimens 
taken directly from the patients. Outgrowth of 

progenitor cells from meniscal tissue or cartilage 
tissue can be used to generate fibrochondrocytes 
and chondrocytes in  vitro. However, a tissue 
biopsy sacrifices undamaged meniscus and carti-
lage within the same joint. Also, the number of 
cells obtained is usually limited. Moreover, the 
heterogeneous population of tissue-resident con-
nective tissue progenitors (CTPs) in meniscus 
and cartilage alter their phenotype in association 
with their in vitro expansion [25, 26]. Therefore, 
the use of such cells is usually limited to experi-
mental studies [27, 28].

Culture-expanded mesenchymal stromal cells 
(MSCs) represent an alternative strategy for cell- 
based therapy, with a number of advantages [29]. 
MSCs are known to secrete various cytokines and 
growth factors that can exhibit immunomodula-
tory, angiogenic, anti-inflammatory, and anti- 
apoptotic effects. While details regarding their 
mechanism(s) of action have not been fully 
understood, such activities could potentially 
enable allogenic transplantation [30, 31]. Culture- 
expanded MSCs, by definition, have the capabil-
ity to differentiate into a variety of connective 
tissue cells including bone, cartilage, tendon, 
muscle, and adipose tissue [32]. In addition, 
MSC populations can be isolated from various 
tissues such as bone marrow, adipose tissue, skel-
etal muscle, synovial membrane, synovial fluid, 
and umbilical cord blood [33, 34].

Culture-expanded MSCs have unique charac-
teristics that can differ from batch to batch and 
change based on the tissue from which cells are 
obtained. Bone marrow-derived MSCs (BMSCs) 
have been widely used in clinical practice, and 
bone marrow has been considered the main site to 
obtain MSCs for a long time [31]. However, MSC 
populations have been grown out from various 
other sources, including synovial membrane and 
adipose tissue, and both may serve as alternatives 
to bone marrow. Adipose tissue-derived MSCs 
(sometimes called ASCs) can also be readily gen-
erated. Adipose tissue contains a higher prevalence 
of colony founding CTPs than bone marrow or 
synovial membrane as a source [31]. In compara-
tive studies of MSC characteristics, synovium-
derived cells have been reported to exhibit the 
greatest chondrogenic potential [34, 35].
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Yet another recent option is the generation of 
cellular therapies starting from a population of 
induced pluripotent stem (iPS) cells. Such cells 
showed some feasibility for cartilage repair [36]. 
However, iPS cells or iPS-derived cell popula-
tions are not currently approved for use in any 
musculoskeletal application. To date, there is no 
data related to the use of iPS-derived cells for 
meniscal repair, but iPS cells might be applied to 
treat meniscal lesions in the near future.

22.3  Mechanism(S) of Action 
of MSCs

The mechanism(s) involved related to the use of 
culture-expanded MSCs for tissue repair has 
been discussed for many years. It remains contro-
versial as to whether implanted MSCs directly 
contribute to cartilage and meniscal repair and 
are retained within the tissue that develops post- 
implantation. In fact, the regeneration of menis-
cal tissue by transplanted cells and durable 
retention of the progeny of transplanted cells 
in local tissues have not been shown. Instead, it 
appears that any positive effect of transplantation 
of culture-expanded MSC populations appears to 
be through the release of trophic mediators and/
or anti-inflammatory factors that enhance the 
involvement of endogenous cells. Recently, 
Caplan has proposed that MSCs home to sites of 
injury and/or disease and then secrete bioactive 
factors that are immunomodulatory and trophic 
regenerative mediators, indicating that these cells 
make forms of what could be called therapeutic 
drugs in situ [37]. Indeed, the patient’s own local 
site-specific and tissue-specific CTPs are the 
mediators of new tissue formation, stimulated by 
the bioactive factors secreted by the exogenously 
supplied cells [38, 39]. Therefore, the secretome 
of MSCs is garnering much research attention, 
and some of those factors are being extensively 
studied (see Chap. 11).

Recent work has shown that MSCs were able 
to promote the regeneration of joint components 
through two of their secretory activities, those 
that are anti-inflammatory factors and those that 
are trophic factors [40]. Anti-inflammatory fac-

tors secreted by MSCs may downregulate inflam-
matory signals in osteoarthritic cartilage and 
menisci induced by interleukin (IL)-1β, IL-6, 
IL-8, matrix metalloproteinase (MMP)-1, and 
MMP-13 [41, 42]. Trophic factors are molecules 
that give rise to enhanced cell proliferation, 
decreased formation of scar tissue, and can trig-
ger the repair of endogenous cartilage and menis-
cus. Examples of such factors are epithelial 
growth factor (EGF), insulin-like growth factor 
(IGF)-1, basic fibroblast growth factor (bFGF), 
transforming growth factor (TGF)-β, and vascu-
lar endothelial growth factor (VEGF) [41, 43]. 
Thus, it may be possible to utilize such secre-
tomes in the treatment of cartilage and meniscus 
injuries, considering that proinflammatory cyto-
kines such as IL-1 and TNF-α are produced in 
response to injury by chondrocytes, meniscal 
cells, synoviocytes, and macrophages, contribut-
ing to the joint destruction [44–46]. It may also 
follow that inhibition of IL-1 and TNF-α can lead 
to improvement in meniscus healing in experi-
mental studies [46–48].

Two additional points are relevant to the future 
in vivo use of MSCs for meniscal tears or repair 
of massive meniscal defects. First, scaffold-free 
tissue-engineered constructs have been generated 
from synovial MSCs for cartilage repair in both 
preclinical models [49] and human studies [50]. 
Implantation of a construct with undifferentiated 
MSCs led to apparent differentiation of the cells 
in  vivo. Therefore, cells in a three-dimensional 
environment established in vitro may be able to 
yield good results in vivo if the required biologi-
cal and biomechanical cues to generate a hyaline 
cartilage-like tissue are available.

Second, the normal meniscus is quite complex 
biologically, with avascular and vascular parts 
and aneural and innervated parts. Furthermore, 
the inner part of the menisci is more cartilage- 
like, while the outer part is more ligament-like 
with regard to collagen types, so it is also hetero-
geneous at the composition level. At the biome-
chanical level, a meniscus is also heterogeneous 
with the inner part subjected to compressive 
forces, the outer part subjected to hoop stresses, 
and the surface subjected to shear forces. Finally, 
recent studies have elaborated details of the 
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 complex structure of animal and human menisci 
[51, 52]. Menisci have a very complex structure 
that may be difficult to mimic without a template 
to effectively repair a large meniscal defect suf-
ficient for long-term function. Thus, repair with 
MSCs via the appropriate mechanism may yield 
satisfactory long-term results for tears, but repair/
regeneration of large meniscal defects may be 
challenging unless new understanding arises as 
to how to address the above complexities.

22.4  Preclinical Studies

To date, many studies related to intra-articular 
injection of cells for repair of meniscal defects 
have been performed, and some have indicated 
biological repair of the damaged menisci. Small 
animals such as mice and rats have become 
widely available and allow for elucidation of a 
better understanding of the healing mechanism of 
meniscal injuries, and they confirm the role of 
critical anabolic and/or catabolic molecules asso-
ciated with cell-based therapy treatment [53, 54]. 
On the other hand, unlike in humans, the natural 
healing responses in rodents may not be as clini-
cally relevant as studies in a large animal model, 
based on host tissue reactions to such treatments 
in rodents as well as the physical size and volume 
of new tissue that must be generated to accom-
plish repair. In consideration of clinical rele-
vance, it is likely preferable to utilize a large 
animal model such as pigs and sheep, as both the 
physiology and size of meniscal tissues in such 
animals are similar to that of humans [55]. Cost is 
a limiting factor, however. In Table 22.1, we out-
line the latest animal studies and provide some 
more detailed examples below.

Horie et  al. [56] studied the feasibility of 
injecting culture-expanded rat or human cells for 
meniscal regeneration using a rat hemi- 
meniscectomy model and showed that MSCs 
enhanced meniscal regeneration and reduced OA 
progression, with increased type II collagen syn-
thesis and activated Indian hedgehog (Ihh), para-
thyroid hormone-like hormone (PTHLH), and 
bone morphogenetic protein (BMP)-2 genes in 
regenerated menisci. Hatsushika et al. [57] inves-

tigated the effects of a single intra-articular injec-
tion of culture-expanded synovial cells on 
meniscal regeneration in a rabbit massive menis-
cal defect model. They showed that transplanted 
cells adhered around the meniscal defect and pro-
moted meniscal regeneration. Also, articular car-
tilage and subchondral bone were better preserved 
in the cell-injected group. Caminal et  al. [58] 
evaluated the safety and efficacy of an autologous 
cell-based treatment for OA using MSCs 
expanded from bone marrow aspirates that were 
administered intra-articularly in a sheep model. 
At 12 months of follow-up, after injection of 1.1–
1.2  ×  107 cells, they showed that evidence for 
regeneration of articular cartilage and meniscus 
was case-dependent, but a statistically significant 
improvement was found in specific macroscopic 
and histological parameters. Nakagawa et al. [59] 
examined whether direct transplantation of 
2  ×  107 culture-expanded synovial cells to the 
meniscal lesion promoted healing in a micro-
minipig model with an extended longitudinal tear 
in the avascular area of the tissue. At 12 weeks of 
follow-up, meniscal healing was enhanced based 
on the results of macroscopic, histological, T1rho 
mapping analysis and biomechanical testing for 
tensile strength in the MSC transplanted group.

22.5  Clinical Studies

Clinical studies evaluating the effects of cellular 
injections in the knee joint are still limited. 
Available data suggests encouraging outcomes 
[60], but systematic reviews of published work 
show a paucity of rigor in experimental design 
and inconsistent overall impact [61, 62]. There 
have generally not been safety concerns identi-
fied or side effects reported in the clinical use of 
MSC injections [63–65]. The latest clinical stud-
ies are outlined in Table 22.2, and some examples 
are detailed below.

Vangsness et al. [66] investigated the effects 
of allogenic marrow-derived MSCs on osteoar-
thritic changes in the knee and gave single-cell 
injections for patients who had undergone a par-
tial medial meniscectomy. Patients were ran-
domized to one of three treatment groups: (1) an 
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Table 22.1 Summary of studies on intra-articular injections of MSCs for meniscal regeneration in animal models

Author 
(year) Animal

Experimental 
model Cell source Cell number

Follow-up 
period Outcomes

Agung 
et al. 
(2006) [72]

Rat ACL, MM, MFC 
cartilage injured 
model

Rat bone 
marrow 
(allogenic)

1 × 106

1 × 107

4 weeks MSCs were observed in 
injured sites of ACL, MM, 
and cartilage and 
contributed to tissue 
regeneration

Horie et al. 
(2009) [73]

Rat Anterior half of 
MM resection

Rat synovium 
and bone 
marrow

5 × 106 2, 4, 8, 
12 weeks

MSCs adhered to the 
lesion, differentiated into 
meniscal cells directly, and 
promoted meniscal 
regeneration without 
mobilization to distant 
organs

Horie et al. 
(2012) [56]

Rat Hemi- 
meniscectomy 
model

Rat and 
human bone 
marrow

2 × 106 2, 4, 
8 weeks

Enhanced meniscal 
regeneration and prevented 
OA progression. Increased 
col II synthesis and 
activated Ihh, PTHLH, 
BMP2 genes

Al Faqeh 
et al. 
(2012) [74]

Sheep ACL and MM 
resection

Sheep bone 
marrow 
(autologous)

1 × 107

(cultured w/ 
CM or BM)

6 weeks Retardation of cartilage 
destruction with CM as 
well as BM group and no 
significant ICRS scoring 
between the two groups 
with cells. Meniscus repair 
was observed in the knee 
joint treated with CM 
group

Duygulu 
et al. 
(2012) [75]

Sheep Full-thickness 
longitudinal tear 
in MM

Autologous 
bone marrow 
aspirate

Unknown cell 
number (5 mL 
injected into the 
torn site)

16 weeks Enhanced a bridging 
reparation tissue and 
adhesion of the torn site, 
neovascularization, and 
formation of cartilage 
plaques

Hatsushika 
et al. 
(2013) [57]

Rabbit Anterior half of 
MM resection

Rabbit 
synovium

1 × 107 4, 12, 16, 
24 weeks

MSCs adhered around the 
meniscal defect and 
promoted meniscal 
regeneration. Articular 
cartilage and subchondral 
bone were better preserved 
in the MSC group

Shen et al. 
(2013) [76]

Rabbit Anterior half of 
MM resection

Rabbit 
meniscus 
(allogenic)

6 × 106

(twice)
4, 8, 
12 weeks

Promoted meniscus 
regeneration, protected 
joint surface cartilage, and 
maintained joint space 
width

Shen et al. 
(2014) [77]

Rat Anterior half of 
MM resection

Human 
meniscus

6 × 106

(twice)
4, 
12 weeks

Enhanced meniscus 
regeneration through the 
SDF-1/CXCR4 axis. 
Protected articular 
cartilage by reduced 
expression of OA markers 
but increased expression of 
col II

(continued)
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Table 22.1 (continued)

Author 
(year) Animal

Experimental 
model Cell source Cell number

Follow-up 
period Outcomes

Hatsushika 
et al. 
(2014) [78]

Pig Anterior half of 
MM resection

Porcine 
synovium 
(allogenic)

5 × 107

(three times)
2, 4, 8, 12, 
16 weeks

Resected meniscus 
regenerated based on 
histological and MRI 
analyses. Articular 
cartilage and subchondral 
bone at MFC were 
preserved

Caminal 
et al. 
(2014) [58]

Sheep Full-thickness 
cartilage defect 
in MFC and 
meniscal tear in 
the anterior horn 
of MM

Ovine bone 
marrow 
(autologous)

1.1 × 107

1.2 × 107

6, 
12 months

Evidence of regeneration 
of articular cartilage and 
meniscus was case- 
dependent, but statistically 
significant improvement 
was found in specific 
macroscopic and 
histological parameters

Saulnier 
et al. 
(2015) [79]

Rabbit Complete radial 
transection of the 
MM at mid-body

Equine 
umbilical 
cord

3.5 × 106 Day 15, 
56

Lower cartilage fibrillation 
in early treatment than in 
delayed one. Cellular 
infiltration and a reduced 
expression of MMP-1, 
MMP-3, MMP-13 in the 
synovium. (Not addressed 
in meniscal status)

Nakagawa 
et al. 
(2015) [59]

Micro- 
minipig

Longitudinal tear 
in MM

Porcine 
synovium 
(allogenic)

2 × 107

(direct 
transplantation 
into the lesion)

2, 4, 
12 weeks

Enhanced meniscal healing 
based on macroscopically, 
histologically, and T1rho 
mapping analysis. Higher 
tensile strength in MSC 
group

Qi et al. 
(2016) [80]

Rabbit Anterior half of 
MM resection

Rabbit 
subcutaneous 
fat

2 × 106

(iron oxide 
(SPIO)-labeled 
or unlabeled)

6, 
12 weeks

SPIO-MSCs promoted 
meniscus regeneration 
while providing protective 
effects from OA damage. 
Implanted MSCs adhered 
to the injured meniscus and 
differentiated specifically 
into meniscal cells

Lv et al. 
(2018) [81]

Sheep ACL and MM 
resection

Autologous 
SVF or ASC

1 × 107 SVF w/ 
HA
1 or 5 × 107 
ASC w/ HA

2, 
18 weeks

Low-dose ASC improved 
MOCART and ICRS 
scores, compared with 
SVF. High-dose ASC 
increased cartilage 
thickness of MFC, while 
low-dose ASC showed no 
improvement. (Not 
addressed in meniscal 
repair)

McKinney 
et al. 
(2019) [82]

Rat Full-thickness 
MM tear

Human bone 
marrow

5 × 105

(encapsuled in 
sodium alginate 
microspheres)

3 weeks Exerted a 
chondroprotective 
therapeutic role but 
augmented the 
compensatory increases in 
osteophyte formation. (Not 
addressed in meniscal 
status)
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injection with 50  ×  106 cells (low dose), (2) 
injection with 150 × 106 cells (high dose), and 
(3) injection with sodium hyaluronate as a con-
trol group. At 2  years follow-up, they showed 
that osteoarthritic changes were reduced in both 
MSC groups, meniscal volume was increased 
by 24% for the high-dose MSC group and 6% in 
the low- dose MSC group as assessed by MRI, 
and no clinically important safety issues were 
identified.

Khalifeh Soltani et  al. [67] investigated the 
safety and efficacy of the intra-articular injection 
of allogenic placental MSCs to promote knee OA 
healing. The patients with symptomatic knee OA 
were randomly divided into two groups to receive 
intra-articular injection of either 0.5–0.6  ×  108 
placental MSCs or normal saline. At 24  weeks 
follow-up, MSC injection improved clinical 
scores and cartilage thickness in 3 out of 28 mea-
surement sites on magnetic resonance arthrogra-
phy in the knee joint, while no significant healing 
of the meniscus was noted.

Sekiya et al. [68] studied the additional use of 
autologous synovial MSCs following surgical 
repair of complex degenerative medial meniscus 
tears in five male patients (34–57 years of age). 
The patients underwent an initial arthroscopy to 
confirm the location and type of lesions, the 
lesions was repaired with sutures and then a 
synovial tissue biopsy was arthroscopically per-

formed. The synovial tissue was cultured and 
expanded in vitro for 14 days to generate an MSC 
population. Then a repeat arthroscopy was per-
formed to transplant 3.2–7.0 × 107 synovial MSC 
cell suspension directly to the site of the repair 
through a 18-gauge needle attached to 1  mL 
syringe. All patients reported a significant clini-
cal score improvement at 2 years, and 3D MRI 
assessments indicated no evidence for a residual 
tear at the repair sites.

22.6  Future Directions

The studies reviewed in this chapter are highly het-
erogeneous with regard to animal modelling, 
methodology, surgical indications, evaluation time 
points, and objective outcomes evaluated. Efficacy 
is strongly suggested, as is the safely intra-articu-
lar transplantation or injection of culture- expanded 
MSCs in a variety of animal studies and early 
human trials. However, the “true” mechanisms of 
MSC action are still unclear.

Injection of culture-expanded MSCs could be 
a viable therapeutic option for the repair of 
meniscal lesions because it could be a simple, 
less-invasive procedure with lower cost, particu-
larly when compared to more elaborate tissue 
engineering approaches combining cells with a 
biomaterial scaffold.

Table 22.1 (continued)

Author 
(year) Animal

Experimental 
model Cell source Cell number

Follow-up 
period Outcomes

Mahmoud 
et al. 
(2019) [69]

Rabbit ACL resection Rabbit bone 
marrow 
(allogenic)

1 × 106

(single or 
multiple 
injections)

2 months Multiple injections 
attenuated degenerative 
changes including loss of 
matrix staining, cell 
clustering, osteophyte 
formation, meniscal 
remodelling, and synovitis. 
A single injection 
demonstrated more modest 
results

ACL Anterior cruciate ligament, MM Medial meniscus, MFC Medial femoral condyle
OA Osteoarthritis, Col II Type II collagen, Ihh Indian hedgehog, PTHLH Parathyroid hormone-like hormone, BMP2 
Bone morphogenetic protein 2
CM Chondrogenic media, BM Basal media, ICRS International Cartilage Repair Society
MMP Matrix metalloproteinase
SVF Stromal vascular fraction, ASC Adipose mesenchymal stem cell, HA Hyaluronic acid, MOCART Magnetic reso-
nance observation of cartilage repair tissue
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On the other hand, the limited current clinical 
evidence leaves the question of the efficacy of 
intra-articular injections of MSCs for patients 
with meniscal lesions unproven and uncertain. 
Thus, to repair and/or regenerate injured menisci 
and prevent the progression of OA in the clinical 
practice, additional studies are needed, and care-
ful follow-up will be necessary to draw conclu-
sions regarding the viability of this approach.

As for the choice of cells for such applica-
tions, MSCs derived from bone marrow, fat, and 
synovium are currently favored, due to ease of 

harvest and their chondrogenic capacities, but 
whether a bulk expansion and selection among 
CTP-derived clones through in vitro competition 
or a more strategic selection of CTP clones based 
on performance will provide the ideal type of cell 
for meniscal repair remains to be clarified. 
Therefore, a comparison of MSC preparation 
strategies and detailed analysis of population 
attributes, beyond traditional MSC surface mark-
ers and tri-lineage differentiation, must be per-
formed to ultimately determine the ideal cell/cell 
population.

Table 22.2 Summary of intra-articular injections of MSCs for meniscal regeneration in clinical studies

Author 
(year)

Type 
of 
study

Patient 
number Type of injury Cell source Cell number

Follow-up 
period Outcomes

Vangsness 
et al. 
(2014) 
[66]

RCT 55
(19 HA 
vs 18 
high 
dose vs 
18 low 
dose)

Post-op partial 
medial 
meniscectomy
(>50%)

Allogenic 
bone 
marrow

5 × 107

Or
1.5 × 108

2 years Osteoarthritic changes 
were reduced in MSC 
group. MRI showed 
meniscal volume was 
increased in 24% of 
high-dose and 6% of 
low-dose group. 
Clinically important 
safety issues were 
identified

Khalifeh 
Soltani 
et al. 
(2019) 
[67]

RCT 20
(10 
MSC vs 
10 
saline)

Symptomatic 
OA
(KL-II ~ IV)

Allogenic 
placenta

0.5–0.6 × 108 24 weeks Improved clinical 
scores and cartilage 
thickness in about 10% 
of the total knee joint 
area. No significant 
healing in MM and LM

Onoi et al. 
(2019) 
[83]

Case 
report

2
(3 
knees)

Symptomatic 
OA
(KL-I ~ III), 1 
MM deg. and 
2 deg. tear on 
MMPH

SVF 5.5–6 × 106 6 months In second-look 
arthroscopy, cartilage 
defect was covered by 
regenerated cartilage, 
some cartilage 
fibrillation was 
reduced, and meniscus 
tear was repaired

Sekiya 
et al. 
(2019) 
[68]

Case 
report

5 Deg. tear of 
MM

Autologous 
synovium

3.2–7 × 107

(direct 
transplantation 
on repaired 
site)

2 years Clinical scores 
including Lysholm, 
KOOS, NRS were 
significantly improved, 
and 3D MRI showed 
meniscus tears were 
indistinguishable at 
2 years. No serious 
adverse events occurred

RCT Randomized controlled trial, HA Hyaluronic acid
KL Kellgren Lawrence grade, MM Medial meniscus, LM Lateral meniscus
MM Medial meniscus, MMPH Medial meniscus posterior horn, deg. Degeneration/degenerative, SVF Stromal vascular 
fraction
KOOS Knee Injury and Osteoarthritis Outcome Scale, NRS Numerical Rating Scale
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Allogenic MSCs have been recently investi-
gated for joint tissue repair in animal studies [49, 
59, 69], as well as clinical studies [70, 71], not 
only showing no detectable abnormal immuno-
logical reactions but also yielding comparable 
results to those with autologous cells (see Chap. 
5). Considering tissue harvest for cell culture and 
cost effectiveness, an allogenic approach might 
become a reasonable strategy for cell-based ther-
apy in the future, although safety issues have not 
yet been completely resolved presently.

22.7  Conclusion

Current literature indicates that the intra-articular 
injection of culture-expanded MSCs from a vari-
ety of tissue sources for the treatment of meniscal 
lesions has shown improvement in clinical out-
comes and some potential for meniscal regenera-
tion. However, the evidence is currently limited. 
Further studies are necessary to elucidate the 
healing mechanism(s) of MSCs for meniscal 
injuries and to rigorously define the clinical 
impact and durability of outcomes.
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23.1  Introduction

The meniscus is an important knee structure that 
improves weight-bearing distribution and shock 
absorption and increases joint congruency con-
tributing to articular stability, overall playing a 
fundamental function for knee health [1]. 
Meniscal lesions represent one of the most fre-
quent orthopedic injuries, with a mean annual 
prevalence of meniscal tears resulting in menis-
cectomy estimated around 61 per 100,000 inhab-
itants [2]. The loss of meniscal tissue, both in 
injured and in post-meniscectomy (partial or 
total) knees, can alter the joint environment jeop-
ardizing the long-term articular homeostasis [3] 
with the risk to develop early osteoarthritis (OA) 
and a consequent impairment of the quality of 
life [4]. For this reason, especially in young 
patients, attempts to preserve as much meniscal 
tissue as possible are paramount [5]. Several 
injury types can affect the meniscal tissue, and 
different classification systems have been pro-

posed based on lesion etiology and anatomic 
location and pattern. Among them, the ISAKOS 
classification is largely applied to assess tear 
depth, length, location, pattern, as well as tissue 
quality and percentage of the meniscus excised, 
with sufficient inter-observer reliability [6]. The 
proper classification of meniscal tears is funda-
mental for the correct management of meniscal 
injuries. Moreover, different factors directly 
related to the meniscal lesion such as etiology, 
tissue quality, location, pattern, and any associ-
ated lesions, as well as those related to patient 
age, activity level, general health status, and 
expectations [7], can guide the choice of the spe-
cific conservative or surgical treatment strategy.

23.2  The Management 
of Meniscal Lesions

The primary distinction in the management of 
meniscal injuries is represented by the choice 
between conservative and surgical treatment. In 
detail, non-surgical management represents the 
first-line treatment in degenerative lesions or in 
acute knee trauma, and it should be carried out at 
least 3–6  months, when mechanical symptoms 
such as catching or locking do not dominate the 
clinical picture [8]. On the other hand, a surgical 
approach should be considered in case of symp-
toms persisting after 3–6 months of conservative 
treatment or when meniscal injury determines 
mechanical symptoms. Partial or total meniscec-
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tomy, meniscal repair, and meniscal reconstruction 
are the current available surgical options to address 
the different meniscal tears. Meniscectomy has 
been, and still is, a procedure largely adopted, 
because of its relative easiness, low post-operative 
morbidity, and good short- term results. 
Nevertheless, nowadays there is an overall evi-
dence-based agreement to limit the use of this pro-
cedure only to selected patients with persistent 
mechanical symptoms derived from non-repairable 
meniscal tears. The reason lies with the degenera-
tive effects of meniscal tissue loss on knee homeo-
stasis with the consequent risk to develop early OA 
[9]. In this light, meniscal repair procedures are 
increasingly performed with the rationale to pre-
serve as much meniscal tissue as possible, showing 
better long-term results in terms of clinical out-
comes and cost- effectiveness compared to menis-
cectomy [10, 11]. This procedure can be performed 
through an open-access or arthroscopically with 
different techniques. Traumatic meniscal tears with 
a longitudinal pattern located in the peripheral red-
red zone represent one of the main indications to 
perform a meniscal repair because of their high 
healing potential, but the indications may also be 
extended to horizontal lesions in young patients; 
radial, ramp, and root lesions; and tears located in 
the red-white zone [12–14]. Finally, meniscus 
reconstruction procedures with scaffolds or menis-
cal allograft transplantation (MAT) represent a sur-
gical rescue option in relatively young patients 
affected by important symptomatic loss of menis-
cal tissue [7].

23.3  The Rationale 
of Orthobiologics Injections

The results of both conservative and surgical menis-
cal treatments are not always satisfactory. The rea-
sons can be traced to several aspects, represented by 
demographic factors (age, sex), interventional fac-
tors (technique, time to surgery), and the specific 
features of the meniscal tear [15]. Moreover, two 
biological factors have to be taken into account. The 
consequent alterations in knee homeostasis follow-
ing a meniscus lesion may lead to a clinical problem 
per se. Furthermore, meniscal tissue presents a lim-

ited intrinsic healing potential in terms of chemo-
taxis, cell proliferation, and matrix production, 
determined by the poor vascularity especially in the 
white-white zone or by degenerative processes, 
which hinder the healing potential [16–18].

In order to improve the outcome following 
conservative and surgical treatment, the injections 
of biologically active substances like corticoste-
roids, hyaluronic acid (HA), and platelet-rich 
plasma (PRP) have been proposed as a simple and 
minimally invasive treatment strategy. They may 
act directly onto the meniscal tissue aiming at 
improving its healing or indirectly by restoring or 
improving the joint homeostasis. The biologic 
injective approach entails different ways to deliver 
biologic substances to improve either conserva-
tive or surgical meniscal treatment. Specifically, a 
simple intra-articular injection or an intra-menis-
cal ultrasound−/fluoroscopy- guided injection 
directly in the lesion site (Fig.  23.1) have been 
proposed to enhance a non- surgical approach. On 
the other hand, injections have also been used 
combined with surgical procedures such as menis-
cal suture or meniscal reconstruction during the 
same surgical time, to obtain a direct delivery of 
biological substances in the specific meniscal site 
or following surgery to provide a more favorable 
healing environment.

Corticosteroids have been the first intra- 
articular injective option introduced in the clini-
cal practice. They showed an anti-inflammatory 
short-term effect on the knee joint through a 
complex multiplicity of actions [19, 20], with a 
minimal risk of systemic effects, and thus may be 
used to address the homeostatic changes started 
by meniscal lesions. Unfortunately, long-term 

Fig. 23.1 Ultrasound image illustrating an intra- meniscal 
PRP injection. T Tibia, F Femur, M Meniscal tissue artifi-
cially highlighted, arrowheads: needle
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benefits have not been confirmed, and risks of tis-
sue atrophy, joint destruction, and cartilage 
degeneration have been also reported [21]. 
Hyaluronic acid (HA) is another injectable 
option, a glycosaminoglycan normally present in 
the synovial fluid in the adult knee with a concen-
tration ranging from 2.5 to 4.0 mg/mL that pro-
vides joint lubrication and shock absorption and 
acts as the backbone for the proteoglycans of the 
extracellular matrix [20]. HA can be isolated 
from different sources, such as rooster comb or 
bacterial fermentation (streptococci) with or 
without biochemical modifications, and its intra- 
articular delivery showed promising results in 
several studies in terms of pain reduction com-
bined to anti-inflammatory and chondro- 
protective effects in degenerated knees [22, 23].

More recently, research efforts have been 
invested in the field of hemoderivatives, aiming at 
developing, other than the anti-inflammatory and 
homeostatic effects already provided by cortico-
steroids and HA, a solution also presenting ana-
bolic/regenerative effects. Platelet-rich plasma 
(PRP) represents a biological derivative of blood 
largely applied in many clinical fields, including 
orthopedic pathologies [24], being a simple way 
to exploit the potential of a “cocktail” of different 
growth factors like PDGF, TGF-β1, VEGF, and 
IFG-1. The importance of its composition lies on 
the evidence that the combination of different 
growth factors showed to improve the meniscal 
cell activity promoting meniscal tissue repair [25, 
26], contrary to the administration of single 
growth factors, which offered instead poor results 
[27, 28]. Different preclinical studies confirmed 
significant positive effects of PRP growth factors 
on matrix production, cell activity, and prolifera-
tion [25, 26, 29], increasing the interest of ortho-
pedic surgeons on PRP applications also to treat 
meniscal injuries.

According to their rationale, orthobiologics 
injections could represent an interesting mini-
mally invasive treatment for meniscal injuries. In 
the following paragraphs, the biologic injective 
options available in the clinical practice are 
described, reporting their indications as well as 
the evidence about their results in the manage-
ment of meniscal lesions.

23.4  Corticosteroid Injections

Corticosteroid injections have been performed for 
almost 60 years in the management of knee pain 
and especially in knee OA, due to their anti- 
inflammatory effects. Nevertheless, few studies 
have been reported about the corticosteroid injec-
tive treatment of meniscal injuries, prevalently lim-
ited to degenerative tears. This pattern of meniscal 
lesions represents a challenge in orthopedics, since 
usually they are not isolated lesions but are com-
bined with chondral damage and a progressively 
altered joint environment. In these conditions, a 
surgical approach is not indicated, while a conser-
vative management based on anti- inflammatory 
drugs combined with physical therapy represents 
the first line and should be tried for at least 
3–6 months [7, 30]. In case of failure or aiming at 
improving the efficacy of a conservative treatment, 
intra-articular corticosteroid injections represent a 
further option. On this regard, Vermesan et al. [31] 
conducted a study including 120 consecutive cases 
of non-traumatic symptomatic knees affected by 
degenerative lesions of the medial compartment 
(cartilage and meniscus) assessed on MRI. Patients 
were randomized to receive either an intra-articular 
steroid injection or an arthroscopic debridement, 
obtaining a significant improvement of the scores 
for all the examined cases. After 1 month of follow-
 up, symptoms reappeared in 12 patients in the ste-
roid group and 7  in the arthroscopy group, 
respectively. Accordingly, the authors concluded 
that degenerative medial meniscal tears in the pres-
ence of OA can only marginally benefit from 
arthroscopic debridement over intra-articular ste-
roid injections at short-term follow-up. Six years 
later, Wilderman et  al. performed a retrospective 
study on 135 patients treated with a meniscal- 
targeted injection of the corticosteroid triamcino-
lone for meniscal tears or degenerative fraying. The 
results obtained suggested the efficacy of ultra-
sound-guided meniscal injections of corticoste-
roids in alleviating chronic knee pain associated 
with OA, meniscal tears, and meniscal degenera-
tion for a mean of 5 weeks [32].

Besides the mere conservative management, 
some authors explored the use of intra-articular 
injections of corticosteroids after partial or total 
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meniscectomy. In detail, Rasmussen et  al. [33] 
published a double-blind randomized study in 
which 60 patients undergoing arthroscopic men-
iscectomy were treated at the end of the proce-
dure with either intra-articular saline as control 
group, intra-articular bupivacaine and morphine 
in the first treatment group, or with the same dose 
of bupivacaine and morphine, plus intra-articular 
methylprednisolone in the second treatment 
group. During the 10-day follow-up, pain related 
to movement and walking, leg muscle force, joint 
effusion, and the use of crutches were assessed, 
showing a significantly reduction in pain, time of 
immobilization, and duration of convalescence 
obtained with bupivacaine and morphine, with a 
further reduction of pain and functional impair-
ment (including the duration of convalescence) 
by the addition of the intra-articular injection of 
methylprednisolone acetate. No data are avail-
able in the literature regarding the injection of 
corticosteroids after meniscal repair or after 
meniscal reconstruction procedures.

Overall, although literature evidence suggests 
an anti-inflammatory effect of steroid injections 
to improve the conservative treatment of degen-
erative lesions or the results of partial meniscec-
tomy, it should be noted that their efficacy was 
demonstrated at short−/very short-term follow-
 up, not supporting a long-lasting effect and nei-
ther changes in the meniscal tissue. Moreover, 
the potential deleterious long-term effects of 
intra-articular steroid injections on biologic tis-
sues further discourage the use of such treatments 
for meniscal lesions [21]. Thus, until stronger 
evidence can support safety and efficacy of this 
approach, indications for intra-articular injec-
tions should be limited to the more acute inflam-
matory phases not responsive to less invasive 
treatments, while more evidence is warranted for 
intra-meniscus injections and multiple injections 
should be avoided.

23.5  Hyaluronic Acid Injections

The term “viscosupplementation” was intro-
duced in the 1970s [34] referring to an intra- 
articular injection with HA to reduce pain and 

improve joint mobility in patients affected by 
knee OA [35, 36]. Regardless of the potential 
rationale for using HA intra-articular injections 
in joints affected by meniscal lesions, few stud-
ies in the literature described its application in 
this context. In 2016, Zorzi et  al. [37] investi-
gated the efficacy of the intra-articular adminis-
tration of a recently developed hydrogel 
formulation obtained from a HA derivative, to 
treat degenerative meniscal tears. Fifty patients 
were recruited and randomized in two groups: 
patients in the control group underwent conser-
vative treatment for 2  weeks, while patients in 
the treatment group received also two intra-artic-
ular injections of HA 2 weeks apart. The treat-
ment group showed a significant VAS pain 
reduction and a significant reduction in length 
and depth of the degenerative meniscal lesions 
assessed with MRI.

HA intra-articular injections have been 
applied also after meniscectomy. In 2008, 
Huskin et al. [38] published a prospective multi-
center study on 62 patients after arthroscopic 
meniscectomy. Patients received three intra-
articular HA injections in the target knee with 
1-week intervals. Even if the absence of a con-
trol group did not allow to draw conclusions on 
the real effect of HA, the authors underlined that 
the clinical scores improved significantly, and 
the symptomatic efficacy was highest at 
12 weeks and maintained at 26 and 52 weeks. In 
2010, Thein et al. [39] performed a randomized, 
single-blind, controlled study evaluating the 
clinical outcome after one HA injection in 
patients who underwent arthroscopic meniscec-
tomy. Fifty-six patients were divided into two 
groups: HA vs saline injected immediately post-
arthroscopy. Controls reported more pain at 
week 1 with respect to patients in the treatment 
group, and at 4 weeks postoperatively, none of 
the patients in the treatment group had consumed 
analgesics, while 9 patients out of 28 in the con-
trol group reported acetaminophen intake. More 
recently, Filardo et  al. [40] performed a larger 
double-blind randomized controlled trial which 
did not confirm the previous promising results. 
Ninety patients undergoing meniscectomy were 
randomized into two groups: a single injection 
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of HA at the end of the arthroscopic procedure 
versus surgery alone. The results showed that the 
administration of a single HA injection at the 
end of the surgical procedure did not prove to be 
a successful strategy in providing either faster 
functional recovery or symptomatic improve-
ment after meniscectomy.

The clinical application of HA to improve 
meniscal repair or meniscal reconstruction proce-
dures has not yet been investigated in the clinical 
setting, although some preclinical evidence is 
available. In particular, Sonoda et  al. [41] per-
formed an animal study to assess the effect of HA 
on meniscus injury repair: 35 mature New 
Zealand White rabbits underwent bilateral menis-
cus injury and repair with a longitudinal tear cre-
ated in the medial meniscus and repaired with 
horizontally placed nylon sutures. The left knee 
joints received five weekly intra-articular injec-
tions of HA, while the right knees were injected 
with phosphate-buffered saline (the carrier vehi-
cle of the hyaluronan). Twelve weeks after repair, 
no significant differences between the two groups 
were found in the peripheral region, although a 
greater level of collagen remodeling was under-
lined in the HA group. In the inner region, poor 
healing response was observed in both treatment 
groups although the water content in the 
HA-treated menisci was significantly lower than 
that in the control group, indicating a lower level 
of swelling.

Considering the available literature, the data 
to support the use of intra-articular HA injections 
to address meniscal lesions are still limited 
(Table 23.1), with a low-level evidence support-
ing a possible indication for the conservative 
intra-articular treatment of knees affected by 
degenerative meniscal lesions, while direct 
effects on meniscal tissue or on post- 
meniscectomy knees remain to be proven.

23.6  Platelet-Rich Plasma 
Injections

PRP application has largely spread in different 
orthopedic fields, particularly for the treatment of 
knee OA [42]. The possibility to positively mod-

ulate different biological mechanisms in the joint 
could offer potential benefits also in the treatment 
of meniscal lesions [29, 43]. Accordingly, PRP 
injections could represent a promising and sim-
ple option for meniscal treatment, performed iso-
lated or combined to other standard available 
procedures, with some encouraging preliminary 
findings.

No study is currently available documenting 
the results of intra-articular PRP injections as 
conservative treatment for meniscus lesions. On 
the other hand, there are various studies analyz-
ing PRP injections to treat knee OA [42], a 
degenerative joint disease which also affects the 
meniscal tissue; however, no study specifically 
analyzed the results of intra-articular PRP spe-
cifically applied for meniscus lesions. Conversely, 
some studies have been performed on PRP 
injected with a percutaneous approach directly 
into the meniscal tissue for the treatment of 
degenerative intrasubstance meniscal tears, 
showing promising results. In 2015, Blanke et al. 
[44] performed a retrospective analysis of ten 
recreational athletes with intrasubstance menis-
cal lesions assessed on MRI who underwent three 
sequential weekly injections of PRP in the area of 
meniscal lesion under fluoroscopy guide. The 
results showed a significant pain reduction 
6 months after treatment. Six out of ten patients 
reported an increase of sports activity and 
returned to the previous sports activity level. At 
the same follow-up, four out of ten patients 
showed an improvement of the meniscal lesion at 
MRI, while two patients showed meniscal lesion 
progression. The technique applied is limited by 
the uncertainty on the injection site, as disclosed 
by the authors themselves, while the use of ultra-
sound guidance may be more precise. To this 
regard, in 2019 Guenoun et al. [45] published a 
retrospective study on ten patients with degenera-
tive meniscal tears treated with a single ultra-
sound-guided PRP injection in the meniscal wall 
and in the peri-meniscal space. All patients were 
assessed clinically at 6 months of follow-up and 
showed a significant improvement of KOOS total 
score, not confirmed by VAS for pain evaluation. 
All six patients who practiced sports regularly 
before the onset of symptoms were able to resume 
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competition or training. At 6  months, the MRI 
performed in seven patients showed the stability 
of the meniscal tears, with the healing of a para-
meniscal cyst in one case. In the same year, 
Kaminski et  al. [46] performed a double-blind 
randomized controlled trial enrolling 72 patients 

affected by chronic meniscal tears: 30 patients in 
the control group were subjected to ultrasound-
guided trephination, while 42 patients in the 
treatment group underwent the same treatment 
combined with ultrasound-guided PRP injections 
directly in the lesion site. At 12 months, a higher 

Table 23.1 Clinical literature evidence on orthobiologics injectable therapies for meniscus lesions

Orthobiologics injections Clinical literature evidence
HA 
injections

HA injection alone Zorzi et al. (2015): Randomized controlled study: good clinical evidence
Meniscectomy + HA 
injection

Huskin et al. (2008): Prospective multicenter study (no control group): 
good clinical improvement
Thein et al. (2010): Randomized, single-blind, controlled study: no 
significant differences in knee functionality between the two groups
Filardo et al. (2016): Double-blind randomized controlled trial: no 
significant differences in the clinical improvement between the two groups

Meniscal repair + HA 
injection

No studies available in the literature

Meniscal 
reconstruction + HA 
injection

No studies available in the literature

PRP 
injections

PRP injection alone Blanke et al. (2015): Retrospective study on athletes who underwent 3 
percutaneous PRP injections under fluoroscopy guide. Good clinical and 
instrumental results
Guenoun et al. (2019): Retrospective study on a single ultrasound-guided 
injection. Good clinical and instrumental results
Kaminski et al. (2019): Double-blind randomized controlled trial with 
treatment group treated by ultrasound trephination + ultrasound-guided 
PRP injection. Significant clinical improvement in the treatment group

Meniscectomy + PRP 
injection

No studies available in the literature

Meniscal repair + PRP 
injection

Pujol et al. (2015): Case-control study, 34 consecutive young patients 
underwent an open meniscal repair: 17 pts. arthrotomic meniscal 
repair + PRP injection vs 17 pts. isolated meniscal repair. PRP slightly 
improved the clinical outcome
Griffin et al. (2015): Retrospective comparative study, 15 pts. treated with 
arthroscopic meniscal repair + PRP injection vs 20 pts. treated with isolated 
meniscal repair: no clinical differences
Kaminski et al. (2018): Randomized double-blind controlled study, 20 
menisci treated with arthroscopic repair + PRP injection vs 17 menisci with 
isolated repair: superior healing rate of meniscus lesions in PRP group
Kemmochi et al. (2018): Prospective comparative study, 17 pts. underwent 
arthroscopic meniscus repair + PRF and PRP injection vs 5 pts. treated by 
isolated meniscal repair: no significant clinical differences
Dai et al. (2019): 29 pts. with discoid lateral meniscal tears 
arthroscopically treated with meniscal suture: 14 with PRP, 15 without PRP 
augmentation, with similar effects in pain relief and functional 
improvement at mid-term follow-up
Everhart et al. (2019): Prospective comparative study, 45 pts. underwent 
arthroscopic meniscal repair + PRP injection vs 106 pts. treated by isolated 
meniscal repair: PRP augmentation improved survival of isolated meniscal 
repairs

Meniscal 
reconstruction + PRP 
injection

Zhang et al. (2018): 31 pts. underwent lateral MAT combined with 
intra-articular PRP injection: improvements in all functions and pain scores 
at short-term follow-up

HA Hyaluronic acid, PRP Platelet-rich plasma, PRF Platelet-rich fibrin, MAT Meniscal allograft transplantation,  
pts patients
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percentage of patients in the treatment group 
improved clinically. Moreover, the failure rate 
was significantly higher in the control group than 
in the treatment group (70% vs 48%).

With regard to PRP injections and surgical 
procedures, the rationale of modulating the whole 
joint homeostasis to reduce post-operative 
inflammation could justify the possibility to test 
it after meniscectomy, but to date, no clinical 
study has been published reporting the results of 
this procedure. Regarding meniscal augmenta-
tion repair with PRP, recent clinical data avail-
able in the literature showed controversial results: 
three comparative studies showed improved clin-
ical results with PRP augmentation compared to 
isolated meniscal suture, while other three stud-
ies showed no significant clinical differences 
between the two groups (Table  23.1) [47–52]. 
More recently, Zaffagnini et al. [53] performed a 
meta-analysis of all these studies which showed 
overall a reduced failure risk when meniscal 
repair was combined to PRP augmentation ver-
sus isolated repair.

Finally, Zhang et al. [54] explored the combi-
nation of PRP injections and meniscal recon-
struction. In detail, they treated 31 patients with a 
single PRP injection performed under arthros-
copy around the meniscal tissue after lateral 
meniscal allograft transplantation. A retrospec-
tive evaluation at a mean follow-up of 37 months 
showed a clinical and functional improvement. 
There were no significant differences in the grade 
of chondral damage between the pre-operative 
and 2-year follow-up periods, and only three 
patients (9.7%) showed no improvements or had 
lower evaluation scores. However, the lack of a 
control group hindered the possibility to ascer-
tain the specific contribution of PRP injections to 
the final outcome.

Considering the available clinical studies, 
PRP injections seem to represent a promising 
procedure in the case of meniscal degenerative 
tears approached with a non-surgical treatment, 
as well as a potential augmentation strategy for 
meniscal tear repair. However, these data are 
supported by a low number of clinical studies 
with controversial findings, and further high-
level evidence is required to confirm the poten-

tial of PRP injections for the treatment of 
meniscal lesions.

23.7  Conclusions

The role of orthobiologics injections for the 
management of meniscal lesions has gained a 
growing interest, thanks to their minimal inva-
siveness, the possibility to combine them with 
other procedures, and the not always satisfactory 
results of other available treatments. To this 
regard, corticosteroids, HA, and PRP represent 
interesting treatment options with a different 
specific rationale and possibly different indica-
tions based on the type of meniscal tears and 
joint status. At the moment, corticosteroids and 
HA injections find their main application as 
intra-articular injection in osteoarthritic knees 
with degenerative meniscal lesions, although 
results are still controversial. On the other hand, 
PRP presents a wider spectrum of action than 
other biologic substances, including anabolic/
regenerative properties, and showed a potential 
role also in the ultrasound- guided treatment of 
degenerative meniscal lesion, as well as to 
improve the success rate of meniscal repair pro-
cedures. However, literature findings are still 
preliminary and inconclusive, and biologic 
injective meniscus treatments require further 
higher-level studies to better understand their 
real efficacy and the more appropriate indica-
tions for the management of meniscal lesions.

Take-Home Messages
• The potential of orthobiologics injec-

tions for meniscus lesions is currently 
explored in terms of intra-articular or 
direct intra-meniscus delivery, as well as 
augmentation during and after meniscal 
surgical procedures.

• Intra-articular corticosteroid injections 
are closely limited to treat acute knee 
inflammatory phases, with a fast but 
short-term effectiveness. More clinical 
evidence is needed to support their effi-
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24.1  Introduction

The musculoskeletal system is one of the major 
organ systems of the body and represents a lever 
compound that allows body movements and nor-
mal articular kinematics. During sports activity, 
muscles may be exposed to an exaggerated and 
abnormal activity due to overuse conditions and 
invoking close to maximal muscular strength 
during practice or competition. The muscle inju-
ries lead to considerable absence from training 
and competition, which may compromise team 
performance and athlete’s career. Consequently, 
the medical staff faces pressure to return the ath-
lete to training and matches as soon as possible. 
In order to achieve a quick yet full recovery, there 
is a continuous search for innovative treatments 
to improve and accelerate muscle healing. This 
chapter provides an overview of main features of 
muscle injuries, followed by an analysis of scien-
tific evidence about the clinical results of differ-

ent emerging orthobiologic approaches, with a 
particular focus on platelet-rich plasma (PRP), in 
the management of this kind of injuries.

24.2  Muscle Injuries

24.2.1  Epidemiology and Mechanism 
of Injury

Muscle injuries are common among athletes and 
sports people [1] and represent a challenge for 
patients, team and medical staff. This kind of 
lesions represents the first cause of injury in 
sprinting sports such as soccer, football and 
hockey. In an epidemiology study among high 
school girls and collegiate women field hockey 
athletes, muscle and tendon strains represented 
31.8% of all injuries recorded during the 2008–
2009 through 2013–2014 academic years [2]. In 
the latter study, authors reported also that the 
most commonly injured body parts were the hip, 
the thigh and the upper leg (23.6%) [2]. Among 
professional soccer players, muscle injuries rep-
resented more than 31% of all injuries [3]. In par-
ticular, the hamstring muscle strain injury 
resulted the most common injury in sports involv-
ing high speed running, such as American foot-
ball, Australian football, rugby and track and 
field [4]. Overall, the most commonly involved 
muscles and muscle groups are the hamstrings, 
the rectus femoris and the medial head of the gas-
trocnemius [5].
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Muscles tears can occur with different mecha-
nisms, depending also on the age of the patient, 
which is associated with a different weak link in 
the muscle-tendon-bone chain changes [6]: in 
young adults usually the mechanical failure 
occurs at the muscle-tendon interface, in older 
adults coexistent tendinopathy and overload of 
the musculo-tendinous unit may contribute to the 
tearing process, and in children the weakness of 
apophyseal growth plates may lead to apophyseal 
avulsion when excessive tension is applied on the 
muscle-tendon-bone chain.

The trauma that leads to muscle injuries can 
be direct or indirect; when the trauma to the mus-
cle is direct, the lesion occurs at the site of the 
impact, while in indirect trauma the tear usually 
occurs at the end of the belly [5]. Most of the 
muscle tears are due to indirect trauma, and an 
eccentric contraction is a major cause of injury, 
probably as a consequence of the forces produced 
by eccentric contractions compared with the 
forces produced by isometric or concentric con-
tractions [7, 8]. Overall, tears occur mostly at the 
musculotendinous junction (MTJ), the weakest 
link within the muscle-tendon unit, where the 
tendon arises from the muscle belly [9].

Sprinting, kicking and changes of direction 
have been described as kinematics patterns asso-
ciated with muscle injuries. In particular, the pre-
dominant injury mechanism consists in 
elongation or heaving eccentric load of the biar-
ticular muscles such as hamstrings, biceps femori 
and quadriceps femori [10]. In a three- 
dimensional kinematics analysis [11] among 
female college students, the muscle strain of each 
three biarticulated hamstrings muscles reached a 
peak during the late swing phase of sprinting. 
Moreover, authors of the study found that the 
peak hamstring strains were negatively correlated 
with hamstring flexibility. These findings may 
suggest that a potential risk for hamstring injury 
exists during the late phase of sprinting.

24.2.2  Muscle Lesions: Classification

Several classification systems of muscle tears 
have been described. In the classic and most 

common system, the acute muscle injuries are 
classified as strains (grade I), partial tears (grade 
II) and complete tears (grade III) [12, 13]. Later 
an updated version has been proposed with the 
purpose to take into account the extent, the size 
and also the exact location of the acute muscle 
injury (Table 24.1). Other classification systems 
described in the literature are the Munich consen-
sus statement, the ISMuLT classification and the 
British athletics muscle injury classification 
[14–16].

According to the mechanism of trauma, mus-
cle injuries can be classified as direct and indi-
rect. Tears due to a direct trauma could de 
distinguished in contusion and lacerations. The 
contusions could be divided in mild, moderate 
and severe according to the functional disability 
they produce [5]. The tears due to an indirect 
trauma are classified as nonstructural (functional) 
and structural, according to the presence of an 
anatomically evident lesion. The structural inju-
ries are divided in three subgroups according to 
the severity of the lesion within the muscle fibres: 
grade 1 (few muscle fibres involved), grade 2 
(some continuity of the fibres is maintained), 

Table 24.1 Classic classification system

Imaging findings and function impairment
Injury grade Features
Grade I 
(strain)

MRI/US 
findings

Few muscle fibres 
involved

Function Minimal impairment of 
strength and function

Grade II 
(partial)

MRI/US 
findings

Some continuity of fibres 
is maintained

Function Partial impairment of 
function

Grade III 
(complete)

MRI/US 
findings

Complete discontinuity 
of fibres

Function Muscle function is lost
Site of lesion
Proximal musculotendinous junction
Muscle belly Proximal Intramuscular

Myofascial
Middle Myofascial/perifascial

Myotendinous
Distal Combined

Myotendinous
Distal musculotendinous junction

Data from Maffulli et al. [5]
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grade 3 (complete discontinuity of the fibres) 
(Table  24.1). Moreover, the structural injuries 
may be distinguished according to the location 
among the muscle structure in proximal, middle 
and distal [5].

24.2.3  Treatment Strategies 
and Burdens

The main purposes of the treatment are to reduce 
the re-injury recurrence rate and to achieve a fast 
return to sport. Since most muscle injuries 
respond well to conservative treatment [17] and 
surgery is indicated in few specific cases, most of 
muscle injuries can be managed conservatively, 
as skeletal muscles have an endogenous capacity 
of healing.

The PRICE (protection, rest, ice, compression 
and elevation) approach is a commonly accepted 
treatment approach to control the early inflam-
matory process [18, 19]. POLICE is a new acro-
nym which represents protection, optimal 
loading, ice, compression and elevation and 
introduces the concept of a safe and effective 
loading in acute soft tissue injury management. 
Overall, the conservative approach consists in 
restriction of activity and reduced mobility, ice, 
nonsteroidal anti-inflammatory drugs (NSAIDs), 
physical therapy, specific exercises, electrothera-
peutic modalities, hyperbaric oxygen therapy and 
photothermal therapy. Satisfactory results using 
conservative treatments were reported, mainly in 
the non-professional population; however, these 
treatments have no firm scientific basis, and clini-
cal evidence to support them is sparse, so they are 
mainly applied as empirical medicine due to the 
lack of indications from high-level trials [20, 21].

The surgical management of the muscle inju-
ries is reserved for larger tears or is indicated in 
specific cases such as tendon avulsion or com-
plete lesion of the muscle belly, with the aim to 
avoid strength deficit and inability to return to 
sports practice at the pre-injury level [22].

Despite the recent efforts in the area of pre-
vention and management, the re-injury rates 
remain high [23]: between 16% and 18% of 
recurrence was reported among footballers and 

track and field athletes, with 8–73 days of layoff 
based on severity and intra-tendinous location [3, 
24]. Advances in scientific understanding of ten-
dinopathy and muscle injuries have prompted the 
need for alternative therapies with the aim to 
improve the functional results, return to field tim-
ing and re-injury rates.

24.3  Healing Process of Muscle 
Injuries

The increasing knowledge of basic science 
related to muscle healing set the stage for the 
introduction of novel biological approaches to 
accelerate the healing of injured muscles.

Skeletal muscle tissue normally has a low 
turnover rate. However, following injury, it starts 
a rapid process, consisting of sequential overlap-
ping phases: degeneration and necrosis, inflam-
mation and cellular response, regeneration, repair 
and, finally, the remodelling and fibrosis phase 
[25, 26]. In particular, two competing processes 
are involved during the muscle healing process: 
the production of connective tissue scar and the 
regeneration of disrupted muscle functional 
fibres.

Degeneration and necrosis. The injured 
fibres undergo a necrosis process, triggered by 
the disruption of the plasma membrane, followed 
by alterations of cell permeability and calcium 
transfer. The tissue gap created by the injury is 
filled with a hematoma. Late elimination and 
resorption of the hematoma are known to delay 
skeletal muscle regeneration, to improve fibrosis 
and to reduce biomechanical properties of the 
healing muscle with a lower functional recovery 
in athletes.

Inflammation and cellular response. The 
injured tissue activates platelets and endothelial 
cells, which release factors that recruit resident 
and circulating inflammatory cells (leukocytes). 
First, neutrophils arrive in the damaged area, fol-
lowed by monocytes and macrophages [27].

Neutrophils secrete a large number of pro- 
inflammatory molecules such as cytokines, che-
mokines and growth factors, in order to create a 
chemo-attractive microenvironment for other 
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inflammatory cells such as monocytes and mac-
rophages [28, 29]. Macrophages play a key role 
during the healing process and are able to partici-
pate in both the muscle regeneration process and 
fibrosis production [30]. At first, macrophages 
produce pro-inflammatory cytokines, contribut-
ing to the degeneration and inflammation process 
[31]. Finally, T lymphocytes infiltrate the dam-
aged tissue playing an important role in the local 
vascularization through adhesion molecule secre-
tion and the production of growth factors and 
cytokines.

Regeneration and repair. The regeneration 
phase starts during the first 4–5 days after injury, 
peaks at 2 weeks and then diminishes 3–4 weeks 
after injury. The muscle fibres are post-mitotic 
cells, which do not have the capacity to divide. 
The satellite cells (SC) are adult muscle stem and 
progenitor cells located between the plasma 
membrane of myofibre and the basal lamina, 
whose regenerative capability is essential to 
repair skeletal muscle after injury [32, 33]. After 
a first pro-inflammatory phase, macrophages 
adapt and change the microenvironment, achiev-
ing a different activation state. In this phase mac-
rophages produce anti-inflammatory cytokines 
and pro-fibrotic factors such as transforming 
growth factor β (TGF-β) that activate fibroblast 
[31]. In this way, the early inflammatory phase is 
followed by repair processes, where the SC acti-
vate, proliferate and differentiate to restore the 
muscle structure, in response to several growth 
factors [34]. In particular, the proliferation phase 
is characterized by the production of an extracel-
lular matrix associated with granulation, contrac-
tion and epithelialization.

Remodelling and fibrosis. Finally, the 
remodelling phase is defined by the maturation of 
regenerated myofibres and collagen remodelling, 
leading to a recovery of muscle functional capac-
ity. On the other hand, this last phase is character-
ized also by fibrosis and scar tissue formation 
[35]. The fibrotic response activated by pro- 
fibrotic cytokines such as TGF-β1 leads to an 
excessive fibroblast and myofibroblast prolifera-
tion and to an increase in type I and III collagen, 
laminin and fibronectin production [36]. At first, 
the fibrotic response is beneficial, stabilizing the 

tissue and acting as a scaffold for myofibre regen-
eration. However, an excessive fibrosis process 
and scar tissue formation could lead to a loss of 
muscle functional capacity. A fine balance 
between the different phases of the healing pro-
cess and their mechanisms is essential for a full 
recovery of the contractile muscle function, and, 
even though the phases of muscle healing are 
almost the same in all muscle injuries, the func-
tional recovery changes. Usually, the healing pro-
cess leads to muscle regeneration with scar tissue 
which differs from normal muscle tissue. While a 
minor muscle injury could regenerate completely 
and spontaneously, after severe injuries muscle 
healing is incomplete, often resulting in the for-
mation of fibrotic tissue that compromises mus-
cle function. Furthermore, in the rare case of 
major muscle injuries, some complications like 
myositis ossificans, cystic degeneration and het-
erotopic ossifications may occur [17].

24.4  Platelet-Rich Plasma (PRP) 
in Muscle Injury

24.4.1  PRP: Biological Rationale 
and Formulations

The physiologic progression through the muscle 
healing process phases is led by growth factors 
and cytokines. Many of these bioactive molecules 
are stored in the platelet alpha granules 
(Table  24.2), such as insulin-like growth factor 
(IGF-1), hepatocyte growth factor (HGF), fibro-
blast growth factor (FGF-2), vascular endothelial 
growth factor (VEGF) and TGF- β1, which may 
be the key regulators of muscle regeneration and 
myogenesis [37]. Moreover, platelets are the first 
blood component arriving at the site of tissue 
injury, and they have an active role in haemosta-
sis and, releasing the growth factors, promote tis-
sue repair and influence the reactivity of vascular 
and other blood cells in angiogenesis and inflam-
mation processes. Therefore, PRP, which is blood 
derivative with a higher platelet concentrate than 
whole blood [38], gained increasing interest to 
deliver a high concentration of autologous growth 
factors and bioactive molecules in physiologic 
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proportions, with low costs and in a minimally 
invasive way [39].

Under the acronym PRP, several procedures 
have been proposed, leading to heterogeneous 
concentrates in terms of absolute number of 
platelet activation methods, presence or absence 
of white blood cells and other factors that might 
influence the effect on the tissue target. In order 
to ensure that the platelets are suspended and not 
form a clot, PRP must be made from anticoagu-
lated blood, but its preparation has significant 
variability [40]. In all kinds of preparation tech-
niques, blood is collected from the patient with 
anticoagulant and immediately centrifuged 
within the hour. Through centrifugation and vari-
ous other steps, the red blood cells and the 
platelet- poor plasma layer are discarded, and the 
platelet concentrate remains [41].

The use of PRP represents a possible alterna-
tive approach based on the ability of autologous 
growth factors to improve skeletal muscle regen-
eration [42, 43]. Hammond et  al. showed the 
capability of PRP to promote and accelerate 
myogenesis in an experimental study investigat-
ing the biomechanical and biochemical effects in 
rat muscle injuries [43]. These results are in line 
with findings reported in other laboratory studies 
in which a significant acceleration of muscle 
healing process in animal treated with autologous 
PRP or related products was provided. A side 
effect of the use of PRP and related products may 
be the occurrence of fibrosis. In an in vitro analy-
sis [44], the platelet-rich fibrin matrix (PRFM) 
was found to have a significantly higher concen-
tration of TGF-β1 compared with whole blood 
concentrate of similar volume; TGF-β1 has the 
ability to significantly increase connective cell 
proliferation over time, thus generating fibrotic 
tissue. On the other side, no increase in fibrotic 
tissue formation was observed after PRFM treat-
ment in comparison with controls during an 
in vivo investigation [45]. In this study the authors 
reported that the PRFM-treated muscle tears on 
the longissimus dorsi muscle of Wistar rats 
exhibited an improved muscular regeneration, an 
increase in neovascularization and a slight reduc-
tion of fibrosis compared with controls. To 
closely simulate a clinical approach, Cianforlini 
et al. [46] injected in the longissimus dorsi mus-
cle of Wistar rats two different concentrations of 
PRP intramuscularly 24  hours after a surgical 
trauma and evaluated, with histological and 
immunohistochemical analyses, the dose- 
dependent effects. The histological results con-
firmed the effectiveness of PRP in muscle healing 
and showed that the increase in PRP concentra-
tions in damaged muscle tissue accelerated the 
tissue regeneration process.

24.4.2  PRP: Clinical Evidence

Preclinical evaluations suggested that the local 
delivery of PRP might reduce recovery time [37]. 
Thus, the application in the clinical practice of 

Table 24.2 Bioactive molecules stored in the platelet 
α-granules

Bioactive 
molecules Effects Role
TGF-β1 Production of 

extra-cellular 
proteins

Promote fibrosis

Conversion of 
myoblast in 
myofibroblast

IGF-1 Myoblast 
proliferation

Promote 
regeneration and 
hypertrophyMuscle growth

VEGF Angiogenetic 
process

Promote 
angiogenesis

Satellite cell 
migration and 
proliferation

HGF Myoblast 
proliferation

Satellite cell 
activation

Inhibition of 
myoblast 
differentiation

FGF-6/2 Satellite cell 
proliferation

Active fibroblast 
proliferation

Inhibition of 
myogenic 
differentiation

PDGF-AA/
AB

Active myoblast 
proliferation

Promote 
regeneration and 
angiogenesisStimulate 

angiogenesis

Data from Cianforlini et al. and Zanon et al. [17, 35]
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autologous PRP injections increased rapidly in 
patients with sport-related injuries [47]. However, 
after early reports of positive preliminary experi-
ence, higher-quality studies have recently ques-
tioned the real benefit provided by PRP injections 
to promote the healing process and return to 
sport.

Only few comparative and randomized stud-
ies, which differ from each other significantly, 
were performed about the application of PRP in 
the treatment of muscle injuries. Most of the ran-
domized clinical trials (RCTs) investigate the 
effect of PRP in hamstring lesions. The presence 
and amount of hematoma and its evacuation have 
been performed only in some studies and repre-
sent factors that may jeopardize and influence the 
healing effect [48]. A systematic review and 
meta-analysis about clinical outcomes of PRP 
treatment in acute muscle injuries provided that 
the procedures analysed were usually intra- 
lesional, with the injection performed in the loca-
tion of the tear. Moreover, in the majority of 
studies included, the PRP injection was per-
formed under ultrasound guidance.

Among six studies included, four reported 
using PRP with leukocytes, and one reported 
using an activating agent [38]. These different 
PRP protocols used in these studies make it dif-
ficult to generalize results from clinical trials 
using different commercial PRP preparations in 
heterogeneous pools of muscle injuries, in terms 
of type, grade and location of the tear.

Return to sport: In a recent systematic 
review, the outcome of return to sport in patient 
with muscle injuries treated with PRP was anal-
ysed in all the six studies included [38]. While in 
three of these studies a significantly shorter return 
to sport in PRP group was reported, in the two 
double-blind studies included, the mean differ-
ence between the PRP and control group was not 
significant [48, 49]. A similar finding was also 
provided in the random-effect meta-analysis of 
the three included studies evaluating only ham-
string injuries. On the other hand, a significant 
mean difference in support of PRP was reported 
when the authors considered the four single-blind 
studies or the three studies included with hetero-
geneous muscle involvement [38]. In a retrospec-

tive observational study, a significantly reduced 
time for reaching a complete functional recovery 
and for returning to practice the previous sport 
activity was reported in patients who underwent 
ultrasound-guided PRP treatment for gastrocne-
mius strains compared with the standard treat-
ment group [50]. No significant differences, on 
the contrary, were found in a case control study 
among National Football League players with an 
acute hamstring injury in time to return to play 
between treatment with PRP and routine rehabili-
tation [51] (Fig. 24.1).

Re-injuries: Nonsignificant risk differences 
between the PRP groups and the control groups 
were reported in the studies in which a clear defi-
nition of re-injury was reported [38, 48, 49, 52, 
53]. Complications due to the treatment, such as 
discomfort at the injection site, hematoma or 
hyperesthesia in the posterior thigh, were reported 
in two studies [48, 49]; however, no significant 
complications risk differences between the PRP 
groups and the control groups were found in the 
latter studies [38] (Fig. 24.2).

Patient-reported outcomes: Regarding the 
pain evaluation during rehabilitation, the results 
are controversial. In a RCT, a lower pain at rest 
and lower resisted motion were reported in the 
PRP group compared with the control group [53]. 
On the other way, no differences were provided 
in a multicentre, randomized, double-blind 
placebo- controlled trial [48]. In a randomized 
trial, no significant differences were reported in a 
subjective score of muscle function (hamstring 
outcome score and satisfaction) between patients 
treated with PRP or isotonic saline injection [49].

Objective evaluation: In two studies the 
effect of treatment with PRP on range of motion 
or flexibility was investigated. While in a RCT no 
differences compared with the control group 
were reported [49], in a comparative study among 
professional athletes, higher ROM in patients 
treated with PRP was found [54]. In the latter 
study, a higher strength in patients treated with 
PRP was provided, but only during the first 
2 weeks. However, no differences between PRP 
and the control group at final follow-up were 
reported in all studies in which muscle strength 
was evaluated [38].
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Regarding the effectiveness of PRP in the 
treatment of acute muscle injuries, a direct cor-
relation between low meta-analysis quality and 
positive results has been demonstrated in the lit-
erature [55]; in a recent systematic review and 
meta-analysis [38], when all the randomized 
clinical trials were considered, return to sport 
was significantly faster in patients who under-
went PRP treatment compared with control 

groups, but this result was not confirmed when 
the analysis excluded unblinded studies.

In summary, the results of the available stud-
ies in the literature suggest that PRP could be an 
effective tool in acute muscle tear treatment, in 
particular with regard to the time to return to 
sport, which resulted significantly shorter after 
PRP application [38]. However, the evidence 
from the available studies with the highest  quality 

RETURN TO SPORT: DOUBLE-BLIND STUDIES ONLY

RETURN TO SPORT: HAMSTRING INJURIES ONLY
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Fig. 24.1 The mean difference for return to sport for PRP and control based on double-blind studies only and studies 
including only hamstring injuries. Data from Grassi et al. [38]
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Fig. 24.2 Pooled risk difference for re-injury (a) and complications (b) for PRP and control interventions. Data from 
Grassi et al. [38]
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[48, 49, 52] does not support the hypothesis that 
the use of a PRP injection promotes muscle heal-
ing and return to sport. These findings do not cur-
rently justify the use of PRP in acute muscle 
tears, but they should be interpreted as a demon-
stration of the need for a larger number of high- 
quality trials, with the purpose to gain more 
insight into the potential for the PRP strategy.

24.5  Other Biological Approaches

24.5.1  Culture-Expanded Stromal 
Cell Therapy

With respect to muscular disorders and tears, the 
concept of transplanting cells with a high regen-
erative capacity as a treatment seems logical, and 
it has been explored in the literature.

Mesenchymal stromal cells (MSCs) are an 
example of such cells. Derived through the isola-
tion and in vitro culture of native stem and pro-
genitor cell populations in connective tissues, 
characterized MSCs share unique attributes that 
are not present in their native counterparts yet can 
maintain attributes uniquely associated with their 
tissue of origin. Like all MSCs, muscle-derived 
stromal cells (MDSCs) possess an inherent abil-
ity for regeneration with in  vitro attributes of 
long-term proliferation suggestive of self-renewal 
and multipotent differentiation. Furthermore, 
MDSCs can be genetically modified to express 
proteins of interest, such as growth factors or 
anti-fibrotic molecules [56]. MDSCs may partici-
pate in muscle regeneration processes with both 
new muscular fibre formation and neurovascular 
supply [57]. Direct intramuscular transplantation 
of MDSCs resulted in a decrease in the fibrotic 
area. However, a considerable amount of fibrosis 
was still noted in murine muscular contusion 
model study [58].

Bone marrow-derived mesenchymal stromal 
cells (BMMSCs) can differentiate and blend with 
myoblast in vitro and may contribute to the mus-
cle healing process [59]. Therefore, the applica-
tion of BMMSCs to facilitate the regeneration of 
defective tissues may be an effective tool for 
treating orthopaedic conditions such as trauma, 

muscle contusion and tears. In a recent murine 
study, increased number of regenerating myofi-
bres and improved fast-twitch and tetanus muscle 
strength were reported in treated muscles after 
BMMSC treatment. However, in the latter study, 
the authors showed a rapid decay of transplanted 
BMMSCs, suggesting a paracrine effect of this 
action [60].

The tissue engineering approach based on 
association between stromal cells, matrix scaf-
fold and signalling molecules, which has been 
developed for articular cartilage regeneration and 
healing of bony defects, may have a role in treat-
ment of severe muscle lesions [61]. The stromal 
cell approach may have a considerable clinical 
potential to treat muscle injuries and represents 
an exciting concept that warrants further devel-
opment and evaluation. However, despite prom-
ising results, the use of stromal cell therapy in 
muscle injuries is still limited, because of lack of 
evidence about its efficacy and safety in humans 
at long-term follow-up.

24.5.2  Glycosaminoglycans

The matrix-based therapy aims at improving 
extracellular matrix remodelling to support tissue 
repair. Glycosaminoglycans, in particular chon-
droitin sulphate (CS) and glucosamine (GlcN), 
have been widely investigated as potential treat-
ment of musculoskeletal diseases and have dem-
onstrated beneficial effects for the treatment of 
osteoarthritis both in preclinical studies and in 
clinical trials. The potential therapeutic effect of 
CS and GlcN has been related to anti- 
inflammatory and anti-apoptotic effects, prevent-
ing the transcription of some cytokines [62, 63]. 
In a preclinical study, the combination of CS and 
GlcN on muscle healing has been associated with 
an increase of intramuscular deposition of CS in 
the injured area, improvement in muscle force 
and growth of regenerating muscle fibres [64].

An analysis of the properties of a single injec-
tion of the clinical grade glycosaminoglycan 
mimetics RGTA® (ReGeneraTing Agents) 
resulted in an increase of the number of myonu-
clei in regenerating myofibres and an increase of 
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capillarization of the new myofibres. These 
results suggested that the glycosaminoglycan 
therapy may have a non-neglectable potential in 
treatment of muscle injuries [65].

24.5.3  Anti-Fibrotic Therapy

The formation of scar tissue can be a mechanical 
barrier against muscle fibre regeneration and 
reinnervation at the site of injury, where the tear 
is localized, not allowing the complete recovery 
of the injured muscle tissue and function. 
Therefore, treatments which counteract fibrotic 
processes have the potential to enhance muscle 
healing. In particular, since TGF-β1 has been 
identified as trigger factor in the development of 
scar tissue by activating fibrotic cascades, anti- 
fibrotic strategies have mainly targeted the TGF- 
β1 pathway [57].

The effect of different anti-fibrotic agents was 
investigated in the literature. However, since no 
clinical trial in human exists, the future step is to 
investigate efficacy and safety of the anti-fibrotic 
therapies in humans, with the purpose, subse-
quently, to use this treatment in the clinical 
practice.

Decorin is a human proteoglycan which has 
been reported to block TGF-β1 action on its 
receptor by binding to TGF-β1 [66]. A significant 
decrease of the amount of fibrosis and enhanced 
muscle healing were reported after direct injec-
tion with decorin compared with a direct injec-
tion with saline [67]. However, it was a murine 
analysis, and large quantities of decorin were 
required in a very small muscle.

Losartan, an antagonist of angiotensin II 
receptor, is thought to reduce fibrosis by inacti-
vating small mother against decapentaplegic- 
receptor (R-SMAD) through the upregulation of 
SMAD7 [68]. Moreover, losartan appeared to be 
associated with increased local expression of fol-
listatin, an angiogenesis stimulator which may be 
able to neutralize several members of the TGF 
family [68]. Oral administration of losartan in 
mice resulted in a decrease of fibrosis and in an 
increase of structural and functional muscle 
regeneration [69].

Suramin competitively binds the TGF-β1 
receptor, with an inhibitory effect on the TGF-β1 
pathway. In in vitro and murine studies analysing 
suramin effects, it provided an antiproliferative 
consequence on fibroblasts, reduced scar forma-
tion and has positive effects on muscle regenera-
tion [70, 71].

Interferon-γ has an inhibitory effect on the 
TGF-β1 pathway by inducing SMAD7 expres-
sion. Intramuscular injection in murine muscle 
tear model resulted in reduced fibrosis and an 
improved muscle healing process [72].

24.5.4  Actovegin

Actovegin is a biological drug with a 60-year his-
tory of controversial use as an injection therapy 
for sports muscle injuries. It is a calf blood depro-
teinized haemodialysate, which contains physio-
logical components, electrolytes and essential 
trace elements, with 30% organic components 
including amino acids, nucleosides, intermediary 
products of carbohydrates and fat metabolites. 
Since it is ultrafiltered to 6000 Da, it does not con-
tain growth factors or hormone-like substances 
[73]. Conflicting opinion have been raised about 
the effect of actovegin, due to a weak scientific 
base and the pressure to deliver cutting-edge treat-
ment in the field of sports medicine. In vitro stud-
ies have suggested that the active ingredients of 
actovegin are involved in glucoplastic energy 
metabolism and the repair metabolism of injured 
muscle tissue, improving the healing of muscular 
cells during post- ischemic metabolic events [74].

In an in  vitro cell injury model, authors 
showed that actovegin improved intrinsic mito-
chondrial respiratory capacity in injured human 
skeletal muscle fibres; the group concluded that 
their findings supported and explained the 
reported ergogenic properties [75]. However, 
results of a previous clinical trial have shown that 
actovegin has no effect on peak aerobic capacity 
in humans in vivo [76].

The results of a recent review of the past 
10 years literature showed that actovegin repre-
sents a safe injectable therapy that has 
 demonstrated some efficacy in treating muscular 
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sports injury, in particular in reducing return-to-
play time, and is unlikely to be ergogenic [74]. 
Despite there have been improvements in the sci-
entific evidence base surrounding actovegin use, 
further expansion and research are warranted to 
fully understand the role of this injective option 
in the treatment of muscle injuries.

24.6  Conclusions

Muscle tears are extremely frequent sports inju-
ries, and their optimal treatment is not well defined. 
The healing process of the muscle requires the 
presence of different cell populations, regulations 
and participation of multiple growth factors. PRP 
and other several emerging approaches have been 
proposed to enhance and accelerate muscle heal-
ing after injury, with promising results in preclini-
cal studies. Among the emerging biological 
approaches for muscle injuries, only PRP has a 
demonstrated safety practice and improved out-
comes reported in RCTs. However, clear evidence 
of clinical efficacy of these innovative biological 
approaches is still lacking.
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Take-Home Messages
• In order to improve the muscle healing 

process and to achieve a quick yet full 
recovery, several orthobiologic 
approaches have been introduced among 
the management options of muscle 
injuries.

• Platelet-rich plasma (PRP) seems to be a 
safe tool in acute muscle tear treatment, 
with some potential in particular with 
regard to the time to return to sport, 
although results are still controversial.

• Promising preclinical results are avail-
able in the literature about other injec-
tive treatments such as mesenchymal 
stromal cells, glycosaminoglycans and 
anti-fibrotic agents.

• Clear evidence of the clinical efficacy of 
the innovative biological approaches in 
muscle tears treatment is still lacking.
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25.1  Introduction

Articular cartilage is a unique avascular and 
aneural tissue that does not readily regenerate 
once damaged [1]. Chondral lesions are common 
knee injuries, showing a high prevalence, reach-
ing as high as 63% in the general population and 
36% among athletes [2–4]. Despite the numerous 
techniques available today, including regenera-

tive techniques, complete healing of damaged or 
degenerated cartilage with the consistent repro-
duction of normal hyaline cartilage is not yet pos-
sible. If left untreated, defects in articular 
cartilage may enlarge and result in further lesions 
in the underlying subchondral bone. Such 
changes can lead to alteration in joint biome-
chanics, as well as homeostasis disturbances in 
the knee as a whole [5, 6]. Thus, considering the 
knee joint as an organ system [7, 8], failure to 
address articular cartilage lesions can affect the 
functioning of the joint. As a consequence, initial 
cartilage injuries can result in chronic disability, 
leading to development of overt osteoarthritis 
(OA) with significant physical limitations and 
decreased quality of life [1, 9, 10].

25.2  Osteoarthritis (OA)

OA is defined as a “serious condition” associated 
with substantial and progressive morbidity. It 
emerges as a condition with urgent needs for 
clinical treatment [11]. Chu et al. [11] stated that 
the twenty-first Century Cures Act dictates provi-
sions to accelerate the development and transla-
tion of promising new therapies into clinical 
evaluation for conditions or diseases with sub-
stantial impact on day-to-day functioning and 
diseases with no satisfactory treatment available. 
Therefore, the main therapeutic purposes of 
addressing needs for OA are to reduce or elimi-
nate pain and to improve joint function [12]. OA 
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is estimated to occur in up to 22.7% of the US 
population [13, 14], and it will continue to be a 
major cause of morbidity and physical limitation 
among individuals older than 40  years, and 
demand for osteotomies and total knee replace-
ment is expected to substantially increase year to 
year [14, 15].

Current conservative therapy for OA is 
directed toward non-pharmacological treatments 
as physical activity through mechanical stimula-
tion and symptomatic treatment, focusing on 
pain management. However, these approaches 
are not able to promote regeneration of degener-
ated cartilage or to attenuate joint inflammation 
in most patients [16]. Pharmacological therapies 
include analgesics and non-steroid and steroid 
anti-inflammatory drugs that provide temporary 
benefit for some but not all patients [17–19]. 
Additionally, conventional conservative therapies 
for OA include physiotherapy, hyaluronic acid, 
platelet-rich plasma, or corticosteroid-based 
intra-articular injections, as well as surgical inter-
ventions such as knee arthroscopic surgery or 
microfracture procedures [20, 21]. Effective 
treatment options remain limited for many 
patients, and progression of such degenerative 
conditions may occur due to failure of conven-
tional nonsurgical therapies, leading to chronic 
pain and disability for daily living activities [11].

It is now well established that OA is a disease 
which affects all joint tissues and is characterized 
by progressive degeneration of the articular carti-
lage, vascular invasion in the deep layer of articu-
lar cartilage, subchondral bone remodeling, 
osteophyte formation, and synovial membrane 
inflammation (synovitis) [22, 23]. Dai et al. [24] 
also stated that the articular inflammatory envi-
ronment is a key factor for the initiation and 
aggravation of cartilage lesions. Accumulating 
evidence suggests that synovial inflammation is 
correlated with the pathogenesis and progression 
of OA [22].

The development of OA involves multiple 
pathological changes, including apoptosis and 
hypertrophy of chondrocytes and activation of 
innate immune cells (mainly macrophages) from 
the synovial membrane [24]. These changes pro-
gressively alter the articular microenvironment, 

which is crucial for the repair of damaged carti-
lage tissues. To effectively treat OA, it is critical 
to develop a multifunctional agent with immuno-
modulatory effects that can diminish the cata-
bolic inflammatory microenvironment and shift it 
toward a more anabolic pro-chondrogenic atmo-
sphere [24]. Endogenous stem and progenitor 
cells in the synovial fluid can be increased by 
inflammation as a response to tissue injury, but 
the quantity of available bioactive cells to repair 
cartilage is likely not sufficient to facilitate effec-
tive repair [15].

25.3  Cell Therapies for Repair 
of Cartilage Lesions and OA 
Damage

Among the various cell therapeutic solutions and 
regenerative techniques, there are two main 
examples: autologous chondrocyte implantation 
(ACI) and mesenchymal stromal cell (MSC)-
based therapy. ACI consists of a two-step proce-
dure involving the arthroscopic harvest of healthy 
cartilage followed by expanded chondrocyte cell 
culture and, in a second step, the implantation of 
the expanded chondrocytes into the defect [25, 
26]. Despite the versatility of second- and third- 
generation ACI, these techniques sacrifice 
healthy cartilage tissue and use dedifferentiated 
chondrocytes arising from in vitro cell culture [2, 
9, 27–30]. Moreover, isolating chondrocytes 
from healthy donor cartilage might also elevate 
risk for infection and morbidity [31]. Also, the 
complete and reliable healing of damaged carti-
lage with consistent reproduction of normal hya-
line cartilage has not yet been achieved with this 
approach [6, 8, 28, 32]. Therefore, continuous 
drug therapies and secondary surgeries, such as 
joint replacement, are common, elevating the 
clinical relevance for new therapeutic approaches 
to facilitate better repair of articular cartilage 
lesions [6, 33]. For these reasons, MSC-based 
approaches have received considerable research 
attention.

Cell populations meeting the criteria for 
MSCs are readily generated from a variety of 
tissue sources through competitive expansion of 
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the mixed tissue-specific connective tissue 
 progenitor (CTP) population in native tissues 
[34–36], resulting in the isolation of cells 
in vitro that are selected based on the most rapid 
and durable proliferation under in vitro culture 
conditions. Culture-expanded MSC populations 
can be characterized with respect to established 
surface markers and shown to exhibit in  vitro 
differentiation into bone, cartilage, and adipose 
tissues (Fig.  25.1). MSC populations are rela-
tively easy to handle; however, batches of MSCs 
often differ significantly between patient donors 
and tissues [36, 37]. They also tend to lose dif-
ferentiation potential, after repeated passages 
in  vitro. MSCs could provide a feasible cell 
therapy option in the clinical practice [1, 6, 19], 
but ongoing work is required to provide auto-
graft or allograft MSC populations with highly 
repeatable and reproducible attributes and bio-
logical potential.

25.4  Mesenchymal Stromal Cells 
(MSCs)

Culture-expanded MSCs may be derived from 
various tissues, such as bone marrow, adipose tis-
sue, dental pulp, and synovial membrane [6, 8, 
30]. The tissue-resident colony-founding CTP 
population that serves as a source material for 
MSC fabrication is a heterogeneous population 
of cells from a diversity of niches and differentia-
tion states, but pericytes embedded in the base-
ment membrane of capillaries are considered to 
be a common source and can be released from 
this tissue niche by enzymatic digestion [11].

Culture-expanded MSC populations meeting 
ISCT criteria have shown to have the capacity to 
modulate immunologic and inflammatory 
response and to stimulate adhesion, migration, 
and proliferation by paracrine effects acting on 
other cells [30, 38]. Like some native CTP popu-
lations, injected MSCs are reported to home to 
damaged tissues and contribute to their repair by 
secretion of cytokines, chemokines, and extracel-
lular matrix proteins [39].

Because of the urgent need for OA treatments, 
practical strategies for a diversity of cell harvest, 

fabrication, and transplantation are being 
explored [11]. For many indications, laboratory 
manipulation and culture expansion are needed 
to isolate and adequately enrich stem and pro-
genitor cell populations, which is not possible 
with minimally manipulated cell preparations 
[11]. Minimally manipulated autogenous cell 
products designed to increase the concentration 
and prevalence of colony-founding CTPs are 
already in clinical use for musculoskeletal indi-
cations and can be considered a “lower-risk” 
treatment. Culture-expanded populations, such 
as MSCs without genetic modifications, carry 
greater risk but can be made available with appro-
priate fabrication strategies and quality controls. 
However, translation of the use of native cell 
populations of cells fabricated using culture 
expansion requires investments in developing 
rigorous clinical indications and well- documented 
evidence of clinical efficacy [11].

25.5  MSCs and the Immune 
System

There is evidence that the therapeutic efficacy of 
MSCs may be attributed in part to the paracrine 
effect of their secreted factors such as growth fac-
tors, cytokines, and extracellular vesicles [40]. It 
has been proposed that culture-expanded human 
MSCs exhibit immuno-tolerance, a paracrine 
capacity, and the ability to repair cartilage lesions. 
Although the number of reported studies is lim-
ited, positive results have been reported in trans-
lational large animal models and preliminary 
clinical findings [8, 41, 42].

During culture expansion, MSCs express low 
levels of human leukocyte antigen (HLA) major 
histocompatibility complex (MHC) class I anti-
gens and do not express co-stimulatory molecules 
(B7–1, B7–2, CD40, or CD40L), so that they 
would not normally activate alloreactive T cells. 
However, they can be induced to express MHC 
class II and Fas ligand. MSCs are also reported to 
inhibit dendritic cell (DC) maturation and B and 
T cell proliferation and differentiation, as well as 
attenuate natural killer (NK) cell killing, and they 
also support suppressive T regulatory cells 
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(Tregs) [39, 43]. For instance, Ankrum et al. [44] 
have shown that culture-expanded MSCs express 
low levels of MHC class I and are negative for 
MHC class II [44]. Several factors in the secre-
tory profile of MSCs have been associated with 
these immune-modulating properties, including 
transforming growth factor beta (TGFb), hepato-

cyte growth factor (HGF), HLA-G, prostaglandin 
(PGE2), IL-10, indoleamine 2,3-dioxygenase 
(IDO), and interferon-gamma (IFNg). More 
recently a role for the notch family member 
Jagged1 in immune modulation was specifically 
attributed to downstream TLR signaling by 
MSCs [39, 45].

a b

c d

e f

Fig. 25.1 All three MSC strains were induced to undergo 
chondrogenic (Alcian blue staining) (a), osteogenic 
(Alizarin Red S staining) (c), and adipogenic (Oil Red O 

staining) (e) differentiation, which showed that these 
strains had mesenchymal origins and maintained multipo-
tentiality, and controls (b, d, and f), respectively
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MSCs can release anti-inflammatory factors, 
potentially reducing synovial inflammation [12]. 
Macrophages are one of key cells in synovial 
inflammation that are present in the synovial lin-
ing of joints and have been shown to play a prom-
inent role in the progression of OA [22]. After 
initial stimulation, undifferentiated M0 macro-
phages acquire a phenotype, ranging from pro- 
inflammatory (M1) to anti-inflammatory (M2) 
[46]. M1 are the “classically activated” macro-
phages associated with high production of pro- 
inflammatory mediators such as nitric oxide 
(NO), TNF-α, IL-6, and IL-12 [43]. TNF-α, 
Oncostatin M (OSM), IL-1β, and IL-6 have been 
identified as some of the key players involved in 
synovial inflammation, with synovial macro-
phages considered to play a prominent role in the 
production of these mediators [47]. The “alterna-
tively activated” macrophages, designated M2, 
are known as wound-healing macrophages and 
participate in tissue repair; the change of M0 
macrophages toward the M2 phenotype in the 
injury lesion may contribute to the repair of the 
damaged articular cartilage [24]. The presence of 
M2 macrophages leads to increases in TGF-β 
levels, a mediator that is a well-known pro- 
chondrogenic cytokine for MSC differentiation 
and expression of cartilage components. In a jux-
tacrine (cell-to-cell contact) and a paracrine man-
ner (through the production of soluble factors), 
MSCs can inhibit the activation of inflammatory 
M1 macrophages and promote their conversion 
to the anti-inflammatory M2 phenotype [16]. 
MSCs are also reported to induce conversion of 
TNF-α and IL-1 producing inflammatory M1 
macrophages into immunosuppressive IL-10 pro-
ducing M2 cells that can attenuate joint inflam-
mation and promote cartilage regeneration [16]. 
Recently, it has been shown that intra-articular 
injection of adipose-derived stromal cells 
(ADSCs) exerts anti-inflammatory and chondro-
protective effects in preclinical models, as well as 
in humans [48, 49].

Overall, these data confirm that MSCs can 
potentially contribute to a more favorable, less 
inflamed local environment via impact on immu-
noregulation in the OA or injured joints, and 
these effects could also improve the potential for 

chondrogenesis. However, these immunomodu-
latory effects can vary from batch to batch of 
MSC fabrication, even from the same patient. 
Given the heterogeneity of the CTP founding cell 
population in individual tissues, greater attention 
has been called to early-stage characterization 
and selection among the potential founding 
clones from which MSCs may be derived. MSC 
attributes are likely influenced by the tissue or 
origin, by the processing to select cells of a par-
ticular niche, as well as by expansion techniques, 
relative purity after expansion, and other measur-
able characteristics of surface markers or func-
tional performance [50, 51].

25.6  Clinical Studies of MSC 
Injection

As mentioned above, MSCs are considered to 
have “immunoprivileged” capacities [52]. 
Therefore, they can be safely injected into either 
autologous or allogenous hosts as a potential 
therapy for OA due to their lack of host immune 
reactivity [52]. Many orthopedic surgeons feel 
that intra-articular (IA) injections of MSCs can 
be considered to be an efficient and minimally 
invasive therapy, concentrating and retaining 
cells in the confined space [53].

Satué et al. performed IA injections of MSCs 
in the knee and reported that MSCs remained in 
the synovial cavity, engrafted within the cartilage 
lesion, and were detectable up to 1 month post- 
injection; and no adverse effects after the injec-
tion were observed [53]. Other authors reported 
that MSCs were detectable in the knee joint at 
3 months [54], 8 weeks [55], and 14 days after 
implantation in animal studies [56].

Clinical trials are the ultimate research tool 
with real patients that can confirm or refute the 
value of these new therapies [38]. Recently, some 
clinical trials demonstrated that MSC injections 
yield beneficial outcomes for patients with OA 
[38]. Moreover, results of preclinical and clinical 
studies have provided preliminary evidence for 
the safety and efficacy of MSCs in the treatment 
of OA.  Nevertheless, there is still uncertainty 
regarding the magnitude, reliability, and repro-
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ducibility of the clinical effectiveness of cell 
therapy injections, including culture-expanded 
MSCs [12, 57].

The latest available meta-analysis from 2020 
published by Huang et al. [12] included nine ran-
domized clinical trials (RCTs) involving 399 
patients, 203 patients in the stromal cell therapy 
group and 196 patients in the control group [12]. 
Changes in VAS and IKDC scores from baseline 
to 24  months were superior in the cell-treated 
group. Huang et  al. [12] showed that in three 
studies good clinical results were reported with 
the injection of approximately 20 × 106 culture- 
expanded cells. The changes in IKDC score at 
24 months were higher in the cell-treated group 
than that in the control group. The authors con-
cluded that treatment with MSCs is effective in 
preventing or limiting the progression of OA at 
an early stage. Huang et al. also pointed out that 
patients with knee OA at the moderate and late 
stages may not benefit from MSC injection ther-
apy, and tissue engineering methods using a scaf-
fold may be needed to repair large cartilage 
defects associated with overt knee OA [12]. 
High-quality, large-scale RCTs will be required 
to verify this hypothesis. Available reviews also 
highlighted the wide variation in methodology 
and the fact that cell therapy approaches and 
methods for MSC fabrication and characteriza-
tion were quite heterogeneous. There is a need 
for standardization, and future studies will need 
to make far greater investment in rigorous char-
acterization and documentation of the cell popu-
lations being injected.

Kim et al. [15] included in their meta-analysis 
a total of five RCTs (220 patients). Four of five 
studies were performed with bone marrow- 
derived MSCs, and one study was performed 
with adipose-derived stromal vascular fraction 
(SVF) containing unselected and uncharacterized 
adipose-derived cells. Two studies reported that 
MSCs, delivered in a concentration of 1.4–
110 × 107 cells, led to significantly improved pain 
scores, including VAS scores and cumulative 
assessment of pain scores, as well as significant 
improvement in functional outcomes (Lysholm 
knee scale) and in cumulative period WOMAC 
function score in the short term of 12 or 24 months 

in patients with OA.  Conversely, there was no 
significant difference in cartilage repair assessed 
by MRI.  Therefore, this meta-analysis demon-
strated that intra-articular MSCs have a limited 
evidence in pain relief and functional improve-
ment in knee OA, but it does not support the use 
of intra-articular MSCs for improving cartilage 
repair in knee OA.

Yubo et al. [20] included 11 eligible trials in 
their meta-analysis on 582 patients with knee 
OA. Studies were eligible for inclusion if (1) they 
were published RCTs in humans of MSC trans-
plantation therapy for patients with knee OA, (2) 
the patient’s detailed information was reported 
both prior to and after therapy, and (3) the study 
enrolled ten or more patients. They concluded 
that MSC treatment significantly decreased VAS 
and increased IKDC scores after a 24-month fol-
low- up in comparison with the control group. 
MSC treatment led to significant decreases in 
WOMAC and Lequesne scores after 12 months. 
Analysis of Lysholm (24-month) and Tegner (12- 
and 24-month) scores also demonstrated favor-
able results for MSC treatment. These authors 
concluded that MSC transplantation was safe and 
had therapeutic potential for patients with knee 
OA.

Chahla et al. [57] included six eligible trials in 
their meta-analysis, consisting of 300 knees. The 
analysis revealed that IA cellular therapy injec-
tions for OA and focal cartilage defects suggested 
positive results with respect to clinical improve-
ment and safety. However, a placebo effect can-
not be disregarded. The methodological quality 
was fair, even among level II and III studies. 
Effective clinical assessment and optimization of 
injection therapies will demand greater attention 
to study methodology, including blinding, stan-
dardized quantitative methods for cell harvesting, 
processing, characterization and delivery, and 
standardized reporting of clinical and structural 
outcomes.

Finally, Xia et al. [19] evaluated 7 randomized 
and controlled clinical trials, studying a total of 
314 participants with a diagnosis of knee 
OA.  Results from two high-quality trials (94 
patients) showed a positive effect of MSC injec-
tion on pain scores, and the authors also con-
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cluded that MSCs may improve physical function 
in patients with knee OA post-injection at 3, 12, 
and 24 months (Table 25.1).

25.7  Lessons from Preclinical 
Animal Studies

Muhammad et al. performed a meta-analysis of 
59 animal model studies that utilized stem/stro-
mal cells, showing a significant improvement of 
266% for cartilage formation in the MSC groups 

in comparison to control values. MSCs were 
capable of producing cartilage-like tissue with a 
matrix under appropriate culture conditions. 
Macroscopic, magnetic resonance imaging, and 
histological evaluations of aggrecan and collagen 
type 2 were the main outcome measures used to 
investigate cartilage regeneration. Nevertheless, 
they observed a significant regression of the 
stem/stromal cell effect on articular cartilage res-
toration at long-term follow-up, and a risk of bias 
due to poor reporting for most studies was noted. 
The authors suggested that a checklist such as the 

Table 25.1 Meta-analyses of randomized and non-randomized comparative studies using MSCs for osteoarthritis and 
cartilage lesions in humans

Author Year Journal Level of evidence Studies
N 
(knees) Conclusion

Huang 
et al. 
[12]

2020 Medicine Not mentioned 
(only RCTs)

9 339 Stem cell therapy is superior to traditional 
treatments in the conservative treatment of 
knee OA; reduces pain with no obvious 
additional side effects

Kim 
et al. 
[15]

2019 Archives of 
Orthopaedic 
and Trauma 
Surgery

II 5 220 Intra-articular MSCs have a limited 
evidence in pain relief and functional 
improvement in knee osteoarthritis

Ha 
et al. 
[58]

2018 Arthroscopy III 17 499 Intra-articular MSCs provide 
improvements in pain and function in knee 
osteoarthritis at short-term follow-up 
(<28 months) in many cases. Some efficacy 
has been shown of MSCs for cartilage 
repair in osteoarthritis

Yubo 
et al. 
[20]

2017 PLoS one Not mentioned 
(non-randomized 
studies included)

11 528 MSC transplantation treatment was shown 
to be safe and has great potential as an 
efficacious clinical therapy for patients 
with knee OA

Chahla 
et al. 
[57]

2016 Journal of Bone 
and Joint 
Surgery

Level III 6 300 Cell injection leads to positive results with 
respect to clinical improvement and safety. 
However, the improvement was modest, 
and a placebo effect cannot be disregarded. 
The overall quality of the literature was 
poor, and the methodological quality was 
fair, even among level II and III studies

Xu 
et al. 
[59]

2015 Cytotherapy Not mentioned 
(randomized and 
non-randomized 
comparative 
studies)

11 3558 Assessment of the comprehensive 
evaluation index indicated that there were 
no significant differences after stem cell 
treatment. However, assessment of clinical 
symptoms and cartilage morphology 
showed significant improvement after 
stromal cell treatment 

Xia 
et al. 
[19]

2015 International 
Orthopaedics

Not mentioned 
(randomized and 
non-randomized 
comparative 
studies)

7 314 MSC injection could be potentially 
efficacious for decreasing pain and may 
improve physical function in patients with 
knee OA

RCT Randomized clinical trials, OA Osteoarthritis, MSCs Mesenchymal stromal cells
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Animal Research: Reporting of In Vivo 
Experiments (ARRIVE) guideline should be 
strongly recommended as the gold standard for 
future studies in this area [60].

25.8  One-Step Approaches

25.8.1  Bone Marrow Aspirate 
Concentrate (BMAC)

Due to the limited evidence and complexity of 
cultured cell-based strategies, more attention has 
been recently paid toward the use of cell concen-
trates. In fact, the “minimal manipulation” meth-
ods are becoming a popular strategy to exploit 
the potential of MSCs directly on-site in a one- 
step treatment, reducing the duration and costs of 
these approaches. Two main treatment modalities 
have emerged as “minimally manipulated” strate-
gies, based on bone marrow aspirate concentrate 
(BMAC) and adipose-derived products [61, 62].

BMAC is commonly obtained through density 
gradient centrifugation of bone marrow aspirate, 
usually collected from the posterior or anterior 
iliac crest. This technically easy process allows to 
obtain directly in the operating room a product 
containing entire bone marrow niches with 
MSCs, hematopoietic precursors, monocytes, 
and endothelial cells, as well as a great array of 
soluble factors [63, 64]. Thanks to the proprieties 
offered by the high amount of cells and bioactive 
proteins, BMAC may present the potential to 
alter the disease course and not just to decrease 
pain [65]. Despite the still limited preclinical evi-
dence, BMAC use is growing exponentially in 
the clinical practice for several orthopedic proce-
dures, including the injective treatment of OA 
[61]. The available clinical studies evaluating the 
use of BMAC to address OA investigated mainly 
the knee injective treatment, while only few stud-
ies focused on shoulder, hip, or ankle OA. Several 
studies confirmed the safety and effectiveness of 
BMAC for OA symptom management, although 
with an overall low quality of evidence [61]. The 
few comparative studies in the literature were not 
able to prove the superiority of BMAC over the 
other IA options, and in the only available pla-

cebo controlled blinded RCT, BMAC did not 
show superiority over saline at 12 months of fol-
low- up [66]. On the other hand, IA BMAC injec-
tions combined with platelet products 
demonstrated better results than exercise therapy 
in a comparative study on knee OA patients at 
24 months of follow-up [67].

A new application has been recently proposed 
to further exploit the potential of BMAC by tar-
geting the subchondral bone, which is commonly 
involved in the OA processes [68]. The subchon-
dral application of BMAC provided promising 
clinical results in several preliminary studies on 
knee OA.  Subchondral BMAC injections in 30 
young patients with knee OA secondary to osteo-
necrosis showed similar results compared with 
total knee arthroplasty (TKA), with a lower com-
plication rate and a quicker recovery [68]. In a 
similar study, 140 patients with a mean age of 
75  years and who planned to undergo staged- 
bilateral TKA for medial knee OA were treated 
with subchondral BMAC injections on one side 
and with TKA on the other side [69]. The authors 
reported that subchondral BMAC provided a suf-
ficient effect on pain to post-pone or avoid TKA 
up to 15 years of follow-up, with only 25 patients 
requesting TKA in joints treated with BMAC. In 
a recent RCT, Hernigou et al. demonstrated the 
superiority of subchondral BMAC injections 
over IA BMAC injections in 60 patients with 
bilateral knee OA, showing in the subchondral 
group higher clinical and MRI improvements at 
24 months of follow-up and a lower yearly arthro-
plasty incidence [70].

Several authors investigated the factors that 
can potentially influence BMAC efficacy, such as 
harvest site, patient age, and injection schedule. 
The harvest site may play an important role for 
the obtained product, with a major number of 
MSCs isolated from the pelvis rather than the 
knee (distal femur or proximal tibia), even though 
the two sites did not demonstrate a significant 
difference in the phenotype of the isolated cells 
[71]. Moreover, the bone marrow aspirate har-
vested from the posterior iliac crest showed a 
high number of colony-founding connective tis-
sue progenitors compared to the anterior iliac 
crest [72]. Patient age also seems to influence the 
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quality and quantity of MSCs contained in 
BMAC, with some authors reporting an age- 
related reduction in the absolute number of MSCs 
and a decrease of their proliferative and differen-
tiative capacity [73, 74]. Regarding the injection 
schedule, multiple injections provided better 
results than a single injection for the treatment of 
patients with hip OA, reporting additional benefit 
with each subsequent treatment [75]. Moreover, 
there are several commercial systems suitable for 
obtaining BMAC, with some differences such as 
the starting bone marrow aspirate volume, the 
centrifuge devices, and other methodological dif-
ferences, leading to products not always similar 
in terms of progenitor cell number, platelet count, 
or growth factors and cytokine concentrations 
[76, 77]. Due to the lack of standardization of the 
procedure and the limited preclinical and clinical 
evidence, many controversies remain on the real 
effectiveness of BMAC, and further high-level 
studies are needed to better understand the poten-
tial of this product for the treatment of cartilage 
degenerative lesions and OA.

25.8.2  Stromal Vascular Fraction 
(SVF) and Micro-Fragment 
Adipose Tissue (MFAT)

Adipose-derived products have been recently 
proposed as a promising alternative for the treat-
ment of OA, thanks to the advantages provided 
by adipose tissue over other MSC sources. In 
fact, adipose tissue is abundant, easily accessible, 
and obtainable with a mini-invasive procedure 
that makes available a high number of cells and 
pericytes (precursors to MSCs) [78, 79]. Adipose 
tissue can be processed at the point of care into 
cell suspensions, producing the SFV, or as micro- 
fragments, producing the micro-fragmented adi-
pose tissue (MFAT).

SVF is generally obtained with an enzymatic 
method, which consists of digesting the lipoaspi-
rate with collagenase to break down the matrix 
and release the MSCs and other cells. 
Subsequently, the collagenase is removed by 
dilution and washing, followed by centrifugation 
[80]. Preclinical studies showed the safety, feasi-

bility, and effectiveness of SVF application for 
the treatment of degenerative cartilage lesions 
and OA joints, with better improvement in the 
quality of cartilage with respect to control groups 
[81]. Clinical studies focusing on intra-articular 
SVF injection reported improvement in pain and 
functional outcome scores, with a low rate of 
adverse events, in patients with knee OA, 
although the majority of studies are case series 
without a comparative arm [80]. A recent double- 
blind placebo-controlled RCT on 39 patients 
with knee OA showed a statistically significant 
improvement in the SVF group compared to the 
saline group, although magnetic resonance 
images did not reveal changes in cartilage thick-
ness after treatment [82]. Moreover, IA SVF 
demonstrated better clinical and imaging results 
at 12 months compared to hyaluronic acid in an 
RCT on 32 OA knee [83]. Nevertheless, these 
studies investigated only small sample sizes, and 
thus further studies are needed to elucidate the 
real therapeutic potential of SVF.

On the other side, MFAT approach gained 
increasing interest in clinical practice, since it is 
obtained through a simple, minimal mechanical 
manipulation that determines a progressive reduc-
tion in the size of adipose tissue clusters with the 
elimination of oil and blood residue [84]. MFAT 
has the advantages in providing a high amount of 
cells and growth factors, without expansion or 
enzymatic treatment, and preserving the integrity 
of cell and tissue microarchitecture [85]. In par-
ticular, MFAT well preserves the stem cell 
“niche,” maintaining the biologically intact struc-
ture of the junctions between cells and saving the 
basal extra-cellular matrix proteins, which also 
showed to counteract inflammation [86]. In vitro 
studies showed the benefits of this approach, dem-
onstrating a higher qualitatively and quantita-
tively secretion of growth factors and cytokines 
involved in tissue repair compared to the enzy-
matic methods [87, 88]. Moreover, MFAT con-
tains a significantly higher concentration of 
exosomes secreted by MSCs compared to the 
enzymatic method, suggesting a better preserva-
tion of the paracrine potential of adipose MSCs 
and thus their efficacy [89]. A recent in vivo pre-
clinical study revealed more promising results in 

25 Cartilage Lesions and Osteoarthritis: Cell Therapy



310

terms of protection of the articular surface from 
the joint degenerative OA processes in rabbits 
treated with MFAT compared to those treated 
with SVF or expanded ADSCs [90]. Promising 
preclinical results were also confirmed by clinical 
studies focused on patients with knee OA, where 
IA MFAT produced a low number of adverse 
events and a significant improvement in pain, 
function, and quality of life [91, 92]. Despite the 
growing number of clinical studies focusing on 
IA MFAT injections for knee OA, high-level stud-
ies comparing the MFAT effectiveness with other 
injectable products are still limited. Therefore, 
further studies are needed to justify MFAT use in 
the clinical practice to treat OA joints.

25.9  Conclusions

To effectively address OA, it is of critical impor-
tance to not only control articular inflammation 
but also improve the local microenvironment to 
support chondrogenesis and prevent chondro-
cytes from OA-associated apoptosis and hyper-
trophy. Thus, it is important to diminish the 
catabolic environment and promote an anabolic 
environment in the joint in order to enhance the 
effectiveness of additional interventions. 
Injectable cell therapies with culture-expanded 
MSCs or minimally manipulated concentrates 
are therapeutic approaches that may influence the 
immunologic system and exert a regulatory effect 
on the local inflammatory responses to promote a 
pro-chondrogenic and anti-inflammatory polar-
ization of innate immune cells. This may be use-
ful for the treatment of cartilage defects and OA.
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26.1  Introduction

Degenerative cartilage lesions are a debilitating 
disease, often resulting in fibrillation and subse-
quent degradation of the surrounding articular 
surface, possibly involving the subchondral bone 
as well and, in the end, leading to the develop-
ment of osteoarthritis (OA) [1]. OA affects more 
than 10% of the world population aged 60 years 
or older and represents one of the major causes of 
disability worldwide, with a massive impact on 
society both in terms of quality of life for the 
individuals and high costs for the healthcare sys-
tem [2]. Knee, hip, fingers, and the lower spine 
region are frequently affected by the occurrence 
of OA, inducing chronic pain, inflammation, and 
stiffness. Although commonly referred to as a 
“wear and tear” disease, OA may be initiated by 
various mechanisms of onset or conditions, 
involving complex interactions between genetic, 
metabolic, biochemical, and biomechanical fac-
tors, all favoring the disease progression [3]. 

Regardless from its etiology, these processes 
result in a common endpoint evolving toward 
symptomatic and advanced OA. Despite the pos-
sibility of a timely diagnosis of early knee OA, 
the conservative treatments currently used, 
including physiotherapy, anti-inflammatory, and 
anti-pain medications, have modest and short- 
lasting efficacy, and are not able to delay or inter-
rupt its evolution [1]. For this reason, the demand 
for knee replacement is high and continuously 
growing. However, whereas the surgical approach 
can provide a high success rate and satisfaction 
for older patients, high functional request and 
longer life expectancy of young patients are an 
issue for joint arthroplasty.

In this context, biological approaches recently 
emerged as a promising option to treat articular 
degenerative defects and early knee OA stages, 
aimed at reducing symptoms, restoring a satisfac-
tory knee function, and possibly preventing OA 
progression and delaying the need for metal 
resurfacing of the damaged articular surface. 
Numerous products developed for intra-articular 
treatment are currently applied in the clinical 
practice, ranging from corticosteroids and visco-
supplementation to the new orthobiologic solu-
tions including platelet concentrates.

Intra-articular injections of corticosteroids, 
first described in 1951, are still considered to be a 
cost-effective strategy among non-invasive OA 
treatments [1]. The rationale for using intra- 
articular corticosteroids in knee OA lays on their 
anti-inflammatory and immunosuppressive 
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effects through a complex multiplicity of actions. 
In fact, corticosteroids act directly on nuclear ste-
roid receptors and interrupt the inflammatory and 
immune cascade at several levels: the mecha-
nisms involve the reduction of pro-inflammatory 
and pain mediators, including bradykinins, hista-
mine, leukotrienes, prostaglandins, and the inhi-
bition of mononuclear cell adhesion. 
Corticosteroids also attenuate the effects of IL-1 
and TNF-α and inhibit metalloproteases and 
immunoglobulin synthesis [3]. The prolonged 
concentration of corticosteroids in the synovial 
fluid confers the maximum anti-inflammatory 
effect locally while minimizing the risk of sys-
temic exposure and potential adverse side effects 
[1]. The inflammatory nature of OA is known 
even in early OA stages and is linked to symp-
toms and structural progression of the disease, 
thus supporting the role of corticosteroids. 
However, corticosteroids also showed anti- 
anabolic effects on healthy cartilage, due to the 
upregulation of aggrecanases, collagenases, and 
metalloproteinases and the reduction of lubricin, 
raising questions about their potential to damage 
the cartilage joint surface, especially in early OA 
degrees [3].

A completely different rationale characterizes 
viscosupplementation, based on the physiologic 
importance of hyaluronic acid (HA) in the syno-
vial fluid. In fact, HA is a glycosaminoglycan 
commonly present in the joint, secreted by type 
B synoviocytes, chondrocytes, and fibroblasts, 
with a natural protective function for the articu-
lar cartilage due to its viscoelastic properties [4]. 
Synovial fluid with normal HA concentration 
acts as a viscous lubricant during slow joint 
movements and as an elastic shock absorber dur-
ing rapid joint movements [5]. HA concentration 
ranges from 2.5 to 4.0  mg/mL in the normal 
adult knee. However, the amount of HA is 
reduced in an osteoarthritic knee joint, and its 
molecular weight has been found to decrease by 
as much of 33–50% [6]. For this reason, the 
intra-articular HA administration in OA joints 
was clinically introduced in 1974 [7], with the 
aim to restore the natural protective functions of 

HA by increasing synovial fluid elasticity and 
viscosity. Moreover, HA seems to be character-
ized by further mechanisms able to reduce pain 
and improve function in OA patients, including 
the inhibition of tissue nociceptors, the stimula-
tion of endogenous HA, as well as chondropro-
tective effects through the inhibition of 
metalloproteinases activity and direct anti-
inflammatory effects through the suppression of 
the production of pro-inflammatory mediators 
[8]. Nevertheless, there is still no evidence 
clearly supporting that viscosupplementation 
influences the natural progression of knee OA.

In order to address and reverse the underly-
ing disease processes of knee OA, many research 
efforts have been made in the field of blood 
derivatives. In particular, platelet-rich plasma 
(PRP) has gained increasing attention due to the 
high concentrations of cytokines and growth 
factors (GFs) stored in platelet α-granules, 
which showed to take part in the homeostasis of 
articular cartilage being involved in both heal-
ing process and immunoregulation. These bio-
logically active proteins seem to be able to 
influence and promote a favorable joint environ-
ment, favoring the restoration of a homeostatic 
balance in degenerative joints [9]. In vitro stud-
ies investigating the effect of PRP on chondro-
cytes showed various and heterogeneous 
mechanisms of action, including the increase of 
the chondrocyte proliferation rate, the matrix 
production stimulation, and the inflammation 
modulation [10]. Moreover, an analgesic effect 
of PRP was also shown, possibly by modulating 
cannabinoid receptors in chondrocytes [10]. 
PRP may also significantly enhance synovio-
cyte HA secretion and switch synovial angio-
genesis to a more balanced status [11]. Besides 
the biological rationale, current preclinical evi-
dence further supports the role of PRP in modu-
lating the intra-articular environment by 
counteracting inflammation in degenerative 
joint diseases. After an initial pro-inflammatory 
action, with the stimulation of synoviocytes to 
release metalloproteinases and cytokines, a fol-
lowing phase of modulation and reduction of the 
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inflammatory response has been demonstrated, 
contrasting the chemotaxis of monocyte-like 
cells and decreasing pro-inflammatory cyto-
kines [12]. Based on this evidence, it is impor-
tant to underline that the main PRP intra-articular 
effect may not be a direct promotion of tissue 
regeneration, but it may rather act through its 
different bioactive molecules by affecting tissue 
homeostasis, slowing down the inflammatory, 
catabolic, and degenerative processes, thus 
offering benefits in terms of symptom relief and 
functional improvement.

26.2  Clinical Evidence

26.2.1  Corticosteroids

Corticosteroids are the most common product 
used for the intra-articular treatment of joint 
degeneration/inflammatory processes. There are 
different formulations of corticosteroids that can 
be administered into the joint space, including tri-
amcinolone, betamethasone, and methylpredniso-
lone [13]. A systematic review on the comparative 
efficacy of various intra-articular corticosteroids 
found a limited number of studies focused on 
knee OA, without a clear superiority of one type 
over the other corticosteroids [14]. Corticosteroid 
injections can be further combined with local 
anesthetics, such as lidocaine and bupivacaine. 
The common use of this intra-articular approach 
in the clinical practice is favored by the ease of 
use, low cost, and overall safety with a low com-
plication rate. To this regard, a post-injection 
flare-up of pain can occur in 2–25% of patients 
and last for a few days [15]. Joint infection is a 
possible rare complication; a non-negligible 1 in 
3000 incidence of arthroplasty infections after the 
use of steroid injections has also been suggested 
[16]. This may be linked to the steroid-induced 
decrease in inflammatory response and subse-
quent local immunosuppression. In this light, 
contraindications to steroid injections are the 
presence of soft tissue infection, injured skin at 
the injection site, or the suspect of joint infection. 

Systemic side effects of intra-articular corticoste-
roids are rare and include elevated blood pressure, 
hyperglycemia, and alterations in mood and 
energy. Therefore, there should be caution for ste-
roid administration in diabetic people and patients 
with hypertension [17].

Corticosteroids may be indicated after failing 
of conservative measures, non-steroidal anti- 
inflammatory drugs (NSAIDs) and acetamino-
phen, especially in knee OA with a significant 
synovitis component [18]. In these cases, the 
anti-inflammatory role of corticosteroids may 
provide moderate improvement in pain and func-
tion. However, the duration of the effects of this 
injective treatment is limited, with a quick onset 
of action, typically within 24  h, but a benefit 
wearing off generally within 1–24  weeks [19]. 
Several studies suggested some prognostic fac-
tors for the response to corticosteroid injections, 
including the presence of knee effusion and less 
radiographic evidence of OA.  Conversely, obe-
sity, chronic medical problems, and a sedentary 
lifestyle are negative predictors of response to 
intra-articular corticosteroids [20]. Considering 
the short-term benefits, clinicians often repeat 
steroid injection after a few weeks. Nevertheless, 
repeated use remains controversial, and some 
researchers suggest to use them no more than 
once every 3  months [18], since intra-articular 
steroids might facilitate tissue atrophy, joint 
destruction, and cartilage degeneration. 
Therefore, their use should be used with particu-
lar caution in the early stages of OA, where it 
should be indicated especially for cases with evi-
dence of synovitis. Long-term benefits have not 
been confirmed, and studies dealing with the 
long-term complications of intra-articular injec-
tions have reported contradictory findings, often 
in association with an increased risk of knee OA 
progression [21]. In this regard, in a recent saline- 
controlled, double-blind RCT in 140 knee OA 
patients with ultrasound-documented synovitis 
receiving an intra-articular injection of 40 mg of 
triamcinolone every 3  months, MRI revealed a 
significantly greater cartilage volume loss in 
patients treated with steroid injections [22]. On 
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the other hand, intra-articular corticosteroid 
injections in knee OA patients showed a signifi-
cantly larger short-term pain reduction compared 
to placebo in a meta-analysis of RCTs, especially 
in patients with severe knee pain at baseline [23]. 
Considering these controversial findings, recom-
mendations for corticosteroids in knee OA vary 
along different organizations. The American 
Academy of Orthopaedic Surgeons (AAOS) is 
unable to recommend for or against the use of 
intra-articular corticosteroids for patients with 
symptomatic knee OA [24]. Conversely, the 
Osteoarthritis Research Society International 
Guidelines (OARSI) recommended intra- 
articular corticosteroids for short-term analgesia 
as second line after maximizing physiotherapy, 
but physicians should consider other treatments 
for long-term management of OA [25], while the 
European Society for Clinical and Economic 
Aspects of Osteoporosis, Osteoarthritis and 
Musculoskeletal Diseases (ESCEO) suggests the 
intra-articular use of corticosteroids only in knee 
OA patients with an acute inflammatory flare 
[26]. Finally, the American College of 
Rheumatology (ACR) recommended intra- 
articular corticosteroid injections for patients 
with knee OA while underlining insufficient data 
to judge the choice of preparations or doses [27].

26.2.2  Hyaluronic Acid

The intra-articular administration of HA in the 
management of knee OA is widely used, with the 
aim to improve the biomechanical function of the 
osteoarthritic knee by replacing the reduced HA 
and to promote pain management thanks to its 
physicochemical properties. There are more than 
80 marketed intra-articular HA preparations 
worldwide, differing for many characteristics 
such as origin (natural or bacterial fermentation), 
mean molecular weight (MW) (500–6000 kDa) 
and MW distribution, molecular structure (linear, 
cross-linked, and a mix of both), method of cross- 
linking, sterilization process (heat or ultra- 
filtration), concentration (0.8–30  mg/mL), 

volume of injection (0.5–6.0 mL), and posology 
[28]. Moreover, some of the preparations include 
different concentrations of additives, such as 
mannitol, sorbitol, or chondroitin sulfate [28]. 
While each of these parameters may theoretically 
have an impact on the effect of the intra-articular 
HA treatment, research mostly focused on the 
potential differences resulting from the MW of 
HA.  In fact, HAs available for intra-articular 
injections are grouped into three MW categories: 
low (500–800  kDa), intermediate (800–
2000 kDa), and high (2000–6000 kDa), the latter 
including cross-linked formulations of HA [28]. 
Preclinical studies suggested distinct mecha-
nisms of action among HA products of different 
MW.  In particular, higher MW HAs could pro-
vide superior chondroprotective, proteoglycan/
glycosaminoglycan synthesis, anti-inflammatory, 
mechanical, and analgesic effects [29]. On the 
other side, some researchers suggested a greater 
cellular effect for lower MW HA, which could 
have an enhanced penetration through the extra-
cellular matrix of the synovium, thus maximizing 
its concentration and facilitating its interaction 
with target synovial cells [30]. Despite preclini-
cal evidence, the current literature does not pro-
vide consensus regarding differences in terms of 
clinical efficacy between low and high MW HA 
[31, 32], although some comparative studies and 
systematic reviews suggested that high MW HA 
might provide overall greater therapeutic benefit 
than low MW HA in the treatment of knee OA 
[24, 33]. These results are probably due to the 
mechanical properties of high MW HA, espe-
cially the cross-linked types, which have superior 
stability and lower degradation compared to low 
MW HA, remaining longer in the joint to pro-
duce the desired therapeutic effect [34]. 
Nevertheless, cross-linked HA showed more 
severe immunological responses, causing most 
frequently an inflammatory soft tissue reaction 
[35]. Regarding the HA origin, HAs derived from 
biological fermentation demonstrated to provide 
an advantageous safety profile over HAs pro-
duced through the extraction of avian-derived 
molecules, which reported injection site flare-ups 
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driven by avian-derived proteins [33], while it is 
not clear if the different product origin may lead 
to a different efficacy [36].

Many formulations of HA are available, rang-
ing from a single injection to a series of up to five 
injections per treatment, with 1-week intervals 
[37]. The different efficacies between single and 
multiple HA injection formulations remain con-
troversial. A recent systematic review evaluated 
11 studies comparing single- with multiple- 
injection formulations of HA for the treatment of 
knee OA, reporting no consistent difference in 
patient-reported outcomes between different 
treatments. Furthermore, five-injection formula-
tions were not superior to three-injection formu-
lations [38]. Conversely, a previous meta-analysis 
showed that 2–4 and ≥5 injection regimens pro-
vided pain relief over intra-articular saline, while 
the single injection did not [37]. Regardless of 
these controversial findings, single-injection 
schedules are more attracting and show a grow-
ing interest, including the new reticulated HA 
derivatives which should have longer joint resi-
dence. Reducing the number of administrations 
per treatment cycle can reduce the risks related to 
this injective treatment, which is particularly 
important also considering that, due to the short- 
term efficacy, patients often undergo repeated 
injection cycles after 6 months if they are satis-
fied with the previous injection course. Still, 
overall the use of intra-articular HA injection in 
patients with symptomatic knee OA is considered 
well tolerated. In a recent meta-analysis involv-
ing more than 8000 knee OA patients, no differ-
ences were demonstrated in the risk of serious 
adverse events for HA compared with intra- 
articular saline, although patients treated with 
HA reported an increased risk of non-serious and 
transient local reactions [39]. The most common 
local reactions reported in this large population 
were injection site pain, arthralgia, joint swelling, 
and effusion, which subsided within 2–3 days in 
most instances.

Evidence supporting HA efficacy showed a 
1–4  weeks later onset than corticosteroids, but 
the benefit was maintained for up to 6 or even 

12 months [40]. A recent meta-analysis evaluated 
12 RCTs comparing the efficacy of intra-articular 
HA versus corticosteroids in knee OA patients 
and demonstrated that clinical benefits were bet-
ter in the corticosteroid group at 1 month, similar 
between the two treatments at 3  months, while 
HA showed more effectiveness at 6 months [41]. 
Differently from corticosteroids, in acute inflam-
mation with severe effusion, viscosupplementa-
tion is not indicated. Synovitis impairs the 
efficacy of HA, by dilution of HA in the effusion 
fluid and even more due to enzymes and oxidants 
(hyaluronidases, free radicals) degrading the HA 
chains. In this light, acute episodes should be 
treated before with either NSAIDs or corticoste-
roids, postponing HA treatment to a less inflam-
matory phase [40]. Femoro-tibial OA seems the 
ideal indication, while in femoro-patellar OA vis-
cosupplementation appeared less effective, with 
a response rate of around 50% [42]. Moreover, 
current literature demonstrated that intra- articular 
HA is more effective in the earlier stages of knee 
OA, as opposed to being employed as a later 
stage treatment [43]. A recent systematic review 
and meta-analysis demonstrated that intra- 
articular HA provided statistically significant 
pain relief compared to saline injections only for 
patients with early-moderate knee OA, with no 
increase in the risk of treatment-related adverse 
effects, up to 6 months post-injection. Conversely, 
intra-articular HA demonstrated no benefit over 
controls in the late OA subgroup and was associ-
ated with significantly greater treatment-related 
adverse events [44]. This aspect may explain the 
controversial results of the literature on the supe-
riority of HA over saline [45, 46], as some studies 
included a considerable proportion of patients 
with end-stage knee disease, which might have 
impaired the potential benefit of HA.  In this 
regard, in a recent cost analysis, intra-articular 
HA injections, especially the high MW formula-
tions, demonstrated cost-effectiveness when 
compared to conservative treatment options (oral 
NSAIDs, braces and orthosis, physical therapy) 
in patients with early/mid-stage knee OA, while 
the cost-effectiveness of high MW HA in patients 
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with later-stage knee OA was not as apparent, 
due to the reduction in response to intra-articular 
HA treatment in these particular patients [47]. 
Despite the different effectiveness in patient sub-
populations, an overall benefit has been sug-
gested by some researchers, underlying a possible 
role of HA in delaying knee arthroplasty in 
patients with knee OA, as demonstrated in large 
retrospective studies where large percentages of 
the patients who underwent multiple courses of 
HA injection presented considerably longer times 
to knee replacement [48–50].

Regardless of the large body of literature and 
despite being approved by the Food and Drug 
Administration (FDA) in 1997, the use of intra- 
articular HA for the treatment of knee OA 
remains controversial because of the conflicting 
data regarding its efficacy of different meta- 
analyses. This is reflected by the varying recom-
mendations reached by each society for OA 
management. In fact, current guidelines such as 
AAOS and ACR are conflicting and overall not 
supporting the use of HA [24, 27]. Nevertheless, 
intra-articular HA remains a widely used option 
worldwide in the management of knee OA, being 
often recommended as second-line treatment 
despite the controversial data. Moreover, recom-
mendations have not been consistent over time, 
and recently OARSI included intra-articular HA 
among the recommended treatments of level 1B 
in patients with knee OA, being able to provide 
beneficial effects on pain at and beyond 12 weeks 

of treatment and a more favorable long-term 
safety profile than repeated intra-articular ste-
roids [25]. Moreover, the ESCEO treatment algo-
rithm recommends intra-articular HA in patients 
who remain severely symptomatic despite the use 
of NSAIDs [26]. The ESCEO task force also 
encourages the use of repeated cycles of intra- 
articular HA in knee OA patients who responded 
to the first injection, starting a new treatment 
cycle as soon as the first symptoms appear. 
Nonetheless, the relative effectiveness of the 
long-term use of intra-articular HA through 
repeat courses of treatment remains to be deter-
mined, and the overall clinical impact of the vari-
ous HA products remains unclear, which recently 
fostered research efforts into new injective solu-
tions to more effectively address knee OA.

26.2.3  Platelet-Rich Plasma

PRP represents an attractive biological approach 
to improve the healing of tissues with a low heal-
ing potential, such as cartilage. This led to the 
wide use of PRP, which shows promising results 
as a minimally invasive injective treatment of 
knee cartilage degeneration and OA, both in pre-
clinical and clinical studies [51–53]. PRP can be 
produced by centrifugation or filtration of the 
whole blood to concentrate or isolate platelets to 
a level higher (generally considered 3–5 times 
more) than normal plasma levels (Fig. 26.1) [54]. 

Fig. 26.1 The procedure entails a peripheral venous 
blood sample harvested from the patient arm. Blood is 
then processed using a centrifuge to separate the blood 
components according to their density, obtaining three 
layers: plasma (55% of whole blood), buffy coat with leu-

kocytes and platelets (<1% of whole blood), and erythro-
cytes (45% of whole blood). Erythrocytes and platelet-poor 
plasma are discharged to obtain the layer concentrated in 
platelets (with or without leukocytes)—PRP, which is 
injected into the knee
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Different preparation methods for PRP can yield 
products with different compositions and charac-
teristics, with different features in terms of plate-
let and leukocyte content, volume of whole blood 
harvested, storage procedures, exogenous activa-
tion of platelets, and formation of a fibrin matrix 
[55]. All this makes it very difficult to compare 
clinical results of different studies and to gain a 
full understanding of the potential and limitations 
of PRP for the treatment of knee OA.

Although some data suggest better results 
with PRP formulations with leukocyte deple-
tion, the superiority of one PRP formulation 
over another in terms of clinical effectiveness 
in knee OA has not been established [56, 57]. 
In this regard, a network meta-analysis on clin-
ical trials evaluating the role of leukocyte con-
centration supported, through an indirect study 
groups comparison, a difference in favor of 
leukocyte- poor PRP [58], but a study directly 
comparing PRP with or without leukocytes 
documented similar clinical results at 
12 months of follow-up, although patients who 
received a leukocyte-rich PRP were more 
likely to experience short-term pain and swell-
ing after the injections [59]. Also for this treat-
ment, it is important to underline that study 
results might be influenced by the study 
cohorts, as patients may benefit differently 
from PRP injections, and better results can be 
achieved in younger patients with a low degree 
of cartilage degeneration [60, 61]. The number 
of injections can also influence the effective-
ness of PRP.  In fact, after some controversial 
clinical reports, an in  vivo preclinical study 
recently demonstrated that three intra-articular 
PRP injections provided better inflammation 
reduction of the synovium and more durable 
results than a single PRP injection [62].

While the best formulation and administra-
tion regimen remain to be defined, intra-articu-
lar PRP injections are gaining a large use in the 
clinical practice, due to the safety, low costs, 
and the simple preparation technique to obtain 
its biologically active content [19]. A growing 
number of studies support intra-articular PRP 

injections for the treatment of knee OA, which 
seems to provide significant functional 
improvement and reduction of pain-related 
symptoms up to 12 months [63–66]. Moreover, 
some evidence suggests that the clinical 
improvement provided by PRP can be per-
ceived by some patients also beyond 24 months, 
with a subsequent gradual reduction over time 
[67].

The efficacy of intra-articular PRP was com-
pared with the oral use of acetaminophen, an 
analgesic drug commonly used in the manage-
ment of knee OA, showing superiority at 
24  weeks after the injection [68]. As intra- 
articular injections present a significant placebo 
component, in particular when dealing with the 
new orthobiologics [69], PRP efficacy was also 
compared with saline solution in multiple ran-
domized studies, consistently showing to be 
more effective than groups injected with saline 
up to 12 months [65, 70–72]. Accordingly, the 
results of several meta-analyses [73–75] con-
verge in indicating that intra-articular PRP 
injections may have more benefit in terms of 
pain relief and functional improvement than 
placebo without increasing the risk of adverse 
events [76]. Moreover, in a recent meta-analysis 
performed on 34 RCTs, PRP injections showed 
to provide better results than other injectable 
options such as corticosteroids or HA. This ben-
efit increased over time, being not significant at 
earlier follow- ups but becoming clinically sig-
nificant after 6–12  months (Table  26.1). 
However, although substantial, the improve-
ment remained partial and supported by low 
level of evidence [76].

The clinical effectiveness of intra-articular 
PRP was confirmed by the majority of the avail-
able studies; on the other hand, its ability to 
affect cartilage regeneration and OA progression 
has not been demonstrated [77]. A recent small 
trial, evaluating the changes of cartilage after 
intra- articular PRP injections with qualitative 
MRI, demonstrated better MRI findings in terms 
of patello-femoral cartilage volume and synovi-
tis in the PRP group compared with the control 
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group at 12 months of follow-up [78], but these 
isolated findings need to be confirmed by larger 
trials investigating if PRP can actually provide 
structural effects beside the demonstrated clini-
cal improvement. Thus, due to the recent intro-
duction in the clinical practice and the lack of 
clear objective results, despite the large number 
of clinical trials on the intra-articular use of PRP, 
this product is not yet recommended by interna-
tional societies. The AAOS work group inter-
preted the evidence to be inconclusive on the 
benefit of intra-articular PRP injection and was 
unable to recommend for or against the use of 
intra-articular PRP injection in their guideline 
for patients with symptomatic OA of the knee 
[79], and also OARSI and ESCEO did not men-
tion intra-articular PRP injections in their guide-
lines for the non-surgical management of knee 
OA [25, 26]. Finally, the ACR strongly recom-
mended against intra-articular PRP injections in 
patients with knee OA, because of the heteroge-
neity and lack of standardization in available 
preparations, as well as techniques used, making 
it difficult to identify exactly what is being 
injected [27]. Accordingly, the need for novel 
classification and coding systems has been 
recently brought to attention to improve and fos-
ter further improvements in the field [80]. A better 
understanding of PRP characteristics could help 
matching the optimal PRP product to specific 
patient factors, leading to improved outcomes and 
the elucidation of the cost-effectiveness of this 

Table 26.1 RCTs on PRP efficacy

Outcome
Follow-up 
(months) Trials Patients

PRP 
results

PRP vs placebo
WOMAC 
overall

1 6 266

3 4 153

6 6 266

12 3 129

WOMAC 
pain

1 5 210

3 4 153

6 5 210

WOMAC 
stiffness

1 5 210

3 4 153

6 5 210

WOMAC 
pain

1 5 210

3 4 153

6 5 210

VAS pain 1 3 140

6 4 238

PRP vs steroids
VAS pain 6 4 206

KOOS 
symptoms

6 3 170

KOOS pain 6 3 170

KOOS ADL 6 3 170

KOOS 
sports/rec

6 3 170

KOOS QoL 6 3 170

PRP vs hyaluronic acid
WOMAC 
overall

1 5 338

3 5 356

6 10 790

12 7 553

WOMAC 
pain

1 5 325

3 5 324

6 9 702

12 6 440

WOMAC 
stiffness

1 4 201

3 4 200

6 8 565

12 6 445

WOMAC 
function

1 4 228

3 4 228

6 8 605

12 6 486

Table 26.1 (continued)

Outcome
Follow-up 
(months) Trials Patients

PRP 
results

VAS pain 1 6 345

3 8 481

6 9 596

12 6 398

IKDC 6 5 475

12 4 324

 Statistically and clinically significant
 Statistically significant
 No statistically significant

G. Filardo et al.



323

treatment with respect to other injective options 
for knee OA.

26.3  Conclusions

Intra-articular orthobiologic injections are fre-
quently performed in patients with knee degen-
erative cartilage lesions and symptomatic OA, 
even though indications and guidelines are not 
always clear. Despite the long experience and 
the common use in the clinical practice, the 
literature on injective treatments is still poor 
and not able to guide the clinicians in choos-
ing the best product, indication, formulation, 
injection schedule, and duration of treatment. 
Corticosteroids may be indicated in knee OA 
after failing oral NSAIDs and acetaminophen, 
especially in patients with synovitis and a sig-
nificant inflammatory component, with a fast but 
short-term duration of action, generally between 
1 and 24  weeks. Viscosupplementation should 
be reserved mainly for symptomatic femoro-
tibial OA, especially for earlier stages, while in 
femoro-patellar involvement and in severe OA 
grades, HA appeared less effective. The dura-
tion of action of HA is longer than corticoste-
roids, approximately 6 months, and patients are 
generally advised to repeat the injection sched-
ule by 6  months if they are satisfied with the 
previous injection course. Intra- articular PRP 
injections showed promising clinical results in 
patients affected by early/moderate OA, reduc-
ing pain and improving knee functional status. 
Conversely, this biological treatment used as a 
“salvage procedure” in severe OA knees pro-
duced a less favorable outcome and therefore 
presents a limited indication for these patients. 
Despite the numerous evidences on the effec-
tiveness of intra-articular PRP injection and 
the superiority compared with saline, cortico-
steroids, and HA, the recent introduction in the 
clinical practice and the lack of a standardized 
PRP protocol hindered the inclusion of this 

orthobiologic injective strategy in the guidelines 
for the treatment of knee degenerative cartilage 
lesions and symptomatic OA.
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27.1  Introduction

This chapter summarizes current strategies and 
evidence for the use of orthobiologic injectable 
therapies for both hip and ankle cartilage lesions 
and osteoarthritis (OA).

The use of corticosteroids for arthritic joints 
dates back to the 1950s, with injections of hydro-
cortisone acetate. Since then, corticosteroids 
have always been the golden standard injection 
therapy for symptomatic OA in multiple joints, 
hip and ankle among them. Still, the effects are 
short-term and palliative. Major side effects have 
been documented such as an acceleration in the 
cartilage degeneration, especially with repeated 
injections. Thus, new therapeutic options are 
being developed to solve the intrinsic limitations 
of corticosteroid injections, to reduce symptom-
atology, and to improve cartilage viability, pro-
tecting joints from further damage [1, 2].

Hyaluronic acid (HA) is a viscoelastic glycos-
aminoglycan constituent of synovial fluid and 
cartilage. HA can stimulate chondrocyte metabo-
lism and synthesis of cartilage matrix compo-
nents and inhibit chondro-degenerative enzymes, 
reducing the inflammatory process [3]. In 1999 
the use of HA was approved for OA both in the 
hip and ankle [4], and this topic started to be 
extensively studied and reported in the literature.

Platelet-rich plasma (PRP) has also gained 
high popularity in the last years, and its use has 
been investigated mostly in the knee [5, 6], but 
experiences exist also in the hip and ankle [7–9].

Adult cells can be obtained from the bone 
marrow and adipose tissue, and umbilical cord 
tissue has also been used with therapeutic intent 
[10–13]. Although there is tremendous potential 
for cellular therapies, there are still many ques-
tions that need to be answered, such as the best 
cell source(s), the best cell type(s), autologous vs 
allogeneic transplant, and how to optimally prime 
or stimulate the implanted cells. Although the use 
of cellular therapies in association with surgical 
procedures, especially in the ankle, for either 
osteochondral lesion or OA treatment, has gained 
major popularity [14–17], its use as injection 
therapy is still scarcely documented.

27.2  State of the Art 
of the Injective Therapies 
in the Hip

Hip OA is one of the most burdensome causes of 
disability in our society [18]. Despite the excel-
lent and durable results that can be obtained by 
total hip replacement, there is profound need and 
demand for therapeutic strategies that can delay 
or avoid the need for this major surgery. Such 
“conservative” options have always been a hot 
topic in orthopaedic surgery. As a consequence, a 
large number of studies are available describing 
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injection therapies (Table 27.1). Hip anatomy can 
make it challenging to reliably inject materials 
into the hip joint. Either fluoroscopic guidance or 
ultrasound (US) [19] guided procedures are gen-
erally used to help injective procedures in the hip 
[20, 21].

27.2.1  Hyaluronic Acid

The use of HA has been compared with the use of 
local anesthetics or corticosteroids in the arthritic 
hip. In a double-blinded study, Migliore et  al. 
[22] compared an intra-articular bacterial-derived 
HA (Hyalubrix®) with local analgesia (mepiva-
caine) for OA of the hip in 42 patients. This is the 
only level 2 comparison to an anesthetic, to our 
knowledge. It demonstrated safety as well as HA 
superiority in symptom relief at 3 and 6 months 
of follow-up.

The group of studies comparing HA and corti-
costeroids is larger. In particular, among these 
Spritzer et al. in 2015 compared the efficacy and 
safety of intra-articular hylan G-F 20 with meth-
ylprednisolone acetate (MPA) for treating symp-
tomatic Kellgren-Lawrence grade (KL) 2 or 3 hip 
OA. Response rates were higher with hylan G-F 
20 in patients with more advanced disease (KL 3) 
and were similar between hylan G-F 20 and MPA 
in patients with less advanced disease (KL 2). 
The authors concluded that HA was an appropri-
ate option for treating hip OA [23]. These results 
were not confirmed by Qvistgaard et  al. in a 
101-patient study with 3 groups. The authors 
compared HA with saline solution and with cor-
ticosteroids and found no statistically significant 
effect of HA on any outcome measure [24]. To 
date, most HA studies support the notion of an 
immediate rather than a long-lasting effect of 
injections, whatever the substance used, perhaps 
associated with a strong placebo effect, as com-
monly observed for injectable treatments [25].

The molecular weight (MW) of HA may be an 
important variable (Table 27.2). Most HA studies 
have used low molecular weight. The ideal MW 
to be used in OA, the most effective number 
injections, and the choice of therapy for different 
stages of OA are major topics of debate. Despite 

many studies on the topic [26–29], there is still 
no consensus on the number of injections, the 
dosage per injection, and the most appropriate 
formulation of HA. The intrinsic features of the 
hip joint, being the deepest articulation of our 
body, and its anatomical conformation result in a 
more difficult approach for the injective therapy 
compared to the knee, with a smaller joint space 
requiring US guidance to be properly targeted. A 
large number of HA preparations are commer-
cially available, each with different characteris-
tics and properties [29, 30]. Whether MW 
differences are associated with different thera-
peutic effects or durability, it is still to be clari-
fied. In this chapter we considered low MW HA 
those with an average MW equal or inferior to 
1.5 million Da (such as Ostenil PLUS®, Adant®, 
Synocrom®), medium MW HA those with an 
average MW included between 1.5 and 3 million 
Da (such as Hyalubrix 60®), high MW HA those 
with an average molecular weight superior to 
3 million Da (such as Synvisc®), and ultra-high 
MW HA those obtained by a complex process of 
cross-linking with a potentially very high MW 
but not quantifiable (such as Fermathron S).

Clementi et  al. compared the efficacy of an 
ultra-high MW viscosupplement (UHMW-HA, 
Fermathron S) with a medium MW hyaluronan 
(MMW-HA, Hyalubrix 60) on 54 patients with a 
grade 3 KL hip OA. The authors concluded that 
a single dose of UHMW-HA was as effective as 
two doses of MMW-HA resulting in similar 
reductions of pain and disability. The authors 
concluded that the final effect is similar but 
UHWM-HA allowed half the number of injec-
tions to get the same results [27]. While compar-
ing two commercially available HAs with high 
and medium MW, De Lucia et al. [26] reported 
no significant differences between the two HA 
formulations. This finding was also confirmed 
by Tikiz et  al. and Bekerom et  al. [29, 30]. 
Another important finding of the De Lucia study 
was that HA injections had a consistent clinical 
effect in terms of pain reduction, independent of 
the clinical and radiological severity of the dis-
ease [26]. Abate et  al. combined low and high 
MW HA. The aim of this paper was to evaluate 
the efficacy of a new hybrid preparation for 
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patients suffering from hip OA and to compare 
the results with historical data from a cohort of 
patients treated with high MW HA [28]. The 
preparation consists in a dynamic hybrid com-
plex, by weak hydrogen linking HMW HA 
(1100–1400  kDa) to LMW HA (80–100  kDa), 
which should favor a cooperative action between 
the two HA preparations (chemically non- 
modified HA of bio- fermentative origin). Despite 
some limitations, this study showed that the 
combination of low and high MW HA was effec-
tive and safe in the management of patients suf-
fering from hip OA and provided better 
therapeutic results than high MW HA.

Though the majority of the studies have 
employed one single HA injection, such as 
Migliore et al. [19], Brander et al. [31], Clementi 
et al. [27], and Abate et al. [28], the number and 
the frequency of injections have also been 
explored. In a retrospective study of 2018, Mauro 
et  al. evaluated the clinical and functional out-
come in patients with mild-moderate hip OA 
treated with a course of one, two, or three HA 
intra-articular injections. Ninety-six patients 
were included. Intra-articular injections for mild- 
moderate hip OA were effective in reducing pain 
and improving function. A full course of three 
injections provided the best pain control [32]. In 
a recent publication, De Lucia et al. performed a 
schedule based on three monthly injections of 
HA, followed by further maintenance injections 
administered every 6  months for 2  years. The 
authors stated that this method obtained analge-

sic effectiveness, functional recovery, and 
reduced joint stiffness up to 24 months. In addi-
tion, since the major improvement was found 
between 12 and 24 months, it is possible to infer 
that repeated administrations may achieve an 
additive effect [26].

There is scarce data available on intra- articular 
hyaluronan’s ability to modify the progression of 
OA.  Migliore et  al. [33] in 2012 assessed the 
impact of treatment with hylan G-F 20 on the 
progression to total hip replacement (THR) in 
patients with symptomatic hip OA.  Of the 224 
selected patients, 84 patients (37.5%) progressed 
to THR.  Two hundred six patients (92.0%) 
achieved a 12-month survival, 170 patients 
(75.9%) achieved a 24-month survival, and 69 
patients (30.8%) achieved a 5-year survival. 
These results suggest that hylan G-F 20 could be 
included in the management of symptomatic hip 
OA before recommending for THR.

27.2.2  Platelet-Rich Plasma

Sanchez et al. in 2012 were the first to provide a 
preliminary non-controlled prospective study, 
supporting the safety, tolerability, and efficacy of 
PRP injections for pain relief and improved func-
tion in hip OA, although in only 40 patients [34]. 
Subsequently, the majority of studies compared 
the effects of PRP on hip OA compared to 
HA.  Battaglia and colleagues [21] performed a 
non-blinded, randomized trial comparing 
ultrasound- guided PRP versus HA injections for 
hip OA in 100 consecutive patients. Patients 
underwent three 5  mL injections of autologous 
PRP, one every 2  weeks, or 2  mL HA every 
2 weeks. Using the Harris Hip Score (HHS) and 
VAS, patients in both groups demonstrated sig-
nificant improvements between 1-month and 
3-month follow-ups. Although patients showed 
worsening of symptoms between 6-month and 
12-month follow-ups, scores were still signifi-
cantly improved compared with baseline. No sig-
nificant differences were found between PRP and 
HA groups. Another randomized controlled trial 
by Dallari et al. [35] compared HA and PRP in 
111 patients and showed that the PRP group was 

Table 27.2 Examples of hyaluronic acid molecular 
weights

UHMW (ultra-high 
molecular weight)

>6 MDa Fermathron S (not 
quantifiable)

HMW (high 
molecular weight)

>3 MDa Hylan GF-20 
(6 MDa)

MMW (medium 
molecular weight)

>1.5 MDa Hyalubrix 60 
(1.3–3.6 Mda)

LMW (low molecular 
weight)

<1.5 MDa Ostenil PLUS® 
(1.6 MDa)
Adant® 
(0.6–1.2 MDa)
Synocrom® 
(1.6 MDa)
HANOX-M-XL 
(1 Mda)
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superior. Furthermore, the combination of PRP 
and HA did not lead to a significant improvement 
in pain symptoms. A different trend was described 
by Di Sante et al. [36], who found that, although 
intra-articular PRP had an immediate effect on 
pain (as measured by VAS and by WOMAC pain 
subscale at 4 weeks), this was not maintained at a 
longer-term follow-up (16  weeks). On the con-
trary, the effects of intra-articular HA, which 
were not significant at the 4-week follow-up, 
were evident at the 16-week follow-up both in 
VAS and WOMAC scores. Similar PRP out-
comes were reported in a meta-analysis per-
formed by Ye et  al. in 2018 [37]. The authors 
concluded that PRP was associated with a signifi-
cantly better reduction of VAS score at 2 months 
compared with HA. However, it did not show sig-
nificantly better outcomes at 6 and 12 months.

A significant challenge in all studies on PRP is 
surely the great variability that exists in different 
products and patient-specific preparations [38]. 
These variables are likely to have significant 
impact on the response that individual patients 
have to these treatments [39]. Recently, Villanova- 
Lopez et al. [40] observed that the mean platelet 
concentration was different between responders 
and non-responders (at 1 month, non-responders 
449 [range 438–578]  ×  103 platelets/μL versus 
responders 565 [range 481–666] × 103 platelets/
μL, p  <  0.044) following PRP hip injection. 
Furthermore, a high positive and significant cor-
relation was observed between the results of the 
stiffness subscale of the WOMAC and the con-
centration of leukocytes, thus suggesting that low 
leukocyte concentration may contribute to better 
clinical outcomes with PRP injective therapy. 
Finally, patients with early-stage hip OA showed 
a statistically significative higher response rate to 
PRP compared with late stage disease. Due to 
these findings, they concluded that the cellular 
composition of PRP, as well as a better selection 
of the subjects with respect to the OA degree, 
may be key factors in achieving a better clinical 
response. The same trend was also observed by 
Singh et  al. [41] in their retrospective analysis 
published in 2019. They stratified the 36 patients 
undergoing a single PRP hip injection according 
to their modified K-L classification. A significant 

improvement was noted in the K-L 1 and 2 sub-
groups, suggesting that patients with mild/mod-
erate hip OA may experience better pain relief 
and functional improvement after a PRP injection 
than patients with later stage disease.

27.2.3  Cell-Based Therapies

To our knowledge, only four studies described 
the use of bone marrow as a source of cells for 
cell-based therapies for the treatment of hip 
OA. All of them have a low patient number and 
therefore limited power.

A simple and affordable preparation, based on 
unfractionated bone marrow cells, in four of 
seven cases combined with prolotherapy (hyper-
osmotic dextrose), was employed by Hauser 
et al. [42] in a seven-patient case series with hip, 
knee, or ankle OA. The preliminary findings sug-
gested that OA treatment with whole bone mar-
row (WBM) injection merited further 
investigation. However, the potential for injury to 
the bone marrow-derived cells, by placing them 
in a hyperosmolar environment, was not 
discussed.

Bone marrow aspirate concentrate (BMC/
BMAC) is the most common cell-based therapy 
reported to date. Rodriguez-Fontan et  al. [43] 
tried to determine its efficacy, safety, and benefit 
in hip and knee OA.  Nineteen patients (16 
females and 3 males), totaling 25 joints (10 
knees, 15 hips), were treated with intra-articular 
BMC for early OA between 2014 and 2016. All 
patients had autologous bone marrow aspirate 
harvested from the iliac crest and centrifuged to 
obtain BMC for intra-articular injection. Besides 
the low quality of the study, intra-articular injec-
tions of BMC were safe and demonstrated satis-
factory results in 63.2% of patients.

Mardones et al. [44] focused their attention on 
investigating the safety and efficacy of the intra- 
articular infusion of ex vivo expanded autologous 
bone marrow-derived mesenchymal stromal cells 
(BM-MSC) in a cohort of ten patients with hip 
OA. The procedure consisted in the selection of 
mononuclear cells (BM-MNC) and the expan-
sion, by means of cell culture procedures of the 
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minor population of “native” MSCs present in 
BM-MNC. The treatment proved clinical benefit 
in terms of pain. No difference was found in the 
radiographic scores at follow-up. Similar results 
were found by Emadedin et al. [45] in a compa-
rable case series of five patients treated by 
expanded MSCs.

27.3  State of the Art 
of the Injective Therapies 
in the Ankle

Osteochondral lesions of the talus (OLT) are an 
increasingly relevant pathology, due to the wider 
diffusion of sports activity in a larger range of 
ages. The ideal solution is generally surgical; 
nevertheless, the use of injections is still under 
evaluation. Moreover, although less common 
than hip or knee OA [7], ankle OA is a leading 
cause of chronic disability. Furthermore, it occurs 
in younger individuals, usually being post- 
traumatic in origin. Nonoperative treatment for 
acute, nondisplaced osteochondral lesions of the 
talus and cystic lesions has been associated with 
successful clinical results in about 50% of cases 
[46–48]. It consists of activity modification, brac-
ing, nonsteroidal anti-inflammatory drugs 
(NSAIDs), physical therapy, and protected 
weight-bearing in a walking boot, with the aim of 
improving symptoms [49, 50]. Surgical options 
depend on the size of the lesion and the presence 
of OA; either regenerative or reparative proce-
dures are to be considered in OLT [51], while the 
treatment of high-grade OA may require total 
ankle replacement or fusion [52]. Injection thera-
pies may play a significative role in delaying or 
even avoiding the need for more invasive surgical 
procedures in the ankle (Table 27.3).

A recent systematic review and meta-analysis 
by Boffa et al. [53] underlined the safety of intra- 
articular treatment for ankle OA and OLT, even 
though only a very low evidence supported the 
efficacy of HA in terms of better results versus 
placebo for the treatment of ankle OA.  Other 
conclusions were hindered by the scarcity of the 
available literature.

27.3.1  Hyaluronic Acid

In 2006 Salk et al. [54] set up a blinded random-
ized study to gather preliminary data on the effi-
cacy and safety of five weekly intra-articular 
injections of Hyalgan (sodium hyaluronate, MW 
500–730  kDa) vs placebo for the treatment of 
ankle OA. Significant improvement in the mean 
Ankle Osteoarthritis Score from baseline was 
seen at all follow-up visits from 1 to 6 months in 
both the sodium hyaluronate group and the saline 
solution group (p < 0.0001). The positive results 
both in terms of pain relief and improved func-
tion encouraged the application of HA injective 
therapy. On the other hand, one randomized con-
trolled trial conducted by DeGroot et  al. [55] 
found that HA was not superior to placebo injec-
tions. In fact, a single intra-articular injection of 
low-MW, non-cross-linked HA was not superior 
to a single intra-articular injection of saline solu-
tion for the treatment of OA of the ankle in 64 
patients. However, the majority of the HA studies 
in the ankle have positive trends, but without sig-
nificant difference due to the paucity of patients 
involved, possibly due to limitations in sample 
size and power. For example, both Sun et al. [56] 
and Cohen et al. [57] found positive trends com-
paring HA injections to controls. Cohen et  al. 
noted these trends at week 2, week 6, and month 
6, but between-group comparisons were not sta-
tistically significant.

As in the hip, the ideal MW and the injection 
schedule to be used are points of debate in the 
ankle. Both Han et al. [58] and Lucas y Hernandez 
et al. [59] employed a HMW HA in their studies, 
using a schedule of three consecutive weekly 
injections. No control group is available in these 
studies. Nevertheless, these prospective studies 
showed that viscosupplementation had a signifi-
cant positive effect, respectively, at a follow up of 
13  months for the study by Han et  al. and 
45  months for the study of Lucas y Hernandez 
et  al. Based on their experience, Lucas y 
Hernandez et al. suggested three-injection proto-
col every 2 years on average but did not provide 
long-term data describing the outcome of this 
approach. A different approach was employed by 
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Bossert et al. [60], who utilized a HMW HA with 
a high concentration of mannitol (35 g/g), confer-
ring a very high viscosity, with the aim to increase 
the HA residence time and consequently allow-
ing a single injection regimen. The study showed 
the safety of HANOX-M-XL, confirming the 
good tolerability of the combination HA + man-
nitol, and the results were significantly better in 
patients who received injection under US guid-
ance. In addition to the aforementioned studies, 
Younger et  al. [61] also deployed a single- 
injection approach using a cross-linked HA, 
based on the assumption of a longer intra- articular 
residence time.

Consistent with prior studies in the hip, Han 
et al. [58] also found that early-stage OA disease 
and a duration of pain less than 1 year are inde-
pendent predictors associated with higher satis-
faction. This may explain why other studies 
involving patients with low (I or II) KL grade 
ankle OA tended to have better clinical results. In 
contrast Lucas y Hernandez et al. [59] found that 
neither etiology nor severity of OA was predic-
tive of the response to HA injective therapy. 
However, this study had many limitations: low 
number of patients (18 patients, 26 ankles), 
absence of randomization, and only intermediate 
follow-up with an average of 45.5 months.

The demand for novel OA treatments led to 
testing of new orthobiologic solutions in the 
management of ankle OA. Sun et al. [62] com-
pared the efficacy of intra-articular botulinum 
toxin type A (BoNT-A) and intra-articular hyal-
uronate plus rehabilitation with ankle 
OA. Targeted rehabilitation was performed in the 
HA group. It has been suggested that BoNT-A 
suppresses the secretion of neurotransmitters 
directly decreasing peripheral sensitization with 
a strong effect in terms of pain. No difference 
was found between the two methods. Both 
BoNT-A and HA injection plus rehabilitation 
exercise showed clinical improvements in terms 
of pain, physical function, and balance in patients 
with ankle OA. The inclusion of a specific exer-
cise protocol is highly relevant. Back in 2008 
Karatosun et al. already acknowledged the impor-
tance of physical exercise in the management of 
ankle OA and used exercise therapy as a control 

group to compare the efficacy of three intra- 
articular HA injections. Total AOFAS Ankle- 
Hindfoot score improved in both groups, with no 
statistically significant differences between the 
groups. Exercise, in fact, may play a major role in 
early-stage OA [63]. Future studies will need to 
devote attention to providing adequate guidance 
regarding rehabilitation and exercise protocols in 
ankle OA and the potential of injectable treat-
ments to further improve exercise results.

While many authors have tested HA for ankle 
OA, there is limited experience regarding the 
efficacy of HA in osteochondritis dissecans 
(OCD) of the ankle. Mei Dan et al. [64] reported 
their initial results with this treatment on 15 
patients aged 18–60  years treated for OCD by 
three weekly injections of intra-articular HA. The 
treatment resulted in a decrease in terms of pain 
and an increase in global function over a short 
period of time (within 12  weeks) which then 
lasted for more than 6  months with minimal 
adverse events.

27.3.2  Platelet-Rich Plasma

PRP therapy has also been applied to ankle OA, 
following the design of knee and hip trials, but 
there is still very little evidence of efficacy. 
Anghtong et al. [65] reported the first study eval-
uating PRP in ankle OA dates back to 2013 
reporting on a retrospective cohort of 12 adult 
patients with different diseases of the hindfoot 
and ankle but included 3 patients treated for ankle 
OA.  Benefit was inconclusive. A larger PRP 
study was published by Repetto et  al. [66] in 
2017, providing mid- to long-term clinical results 
for PRP injections in 20 patients (20 ankles) with 
ankle OA. The results suggested that the use of 
PRP injection was a safe alternative and may 
postpone the need for surgery. Similar results 
were gained by Fukawa et al. [67] in 20 patients 
with ankle OA, showing that patients with late- 
stage OA had worse scores in all outcomes than 
those with early-stage OA.

PRP properties were also applied in patients 
with OLT by Mei Dan et al. [68]. In their ran-
domized controlled trial, they evaluated the 

F. Vannini et al.
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short-term efficacy and safety of PRP compared 
with HA in reducing pain and disability caused 
by OLTs. The authors concluded that osteochon-
dral lesions of the ankle treated with intra- 
articular injections of PRP and HA resulted in a 
statistically significant decrease in pain scores 
and an increase in function for at least 6 months, 
with minimal adverse events. Between the two 
groups, a significant best performance of PRP 
over HA was found only for function at 28 weeks. 
The support for PRP treatment leading to signifi-
cantly better outcomes than HA was also sup-
ported by a retrospective study by Akpancar 
et al. [69].

27.3.3  Cell-Based Therapy

The only available study evaluating the injection 
of cells into the arthritic ankle was a case series 
published by Emadedin et al. [45]: of 18 patients, 
6 were treated for ankle OA. They employed an 
injection of approximately 5  ×  105  cells/kg/bw 
culture-expanded MSCs in a 10 mL volume. The 
study concluded that the procedure was safe and 
had therapeutic potential, although the sample 
was extremely limited and uncontrolled.

27.4  Conclusions

Injection therapies have become increasingly 
common both in the hip and ankle in particular 
for the treatment of OA, and some preliminary 
results also showed promising findings for the 
injective treatment also of OLTs. The number of 
papers published about this topic is increasing, 
along with the availability of new products. 
Though none of the available options demon-
strated to be capable of reversing OA, they may 
have beneficial effects on symptoms and func-
tionality and may contribute to delay the need for 
major surgeries.

HA is available as an “off-the-shelf” product 
and due to its safety and relatively low cost. In 
some ways, HA is the gold standard of injection 
therapies with the largest number of studies 
reporting positive data. PRP has been one of the 

hottest topics of the last decade, despite chal-
lenges with standardization of preparations and 
unpredictable efficacy, which requires greater 
critical attention in future studies.

The use of bone marrow-derived cell popula-
tions or the use of culture-expanded cell popula-
tions (e.g., MSCs) may provide a valuable 
weapon in the armamentarium against 
OA.  However, the efficacy of cellular therapies 
for OA of the ankle has not been proven in the 
treatment of OA of the hip or ankle.

Higher-quality studies are needed in all aspects 
of OA care of the hip and ankle, to optimize treat-
ment approaches. This includes rigorous docu-
mentation of disease starting and ending states 
(clinical and radiographic outcomes), as well as 
rigorous standardization and documentation of the 
composition of cellular therapies such as PRP, 
BMAC, or culture-expanded cell populations.

It is important to note that both hip and ankle 
OA are strongly influenced by rehabilitation. 
Therefore, the future evaluation of injection ther-
apies in both joints must include the concept of 
combined therapy, in which physical exercise and 
physical therapy play also a role.

Take-Home Messages
• Intra-articular biological approaches 

can represent a suitable option to reduce 
symptoms and possibly delay surgery in 
patients with either hip OA or OLT/OA 
of the ankle.

• HA presents a larger number of studies 
showing symptom reduction at follow-
 up both in hip and ankle OA. However, 
some studies show that the efficacy is 
often similar to placebo, and the most 
effective MW and injective schedule 
remain controversial.

• Intra-articular PRP injections, although 
providing clinical improvement, did not 
generally showed superiority over HA 
in the hip or ankle.

• BMAC injections seem safe, both in hip 
and ankle, but available data are still 
insufficient.
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Injectable Orthobiologics 
for the Treatment of Subchondral 
Insufficiency Fractures of the Knee 
(SIFK) and Related Pathogenic 
Processes

Kyle N. Kunze, Zaamin B. Hussain, Mikel Sánchez, 
and Jorge Chahla

28.1  Introduction

Osteonecrosis of the knee is a debilitating disease 
that can progress to end-stage osteoarthritis 
(OA). Spontaneous osteonecrosis of the knee 
(SONK or SPONK) is a focal, superficial sub-
chondral lesion. Subchondral bone has always 
been present in the pathogenesis of OA, and for 
more than 40  years, it has been considered an 
effective shock absorber, suggesting a cause-and-
effect connection between mechanical stress, 
subchondral bone sclerosis, and OA [1, 2]. SONK 
is composed of one of three categories used to 
sub-stratify osteonecrosis, the other two being 

secondary and post-arthroscopic. The etiology 
and pathogenesis of SONK have been poorly 
characterized; however, in a recent systematic 
review by Hussain et  al. [3], the authors sug-
gested SONK may not be a spontaneous patho-
logical process, but rather the result of 
subchondral insufficiency fractures that lead to 
the development of osteonecrosis. Indeed, this 
group has advocated for a change in nomencla-
ture to the term “subchondral insufficiency frac-
tures of the knee” (SIFK). The precise etiology is 
unknown, and the pathological mechanisms 
involved remain poorly characterized, as evi-
denced by cases of young asymptomatic athletes 
with bone marrow lesions [4, 5]. Therefore, mak-
ing effective management presents a consider-
able challenge.

One of the most challenging aspects of treat-
ing SIFK and its sequelae is the anatomical loca-
tion of the lesion and limited options available to 
access and treat the subchondral bone in a mini-
mally invasive manner. A more recent field of 
thought is to employ orthobiologic agents in 
order to mitigate further SIFK progression and 
the risk of osteonecrosis development. Currently 
used orthobiologics for this pathology include 
calcium phosphate and its derivatives, platelet- 
rich plasma (PRP), bone marrow aspirate con-
centrate (BMAC), and rheumatoid biologic 
agents. Despite the array of orthobiologic agents 
being used as methods to manage SIFK, there 
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remains uncertainty regarding the efficacy of 
these treatments.

The purpose of the current chapter is to pro-
vide a comprehensive review of current inject-
able orthobiologic treatments for the treatment of 
SIFK and related lesions of the knee. This chap-
ter will provide an update on clinical studies 
employing such treatments and summarize the 
evidence supporting or opposing their use. It is 
the goal of this chapter to help delineate the cur-
rent state of orthobiologic treatment of SIFK and 
in doing so identify areas where future research is 
needed.

28.2  Etiology and Pathogenesis

28.2.1  Pathophysiology

The etiology and pathogenesis of SONK and 
post-arthroscopic osteonecrosis remain highly 
controversial, and many theories have been pro-
posed. Historically, SONK has been thought to 
occur secondary to ischemia, ultimately result-
ing in necrosis. However, a more recent theory 
has been popularized which proposes that this 
process is better described as subchondral 
insufficiency fractures in osteopenic bone with-
out evidence of spontaneous necrosis [6]. 
Histopathological studies have supported the 
insufficiency fracture theory for the develop-
ment of SONK [7–10]. Yamamoto and Bullough 
[7] first described subchondral insufficiency 
fractures as the primary events leading to 
SONK based on gross and histological findings 
in 14 patients with SONK. Additionally, Tanaka 
et  al. [9] characterized articular bone plate 
insufficiency fractures with endochondral ossi-
fication, reactive cartilage tissue formation, and 
proliferation of fibroneurovascular tissue, fur-
ther supporting a pathological process. In addi-
tion, mesenchymal stem/stromal cells are 
essential during bone remodeling. Several stud-
ies have shown a high recruitment of these cells 
in bone marrow lesions, although their prolif-
eration and mineralization are decreased with 
aberrant and senescent forms, and thus their 
repair effect is compromised [11]. The applica-

tion of certain treatments for articular patholo-
gies must also be considered as possible cause 
of osteonecrosis, such as the prolonged use of 
corticosteroids [12]. The current understanding 
of the etiology and pathogenesis outlined in 
Fig.  28.1 shows that insufficiency fractures 
were hypothesized to lead to fluid accumulation 
in the bone marrow, resulting in subsequent 
edema with focal ischemia and eventual 
necrosis.

Within the physiopathology of osteonecrosis, 
subchondral pain is noteworthy. Subchondral 
bone is a highly vascularized and innervated tis-
sue with heat receptors, chemoreceptors, and 
mechanoreceptors. Therefore, nociceptive stim-
uli coming from a harmful microenvironment, 
because of non-physiological mechanical load, 
can be a source of pain. Molecular patterns asso-

Risk Factor(s)

Subchondral Insufficiency Fractures

Bone Marrow Fluid Accumulation

Subchondral Edema

Focal Ishaemia

Subchondral Osteonecrosis

Fig. 28.1 Proposed pathogenesis of SONK/SIFK
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ciated with damage could initially lead to periph-
eral pain and eventually both peripheral and 
neuropathic pains by mechanisms not yet fully 
identified. In addition, pro-inflammatory cyto-
kines present in this microenvironment may con-
tribute to pain by stimulating hyperalgesia and 
sensitizing nociceptors to other stimuli [13].

28.2.2  Role of Demographic Risk 
Factors

Several demographic risk factors are thought to 
contribute to the development of SONK, with the 
most influential variables being female sex [14–
16] and increasing age [15, 16]. A recent system-
atic review of the SONK literature found that the 
range of mean ages of patients with SONK was 
33–73  years of age (mean 60.4  years), with a 
strong predilection for older patients [3].

28.2.3  Role of Anatomic Risk Factors

Anatomic risk factors are thought to play a sub-
stantial role in the development and propagation 
of SONK, including load axis alterations [17], 
cartilage degeneration [18, 19], low bone min-
eral density (BMD) [18, 20, 21], and medial 
meniscus posterior root tears [22, 23]. 
Interestingly, there is variable evidence sur-
rounding the BMD theory. Akamatsu et al. [20] 
reported the possible association of low BMD 
with SONK development; however, it was sug-
gested this was not likely to be an etiological 
mechanism by Nelson et al. [24].

Many studies have suggested an association 
between meniscal tears and SONK, most com-
monly medial meniscus and posterior meniscal 
root tears [22–26]. The prevalence of meniscal 
tears in SONK patients has been found to occur 
in the range of 50–100% of patients, suggesting a 
strong association between meniscal lesions and 
SONK [22, 24–32].

Increased contact pressure secondary to 
meniscal pathology is one mechanism by which 
insufficiency fractures could develop as the hoop 
mechanism of the menisci facilitate load distribu-

tion, force absorption, lubrication, and stabiliza-
tion. Given that the medial meniscus has less 
inherent mobility due to its robust attachment to 
the medial tibial plateau [33, 34] and has a role in 
transmitting force during weight bearing, it is 
more vulnerable to tearing and degeneration. 
However, it is notable that in patients with nor-
mal alignment, the lateral meniscus transmits 
significant forces as well which may also lead to 
insufficiency fractures. Additionally, the poste-
rior horn of the meniscus has been shown to carry 
more load than the anterior horn through its 
strong, bony insertion [35]. Therefore, disruption 
of the posterior medial meniscus root can result 
in a loss of hoop tension, increased contact pres-
sures, and subsequent alteration of normal knee 
biomechanics, bearing similarities to the biome-
chanics seen in total meniscectomy [36]. 
Additionally, medial meniscal root tears have 
been hypothesized to increase the peak pressure 
of the femoral condyle more than horizontal tears 
of the posterior horn [23]. The resulting increased 
contact pressures would provide a plausible 
mechanism for the insufficiency fracture theory 
as proposed above.

28.2.4  Role of Procedural Risk 
Factors

Several studies [10, 37–43] have reported the 
development of SONK after arthroscopic menis-
cectomy, thereby suggesting a possible role in the 
etiology and pathogenesis previously mentioned. 
This hypothesis is further validated by studies 
reporting that a knee without a medial meniscus 
experiences twice the peak pressures with load-
ing as compared to a knee with an intact menis-
cus [44]. Therefore, the increased tibiofemoral 
contact pressures after meniscectomy could lead 
to subchondral insufficiency fractures from 
altered load transmission. Convincingly, Turker 
et  al. [43] reported MRI changes suggestive of 
SONK in 75 patients after arthroscopic menis-
cectomy. Other arthroscopic procedures, includ-
ing arthroscopic laser or radiofrequency treatment 
[45] and ACL reconstruction [46], have also been 
implicated in the etiology of SONK.
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28.3  Injectable Orthobiologic 
Treatments

Currently used joint preserving treatments for 
SIFK and related pathological processes are 
those introduced and discussed in previous chap-
ters: calcium phosphate, PRP, BMAC, and, 
rarely, the off-label use of biologics developed 
for other conditions such as rheumatoid arthritis. 
Notably, though the current chapter focuses spe-
cifically on the use of these adjuncts for treatment 
in the knee, recent investigations have demon-
strated efficacy in other joints such as the hip and 
ankle [47–50].

28.3.1  Calcium Phosphate

Calcium phosphate is considered an agent that 
may modulate osteogenesis and influence the 
local cytokine milieu [51]. Indeed, calcium phos-
phate has previously demonstrated the ability to 
stimulate bone formation in defects induced in 
basic science models via VEG-F and BMP-7 [52, 
53]. The majority of studies which have described 
the use of subchondroplasty report using calcium 
phosphate injections in areas of bone marrow 
edema as it is thought that this edema is caused 
by subchondral bone attrition and microfractures 
of the trabecular bone (Fig.  28.1). With such 
injections, it is theorized that autologous osteo-
clasts and osteoblasts remodel around the injec-
tion sites to reconstitute the structural integrity of 
the subchondral bone [54].

Liu et al. [55] described a technique for place-
ment of AccuFill (Zimmer Knee Creations, 
Exton, PA) in patients with pain correlating to 
bone marrow lesions identified on MRI.  The 
authors described correlating the location of the 
bone marrow lesion on sagittal MRI cuts with its 
position on intraoperative fluoroscopy of the 
knee. This process was repeated with coronal 
MRI cuts, and the position was correlated on 
these views with the position of the lesion on an 
anteroposterior radiograph. Horizontal and verti-
cal lines were drawn based on the positioning 
coordinates above, and the intersection of these 
lines marked where the cannula will be inserted. 

Through the cannula, a wire driver was drilled 
into the bone, and localization was again con-
firmed. Once confirmed, the authors remove the 
inner stylus and insert a bone substitute after 
which radiographs are taken to confirm complete 
filling of the lesion.

Despite the publication of few studies which 
have reported on the safety and efficacy of these 
injections [56, 57], in general there is a paucity of 
prospective and long-term data which demon-
strates its success. Chua et al. [58] retrospectively 
studied the efficacy of subchondroplasty with 
calcium pyrophosphate in a small series of 12 
patients with bone marrow lesions of the knee. At 
1-year follow-up, they reported statistically sig-
nificant improvements in the mean visual analog 
scale (VAS) for pain, Western Ontario and 
McMaster Universities Osteoarthritis Index 
(WOMAC), and Knee Injury and Arthritis 
Outcome Scores (KOOS). Astur et al. [59] con-
ducted a literature review in which they identified 
a total of 164 patients with bone marrow lesions 
of the knee who underwent subchondroplasty. 
This group reported that all studies reported 
improvements in pain and function, although 
25% of patients still reported some type of pain 
complaint. This group also reported that within 
2 years there was a 70% reduction in conversion 
to total knee arthroplasty (TKA) in patients with 
previous surgical indication who choose calcium 
phosphate treatment. Multiple other studies have 
reported functional improvements, pain reduc-
tion, and significant reductions in TKA conver-
sion rates in patients with bone marrow lesions 
treated with subchondroplasty [60, 61].

28.3.2  Bone Marrow Aspirate 
Concentrate (BMAC)

The administration of BMAC into areas of bone 
marrow edema and SIFK-related pathology has 
also been investigated. Hernigou et al. [62] per-
formed a randomized controlled study to evaluate 
the administration of BMAC (95,000  ±  25,000 
cells from the iliac crest) to extra-articular osteo-
necrotic areas of the femoral condyle using con-
ventional fluoroscopy or computer navigation in 
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12 patients (24 knees). This group found that 
computer navigation allowed for a more ideal 
position of the trocar in terms of tip-to- 
subchondral distance and center position. At a 
minimum of 5 years follow-up, they reported that 
only one patient in the computer navigation 
group experienced collapse, while four in the 
conventional group experienced collapse. 
Furthermore, the computer navigation group 
experienced better overall repair volume for the 
lesions on average (11.4 vs. 4.2 cm3).

Another randomized controlled trial by 
Hernigou et al. [63]. sought to investigate the effi-
cacy of TKA versus BMAC for patients (n = 30, 
60 knees) with bilateral secondary osteonecrosis 
of the knee related to corticosteroids. For each 
patient, one knee was randomized to undergo 
TKA and the other BMAC injection. For knees 
that received BMAC, an average injection of 
6500 cells/mL was administered into the subchon-
dral bone of the femur and tibia. At a mean 12 years 
follow-up, they found a significantly higher inci-
dence of complications and need for subsequent 
surgery (6 vs. 1) in the TKA group. There were no 
significant differences in the mean Knee Society 
Score (KSS) between the groups; however, knees 
that had received BMAC showed improvements in 
bone marrow lesions at the site of subchondral 
injection. Specifically, after treatment with bone 
marrow injection, femorotibial compartment bone 
marrow lesion volume demonstrated regression 
over 24  months and 5  years (respectively, mean 
3.5 cm3, range 1.2–5.3 cm3; mean 4.1 cm3, range 
3.2–6.2 cm3), representing a decrease in size by an 
average of 40%. Among the 30 patients, 21 pre-
ferred the knee with cell therapy, while only 9 pre-
ferred the knee with TKA (P < 0.05).

Kasik et al. [64] reported the outcomes of 20 
patients who underwent injections of BMAC 
with demineralized bone matrix for the treatment 
of symptomatic areas of bone marrow edema of 
the knee. At a mean 14.5-month follow-up, this 
group reported significant improvements in VAS 
pain scores, as well as the International Knee 
Documentation Committee (IKDC) score and 
SF-12 physical and mental scores. Interestingly, 
MRI at latest follow-up revealed that 75% of the 
bone marrow lesions were completely healed.

28.3.3  Platelet-Rich Plasma (PRP)

The use of PRP has also been investigated in the 
treatment of SIFK given the variable success in 
the treatment of various muscle, tendon, and car-
tilage pathologies. In particular, intraosseous 
injections may benefit these patients in localizing 
their effect to the pathological areas as opposed 
to intra-articular injections (Fig. 28.2).

Sanchez et al. [65] described combining intra- 
articular PRP injections with subchondral PRP 
injections to the medial femoral condyle and 
medial tibial plateau in 14 patients, allowing the 
action of PRP directly in this structure (Fig. 28.3). 
This group reported significant improvements on 
average in the KOOS and VAS pain scores 
6 months after this regimen. The same authors in 
another observational study reported a significant 
improvement in pain and function in patients 
treated with this type of administration at 1-year 
follow-up [66]. Su et  al. [67] performed a ran-
domized controlled trial to compare the efficacy 
of intra-articular and subchondral PRP injections 
with intra-articular PRP injections alone and 
hyaluronic acid injections alone. This group 
reported that the combination of intra-articular 
and subchondral PRP injections resulted in sig-
nificantly better VAS, WOMAC, and quality of 
life measures at 18 months compared to the other 
treatments. In addition, this technique has proved 
to be effective on patients with bone marrow 
lesions. These patients showed good quality of 
life improvement, significant pain reduction, and 
essential MRI changes at 1-year follow-up [68].

28.3.4  Other Biological Approaches

Few reports of the off-label use of biologics 
developed for the management of rheumatoid 
arthritis and other disease processes have been 
published. These studies have investigated the 
use of such biologics in treating SIFK and related 
lesions. It is the thought that iloprost and its 
 analogues may help induce bone regeneration on 
the cellular level in local areas of injection [69]. 
Administration of adalimumab, a TNF-α inhibi-
tor, may reach subchondral bone by penetrating 
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cartilage through pump mechanisms or through 
vascular supply after being resorbed by synovium, 
thereby decreasing the osteoclastic proliferation 
and recruitment through its inhibition of various 
cytokines.

Meizer et al. [70] investigated the efficacy of 
injectable iloprost (prostaglandin I2) for the 
treatment of idiopathic and post-traumatic bone 
marrow edema in 104 patients. Only 50 of these 
patients had bone marrow edema of the knee. 
The therapy protocol consisted of a series of five 
iloprost infusions with either 20, 25, or 50 
micrograms of iloprost given in normal saline 
over 6  h on five consecutive days. Although 
patients were not stratified by affected joint, at 
4 months post- treatment, they found that 73% of 
patients reported reductions in pain and that 
65% of patients had reductions of BME size of 
complete normalization on MRI examination. 
Other groups have also reported on the efficacy 
of this treatment for early-stage osteonecrosis or 
bone marrow edema, reporting significant 
improvements in pain, function, and size of the 
lesion on MRI [69].

One case report described the efficacy of 
40 mg of intra-articular adalimumab for osteone-
crosis of the knee in a 54-year-old patient with 

rheumatoid arthritis [71]. Within 1 week of treat-
ment, the patient reported complete pain relief 
and resolution of knee stiffness. Two weeks fol-
lowing the first treatment, the patient underwent 
another injection. At 1 month following the first 
injection, MRI demonstrated almost complete 
resolution of the osteonecrosis.

Another novel treatment that is showing 
promising results in preclinical phases is the inhi-
bition of TGF-β. Cellular populations from scle-
rotic subchondral bone have an elevated TGF-β 
expression that promotes the excessive synthesis 
of proangiogenic factors such as VEGF, FGF, and 
IL-8. The excessive presence of TGF-β and 
VEGF in subchondral bone could generate 
changes in osteoblast-osteoclast coupling, bone 
remodeling imbalance, NGF expression, and 
fibroneurovascular growth leading to cartilage 
degradation, pain, and an osteoarthritic joint [13]. 
Zhen et al. transected the ACL of mice to gener-
ate a destabilized OA model with a lower volume 
of subchondral bone in comparison to 
 sham- operated controls. The authors found that, 
by inhibiting TGF-β signaling in a specific popu-
lation of mesenchymal stem/stromal cells 
(MSCs) present at the subchondral bone, joint 
degeneration was attenuated [72].

a b

Fig. 28.2 Potential benefits of intraosseous PRP. (a) MRI of femoral condyle osteonecrosis. (b) MRI after treatment 
with intraosseous platelet-rich plasma
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Fig. 28.3 Proposed mechanisms of intra-articular and 
intraosseous PRP injections. Various growth factors, cyto-
kines, and chemokines trapped in a fibrin network of PRP 
might inhibit NFkB on synovial macrophages, fibroblasts, 
and chondrocytes. This, in turn, dampens the inflamma-
tory response of SM and AC. Furthermore, IO may buffer 
excess TGF-B1 and restore HGF on osteoblasts, leading 
to a new homeostatic balance between TGF-B1 and 
HGF. The buffer effect of PRP may reduce nestin MSC 

concentration in SF and serve as an anti-fibrotic 
mechanism
SM Synovial membrane, SF Synovial fluid, AC Articular 
cartilage, NCC Noncalcified cartilage, SB Subchondral 
bone, IA Intra-articular, IO Intraosseous, PRP Platelet-
rich plasma, MSC Mesenchymal stem/stromal cell, TGF-
B1 Transforming growth factor beta-1, HGF Hepatocyte 
growth factor
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28.4  Conclusions

Despite an increasing focus on the etiologies and 
pathogenesis of avascular disease processes con-
cerning the knee such as subchondral insuffi-
ciency fractures, research concerning biologic 
approaches to treatment is lacking in many 
domains. The exact pathophysiology of SIFK 
remains poorly understood, and future research is 
needed to better characterize the processes lead-
ing to these lesions, including questions like bone 
marrow lesions in asymptomatic young popula-
tions. As outlined earlier, there is a paucity of lit-
erature describing the use of injectable 
orthobiologics to treat these pathologies, with 
few studies reporting on the short-term outcomes 
of small patient series pertaining to subchondro-
plasty with calcium phosphate, BMAC, and 
PRP.  Future studies with long-term follow-up 
and prospective study designs are needed to 
establish causation for such findings. It may also 
be possible that other orthobiologics that have 
not currently been studied for SIFK treatment, 
such as adipose-derived MSCs, confer some 
healing benefit in these cases. Like many studies 
concerning the use of biologic adjuncts, the lit-
erature concerning treatment of SIFK also suffers 
from variable reporting and lack of clarity con-
cerning protocols for formulation and prepara-
tion. Future research and standardization of 
biologic treatment in these cases will be impera-
tive to appropriately compare studies and further 
develop optimal formulations and standardize 
timing of administration.
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Injections: Orthobiologics 
and the Power of Placebo

Davide Previtali, Marco Cuzzolin, 
Giorgio Di Laura Frattura, Christian Candrian, 
and Giuseppe Filardo

29.1  Introduction: A Historical 
Note on the “Placebo Effect”

The term “placebo” was defined in the 1811 edi-
tion of the Shorter Oxford Dictionary as “a medi-
cine given more to please than to benefit the 
patient” [1]. Since then, the term “placebo” 
assumed more and more nuanced connotations, 
until, in the 1950s, the medical community came 
to use the term “placebo” to indicate a treatment 
able to induce physiological or physical effects 
thanks to a therapeutic suggestion [1]. The “pla-
cebo effect” was thus defined as “a change in a 

patient’s symptoms that is the result of the thera-
peutic intent and not the specific physicochemi-
cal nature of a medical procedure” [2]. The 
medical community also quickly realized the 
importance of taking into account the placebo 
effect in clinical trials [1, 3]. In 1954, Gold pos-
tulated that, to demonstrate the “pharmacological 
potency” of a new drug, it must prove to be more 
effective than an inert drug “of such physical 
properties as to render a distinction between the 
two impossible.” In the same seminal paper, Gold 
also stated that the pharmacological nature of the 
two “treatments” should be unknown to both 
patient and doctor; Gold’s guidelines later 
became the basis of what today is known as a 
“double-blind placebo-controlled trial” [4]. The 
placebo effect was quantified for the first time in 
1955 in the seminal study carried out by Beecher, 
who demonstrated that more than 35% of patients 
enrolled in randomized controlled trials improved 
after having received a pharmacologically “inef-
fective” pill [3]. The thousands of similar trials 
that were performed in the years after Beecher’s 
study led to an increased awareness of the rele-
vance of the placebo effect.

Nonetheless, in the late 1990s, the efficacy of 
placebos was questioned. Kienle et  al. re- 
analyzed all the studies evaluated in Beecher’s 
original paper, and they concluded that reasons 
other than the placebo effect could have explained 
the improvement documented in the trials ana-
lyzed by Beecher. Accordingly, the results 
reported were explainable as a misleading 
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 interpretation of the data [5]. This finding sparked 
a lively debate. In 2001, Hróbjartsson et  al. 
attempted to quantify the placebo effect by com-
paring the response in the placebo and in the no- 
treatment groups of all three-arm (i.e., active 
treatment-placebo-no-treatment) randomized 
placebo-controlled trials published to that date. 
They could not find a placebo effect in objec-
tively measured outcomes or in binary subjec-
tively measured outcomes, and they reported 
only a marginal effect in continuous subjectively 
measured outcomes and in the studies that inves-
tigated pain [6]. These findings were confirmed 
in 2004 by the same authors in a stronger analy-
sis, which included 54 more trials than their pre-
vious one [7]. However, in 2005 Wampold et al. 
criticized both Hróbjartsson et al.’s papers argu-
ing that, to evaluate the placebo effect, a better 
characterization of the studies should have been 
performed. Starting from data similar to those 
analyzed by Hróbjartsson et al., they reached dif-
ferent conclusions: they found that for outcomes 
amenable to psychological effects and evaluated 
in double-blind studies in which the drug admin-
istration was not surreptitious (and thus perceived 
by the patients), placebo is indeed effective.

The debate on the effectiveness of placebos 
remains open to this day [8, 9], and the evidence on 
this topic is continuously growing. Still, while 
researchers on both sides of the debate recognize the 
importance of placebo-controlled trials for the evalu-
ation of the effectiveness of new drugs, the reasons 
for the frequently documented improvement in the 
placebo arm remain a point of discussion.

29.2  Mechanisms of the Placebo 
Effect

A modern and often referenced definition of pla-
cebo is the one from Shapiro et al.: “[A placebo 
is] any therapy (or that component of any ther-
apy) that is intentionally or knowingly used for 
its nonspecific, psychological, or psychophysio-
logical, therapeutic effect, or that is used for a 
presumed specific therapeutic effect on a patient, 
symptom, or illness but is without specific activ-
ity for the condition being treated” [10]. Several 

studies have been published to investigate the 
exact meaning of this “non-specific therapeutic 
effect,” trying to describe the reactions to placebo 
administration and the biological mechanisms 
underlying the placebo effect.

It is important to make a distinction between 
the terms “perceived” placebo effect and “proper” 
placebo effect [11]. A “perceived” placebo effect 
occurs when the improvement of the symptoms 
upon administration of a placebo is not attribut-
able to the placebo itself. For example, when a 
placebo is administered for a disease whose natu-
ral history implies spontaneous healing, any con-
sequent improvements of the symptoms should 
not be attributed entirely to the placebo. A per-
ceived placebo effect may also occur as a conse-
quence of three other phenomena (or a 
combination of them): regression to the mean, 
investigator effect, and Hawthorne effect-like 
changes in patient behavior. In medicine, the 
“regression to the mean” concept refers to the 
fact that patients are more prone to seek medical 
care—and therefore being involved in a trial—
after a re-activation of the disease which then 
may regress to a better state even without treat-
ment [12]. The “investigator effect” refers to the 
effect (positive or negative) that the presence of a 
doctor may have on the patient [13]. The 
“Hawthorne effect” refers to a change in the 
behavior of individuals upon becoming aware of 
being observed [14]: during a clinical trial, 
patients may change their habits and refrain 
themselves from potentially dangerous activities 
or even be prone to try to please the doctor who, 
in their opinion, is particularly interested in 
obtaining positive results from the study. 
Scientists discrediting the placebo effect believe 
that the documented improvement of patients’ 
symptoms after the administration of placebos is 
completely explainable as perceived placebo 
effect [7]; conversely, the advocates of the pla-
cebo effect attribute such improvements mostly 
to the efficacy of the “proper” placebo effect. 
Regardless of where they stand on this issue, 
researchers conducting studies featuring placebo 
trials must be aware of the existence of the per-
ceived placebo effect, since the possibility of its 
presence complicates the interpretation of the 
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results of the studies trying to identify, quantify, 
and explain proper placebo effect, as both types 
of effect may have contributed to the outcomes 
observed in the study.

The mechanisms underlying the proper pla-
cebo effect are still not completely understood, 
but several experiments demonstrated that patient 
conditioning, patient expectation, and meaning 
response can trigger biologic reactions able to 
influence the clinical outcome. “Classical condi-
tioning” was first described in 1927 by Pavlov, 
who documented that animals used to receiving 
morphine anticipated its administration, starting 
when he was preparing the instrument for mor-
phine injection [15]. A similar reaction was later 
reported in humans: the ritual of treatment 
administration, the place where it is adminis-
tered, and the administrator himself provoke in 
the individual a positive response based on previ-
ous similar experiences which led to a benefit (or 
in Pavlovian term to a “reward”) [16]. However, 
the significance of classical conditioning is not 
supported by all researchers, some of whom have 
advocated that it is the expectation of the patient 
on what the outcome will be that is the main trig-
ger of the placebo effect in humans [17]. Other 
researchers suggested that conditioning could be 
the main trigger of unconscious responses (such 
as vital sign changes) to placebos, whereas 
expectation could be more influential on con-
scious responses, such as pain and symptom 
improvement [18].

Expectation of benefit is a powerful stimulus, 
able to induce a benefit by itself [19]. Albeit 
mostly involved in conscious responses, expec-
tation cannot be exclusively conscious, since it 
is based on a deep belief that lies in the subcon-
scious of patients [13]. Expectation can be influ-
enced by various factors, such as positive results 
experienced by other subjects, the exotic nature 
of some therapies, or the high level of the tech-
nology used (such as the use of orthobiologics 
with “regenerative” potential). As long as this 
belief is present, the effect of a treatment will be 
enhanced (or completely determined, in the case 
of inert substances) by the placebo effect; once 
this belief wears out, so does the placebo effect. 
To this regard, the nineteenth-century French 

physician Armand Trousseau stated: “You 
should treat as many patients as possible with 
the new drugs while they still have the power to 
heal.”

Expectation can be strengthened by meaning: 
if the patients think the treatment is meaningful, 
they usually experience better results [20]. A 
famous example of the power of expectation and 
meaning comes from a study by Blackwell et al., 
in which pink and blue pills with the same inert 
content were given to a class of medical students. 
The students who took a pink pill experienced an 
excitatory effect, whereas the students who took 
a blue pill experienced a relaxing effect; more-
over, the students who took two pills of the same 
color had stronger effects compared to the ones 
who took only one pill [21]. One interpretation of 
these results is that most students assume pink 
substances to be stimulants and blue substances 
to be relaxing and that they assume that two pills 
contain more active substance than one pill. This 
hypothesis is further strengthened by the results 
of studies documenting an increased efficacy of 
pills with a brand name on them: the presence of 
a brand gives the pills an air of officiality which 
makes them be perceived as “powerful” [22].

Conditioning, expectation, and meaning are, 
then, the triggers of the proper placebo effect. 
These mechanisms influence the clinical out-
come through neural pathways after the adminis-
tration of a placebo, inducing several biological 
responses in the individual [23]. In fact, func-
tional brain imaging showed that placebos acti-
vate the same areas normally activated during the 
administration of an active treatment [24, 25]. 
Moreover, besides the activation of specific brain 
areas, placebo administration increases the 
release of active molecules that are directly 
related to a specific clinical benefit. Among these, 
during placebo administration dopamine and opi-
oids, whose activity in pain modulation is exten-
sively documented, are augmented in several 
brain areas involved in pain processing [26, 27]. 
The increased opioid and dopamine release and 
activity mediate pain perception after placebo 
administration and could be the biological mech-
anism underlying the response to musculoskele-
tal placebo injections [28].
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29.3  Placebo and Musculoskeletal 
Injections

The literature on the effect of placebos in muscu-
loskeletal injections is vast. A research on 
PubMed with the string ((musculoskeletal OR 
bone OR joint OR intra-articular OR knee OR 
ankle OR shoulder OR hip OR elbow OR wrist 
OR peri-articular OR muscle OR soft tissues OR 
tendon) AND (injection) AND (placebo)) leads 
to the identification of more than 1800 random-
ized controlled trials. In clinical trials the placebo 
effect is usually considered a nuisance, a response 
that the “active” injective treatment should over-
come to prove its efficacy. Almost all placebo- 
controlled trials show an improvement in the 
placebo injection group, and a recent meta- 
analysis documented that placebo injections have 

a long-lasting and clinically significant benefit on 
pain, stiffness, and function in patients with knee 
osteoarthritis. These findings confirm the impor-
tance of placebo control groups in the research 
field of musculoskeletal injections [29] (Fig. 29.1) 
and even raised questions on ethical legitimacy 
for the use of placebo in the clinical practice [30]. 
In particular, the use of placebo injections is 
reported in the clinical practice of general physi-
cians and orthopedics who advocate that expec-
tancy and conditioning play an important role in 
improving patient symptoms while reducing the 
risks of collateral effects of the actual drugs [30, 
31]. It is therefore evident that the placebo effect 
is highly relevant in both the clinical and the 
research fields of musculoskeletal injections. 
However, its exact underlying mechanisms are 
still unclear, and there is a need for an accurate 
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Fig. 29.1 The benefit of placebo injections in knee osteo-
arthritis. The results are reported in terms of VAS pain 
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(1-month, 3-month, 6-month) and are compared to the 
minimal clinically important difference (gray area). 

MCID Minimal clinically important difference. From 
Previtali D, Merli G, Di Laura Frattura G, Candrian C, 
Zaffagnini S, Filardo G.  The Long-Lasting Effects of 
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analysis of the possible factors that can trigger it. 
Indeed, when a placebo effect is observed, it may 
be an instance of perceived placebo effect, of 
proper placebo effect, or of the injected substance 
having an unexpected positive effect.

For trials dealing with the injection of place-
bos to treat musculoskeletal diseases, the per-
ceived placebo effect could represent an important 
confounder in the quantification of the response. 
Several of the diseases that are treated with mus-
culoskeletal injections tend to improve spontane-
ously, meaning that if a patient’s condition 
improves after a placebo injection, the improve-
ment may be due to the natural history of the dis-
ease, rather than to a proper placebo effect. 
Moreover, the regression to the mean phenome-
non is also well documented in several chronic 
musculoskeletal diseases frequently treated with 
injections, such as osteoarthritis and tendon- 
related diseases [32, 33]. The investigator effect 
and the Hawthorne-like effect are more difficult 
to document, but their influence on the results of 
placebo injection cannot be excluded. 
Consequently, care needs to be taken when inter-
preting the results of studies on the efficacy of 
placebo injections in musculoskeletal diseases: 
the surprising benefits documented may be the 
results of a bias in the interpretation of data and 
not just a consequence of a proper placebo effect.

Nonetheless, musculoskeletal injections are 
characteristically prone to induce a placebo 
effect. In particular, musculoskeletal injections 
are non-surreptitious (non-surreptitiousness 
being a necessary condition to observe a proper 
placebo effect). Indeed, the ritual of the injection 
(i.e., preparation of the drug and of the syringe, 
evaluation and disinfection of the injection point) 
is a strong stimulus for patient conditioning. In 
this regard, a meta-analysis on the determinants 
of the placebo effect in osteoarthritis treatments/
trials found that placebos administered through 
injections are the most effective [34]. Expectation 
of benefit can be a further trigger of a powerful 
placebo effect in musculoskeletal injections: the 
perceived high technological level implied in the 
production of novel orthobiologics, such as 
platelet- rich plasma or mesenchymal stem/stro-
mal cells, further reinforces the expectations of 
patients. For example, the fact that famous ath-

letes were recently successfully treated with 
platelet-rich plasma generated a worldwide hype 
around platelet-rich plasma, thus inducing regu-
lar people treated with the same orthobiologic as 
famous athletes to expect the same type of 
result—expectation which probably enhanced 
their response to the treatment [35, 36]. Meaning 
might represent another important factor in deter-
mining the placebo effect documented for mus-
culoskeletal injections. It is likely that if patients 
understand the principles behind injections of 
hyaluronic acid, steroids, and—to an even greater 
extent—platelet-rich plasma (the compelling 
anabolic strength of platelet-derived “growth fac-
tors”…) or mesenchymal “stem cells” (with their 
“regenerative potential”…), may fully persuade 
the patient that these treatments work, thus laying 
the groundwork for the development of expecta-
tion able to induce a strong placebo effect. Thus, 
in the field of orthobiologics, the hope for tissue 
regeneration due to the trophic substances, the 
growth factors, and the powerful cells injected 
strongly increases the expectation of the patient 
on the possibility of achieving a benefit. For some 
applications, aspects other than the substance 
itself could reinforce the placebo effect even fur-
ther. For example, patients may be more prone to 
believe in the effectiveness of a treatment because 
of a preconceived notion that the specific number 
and timing of the injections performed are based 
on a specific scientific rationale. It seems likely, 
therefore, that the improvement frequently docu-
mented in the placebo groups of randomized con-
trolled trials that treat patients with 
musculoskeletal injections could be explained, at 
least in part, by a proper placebo effect [29, 37].

The remarkable results of placebo adminis-
tration made some authors question whether the 
substances injected were indeed placebos or 
actually had an unforeseen active effect due to 
one or more of their components [38]. The eval-
uation of the presence of an active effect of 
some components of the substances used as 
injected placebos is complicated by the fact that 
more than 70% of the randomized placebo-con-
trolled trials do not report enough information 
on the characteristics of the injected placebo 
[39]. Taking this limitation into account, the lit-
erature shows that saline is the most common 
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ingredient in placebo injections; less frequently, 
cell culture media and inactive drug solvents are 
used instead [34]. The injection of saline inside 
the joint may dilute the concentration of the 
inflammatory molecules that characterize the 
micro-environment of the disease. Moreover, 
synovial fluid aspiration, which is frequently 
performed before saline injections, may further 
reduce the concentration of pro-inflammatory 
molecules [37]. Micro- environment modifica-
tions are known to induce a response after the 
injection of active drugs, and it is possible that a 
similar result is obtained after saline injections 
[40]. However, studies trying to test this hypoth-
esis failed to find a correlation between the vol-
ume of saline injected and the strength of the 
clinical response; the real effectiveness of dilu-
tion due to saline injections has not been proved 
yet [29]. Furthermore, recent evidence from a 
study on knee osteoarthritis found that saline 
and sham injections produce similar results 
[41]. In light of this finding, the hypothesis of 
the presence of an active effect of saline seems 
unfounded, and the improvement documented 
after musculoskeletal injections should be con-
sidered entirely due to perceived and/or proper 
placebo effects.

The relevance of the placebo effect in the field 
of orthobiologics is evident and should not be 
underestimated: despite the absence of a specific 
therapeutic effect of saline injections, “active” 
treatment groups frequently report results that are 
similar to those of the control groups; indeed, the 
benefits of the injection of orthobiologics are 
often considered to be in great part due to the pla-
cebo effect. The literature provides several exam-
ples of injective treatments that only slightly 
overcame their inactive controls, and the placebo 
effect is often given as the main reason for the 
response to orthobiologics in fields such as mus-
cle injuries, tendon diseases, or osteoarthritis 
[42–44]. Moreover, the difference between the 
active and the placebo groups is frequently 
reduced in the analyses including only double- 
blind studies, which are necessary to properly 
evaluate the influence of the placebo effect [42]. 
Thus, even though in most cases it remains diffi-
cult to distinguish the components and the mech-

anisms determining the placebo effect, it clearly 
plays an important role in the field of orthobio-
logics injections in musculoskeletal tissues.

29.4  Conclusions

Since its identification, the placebo effect has 
stimulated a great interest in clinical research-
ers, resulting in a lively debate regarding its true 
efficacy and in a great scientific production 
evaluating its underlying mechanisms. 
Musculoskeletal injections are unavoidably 
influenced by the placebo effect, with some 
physicians remaining concerned that many 
potentially promising injectable therapies are 
nothing more than expensive placebos. These 
beliefs are based on the fact that placebo injec-
tions lead to results which often equal the effi-
cacy of tested active drugs. When dealing with 
placebo- controlled trials, attention should be 
paid to the experimental context; in particular, it 
is important to document and pay attention to 
the components of the substance used as pla-
cebo and to the potential presence of “proper” 
or “perceived” placebo effect. However, regard-
less of the specific placebo components (which 
may or may not have an active role in the benefit 
experienced by the patient), the placebo effect is 
undoubtedly one of the causes for the recent 
successes of orthobiologics injections, thus war-
ranting high-level trials before extending their 
application for the treatment of musculoskeletal 
diseases in the clinical practice.

Take-Home Messages
• In the published clinical trials, placebo 

injections are seen to provide clinical 
benefits that often equal the efficacy of 
tested “active” drugs.

• Placebo effect may be an instance of 
perceived placebo effect, proper placebo 
effect, or the injected substance having 
an unexpected positive effect.

• The placebo effect is undoubtedly one of 
the causes for the results obtained with 
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Pluripotent Stem Cells: Embryonic/
Fetal Stem Cells and Induced 
Pluripotent Stem Cells

Gun-Il Im

30.1  Introduction

Recent advances in regenerative medicine for the 
musculoskeletal system indicate that stem cell 
therapies may evolve into an established treat-
ment for many musculoskeletal tissues. The most 
challenging and potentially important is the pres-
ervation of cartilage tissue, reversal of degenera-
tive change, or regeneration of cartilage tissue in 
chondral defects and osteoarthritis (OA). While 
most of reported approaches have been based on 
adult stem cells that have limited potential for 
expansion, pluripotent stem cells also merit a 
consideration as potential cell sources. Embryonic 
stem cells (ESCs), derived from the inner cell 
mass of the blastocyst [1, 2], and the cells in the 
germinal ridge of the embryo [3] had been 
thought to be the only type of known pluripotent 
cells, until the seminal work of Yamanaka [4] 
showed that adult cells can be activated to revert 
to a pluripotent state, generating induced pluripo-
tent stem cells (iPSCs).

ESCs can be expanded almost infinitely, and 
not undergoing senescence, as typically seen in 
adult stem cells. However, the derivation of ESCs 
from the early embryos raises ethical concern, 
and the inherent immunogenicity associated with 
allograft transplantation continues to pose limita-

tions for the clinical applications [1–3]. iPSCs 
are induced by reprogramming somatic cells with 
forced expression of specific transcription factors 
[5, 6]. iPSCs are similar to the ESCs in gene 
expression, surface markers, cell morphology, 
proliferation potential, pluripotency, and several 
other aspects [7, 8]. However, as iPSCs can be 
derived from autologous somatic cells of candi-
date recipients, iPSCs do not involve such reli-
gious and ethical issues as in ESCs and are free 
from the risk of immune rejection [9, 10].

In this chapter, iPSC generation, chondro-
genic induction of iPSC, and reported in  vivo 
application of iPSCs for cartilage regeneration 
and OA treatment are presented and reviewed 
from the author’s perspectives.

30.2  Generation of iPSCs

30.2.1  Methods Used to Reprogram 
Somatic Cells into iPSCs

iPSCs were first generated from dermal fibro-
blasts in  vitro by retroviral transduction and 
forced expression of genes of four transcription 
factors Oct-4, Sox-2, Klf-4, and c-Myc also 
called Yamanaka factors [5, 6]. These four fac-
tors were identified by testing numerous combi-
nations of 24 factors that are plentifully 
expressed in ESCs. These factors reprogram the 
nuclei of somatic cells to make them pluripo-
tent. These cells generated teratomas which 
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contained tissues from all three germ layers, 
when transplanted into immunodeficient mice, 
indicating their pluripotency [11].

Theoretically, any actively dividing somatic 
cell type may be reprogrammed. Therefore, 
iPSCs have been induced from various somatic 
cells [5, 6, 12–14]. Skin fibroblast has been the 
most frequently used cells for reprogramming 
due to efficiency, safety, and minimal morbidity 
in harvesting cells. On the other hand, the easy 
accessibility and even lower harvesting invasive-
ness of blood cells can make them further attrac-
tive cellular sources [15]. The efficiency in 
reprogramming for iPSC generation varies with 
different somatic cell sources. While reprogram-
ming efficiency is quite important in investigat-
ing reprogramming and its mechanism in the 
laboratory setting, it may not be a critical variable 
when generating iPSCs for clinical application. 
In this case, selection of the optimal iPSC clones 
and documentation of their safety and quality 
become more important.

In the beginning, iPSCs were induced using 
either retrovirus [5] or lentivirus [6]. However, 
these viral vectors are associated with inser-
tional mutagenesis and tumor formation due to 
the random integration of transgenes [16, 17]. 
Therefore, non-integrating vectors, such as ade-
novirus [18] and Sendai virus [19], are currently 
preferred for the generation of iPSCs. 
Adenovirus has a low efficiency and kinetics, 
while the Sendai virus shows fairly efficient 
transduction. In addition, nonviral methods to 
generate integration-free iPSCs have been 
developed, including plasmids [20], recombi-
nant proteins [21, 22], mRNAs [23], episomal 
vectors [24], and piggybacks [25, 26]. Even 
small molecule combinations are known to 
induce iPSCs [27, 28].

30.2.2  Epigenetic Signature of iPSCs

Although the hiPSCs fundamentally share the 
properties of hESCs, there is evidence that their 
differentiation to a lineage related to their origin 
is more facilitated [64], probably due to residual 
epigenetic memory [7, 29].

iPSCs repeat errors in DNA methylation dur-
ing the reprogramming process [30], though it 
has not been proven whether these epigenetic 
abnormalities are the result of cellular repro-
gramming itself or of the iPSC induction meth-
ods. While this has posed concerns about the 
safety and stability of the iPSCs, ESCs and iPSCs 
showed very few consistent differences in the 
gene expression profiles [31]. Also, the different 
epigenetic signatures observed initially in the 
iPSCs dissipate with prolonged passaging, sug-
gesting that cell-specific memory may not be 
functionally relevant [29]. The origin of primary 
cells may also influence the reprogramming and 
differentiation thereafter. Rim et  al. [32] repro-
grammed hiPSCs from four different types of pri-
mary cells such as dermal fibroblasts (DF), 
peripheral blood mononuclear cells (PBMC), 
cord blood mononuclear cells (CBMC), and OA 
fibroblast-like synoviocytes (OAFLS). 
Established hiPSCs were differentiated into 
chondrogenic pellets. All told, the relative rank of 
expression of cartilage-specific markers was 
CBMC > DF > PBMC > FLS. On the other hand, 
Nasu et  al. [33] generated genetically matched 
human iPSCs from different origins using bone 
marrow stromal cells and dermal fibroblasts of 
the same donor. Global gene expression profile, 
DNA methylation status, and the chondrogenic 
and osteogenic differentiation properties of each 
lineage were analyzed. After cell autonomous 
and induced differentiation, each iPSC clone 
exhibited various differentiation properties, 
which did not correlate with the cell of origin.

30.3  Induction of Chondrogenesis 
from iPSCs

Several methods to differentiate ESCs/iPSCs 
toward chondrocytes have been developed. These 
methods can be interchangeably used for both 
ESCs and iPSCs. ESCs and iPSCs can be 
expanded almost indefinitely due to their capac-
ity for self-renewal [33, 34]. With enhanced effi-
ciency and low cost of induction, iPSCs may 
become a useful cell source for regenerative 
medicine for chondral defects and OA, provided 
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that safe and reliable ways of producing chondro-
cytes from these cells are established [12].

To employ the iPSC technology for cartilage 
regeneration, it is very important to understand 
the normal developmental processes of chondro-
cytes. Cartilage formation is regulated by a num-
ber of signal transduction pathways that regulate 
a series of events, including condensation of mes-
enchymal cells and nodule formation followed by 
chondrogenic differentiation, the hallmark of 
which is the expression of Sox-9. Several critical 
signaling molecules regulate this process, includ-
ing soluble factors such as transforming growth 
factor beta (TGF-β), Wnt and cell adhesion mol-
ecules, bone morphogenetic proteins (BMPs), 
and fibroblast growth factors (FGFs). These fac-
tors activate essential targets to initiate and main-
tain chondrocyte phenotypes [35]. Induction of 
chondrogenesis from iPSCs is not yet standard-
ized, with several different methods showing 
variable results. Protocols for chondrogenic dif-
ferentiation of ESCs/iPSCs are grouped into four 
categories [36].

 1. Co-culture with primary chondrocytes either 
in direct [37] or indirect ways [33, 38].

 2. Via embryoid body (EB) formation [39, 40].
 3. Through generation of intermediate induced 

mesenchymal stromal cells (iMSCs) and 
subsequent differentiation into chondrocytes 
[41, 42].

 4. Direct chondrogenic differentiation using 
chondro-inductive factors [43, 44].

30.3.1  Co-Culture with Primary 
Chondrocytes

Co-culture takes advantage of paracrine factors 
secreted from the chondrocytes that can stimulate 
the differentiation of iPSCs into chondrocytes 
[34, 36]. On the other hand, co-culture conditions 
may increase the risk of contamination by other 
undesired cells [45]. The direct co-culture [38] 
has higher risk of contamination compared to the 
indirect co-culture [33, 37].

This strategy was reported by Wei et al. using 
human healthy chondrocytes [34] and Qu et  al. 

using bovine articular chondrocytes [46]. Adding 
BMPs or other TGF-β family molecules to the 
culture medium may improve the quality of 
chondrogenic differentiation [47].

30.3.2  Via Embryoid Body Formation

Chondrogenic differentiation of iPSCs via EB 
formation is the most commonly used approach 
to obtain hiPSC-derived chondrocytes [48]. The 
process involves the formation of EBs, allowing 
auto-induction (spontaneous differentiation) of 
MSC-like cells as fibroblastic outgrowths from 
the EBs, followed by induction of chondrogenic 
differentiation of the MSCs [39]. The main disad-
vantages of this method are the potential for 
unpredictable differentiation, heterogeneous cell 
populations, and low efficiency. EB’s three- 
dimensional (3D) structure is similar to that in 
the early post-implantation embryo; thus the cells 
in the EB can differentiate into cells of three 
germ layers [49]. However, several groups 
employed this strategy with some success 
[50–53].

30.3.3  Through Intermediate iMSC

In this strategy, iPSCs are stimulated exoge-
nously to differentiate into an MSC-like popula-
tion (iMSC), followed by differentiation to 
chondrocytes. As this method directly generates 
MSCs, it can limit the spontaneous differentia-
tion of iPSCs into undesired cell types, even 
though these iMSCs may be more prone to dif-
ferentiate into fibro- and hypertrophic cartilage 
[34, 36].

Zou et  al. [54] derived iMSCs from human 
iPSCs by culturing the iPSCs in MSC differentia-
tion medium containing DMEM-low glucose and 
10% fetal bovine serum, followed by serial 
trypsinization- based passaging. For chondro-
genic differentiation, pellets were formed and 
cultured in chondrogenic medium containing 
TGF-β3. Similarly, other groups reported other 
approaches involving direct induction of hMSCs 
under specific cell culture conditions, followed 
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by chondrogenic differentiation with TGF-β3 
[55] or TGF-β3 and BMP2 [56]. Another strategy 
for generating MSCs from iPSCs utilized specific 
coatings during cell culture. Liu et al. reported a 
one-step method to derive MSC-like cells from 
hiPSCs using plates coated with fibrillar type I 
collagen. This thin layer of collagen fibrils on the 
plates successfully stimulated the derivation of 
MSC-like cells [57].

30.3.4  Direct Differentiation Using 
Growth Factors

This approach, also known as directed differen-
tiation, is grounded on mimicking the events dur-
ing the embryo development [17, 48]. Using 
different mixtures of defined factors at different 
developmental stages, a defined protocol to direct 
differentiation of the pluripotent stem cells 
toward the chondrocytes was reported [44]. 
Cheng et  al. [49] successfully applied an iPSC 
protocol that had been developed for the direct 
differentiation of hESCs toward chondrocytes. 
This protocol involves the use of different growth 
factors including activin-A, Wnt3a, FGF2, 
BMP4, neurotrophin-4, and growth differentia-
tion factor 5 (GDF5) in a timed sequence at spe-
cific concentrations. This protocol is also applied 
by Saito et al. to differentiate hiPSCs with similar 
results [58]. Protocol of Yamashita et  al. [59] 
includes initially differentiating hiPSCs into 
mesodermal cells and then culturing them in 
chondrogenic medium containing TGF-β1, 
BMP2, GDF5, and ascorbic acid. Thereafter, 
chondro-induced cells are sorted according to 
type II collagen expression and cultured in 
3D. Protocol of Borestrom et al. [14] comprises a 
3D pellet pre-differentiation followed by mono-
layer expansion of chondrogenic progenitors. 
These progenitors are subsequently cultured in a 
second chondrogenic 3D pellet and differentiated 
into chondrocytes using chondrogenic medium 
containing growth factors.

It is not yet clear which is the best method for 
deriving chondrocytes from iPSCs as each 
reported protocol used different iPSC lines 
derived from different somatic cell types, has dif-

ferent genetic backgrounds, and employed differ-
ent reprogramming methods [47, 60]. One of the 
unique characteristics seen in in  vitro chondro-
genic differentiation of iPSCs is the low expres-
sion of hypertrophic markers such as type X 
collagen and alkaline phosphatase [61–63]. The 
difference can be attributed to the heavier meth-
ylation of promotor sites of hypertrophic genes 
[63]. Lower expression of hypertrophic markers 
may mean that chondrocytes derived from iPSCs 
have stable phenotypes, unlike chondroid cell- 
derived traditional MSC populations. If true, this 
may represent a profound advantage for iPSCs as 
a cell source for the regeneration of articular 
cartilage.

30.4  The Use of iPSCs 
for Cartilage Regeneration

iPSCs can be a promising cell source for carti-
lage tissue engineering because plenty of acces-
sible and autologous cells are available iPSC 
fabrication. iPSCs bypass ethical concerns and 
overcome the limited proliferation potential of 
adult cells such as MSCs or chondrocytes [64]. 
hiPSC- derived chondrocytes are more similar to 
juvenile chondrocytes. Cartilage from juveniles 
has more anabolic activity and is less antigenic 
than those from adults [65–67]. This reduced 
antigenicity may imply that cartilaginous tissue 
derived from a single allogeneic hiPSC or hESC 
clone could be used for many patients. This, in 
turn, could allow greater flexibility in iPSC 
clone selection and control the quality and lower 
the clinical cost of this regenerative cell 
therapies.

To apply iPSCs for cartilage repair, efficient 
and reproducible protocols to differentiate iPSCs 
toward chondrocytes are necessary. While a num-
ber of protocols for chondrogenic differentiation 
are described, so far there is no general agree-
ment on the best approach to obtain chondrocytes 
from iPSCs. It is premature to state that iPSCs are 
better than MSCs for cartilage regeneration. On 
the other hand, iPSCs can resolve several issues, 
including cell number, accessibility, engraftment, 
or phenotype loss with passaging.
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A number of in vivo preclinical assessments 
have been reported testing the use of iPSC- 
derived cells to treat chondral defects and 
OA. Zhu et al. [68] investigated the repair of car-
tilage defects in osteoarthritic rats with hiPSC- 
derived chondrocytes. 106 chondro-induced 
hiPSCs were injected into chemical OA-induced 
knees of rats. After 15 weeks transplantation, no 
immune responses were observed, micro-CT 
showed improvement of subchondral plate integ-
rity, and histological examinations demonstrated 
articular cartilage matrix production. Rim et al. 
tested the repair potential of human iPSC-
derived chondrocytes in a rat osteochondral 
defect model. hiPSC-derived chondrocytes were 
either implanted as pellets or injected into the 
joint. Both transplanted chondrogenic pellets 
and chondrocytes had positive effects in the 
osteochondral defect rat model. Detection of 
human proteins in the joints proved that the cells 
were successfully delivered and retained in the 
defect [62].

Kotaka et  al. [69] investigated the effect of 
magnetically labeled iPSCs (m-iPSCs) delivered 
into an osteochondral defect by magnetic field on 
the repair of articular cartilage. The histologic 
grading score was significantly better in the treat-
ment group compared to the control group. 
m-iPSCs maintained pluripotency, and the mag-
netic delivery system proved useful and safe for 
cartilage repair using iPSCs. Xu et al. [70] evalu-
ated the use of MSCs derived from hiPSCs for 
the regeneration of cartilage defects in a rabbit 
model. Cartilage defects were made in the patel-
lar grooves of New Zealand white rabbits. MSCs 
were generated from hiPSCs via a step of EB for-
mation. Following flow cytological analysis, the 
hiPSCs-MSCs were plated onto poly(lactic-co- 
glycolide) and then transplanted into the cartilage 
defects in the experimental group. At 6  weeks, 
cartilage-like tissue was observed in the experi-
mental group but not in the control or scaffold 
implantation groups. Chijimatsu et al. [56] inves-
tigated the feasibility of MSC-like cells origi-
nated from iPSCs via neural crest cells (NCCs) 
for osteochondral repair. Initially, MSC-like cells 
derived from iPSC-NCCs (iNCCs) were gener-
ated and characterized in  vitro. When iNCC- 

derived tissue-engineered constructs were 
implanted into rat osteochondral defects, the 
implanted cells remained alive at the implanted 
site, whereas they failed to repair the defects, 
with only scarce development of osteochondral 
tissue in  vivo. Our group implanted human 
iPSCs-derived chondrocytes into immunosup-
pressed rats. Cartilage was regenerated in the 
defects created in the articular cartilage of these 
rats, without any teratoma or tumor formation, 
suggesting that iPSC-derived chondrocytes are a 
promising source of cells for transplantation 
(Fig. 30.1) [63].

It remains to be proven that chondrogenically 
differentiated hiPSCs can definitely generate 
articular cartilage that are equal to natural hyaline 
cartilage in  vivo. Further, in order to minimize 
the risk of teratoma in in  vivo implantation, 
undifferentiated cells should not be left behind 
after the differentiation of iPSCs into chondro-
cytes. It should be also remembered that the 
reprogramming process in iPSCs can add another 
potential risk of tumor formation not present in 
ESCs. The efficacy and safety of such transplan-
tation remain to be investigated in larger animal 
models, to provide a more accurate assessment of 
the repair capacity of iPSCs [71].

Of note, in vivo studies of iPSC treatment to 
regenerate cartilage in osteochondral defects or 
OA have demonstrated the survival and engraft-
ment of implanted or injected chondro-induced 
iPSCs for several months. This is distinctly dif-
ferent from MSCs which mostly disappear from 
the joint within 1–3 weeks [62, 63]. While those 
results are very encouraging and approach the 
original concept of cell therapy, corroboration of 
this finding is necessary in large animal models 
of longer follow-up.

30.5  Strategy for Clinical 
Application: iPSC Banking

While patient-specific iPSCs are a possibility 
with huge advantages, individual preparation of 
iPSCs under good manufacturing practice (GMP) 
guidelines can be expensive. To tackle this issue, 
allogeneic clinical iPSC cell line banks should be 
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considered for lowering the cost of iPSC therapy 
[72, 73]. iPSC banks can be set up with samples 
from homozygous donors for common HLA 
types. Chondro-induced iPSCs with an HLA type 
that matches the patient’s HLA types can be 
selected from the iPSC bank and used for trans-

plantation. It is much less difficult to prepare 
homozygous HLA hiPSCs than hESCs. 
Individuals who bear homozygous HLA types 
and are willing to donate their somatic cells for 
iPSC generation are far more easily found than 
embryo donors for ESC generation [72].

Fig. 30.1 To investigate whether chondro-induced hiP-
SCs promote cartilage repair, hiPSCs in either pellet state 
or alginate hydrogel were implanted in the osteochondral 
defects created on the patellar groove of immunosup-
pressed rats, and the status of the created defects was 
observed 12 weeks after implantation. The defects treated 
with chondro-induced hiPSC implantation were repaired 
with smooth, glistening, firm tissue, while the control 
defects showed raw surface with or without thin fibrous 
covering tissue (a). Histological appearance revealed 
good restoration of the articular surface albeit with 
reduced amount of proteoglycans compared with adjacent 
normal cartilage in the defects treated with hiPSC-pellets 
(group 3) or hiPSC-alginate hydrogel (group 4). On the 

other hand, the control defects (group 1) and defects 
treated with alginate alone (group 2) showed little evi-
dence of cartilage regeneration (b). Immunohistochemistry 
for human nuclear antigen in groups 3 and 4 revealed that 
the majority of cells inside the regenerated cartilage were 
implanted hiPSCs and that hiPSCs successfully engrafted 
in the created defect (c). The macroscopic score was sig-
nificantly better in groups 3 and 4 than that in groups 1 
and 2 (P < 0.05). Groups 3 and 4 also had a significantly 
better histological score than group 1 (P < 0.05, d). Bar 
represents mean ± SE. N = 6, *P < 0.05 (reproduced with 
permission from Ko et  al., Biomaterials. 2014 
Apr;35(11):3571–81)
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The avascular nature of cartilage provides 
some protection against host immune response to 
some extent compared with other tissues. It is 
evidenced from reports that transplanted carti-
lage from unrelated donors elicits little acute or 
chronic immune response [64, 74]. Allogeneic 
cartilage has been transplanted in a large number 
of patients without matching for HLA types and 
without the administration of immunosuppres-
sive drugs. The allogeneic transplantation of par-
ticulated juvenile articular cartilage has also 
shown good clinical results [75].

Thus, it may be possible to transplant iPSC 
bank-derived chondrocytes with less optimal 
HLA matching compared with other cell types. 
However, it remains to be seen how much of 
HLA matching is required for successful allo-
geneic transplantation of cartilage or chondro-
cytes [76].

30.6  Direct Conversion 
to Chondrocytes Without 
the Need for iPSCs

Somatic cells can be directly converted to another 
type without going through the generation of 
iPSCs. Cell type conversion has been demon-
strated in some cell types. The transduction of 
fibroblasts with MyoD results in conversion into 
myoblasts [77]. Fibroblasts can be converted into 
neurons by the forced expression of Ascl1, Brn2, 
and Myt1l [78]. Also, cardiomyocytes can be 
generated from fibroblasts by forced expression 
of Gata4, Mef2c, and Tbx5 [79].

The Tsumaki group [80] reported the genera-
tion of induced chondrocytes (iChon) from mouse 
and human fibroblasts using two reprogramming 
factors (c-Myc and Klf -4) and one cartilage form-
ing factor (Sox-9). The resulting iChon cells form 
hyaline cartilage expressing only type II collagen. 
As iChon cells did not express Nanog, a marker of 
pluripotent cells, these cells would not theoreti-
cally cause teratoma. While in vivo direct conver-
sion for the treatment of OA has not been reported 
until now, the technique is likely to materialize in 
the near future with recent advancements in 
in vivo gene transfer and smart biomaterials. In 

vivo direct conversion might be applied in vivo to 
rejuvenate diseased chondrocytes that have lost 
the chondrocyte phenotypes or to convert syno-
vial or connective tissue progenitors resident in 
the bone marrow into chondrocytes when used in 
combination with microfracture. In vivo direct 
conversion could be a relatively non- invasive 
method for cartilage regeneration if converting 
vectors can be applied into the OA lesion topical 
or arthroscopic placement while excluding expo-
sure and potential reprogramming of synovial 
tissues.

30.7  Conclusions

Starting from the initial report by Yamanaka et al. 
who used retroviral transduction to reprogram 
somatic cells into iPSCs, numerous methods 
were developed to generate iPSCs. The efficiency 
of induction has also greatly improved, which 
makes patient-derived iPSCs a clinical possibil-
ity with decreased cost. An efficient nonviral 
induction method would greatly enhance the 
safety of iPSCs. While the attempts for clinical 
application of iPSCs started with a focus on reti-
nal or neural disease, it has potential applications 
in cartilage repair and OA if lower cost and 
impeccable control over cartilage differentiation 
and safety can be achieved.

The enhanced survival and engraftment are 
critical for restoring cartilage form and function. 
As the prime purpose of cell therapy in OA is the 
improvement of structure in articular cartilage by 
regeneration, enhanced survival and engraftment 
would increase the chance of matrix synthesis 
and cartilage regeneration by the implanted cells, 
rather than reliance on paracrine effects targeting 
endogenous cells. On the other hand, unlike adult 
stem cells, safety issues in terms of teratoma for-
mation from insufficiently differentiated cells 
pose risk to the use of iPSCs for a nonlethal dis-
ease such as OA.

There is relative lack of in vivo investigation 
of iPSC implantation compared with culture- 
expanded MSCs. While comparable or even bet-
ter results were reported in small animals 
compared with MSCs, it is not known whether 
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the same good results can be obtained in large 
animals. The efficacy and safety of such trans-
plantation remain to be investigated in larger ani-
mal models, which would allow for a more 
accurate assessment of the repair capabilities of 
iPSCs.
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Gene Therapy

Magali Cucchiarini

31.1  Introduction

Despite the availability of a number of therapeu-
tic options to manage various musculoskeletal 
disorders in the clinics, none has been able thus 
far to reliably restore both the original structure 
and biomechanical functions of the injured tis-
sues in the affected population. Specifically, the 
treatment of articular cartilage lesions resulting 
from trauma (focal defects) or in osteoarthritis 
(OA) by either marrow-stimulating techniques 
(microfracture), cell/tissue transplantation (autol-
ogous chondrocytes, mesenchymal stromal 
cells), or replacement surgery [1–3] mostly leads 
to the formation of a fibrocartilaginous tissue 
composed of type-I collagen with poor mechani-
cal properties instead of the native hyaline carti-
lage (type-II collagen, proteoglycans) [4] and 
may further progress to OA [5, 6]. On the other 
side, bone tissue has an intrinsic ability to heal, at 
least in part, but not when the fracture gap is too 
big or unstable, while treatment by either auto-
graft or devitalized cadaveric allograft tissue 
remains challenging due to limited graft avail-
ability and donor site morbidity (autografts) and 
to a limited integration with the host tissue 
(allografts) [7]. Injuries affecting connective 
elastic tendons and ligaments are also common 
pathologies that represent clinical challenges due 

to their poor responses to therapy (suture, auto-
grafts, allografts, synthetic prostheses), leading 
to the formation of tissues with incomplete 
strength and/or restricted mobility and to adhe-
sions, inflammation, and fibrosis [8]. Highly 
prevalent meniscal lesions such as tears resulting 
from trauma or related to age-associated degen-
erative changes as risk factors for OA [9, 10] do 
not fully regenerate, especially those in the cen-
tral avascular zone, despite the availability of a 
variety of meniscal preservation, repair, and 
reconstruction procedures (arthroscopic partial 
meniscectomy, sutures, autologous tissues, 
meniscal allografts, meniscal artificial substi-
tutes) [11–15]. Also, a number of drawbacks 
were reported with such techniques, including 
compromised biomechanical properties, lesser 
vascularization, changes in shape and structure of 
the repair tissue, immunological/infectious 
responses upon grafting problems of donor avail-
ability, size matching, and graft preservation, 
extrusion, subchondral bone edema, and in some 
cases negative MRI results despite improved 
clinical scores [10].

The gene therapy technology provides power-
ful tools that enable a stable delivery and expres-
sion of therapeutic editing sequences in 
musculoskeletal lesions over extended periods of 
time compared with the administration of recom-
binant factors with short pharmacological half- 
lives, allowing for a durable healing of damaged 
tissues [14, 16–19]. Among different approaches 
allowing to achieve gene transfer in  vivo, the 
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direct administration of gene-based treatments 
locally in sites of musculoskeletal injury via 
injectable procedures is a particularly attractive 
strategy to improve the current therapeutic 
options for musculoskeletal disorders. Injectable 
gene therapy provides convenient (non-invasive) 
and off-the-shelf (patient-independent) systems 
that might be directly applied in translational 
approaches in the clinics to treat affected indi-
viduals compared with the complex, indirect 
(multi-step) administration of genetically modi-
fied cells [14, 16–19]. The next chapters provide 
an overview of gene therapy technologies with a 
focus on treating musculoskeletal lesions via 
injectable protocols.

31.2  Gene Therapy: Principles

Gene therapy is based on either (i) the delivery of 
exogenous candidate gene sequences (trans-
genes) in target cells or (ii) the endogenous edit-
ing of genome sequences directly inside these 
cells like with the clustered regularly interspaced 
short palindromic repeats (CRISPR)- associated 
protein-9 nuclease (Cas9) technology, both 
requiring the use of a gene shuttle based on non-
viral or viral constructs (vectors) (Table  31.1) 
[16–30]. Such a technology provides tools to 
treat affected individuals via prolonged expres-
sion of a transgene to circumvent the problem of 
short-term pharmacological half-life of the thera-
peutic product itself.

Nonviral vectors are safe, avoiding the risk to 
both acquire replication competence inherent to 
virus-based constructs and raise immune 
responses in the host. However, these vectors 
exhibit low gene transfer (transfection) efficien-

cies, require cell division (a feature limited to 
very few cell populations in adults), and allow 
only for a brief expression of the transgene they 
carry (only some days) [31, 32], making them 
more amenable to ex vivo (indirect) gene therapy 
approaches based on the implantation of geneti-
cally modified cells rather than to injection 
protocols.

Viral vectors that employ the natural entry 
pathways of viruses within target cells for gene 
transfer (transduction) are commonly derived 
from adenoviruses, retro−/lentiviruses, herpes 
simplex virus (HSV), and adeno-associated virus 
(AAV). Adenoviral vectors support very high 
transduction efficiencies, allowing for in  vivo 
(direct) gene therapy approaches and injection 
protocols, yet they exhibit a high immunogenic-
ity (low safety) and only short-term transgene 
expression (days to a 1–2  weeks) [33]. HSV- 
based vectors have similar features to adenoviral 
vectors, but they mostly target brain cells [34]. 
Retro−/lentiviral vectors allow for high transduc-
tion efficiencies over extended periods of time by 
integration in the host genome, but they show low 
transduction efficiencies (making them more 
suitable for ex  vivo gene therapy approaches 
rather than for injection protocols), require cell 
division (except for lentiviral vectors that are 
derived from the pathogenic human immunodefi-
ciency virus—HIV), and might induce unsafe 
tumor gene activation upon integration [35, 36]. 
Recombinant AAV (rAAV) vectors are safe due 
to a complete removal of viral sequences in their 
genome and to their maintenance as stable unin-
tegrated forms in the target cells, allowing for 
very high transduction efficiencies and prolonged 
transgene expression (months to years), making 
them amenable to in vivo gene therapy approaches 

Table 31.1 Gene transfer vectors for human gene therapy

Vector class Efficacy Safety Expression Approaches Injection
Nonviral vectors Low High Brief Ex vivo Unsuitable
Viral vectors
Adenoviral vectors Very high Low Brief In vivo Adapted
HSV-based vectors High Low Brief In vivo Adapted
Retro−/lentiviral vectors Low Low Prolonged Ex vivo Unsuitable
rAAV vectors Very high High Prolonged In vivo Adapted

HSV Herpes simplex virus, rAAV Recombinant adeno-associated virus
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and injection protocols [37–40]. In light of such 
properties, the next paragraphs will therefore 
focus on using vectors suited for injection proto-
cols in musculoskeletal tissues, i.e., adenoviral 
and rAAV vectors.

31.3  Injectable Gene Therapy 
for Musculoskeletal 
Applications

Several experimental gene transfer trials in ani-
mal models in  vivo have been reported to treat 
disorders affecting musculoskeletal tissues (carti-
lage, bone, tendons, ligaments, meniscus) 
(Fig. 31.1) based on the injection of either adeno-

viral or rAAV vectors for the delivery and over-
expression of a variety of therapeutic gene 
sequences (Table 31.2).

31.3.1  Cartilage Repair

Cartilage repair has been evidenced upon intra- 
articular injection of adenoviral vectors coding 
for:

• An interleukin-1 receptor antagonist (IL-1Ra) 
alone [41, 42] or combined with a soluble 
tumor necrosis factor-alpha receptor type I 
(sTNF-RI) [43] or with the insulin-like growth 
factor I (IGF-I) [44, 45]

• The transforming growth factor beta (TGF-β) 
with Smad7 (an anti-fibrotic agent) [46]

• Kallistatin (an anti-inflammatory agent) [47]
• Basic fibroblast growth factor (FGF-2) alone 

or combined with an IL-1Ra and/or IGF-I [45]
• Thrombospondin-1 (TSP-1, an angiogenesis 

inhibitor) [48]
• Bone morphogenetic proteins 2 and 6 (BMP- 

2, BMP-6) [49]
• Pro-opiomelanocortin (POMC, a neuropep-

tide) [50]
• Dickkopf-1 (Dkk-1, a Wnt antagonist) [51]
• Proteoglycan 4 (Prg4) alone [52] or combined 

with an IL-1Ra [53]
• Ras homolog enriched in brain (RHEB) [54]
• Histone deacetylase-4 (HDAC4) [55]
• Lysyl oxidase-like 2 (LOXL2, an amine oxi-

dase) [56]

Such approaches were mostly tested in experi-
mental in vivo models of OA in mice [42, 46, 51, 
52, 54, 56], rats [47, 48, 50, 53, 55], rabbits [43, 
45], and horses [41, 42] but also to treat focal 
defects in horses [44, 49], leading to reduced car-
tilage destruction in experimental OA for up to 
3 months in mice [56], 3.5 months in rats [53], 
3  weeks in rabbits [45], and 72  days in horses 
[42] and to focal cartilage repair for up to 
52 weeks in horses [49].

rAAV vectors have been also manipulated for 
direct intra-articular injection in experimental 
OA models in vivo to deliver Dkk-1 in rats [57] 

articular
cartilage

bone tendons
ligaments

meniscus

injectable
gene vector
compound

Fig. 31.1 Translational applications of injectable muscu-
loskeletal gene therapy. Candidate gene vectors may be 
directly provided by non-invasive injection in patients to 
treat lesions or injuries located in the articular cartilage 
(focal defects, OA lesions), bone (bone defects, fractures), 
tendons and ligaments (lesions, ruptures), and meniscus 
(tears) in order to enhance the mechanisms of tissue 
healing
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and the CRISPR-Cas9 gene editing components 
to target OA-associated genes such as IL-1β and 
the matrix metalloproteinase 13 (MMP-13) in 
mice [58], leading to improved bone architecture 
and decreased osteophytosis for 13  weeks [57] 
and to reduced cartilage deterioration for 
3 months [58]. Regarding focal lesions, most of 
the work using rAAV-mediated gene transfer to 
enhance cartilage repair thus far has been reported 

using application of these vectors via arthrotomy 
[59–63] and not by intra-articular injection in the 
joint space.

31.3.2  Bone Healing

Bone healing has been described by injection of 
adenoviral vectors coding for:

Table 31.2 Injectable gene therapy for musculoskeletal applications

Application Vectors Genes Models References
Cartilage Adenoviral

vectors
IL-1Ra OA reduction (mouse, horse) [41, 42]
IL-1Ra/sTNF-RI OA reduction (rabbit) [43]
IL-1Ra/IGF-I Focal repair (horse) [44]

OA reduction (rabbit) [45]
TGF-β/Smad7 OA reduction (mouse) [46]
Kallistatin OA reduction (rat) [47]
FGF-2, FGF-2/IL-1Ra, FGF-2/IL-1Ra/IGF-I OA reduction (rabbit) [45]
TSP-1 OA reduction (rat) [48]
BMP-2, BMP-6 Focal repair (horse) [49]
POMC OA reduction (rat) [50]
Dkk-1 OA reduction (mouse) [51]
Prg4 [52]
Prg4/IL-1Ra OA reduction (rat) [53]
RHEB OA reduction (mouse) [54]
HDAC OA reduction (rat) [55]
LOXL2 OA reduction (mouse) [56]

rAAV
vectors

Dkk-1 OA reduction (rat) [57]
CRISPR-Cas9 editing of IL-1β or MMP-13 OA reduction (mouse) [58]

Bone Adenoviral
vectors

BMP-2 Bone healing (rabbit) [64, 65]
Bone healing (rat) [66, 68, 69]
Bone healing (sheep) [67]
Bone healing (horse) [70]

TGF-β Bone healing (rabbit) [64]
VEGF [71]

rAAV
vectors

COX-2 Bone formation (mouse) [72]
siRNA (ApoE) [73]

Tendons,
ligaments

Adenoviral
vectors

BMP-12 Tendon healing (chicken) [74]
Ligament healing (rabbit) [75]

GDF-5 Tendon healing (rat) [76]
rAAV
vectors

FGF-2 Tendon healing (chicken) [77–79]
VEGF [79, 80]

rAAV Recombinant adeno-associated virus, IL-1Ra Interleukin-1 receptor antagonist, sTNF-RI Soluble tumor necrosis 
factor-alpha receptor type I, IGF-I Insulin-like growth factor I, TGF-β Transforming growth factor beta, FGF-2 Basic 
fibroblast growth factor, TSP-1 Thrombospondin-1, BMP Bone morphogenetic protein, POMC Pro-opiomelanocortin; 
Dkk-1 Dickkopf-1, Prg4 Proteoglycan 4, RHEB Ras homolog enriched in brain, HDAC Histone deacetylase-4, LOXL2 
Lysyl oxidase-like 2, CRISPR-Cas9 Clustered regularly interspaced short palindromic repeats, MMP-13 Matrix metal-
loproteinase 13, VEGF Vascular endothelial growth factor, COX-2 Cyclooxygenase-2, siRNA Small interfering RNA, 
ApoE Apolipoprotein E, GDF-5 Growth and differentiation factor-5
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• BMP-2 [64–70]
• TGF-β [64]
• The vascular endothelial growth factor 

(VEGF) [71]

in experimental in vivo models of bone defects 
in rats [66, 68, 69], rabbits [64, 65, 71], sheep 
[67], and horses [70], leading to defect healing 
for up to 8 weeks in rats [66], 12 weeks in rab-
bits [64, 71], 8 weeks in sheep [67], and 6 weeks 
in horses [70].

rAAV vectors were also employed to deliver 
the cyclooxygenase-2 (COX-2) in a mouse frac-
ture model [72] and a small interfering RNA 
(siRNA) against apolipoprotein E (ApoE) in 
mice [73], allowing for fracture union after 
21 days [72] and for enhanced bone deposition 
and mechanical strength for 21 days [73].

31.3.3  Tendon and Ligament Healing

The healing of tendons and ligaments has been 
evidenced upon injection of adenoviral vectors 
coding for BMP-12 [74, 75] and the growth and 
differentiation factor-5 (GDF-5) [76] into lacer-
ated and transected tendons in rats [76] and 
chickens [74] and in lacerated ligaments in rab-
bits [75], leading to tissue repair for up to 8 weeks 
in rats [76], 4  weeks in chickens [74], and 
26 weeks in rabbits [75].

rAAV vectors were also employed to directly 
deliver gene sequences for FGF-2 [77–79] and 
VEGF [79, 80] in transected tendons in chickens 
[77–79], allowing for tendon healing for up to 
12 weeks [77].

31.3.4  Meniscal Repair

Meniscal repair via direct injection of viral vec-
tors in tissue lesions in experimental models 
in vivo has not been reported thus far, yet there is 
evidence in the literature that adenoviral [81] and 
rAAV vectors [14, 82] may provide strong tools 
to achieve this goal using, for instance, the deliv-
ery of therapeutic hepatocyte growth factor 

(HGF, an angiogenic factor) [83], TGF-β [84, 
85], FGF-2 [86], or IGF-I [87].

31.4  Perspectives

A variety of experimental, preclinical studies in 
relevant animal models in vivo currently support 
the concept of applying injectable gene-based 
treatments as effective, non-invasive systems to 
enhance the healing of lesions affecting musculo-
skeletal tissues like the articular cartilage, bone, 
tendons, ligaments, and meniscus. Although such 
approaches have not been tested clinically for the 
management of focal cartilage defects, bone 
defects, and fractures, in tendon/ligament lesions 
and ruptures, and in meniscal tears, interestingly 
a phase 1 clinical study (NCT02790723) is cur-
rently pending to evaluate the safety of injecting 
an AAV-derived construct carrying an IL-1Ra 
sequence in subjects with moderate knee OA 
[88], showing the interest in injectable gene ther-
apy for musculoskeletal disorders.

Overall, more work is still needed to identify 
the optimal system(s) for safe, effective disease- 
specific therapy [38, 89, 90], including:

• The vector type (rAAV versus adenoviral vec-
tors; viral serotype—at least 13 serotypes of 
AAV have been identified)

• The vector dose (vector genome concentra-
tions; single versus repeated injection)

• The therapeutic gene (growth factor, tran-
scription factor, signalling molecule, anti- 
inflammatory agent, etc.; single gene or gene 
combination)

• The levels of therapeutic gene expression 
(high-level expression promoter, tissue- specific 
promoter, disease-regulatable promoter)

• The follow-up of the outcomes (time course 
evaluations for durable, not suboptimal 
effects; safety, i.e., absence of toxicity of the 
treatment and of deleterious immune 
reactions).

Also, more laboratory studies will be critical 
to evaluate the potential benefits of genome edit-
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ing with the CRISPR-Cas9 system versus classi-
cal (trans)gene therapy in the musculoskeletal 
field as only one study thus far reported that edit-
ing of IL-1β and MMP-13 via rAAV vector injec-
tion reduced cartilage degradation in experimental 
OA in mice in vivo [58], while most work was 
otherwise performed in vitro as a means to reju-
venate chondrocytes and MSCs or to allow for 
disease (OA) modeling [91–96].

31.5  Conclusion

Overall, the various preclinical evaluations dem-
onstrate the potential value of injectable gene 
therapy to heal musculoskeletal diseases. Clinical 
translation in the future will require continued 
collaborative discussion between both clinicians, 
scientists and regulatory agencies to address the 
remaining questions and challenges to enable 
safe clinical trials.
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In Situ Targeting of Stem 
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Tissues
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32.1  Introduction

All tissues remodel, and the vast majority of them 
has some capacity for repair/regeneration after 
injury. Tissue repair or regeneration always 
requires the generation of new tissues. New tis-
sues require the generation of new cells. 
Therefore, all effective tissue repair and regener-
ation are grounded in the availability of cells that 
can be activated to proliferate and generate prog-
eny capable of contributing to the formation of 
new cells that can differentiate into the cell types 
needed in the new tissue that is desired.

In general, tissue repair/regeneration initiates 
with a series of cellular events. Homing signals 
result in the infiltration of inflammatory cells into 
the damaged tissues. Activation of local endothe-
lial progenitor cells (EPCs) is essential for angio-
genesis. Similarly, activation of tissue-specific 
connective tissue progenitors (CTPs) is essential 
for generation of new connective tissues. Tissue- 
specific CTPs are present in all connective tissues 
and are defined as tissue-resident cells that are 
capable of proliferating and generating progeny 
that can differentiate into one or more connective 
tissue phenotypes [1–4]. Activation signals are 
proliferation, migration, and differentiation of 
stem and progenitor cells into cells that differen-

tiate and elaborate an extracellular matrix and 
functional attributes specific to the new tissue 
that is required [5–9]. Some stem and progenitor 
cells can also be mobilized into systemic circula-
tion and “home” to sites of tissue repair or regen-
eration by signaling mechanisms that are 
increasingly understood.

Cell-based therapy aims to enhance the repair/
regeneration by exogenously providing culture- 
expanded cells (e.g., mesenchymal stromal cells 
(MSCs)) which have the ability to differentiate 
into the desired cell types [10, 11]. However, this 
cell-based therapy typically requires steps to iso-
late and expand cells. This results in treatment 
delays, especially in the case of acute injuries. 
Additionally, it has been demonstrated that 
ex vivo expanded cells represent a highly selected 
and behaviorally altered population that responds 
differently in  vivo. Culture-expanded cells are 
less likely to contribute to repair/regeneration by 
direct cell replacement than native progenitor 
populations [12, 13].

To bypass these drawbacks, many approaches 
discussed elsewhere in this text have focused on 
the harvest and “transplantation” of mixed 
tissue- derived populations that are enriched 
populations of stem and progenitor cells. 
However, a series of alternatively novel strate-
gies are becoming available to “target”, selec-
tively activate, and modulate local stem and 
progenitor populations “in situ”. These strate-
gies can enhance the repair/regeneration by 
recruiting more intrinsic stem and progenitor 
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cells rather than providing ex  vivo expanded 
ones into the damaged tissue [7, 14, 15].

This new “homing” strategy stems from the 
idea that one or more populations of native CTPs 
can be mobilized from bone marrow or other 
sources into systemic circulation in blood and then 
inducted by chemotactic factors or adhesion mol-
ecules to home to sites of local tissue repair/regen-
eration and contribute to tissue formation. Indeed, 
cells capable of proliferation to form progeny that 
can differentiate into connective tissues have been 
isolated from the peripheral blood [16–18]. Animal 
studies using a parabiosis model and transgenic 
mouse expressing green fluorescence protein 
(GFP) in bone marrow cells have demonstrated 
that GFP-positive bone marrow- derived cells can 
travel through the circulation and contributed to 
bone formation in the other mouse [19, 20]. These 
findings support the possibility that tissue repair/
regeneration could be enhanced by mobilizing 
more intrinsic stem and progenitor cells from the 
bone marrow and/or recruiting more of them to the 
damaged tissue (Fig. 32.1).

In order to implement this new strategy, it is 
necessary to understand the mechanisms of how 
CTP populations are mobilized, how they are 
recruited to a repair or remodeling, and how they 
are activated at the target site. These mechanisms 
likely vary from tissue to tissue, but many mecha-
nisms may be shared. Therefore, identification of 

these tissue-specific mechanisms will be 
necessary.

In orthopedics, fracture healing is one of the 
most well-characterized tissue repairing processes, 
and this new strategy has been pre- clinically tested 
in fracture repair [9, 19, 21–25]. Therefore, this 
chapter will focus on fracture healing as an exam-
ple, though the principles and mechanisms out-
lined here are likely to be applicable to other 
settings as well. In the following section, we high-
light stem and progenitor cell mobilization, 
recruitment, and differentiation, respectively.

“Mobilization of intrinsic CTPs” induces their 
transition from the bone marrow to peripheral 
circulation. These circulating CTPs can subse-
quently be recruited to the damaged tissue by a 
separate set of chemotactic signals and adhesion 
molecules, where they may contribute to local 
tissue and tissue repair/regeneration, both by 
local paracrine and cell-cell interactions, as well 
as by proliferation, migration, and differentiation 
into a desired tissue.

32.2  Mobilization of Stem/
Progenitor Cells

It has been demonstrated that one or more popu-
lations of CTPs, including osteoblast progenitor 
cells, can exist in and transit through peripheral 

Mobilization Recruitment

Bone Marrow

Circulation

Damaged Tissue

Differentiation

Connective Tissue Stem/Progenitor Cells

Red blood cells

White blood cells

Fig. 32.1 Schematic diagram of the new strategy of tissue repair/regeneration
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blood [16–18, 26–28]. Although the source or 
sources of these circulating progenitors have not 
been fully elucidated, animal studies using para-
biosis models suggest that the bone marrow is a 
likely source of at least some of these circulating 
cells [19, 20]. The bone marrow contains a diver-
sity of stem and progenitor cells, including hema-
topoietic stem cells, connective tissue progenitors, 
and endothelial progenitor cells.

Mobilization of hematopoietic stem cells 
from the bone marrow into systemic circulation 
has been extensively investigated. The cellular 
and molecular mechanisms associated with the 
release and escape of HSCs from their niche 
have been identified [29, 30]. Indeed, granulo-
cyte colony- stimulating factor (G-CSF) is 
widely used clinically to mobilize hematopoi-
etic stem cells into circulation, where they can 
be harvested and enriched for bone marrow 
transplantation [31].

The niches for CTPs in the native marrow are 
less well characterized but likely include both 
perivascular cells and pericytes (often CD146 
positive) as well as cells on the surface of tra-
becular cancellous bone.

 – SDF1/CXCR4: The chemokine stromal cell 
derived factor 1 (SDF1) and its receptor 
CXCR4 have been demonstrated to play an 
important role in retaining hematopoietic 
stem cells in the bone marrow. The disrup-
tion of the SDF1/CXCR4 interaction by 
G-CSF or AMD3100 (a CXCR4 antagonist) 
leads to the  mobilization of hematopoietic 
stem cells from the bone marrow to the 
peripheral blood [32–35]. AMD3100 has 
also been shown to increase the number of 
circulating colony- founding CTPs in the 
peripheral blood, suggesting that, in addition 
to HSCs, AMD3100 also mobilizes one or 
more CTP populations into the circulation 
[36, 37]. When mice with femoral fractures 
were treated with AMD3100 for 3 days after 
sustaining the fracture, fracture healing was 
enhanced, and there was significantly higher 
bone mineral density [37]. Interestingly, pre-
treatment of animals with vascular endothe-
lial growth factor (VEGF) or insulin-like 

growth factor 1 (IGF1), but not G-CSF, prior 
to AMD3100 administration further enhanced 
mobilization of CTPs and accelerated frac-
ture healing with significantly greater bone 
mass [36, 38, 39]. These results suggest that 
the SDF1/CXCR4 signaling pathway is also 
critical to keeping CTPs in the bone marrow 
and possibly other niches. These preclinical 
studies demonstrated the feasibility of the 
mobilization and homing strategy of stimu-
lating intrinsic stem cells to aid in the healing 
of fractures.

 – HMGB1: High-mobility group box 1 
(HMGB1) is a nuclear protein residing in the 
nucleus during the steady state. Upon injury, 
HMGB1 is secreted by necrotic cells as well 
as inflammatory cells, such as macrophages 
and monocytes [40–44]. It has been demon-
strated that the secreted HMGB1 has strong 
chemotactic activity to endothelial precursor 
cells, mesoangioblasts, and fibroblasts [41, 
43, 45–47]. Of interest, HMGB1 has also been 
shown to mobilize  platelet-derived growth 
factor receptor (PDGFR) α-positive cells from 
the bone marrow into the circulation, contrib-
uting to skin regeneration and recovery of 
heart function after a myocardial infarction 
[44, 48–50]. Moreover, it has been reported 
that HMGB1 not only mobilizes CTPs from 
marrow but also induces osteoblastic differen-
tiation [51–56]. These findings suggest that 
HMGB1 has the potential to enhance bone 
regeneration.

 – Substance P: Substance P is a neuropeptide 
produced by neuronal cells as well as inflam-
matory cells including macrophages and 
neutrophils. It has been shown that the serum 
levels of substance P are significantly 
increased after injury [57–59]. This injury- 
induced substance P has been demonstrated 
to mobilize CD29-positive cells from the 
bone marrow into the peripheral blood [57]. 
These mobilized CD29-positive cells in the 
circulation were found to be multipotent. In 
addition, substance P injection has acceler-
ated wound healing in a murine burn model 
[57]. Moreover, the  systemic injection of 
substance P enhanced bone repair in a 
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murine calvarial defect model by promoting 
mobilization of CD29-positive cells from 
the bone marrow [60].

In addition to tissue-resident CTPs, endothe-
lial progenitor cells (EPCs) also play a critical 
role in tissue repair/regeneration. Endothelial 
progenitor cells are required for angiogenesis and 
subsequent mass transport of nutrition, oxygen, 
and cells to damaged tissues [61–63]. Since pro-
viding culture-expanded endothelial progenitor 
cells into fracture sites promoted fracture healing 
[64], mobilization of endothelial progenitor cells 
has been attempted to enhance tissue repair/
regeneration. It should be noted that both VEGF 
and SDF1 have been shown to induce EPC mobi-
lization, suggesting that tissue-resident CTPs and 
EPCs may share mechanisms to egress and home 
from the bone marrow and/or they may structur-
ally interact with each other. Moreover, the mobi-
lization of one cell type may affect the other one.

 – VEGF: Vascular endothelial growth factor 
(VEGF) plays an important role in vessel for-
mation. In addition to induction of angiogene-
sis, VEGF mobilized EPCs from the bone 
marrow to the peripheral blood [65]. Local 
administration of VEGF in a murine fracture 
model demonstrated enhanced fracture healing 
with increased blood vessel formation [66, 67].

 – SDF1/CXCR4: The elevation of serum levels 
of SDF1 or disruption of SDF1/CXCR4 inter-
action by AMD3100 showed mobilization of 
EPCs from the bone marrow to the circulation 
[36, 68, 69]. Given that the SDF1/CXCR4 
pathway is involved in mobilization of CTPs 
and EPCs, enhanced fracture healing by 
AMD3100 could be induced by both cell types 
[37, 39].

 – G-CSF: G-CSF has been demonstrated to 
mobilize the CD34-positive bone marrow 
population which is enriched with hematopoi-
etic stem cells (HSCs) and EPCs [70, 71]. 
G-CSF treatment has shown to enhance bone 
healing in a rat bone defect model by increas-
ing mobilization of CD34-positive cells into 
the circulation [72]. The local transplantation 
of autologous circulating CD34-positive cells 

mobilized by G-CSF administration into 
patients with a fracture non-union accelerated 
fracture healing [73–75]. In vitro expansion of 
mobilized CD34-positive cells also enhanced 
fracture repair after local transplantation. This 
suggests that, in addition to HSCs and EPCs, 
at least one of the CTP populations that may 
be available for mobilization may be 
CD34-positive.

Overall, these studies have demonstrated that 
mobilization of several stem and progenitor cells 
populations can have a positive impact on tissue 
repair/regeneration such as fracture healing. It 
remains unknown whether this approach can be 
applicable to hypo-vascular tissues such as carti-
lage. Additionally, further understanding regard-
ing the roles of different subsets of CTPs and 
EPCs and if either more precise timing or more 
selective induction of these individual cell popu-
lations during the repair process would facilitate 
the development of more efficient and controlled 
regenerative therapies.

32.3  Homing of Stem/Progenitor 
Cells into Sites of Tissue 
Repair and Regeneration

To participate in tissue repair/regeneration, circu-
lating stromal/progenitor cells mobilized into 
systemic circulation need to be recruited to and 
retained in the damaged tissue. This can involve 
the generation of gradients of soluble chemotac-
tic agents, as well as changes in local endothelial 
cells so that they express surface antigens that 
induce sticking and rolling of circulating cells 
expressing matching ligands and subsequent dia-
pedesis of those cells out of the capillary bed and 
into local tissues.

It has been demonstrated that damaged tissues 
release chemoattractant molecules to recruit cells 
which are required for tissue repair/regeneration; 
this includes inflammatory cells as well as circu-
lating stem and progenitor cells. At the same time, 
endothelial cells in and around the damaged tis-
sues coordinate an increase in the expression of 
adhesion molecules, such as very late antigen- 4 
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(VLA-4), vascular cell adhesion molecule-1 
(VCAM-1), and intercellular adhesion molecule- 1 
(ICAM-1) to catch circulating cells [76]. Some of 
the same molecules are also involved in mobiliz-
ing stromal/progenitor cells from the bone marrow 
to the peripheral blood. In particular, the SDF1/
CXCR4 ligand complex, which is active in many 
tissues, is one of the most widely active and well-
studied homing mechanisms.

 – SDF1/CXCR4: It has been demonstrated that 
the expression of SDF1 is significantly 
increased in damaged tissues [20, 77–80]. 
Specifically, in repairing bones, SDF1 is 
highly expressed by endothelial cells in newly 
formed vessels, osteoblasts in regenerating 
bones, and in the periosteum [20, 79]. In vitro 
migration of bone marrow-derived stem and 
progenitor cells toward SDF1 was enhanced 
in a dose-dependent manner, and this migra-
tion was suppressed by blocking CXCR4 [20, 
79, 81]. As mentioned above, when mice with 
a femoral fracture were treated with AMD3100 
for a short period, the mobilization of CTPs 
from the bone marrow to the circulation was 
stimulated, and, as a result, fracture healing 
was accelerated [37]. However, interestingly, 
long-term treatment of fractured mice with 
AMD3100 ended with inferior fracture heal-
ing with less bone volume, suggesting that 
mobilized stromal/progenitor cells failed to 
home successfully into the fracture site, pos-
sibly due to the disruption of SDF1/CXCR4 
interaction [82]. The significance of SDF1 for 
CTP recruitment is further supported by the 
findings that the addition of SDF1 enhanced 
bone formation both in fracture and hetero-
topic ossification models [83, 84].

The increased expression of SDF1 in damaged 
tissues seems to be a generalized and intrinsic 
part of the process of tissue repair/regeneration in 
a variety of tissues. This may explain why 
increased mobilization of stem/progenitor cells 
without enhancing recruiting signals leads to 
improved tissue repair/regeneration. However, in 
the setting of medical conditions that may inhibit 
the regular tissue repair process (e.g., infection or 

diabetes), or if the regular repair process is 
blunted due to a chronic milieu (e.g., fracture 
non-union), supplementary homing signals might 
be required.

32.4  Differentiation of Stem/
Progenitor Cells

Once a mobilized CTP or EPC has migrated into 
the damaged tissue, in order to contribute to new 
tissue formation they must survive, proliferate, 
migrate, and differentiate into a mature cell phe-
notype that contributes to new tissue formation. 
While signals related to the mobilization and 
homing steps of stromal/progenitor cells may be 
common among a diversity of tissues, the process 
pathways and signals driving differentiation are 
likely to be specific to each tissue. Efficient dif-
ferentiation of CTPS and EPCs in local tissues is 
critical to enhance the repair or regeneration 
process.

In the case of fracture healing, various cyto-
kines and growth factors driving chondrogenic 
and osteogenic differentiation are expressed in 
and around the fracture site [9, 21, 23, 85]. These 
include variants of transforming growth factor-β 
(TGF-β) (mostly TGF-β1), a diversity of bone 
morphogenetic proteins (BMPs) (mostly BMP-2, 
-4, -6), fibroblast growth factors (FGFs) (mostly 
basic FGF, bFGF), insulin-like growth factors 
(IGFs), and platelet-derived growth factors 
(PDGFs), all of which have been therapeutic tar-
gets to promote various steps in osteoblastic and 
chondroblastic differentiation during fracture 
healing [9, 21, 23, 85]. Each of these factors is 
available for potential therapeutic use, if targeted 
and localized appropriately in time and space in a 
fracture site.

 – BMP-2: Recombinant human BMP-2 has 
been applied to randomized trials for patients 
with open tibial fractures and showed acceler-
ated fracture healing with a significantly 
reduced frequency of secondary interventions 
[86–88].

 – FGF-2: Recombinant human FGF-2 has also 
been tested in a randomized double-blind 
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trial for patients with tibial shaft fractures. 
The local injection of FGF-2 into the frac-
ture gap enhanced fracture healing and had a 
significantly higher cumulative percentage 
of patients with bone union [89].

 – PTH: In addition to these osteogenic factors 
endogenously released in the fracture site, 
parathyroid hormone 1–34 (PTH 1–34), 
which is known as an anabolic drug for the 
treatment of osteoporosis, has been utilized 
to treat postmenopausal women who suf-
fered from a distal radius fracture [90]. 
Patients treated with a daily injection of 
20  μg of PTH 1–34 demonstrated signifi-
cantly shorter times to healing compared to 
those treated with placebo, suggesting that 
PTH 1–34 may accelerate fracture healing. 
In another prospective randomized con-
trolled study for postmenopausal patients 
with pelvic fractures, daily injection of 
100 μg of PTH 1–84 also significantly short-
ened the time to healing compared to the 
control group which had saline injected [91].

These findings indicate that local stimula-
tion of CTPs (and possibly EPCs) in fracture 
sites to increase proliferation, matrix synthesis, 
and osteoblastic differentiation can have thera-
peutic effects on fracture healing. Similar strat-
egies could be applicable for repair/regeneration 
of other tissues once the biologic molecules 
responsible for the differentiation to the target 
tissue cells are identified. Given that temporal 
and spatial expression patterns vary among dif-
ferentiation signals in damaged tissues [9, 85], 
it should be noted that understanding the repair-
ing mechanisms is critical to provide the sig-
nals to the appropriate location at the proper 
timing. Moreover, it is obvious that both prolif-
eration and differentiation signals should fol-
low the migration of CTPs and EPCs into the 
repairing site. Thus, the fine-tuning of sequen-
tial signals for mobilization, homing, prolifera-
tion, migration, and differentiation of CTPs and 
EPCs will likely be required to obtain the best 
outcome.

32.5  Conclusions

Targeting native tissue-specific connective tissue 
progenitors (CTPs) in situ is a rational strategy 
for enhancing connective tissue repair. This chap-
ter has provided an overview of a more nuanced 
strategy of enhancing mobilization of CTPs into 
circulation and subsequently their homing to 
sites of tissue repair, regeneration, or remodeling. 
This approach has the potential to overcome 
some of the limitations of cell-based strategies 
that rely on ex vivo expansion to generate trans-
plantable populations, such as mesenchymal 
stromal cells or other populations. In particular, 
these problems include (1) the time-consuming 
expensive culture expansion process, (2) diffi-
culty to preservation of repeatable and reproduc-
ible multipotency in extended expansion, and (3) 
the frequent failure of survival and differentiation 
of culture expanded MSCs in vivo.
The mobilization and homing strategy can bypass 
these problems. Mobilization of intrinsic CTPs 
and other stem and progenitor populations may 
be accomplished using systemic pharmacologi-
cal agents with minimal morbidity. In fact, many 
of these mechanisms may already be activated as 
part of the natural response to major trauma. 
Preclinical studies using fracture models provide 
a good proof that CTPs that transit through blood 
will home to sites of injury or active tissue repair. 
Some of the mechanisms responsible for this 
homing may be enhanced. However, further 
investigations are required to (1) identify and 
refine minimally invasive methods for delivery or 
activation of optimal homing signals at the site 
where tissue regeneration and repair are desired 
and (2) to fine our understanding of possible 
homing strategies for non-bone tissues and other 
chronic orthopedic diseases (e.g., osteoporosis 
and osteoarthritis), particularly those involving 
hypovascular tissues (e.g., cartilage). If success-
ful, this new cell therapy approach targeting stem 
and progenitor cell populations in situ will open 
new avenues to orthopedic treatments, accelerate 
tissue repair and regeneration, and shorten recov-
ery times and period of immobilization.
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