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Abstract

Approved therapies for tendon diseases have not yet changed the clinical practice of symptomatic
pain treatment and physiotherapy. This review article summarizes advances in the development
of novel drugs, biologic products, and biomaterial therapies for tendon diseases with perspectives
for translation of integrated therapies. Shifting from targeting symptom relief toward disease
modification and prevention of disease progression may open new avenues for therapies. Deep
evidence-based clinical, cellular, and molecular characterization of the underlying pathology of
tendon diseases, as well as therapeutic delivery optimization and establishment of multidiscipline
interorganizational collaboration platforms, may accelerate the discovery and translation of
transformative therapies for tendon diseases.

TENDON IN HEALTH AND DISEASE

Tendons connect muscle to bone and are critical for joint and body part movements. The
hallmark of tendon function to enable joint movement is force transmission through its
dense and extensive network of extracellular matrix (1). The tendon extracellular matrix
consists of highly organized hierarchical and heterogeneous fibrils and fibers of collagens,
proteoglycans, elastin, and fibronectins, deposited and organized by tenocytes, which are
strategically well positioned within the extracellular matrix (2). Tendon extracellular matrix
is one of the strongest and most fatigue-resistant structures of the human body. Although
many tendons operate within the toe region of the stress-strain curve during routine function
and experience a wide range of in vivo strains and strain rates, with different benchmarks
in tension and compression (2), peak forces may exceed 3500 N in humans (70% of its
maximum load) (3).

Tendon extracellular matrix undergoes constant regeneration and remodeling. A disturbed
state of homeostasis in response to tendon chronic overuse or concomitant risk factors is
considered a common driver of tendon disease and is described in several pathogenesis
theories focusing on mechanical (4), inflammatory (5), apoptotic (6), or vascular or
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neurogenic (7) aspects or an integrated pathogenetic continuum (8). Tendon disease is
characterized by persistent pain and impaired joint function, which without resolution will
lead to restricted mobility, disease progression, tendon rupture, and long-term disability

of patients (9). Tendon disease and its long-term consequence on patient mobility are not
restricted to tendon, however, and could progress into generalized musculoskeletal disease
because the morphology and function of connected muscle and bone tissues are affected by
tendon disease, such as fatty infiltration, degeneration of muscle, and reduction in mineral
density of bone (10).

Chronic overuse and the consequences of a disturbed state of equilibrium are proposed to
result in gradual accumulation of extracellular matrix damage and disorganization over time
(11), including altered collagen content, glycosaminoglycan deposition, lipid accumulation,
and heterotopic ossification (12). Associated nonresolving inflammatory responses are
considered to further drive the progression of tendon disease ultimately toward tendon
rupture (13). In contrast to native uninjured tendon, healing tendon exhibits hypercellularity,
matrix disorganization, cell rounding, and several other phenotypic differences (Fig. 1A).

Tendon homeostasis is orchestrated by inflammatory mediators such as cytokines [e.g.,
interleukin-1p (IL-1B), tumor necrosis factor-a (TNF-a), IL-6, IL-17, and IL-33] and
their effector biology on immune and tendon cells (e.g., regeneration and remodeling

of extracellular matrix) (14, 15). Inadequate and nonresolving inflammatory responses
to tendon trauma have been suggested to drive the molecular and cellular pathology of
tendon disease via cytokine signaling pathways [e.g., mitogen-activated protein kinases
(MAPKS), extracellular signal-regulated kinase (ERK), nuclear factor kappa-light-chain
enhancer of activated B cells (NF-xB), and Janus kinase and signal transducer and activator
of transcription (JAK-STAT)] (16). Anatomical compartment specialization, such as the
presence or absence of a tendon sheath and the presence or absence of a synovial
environment, provides additional physiological and pathophysiological cues for immune
modulation of tendon homeostasis (Fig. 1B).

Concomitant to chronic overuse, various risk factors are proposed to disturb tendon
homeostasis and to tip the scale from tendon regeneration toward pathogenesis and disease
progression, such as aging (17), metabolic disease (18), compression stress (19), and
genetics (17). Although there is no direct genetic link associated with tendon disease,

a substantial number of genes and gene signatures are differentially regulated and are
associated with immune modulation (e.g., STAT3, JAKS3, IL4R, IL13RAZ, and S100A10),
extracellular matrix integrity [e.g., collagen-1A1 (COL1AI), COL1A2, COL3A1, tenacin-C
(7NC), and matrix metalloproteinase-2 (MMP2)], and tissue regeneration [e.g., fibroblast
growth factor-1 (FGFRI), Wntl-inducible signaling pathway protein 1 (W/SPI), Dickkopf-
related protein-3 (DKK?3), WNT3, and lymphoid enhancer-binding factor 1 (LEFI)] (20).

CURRENT CLINICAL PRACTICE TO TREAT TENDON DISEASE

Physical therapy

Physical therapy is widely applied to support rehabilitation of tendon disease due to
the proregenerative responsiveness of tendons to mechanical loading (10). Advanced
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rehabilitation protocols specific to tendon anatomy and injury (21, 22) are being defined

in animal and human studies (23, 24). Although certain tendons are known to benefit

from early rehabilitation to recover a range of motion (e.g., flexor tendon), other tendons
(e.g., rotator cuff) might require immobilization. Treatment of chronic Achilles tendinopathy
consists of early rehabilitation with eccentric strengthening protocols; however, intractable
cases can result in continued symptoms and need for surgical intervention (25).

When treated conservatively, eccentric strengthening protocols are superior to concentric
strengthening protocols (1).

Surgical interventions

Repair surgery of tendon full rupture injury is the primary therapeutic intervention with
>300,000 rotator cuff repair surgeries performed per year (26). The therapeutic outcome

of rotator cuff repair surgery has several limitations as many patients (20 to 94%) suffer
from postoperative complications such as rerupture (27), elongation (28), muscle atrophy
(29), sustained impaired shoulder function (27), and poor reconstitution of the tendon-bone
interface (30). Surgical repair of Achilles tendon rupture has recently also become more
controversial as studies demonstrated that repair surgery is not superior to nonsurgical
therapy with respect to reduction of rerupture rates (31) or improved tendon tissue properties
(32). In addition to surgical repair, other interventional approaches include ligament
reconstruction for anterior cruciate ligament (ACL) injuries (33), tissue debridement (34)
for elderly patients where the primary focus is pain alleviation, and reverse total shoulder
arthroplasty (34), tendon transfers (34), Mihata’s superior capsular reconstruction (35), or
implantation of a subacromial spacer (36) for large-to-massive irreparable rotator cuff tears.

Molecular and cellular therapeutic modalities

Therapeutic modalities are commonly classified by their molecular size, their synthetic or
biological origin, and their level of specification (i.e., low-molecular weight chemicals,
biologics, biological products, and gene and cell therapy, not excluding functionalized
biomaterials). Classical pharmacological therapeutics are based on chemicals and biologics
typically of specific molecular structure and mechanism of action. Chemicals are typically
orally available, whereas biologics such as peptides, growth factors, or antibodies

typically require parenteral administration (i.e., subcutaneous, intravenous, or intramuscular
injection) (37). Similarly, biological products and cell and gene therapies require parenteral
administration.

Because the tendon proper is poorly vascularized, therapeutics for tendon diseases

are preferentially applied locally by peritendon administration. Local administration of
therapeutics offers advantages and opportunities such as increases in systemic safety
window, staggered and extended duration of activity, and combination of therapeutics with
additional functionalities of biomaterials. However, locally restricted therapy also introduces
considerable complexity to type, timing, dosage, and delivery method for therapeutic
treatment (38).
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In the following section, we describe the molecular and cellular therapies in clinical use
for tendinopathy and tendon injury. We detail the mechanism of action, indications, dosing,
route of administration, and available safety/efficacy data.

Nonsteroidal anti-inflammatory drugs—Nonsteroidal anti-inflammatory drugs
(NSAIDs) are frequently used to treat tendon pain (Table 1). The classical NSAIDs are
nonselective inhibitors of all cyclooxygenase (COX) subtypes and block the enzymatic
conversion of arachidonic acid into prostaglandins, prostacyclin, and thromboxane (39),
thereby reducing inflammation and causing antipyretic, antithrombotic, and analgesic
effects. NSAIDs are administered orally (ibuprofen, aspirin, and naproxen), topically
(diclofenac), and parenterally (ibuprofen) (40). Evidence demonstrates that nonselective
NSAIDs provide short-term pain relief without a negative effect on tendon regeneration (41).
In contrast, there is emerging evidence that the newer class of NSAIDs selectively inhibiting
COX-2 (e.g., Celebrex, Vioxx, and Bextra) can negatively affect tendon regeneration (41).

Corticosteroids and glucocorticoid receptor agonists—Synthetic corticosteroids
(glucocorticoids) are in wide clinical use for anti-inflammatory pain management and

are administered orally, parenterally, or by iontophoresis (Table 1). Glucocorticoids
mediate their anti-inflammatory effects by down-regulation of the gene expression of
proinflammatory proteins (transrepression); however, they also induce gene expression of
certain other genes (transactivation) and exert nongenomic pathway modulation (42, 43).

In Achilles and rotator cuff tendinopathy, glucocorticoid treatment was shown to

provide transient pain relief (44, 45), and in lateral elbow tendinopathy, glucocorticoid
treatment improved pain and function (46). However, beyond transient pain relief, the
overall therapeutic benefit of glucocorticoids in tendinopathy remains controversial, and
glucocorticoids are under scrutiny as potentially supporting the progression of tendon
disease. In vitro work suggests harmful disruption of the state of tendon equilibrium,
evidenced by decreased viability and increased apoptosis of isolated human tenocytes
(47), along with loss of fibroblastic appearance and decreased expression of the structural
collagen type I (48).

Platelet-rich plasma—Platelet-rich plasma (PRP), an autologous blood product, is in
clinical use to promote tendon regeneration in patients with tendinopathy and tendon injury
(Table 1). After activation by exposure to thrombin and collagen, platelets release growth
factors such as transforming growth factor— (TGF-B), fibroblast growth factor (FGF),
vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), and
epidermal growth factor (EGF) (49). Given that interaction of several different growth
factors may be important in tendon healing, blood therapies intend to mimic these attributes
by providing high concentrations of growth factors that promote tendon regeneration.
Whole-blood injection (50), PRP (25), and leukocyte-rich PRP (51) are suggested to have
clinical benefit; however, undisputed evidence for the therapeutic benefit of PRP on tendon
regeneration in patients with tendon disease is pending (52).

Cell therapies—Autologous tendon cell therapies are in clinical use to promote tendon
regeneration in patients with tendinopathy and tendon injury (Table 1). The interest in cell
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therapy is motivated by the low cellularity and regeneration capacity of tendon (10). The
delivery of supplemental tendon-derived cells may promote tendon regeneration by tenocyte
differentiation and proliferation, extracellular matrix deposition and remodeling along with
stimulation of angiogenesis, and proregenerative immune modulation (53). In noncontrolled
studies, injected autologous tendon—derived cells were shown to express CD44, STRO-1,
and CD90, along with Collal and Scx, indicating tenocyte differentiation and proliferation
(54, 55).

Autologous tendon injection (ATI) (Ortho-ATl, Orthocell, Johnson & Johnson) is currently
marketed in Australia. Ortho-AT] isolates cells from a biopsy of healthy superficial patellar
tendon and expands them for 3 weeks before injection into diseased tendon. Results

show that AT increased grip strength, decreased pain, and decreased magnetic resonance
(MR) T2 signal 1 and 4.5 years after injection in patients with severe refractory lateral
epicondylitis (55).

Functional biomaterials—Biomaterials functionalized as viscosupplements or as
mechanical grafts are in clinical use to augment tendon repair and to alleviate pain in
patients with tendinopathy and tendon injury (Table 1). Viscosupplements provide local
lubrication to tendon and reduce friction with adjacent tissues. Viscosupplements such as
CartiZol (Sewon Cellontech) and OrthoVisc (Anika Therapeutics) are suggested to relieve
pain and promote tissue gliding.

Naturally derived extracellular matrix such as dermis (GraftJacket) and small intestinal
submucosa containing growth factors (CuffPatch) (56) as well as synthetic materials such
as a bioabsorbable urethane urea (Artelon) are used as tendon grafts (57, 58). However,

a Clinical Practice Guideline has concluded that “inconclusive,” “weak,” or “limited”
evidence exists for grafts, PRP, or marrow stimulation to augment Achilles tendon (59)
or rotator cuff tears (60), motivating the need for novel therapeutic paradigms for tendon
diseases. Although viscosupplements, grafts, suture anchors (36), suture tape (61), and
subacromial balloon spacers (36) are used clinically, they are not further addressed in this
review article.

CURRENT REGULATORY PRACTICE AND GUIDELINES

The primary governing agencies ensuring the safety, efficacy, and security of drugs,
biological products, and medical devices are the U.S. Food and Drug Administration (FDA,;
USA), European Medicines Agency (EMA,; Europe), and Pharmaceuticals and Medical
Devices Agency (PMDA; Japan). In addition, the Anatomical Therapeutic Chemical (ATC)
Classification System is used to classify the active ingredients of drugs based on the

organ system that they act. For the musculoskeletal system, ATC code “M” includes anti-
inflammatory and antirheumatic products, topical products for joint and muscular pain,
muscle relaxants, antigout preparation, and drugs for the treatment of bone diseases.

Several regulatory agencies provide published guidelines for important study considerations
and endpoints. These documents are published by ASTM International (formerly
the American Society for Testing and Materials), FDA, EMA, and the International
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Organization for Standardization (ISO) (62). The FDA approval process may take several
years (63, 64) depending on the classification of the product (65) (Fig. 2). A cell therapy
may be regulated as human cells, tissue, and cellular- and tissue-based products (HCT/Ps) if
it meets certain criteria in 21 Code of Federal Regulations (CFR) 1271.10(a); otherwise, it is
regulated as a biological product under Section 351. An example of an HCT/P regulated as a
biological product is fascia lata allografts used for ACL defects. After preclinical evaluation
for the safety of biological products, an investigational new drug (IND) is submitted to study
the biological product in humans. If successful, a biologics license application (BLA) is
submitted.

New biologic and drug therapies should seek guidance from the Center for Biologics
Evaluation and Research (CBER), Center for Drug Evaluation and Research, or the Office
of Combination Products (OCP) at the FDA for presubmission meetings before submission
for approval. Novel cell therapies, human cell and tissue products, and combination products
associated with a serious illness and unmet clinical need may qualify for Breakthrough or
Regenerative Medicine Advanced Therapy (RMAT) designations. Both Breakthrough and
RMAT designations have the benefits of fast track, including early interactions between the
agency and sponsors. RMAT only requires preliminary clinical evidence of superiority over
existing therapies.

Although intended to provide useful guidance, adherence to guidelines provided by

these agencies varies greatly in preclinical studies (66). However, strict enforcement of
biocompatibility and performance are required for overall approval per ISO 10993 and other
performance standards set by the FDA and EMA. It may be possible to shorten the timeline
to regulatory approval and to increase human translation by better incorporating themes
from guidance documents published by the 1ISO, ASTM, FDA, and EMA that shift the
focus of basic researchers toward considering translational feasibility earlier in the study
planning process. For example, in cartilage repair and regeneration, most basic science
studies being performed do not complete the full spectrum of recommended guidelines

for bench/performance/preclinical testing (66), which limits their translational potential.
However, these documents only highlight certain testing and performance standards and do
not address the underlying limitations of models of disease states and functionality of a
therapeutic within these different systems.

ADVANCES TOWARD TRANSFORMATIVE THERAPIES FOR TENDON
DISEASES

Novel integrated therapies

Novel integrated therapies are beginning to target the promotion of tendon tissue
regeneration and restoration of tendon function by providing extracellular matrix—inspired
biophysical cues and by modulation of the immune response for adequate resolution of
inflammation. These therapies are typically formulated as injectable or biomaterial-based
delivery systems. The novel integrated therapy concept specifically includes the combination
of drug and biological product therapies with biomaterials for additional synergistic
therapeutic benefits. Their promise is supported by evidence that, similar to the extracellular
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matrix, biophysical cues present in biomaterials—such as strain stiffening (67), elasticity
(68), viscoelasticity (69, 70), poroelasticity (71), porosity (72), cell adhesion ligands (53),
mechanical loading (73, 74), and fiber orientation—are of critical importance for adequate
cell infiltration, cell differentiation (75), cell alignment (76—78), matrix deposition (79, 80),
and cell migration (81). Accordingly, biomaterials are also suggested as cell grafts for local
administration of progenitor or stem cells to injured tendons, thus not only providing cues to
promote differentiation and progression into appropriate tenogenic cell fate and cell state but
also to shield grafted cells against immune defense responses (82).

Biomaterial-based delivery systems such as hydrogels can serve as sustained release depots
(83, 84) and can also incorporate chemical, physical, and electrical charge interactions to
control release, to restrict distribution, and to prevent degradation of drug and biologic
product therapies. Local extended release and locally restricted effects using biomaterials
may overcome the limitations of current therapies applied systemically or by repeated

local injection. Local single administration of biomaterial-based delivery systems is aiming
to minimize systemic exposure and/or distribution and thus reduce the risk of systemic
safety liabilities. Furthermore, biomaterial-based single-injection delivery systems should
reduce the incidence of infections and adverse local tissue reaction, which are inevitably
increased with repeated injection regimens. In consequence, biomaterial-based delivery
systems should also reduce the rate of therapy failure due to inappropriate patient adherence
(85-88).

Biomaterials are typically designed with added functional cues to the delivery system to
target for synergistic therapeutic benefits in combination with other therapies. Biomaterials
with additional mechanical and structural cues were shown preclinically to provide
mechanical tendon augmentation for several weeks after surgery (28), to have slow
degradation, and to allow endogenous cells to infiltrate (2). Previous pioneering work

in the osteology field using decellularized matrices to promote bone formation (89)

has inspired biomaterial science to discover silk (90), synthetic [e.g., polycaprolactone
(PCL), poly-b, L-lactic-co-glycolic acid (PLGA), and poly-L-lactic acid)] (91), and collagen-
based (92) biomaterials to promote tendon regeneration. These biomaterials recapitulate
certain structural alignment (93), fiber diameter (94), and mechanics (95) of native tendon
extracellular matrix, but they have not yet advanced to clinical development neither as
therapeutic biomaterials alone nor in combination with other therapies (96).

Biomaterials with viscosupplementation are typically based on hyaluronic acid. Increasing
clinical evidence suggests that peritendon injection of hyaluronic acid may reduce scar
formation after tendon injury, reduce adhesions and gliding resistance, and improve tendon
healing attributed to anti-inflammatory activity, enhanced cell proliferation, and collagen
deposition, besides the lubricating action on the gliding surface of the tendon (97). The
concept of synergistic therapeutic effects combining viscosupplementary biomaterials with
drug therapies has yet only been implemented for osteoarthritis but not for tendon diseases.
Cingal (Anika Therapeutics) is a marketed combination of cross-linked hyaluronic acid and
the corticosteroid triamcinolone hexacetonide for knee osteoarthritic pain.
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Several factors may affect local drug delivery including external stimulation (e.g., saline
flushing of the joint/tissue during surgery, local cooling due to icing, and post-op
mobilization) and local tissue anatomy. Drug delivery systems for tendon should avoid burst
release due to uncontrolled stimuli during and after surgery that may accelerate release and
exhibit tough mechanical properties that do not fracture during joint movement and/or tissue
adhesion. Delivery systems should also consider the permeability of surrounding tissues
(e.g., nerves, vessels, fat, skin, and sheath), which may affect drug targeting.

In the next sections, we first summarize the advances in preclinical research on novel
concepts to integrate biomaterials in drug and biologic product therapies for tendon diseases.
We then summarize the advances in clinical research and development (R&D) of therapeutic
modalities, some of which may have the potential to transform the treatment of tendon
diseases.

Preclinical advances toward novel integrated therapies

The long-term benefit and the appropriate timing for the delivery of anti-inflammatory
drugs, such as corticosteroids and NSAIDs, for tendon diseases remain controversial.
Nonetheless, anti-inflammatory drugs are the most common therapies used to alleviate
symptomatic pain in tendon diseases (>50 approved products). Recent work suggests
that delayed drug delivery may result in superior tendon healing (98). Exploratory
research combining biomaterials with drug therapies using porous microspheres loaded
with dexamethasone (Dex/PMS) showed extended drug release in vitro, and combined
Dex/PMS suppressed the expression of inflammatory cytokines both in vitro and in vivo
after intratendon injection (99). In a preclinical in vivo collagenase tendon injury model,
combined Dex/PMS enhanced collagen content and biomechanics in rat Achilles tendons
(99).

The combination of biomaterials with established drugs approved and marketed for other
indications may offer novel avenues of integrated therapies for tendon diseases. Rapamycin,
an mammalian target of rapamycin (mTOR) kinase inhibitor, is a macrolide immune
modulator marketed primarily for the prevention of organ transplant rejection. In preclinical
studies, the combination of rapamycin with PLGA nanoparticles modified with a collagen
hybrid peptide was shown to have affinity to collagen, sustained release, and bioactivity and
suppressed heterotopic ossification progression in mouse models of Achilles tendinopathy
and Achilles tendon rupture, presumably via prevention of osteochondrogenic differentiation
(100).

Drug discovery and optimization programs for novel targeted therapies of tendon diseases
implement strategies to combine biomaterials and drugs more often in the early phase

of programs for technical, pharmacokinetic, and pharmacodynamic reasons. For localized
delivery and extended activity, the low—-molecular weight drugs oxotremorine (Oxo-M) and
4-Phenyl-1-(4-phenylbutyl)piperidine (4-PPBP) were encapsulated in PLGA microspheres
with beneficial effects on healing in a preclinical rat patellar tendon model (101).

Many growth factors are potential biologic drug targets to promote tendon tissue
regeneration and restoration of tendon function [e.g., insulin-like growth factor 1 (IGF-1)
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(102), PDGF (103), VEGF (104-106), FGF (107), TGF-B, and bone morphogenetic proteins
(BMPs) (108)]; however, they undergo succinct spatial and temporal biological regulation
and are prone to rapid degradation and clearance from the application site. In a preclinical
model of supraspinatus repair in rabbits, TGF-p was combined with an alginate-based
biomaterial implant for sustained locally restricted activity. The TGF-p biomaterial implant
improved the tendon biomechanical tensile strength; however, tendon material properties
were not changed 12 weeks after implantation (109). The synergistic pharmacological and
mechanical promotion of tendon-to-bone healing was demonstrated by integrating TGF-B,
BMP-2, and connective tissue growth factor (CTGF) in a three-dimensional (3D) printed
porous PCL biomatrix template. In a preclinical model of supraspinatus tendon rupture, the
drug-loaded biomaterial template promoted the recruitment of tendon cells and suggested
regeneration of the enthesis (101).

Electrospun biomaterials such as a bilayer tube (DegraPol) have been used as a drug delivery
system for PDGF-BB, in addition to providing mechanical reinforcement and structural
guidance for migrating cells after complete transection of rabbit Achilles tendons (110). This
results in homogeneous cell distribution, elevated proteoglycan content, reduced a—smooth
muscle actin (a-SMA), and reduced collagen | and 111 (110).

Porous sutures have been used in combination with heparin/fibrin delivery systems for
sustained drug delivery of CTGF into canine flexor tendons. Repair surgery with porous
sutures serving as matrix for a biomaterial drug delivery system was mechanically
competent. There was no evidence of adhesion or other negative inflammatory reaction 14
days after repair, supporting the concept of a suture-based biomaterial drug depot to avoid
additional traumatic and proinflammatory intervention for drug depot placement (111).

Many approaches have been investigated to also deliver cells within biomaterials to tendon.
When implanted in an allogeneic fibrin glue construct, tendon cells promoted earlier and
more complete repair (112). Cells may also be expanded and delivered using electrospun
scaffolds (113). Adipose-derived stem cells (ADSCs) that expanded to form a cell sheet
and transplanted on rotator cuffs in rats led to improvements in histologic scoring and
bone volumes (114). ADSCs may also home to tendon injury sites after tail vein injection,
although the functional benefits remain to be elucidated (115).

Recent studies suggest that cell-derived agents may be a key driver mediating tissue
healing in certain settings, rather than the direct reparative capacity of the cells. Bone
marrow mesenchymal stem cell-derived exosomes promoted proliferation, migration, and
tenogenic differentiation of tendon stem/progenitor cells in vitro (116). These exosomes
were encapsulated in fibrin and injected into defects in rat patellar tendons, with controlled
release and internalization within tendon (116). The approach improved histologic scores
and the expression of tendon markers compared to fibrin vehicle (116).

Clinical advances toward transformative therapies

Of novel therapies for tendon diseases, autologous cell therapies and therapies using
allogenic biological products have advanced the furthest in clinical development. Adipose-
derived regenerative cells (ADRCs; Transpose RT system, InGeneron) were assessed as
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autologous cell therapy for the functional improvement of symptomatic patients with partial-
thickness rotator cuff tears in a clinical trial after intratendon injection (NCT03752827)

(Fig. 3). For point-of-care isolation of autologous ADSCs, the Transpose RT system consists
of a tissue processing unit with Matrase Reagent that enzymatically releases cells from
collected tissue. Single injection of ADRCs into the partial-thickness supraspinatus tendon
tear compared to the administration of a single corticosteroid injection into the associated
subacromial space showed increased functional scores of patient-reported outcome measures
(PROs) and supraspinatus tendon strength 24 and 52 weeks after injection (117).

A second autologous cell therapy in clinical development uses dermal fibroblast cells
(TXP-114, Tego Science) to evaluate efficacy and safety on the improved structural outcome
and reduction in retear rates using MR imaging (MRI) in patients with full-thickness rotator
cuff tears (NCT03668028). Dermal fibroblasts are locally implanted during arthroscopic
surgical repair of full-thickness rotator cuff tear. Preclinical work in a chronic rabbit rotator
cuff tear model showed that trans-osseous repair surgery and injection of dermal fibroblasts
with fibrin increased the tensile strength and promoted greater collagen fiber continuity
compared to groups receiving only fibrin or saline treatments (118).

An allogenic cell therapy using umbilical vein—derived cells (E-CEL, AB-205 Gel Matrix,
Angiocrine Bioscience) is being tested for safety and feasibility in a phase 1 clinical

trial after local implantation during the arthroscopic surgical repair of full-thickness
rotator cuff tears (NCT04057833). E-CEL are genetically modified umbilical vein—derived
CD31* endothelial cells that simulate tendon-resident stem/progenitor cells by inserting a
prosurvival gene (Ad5 E4ORFI). Motivation for the work derives from preclinical in vivo
studies demonstrating that endothelial cell transplantation could rejuvenate hematopoietic
stem cell function in aged mice (119).

Two allogenic biological products derived from human amnion membrane matrix
(AmnioFix, MiMedx) and human amnion fluid matrix (Allogen, Vivex Biologics) are being
investigated in phase 3 clinical trials for the alleviation of pain in patients with Achilles
tendonitis (NCT03414255) and in patients with stenosing tenosynovitis (NCT03583151),
respectively, as assessed with PROs after local injection. AmnioFix is a micronized
dehydrated human amnion/chorion membrane, whereas Allogen is a human amniotic fluid
allograft. Both contain an undefined number of biological substrates including growth
factors, cytokines, collagen substrates, amino acids, polyamines, lipids, carbohydrates, and
extracellular matrix molecules like hyaluronic acid and fibronectin. Both are suggested to
modulate inflammation, to protect and promote tendon, and to provide tendon lubrification
(120). A more defined allogenic biological product in clinical development is based on a
platelet lysate (Tendoncel, Celixir). Tendoncel combines isolated platelet growth factors and
a cellulose derivative gel and is being evaluated for efficacy and safety in a phase 2 trial

to alleviate pain and function assessed with PROs and grip strength in patients with lateral
epicondylitis after daily topical administration (NCT03811145).

Biologics and small molecular weight chemicals are also advancing in clinical development.
They represent therapeutic modalities targeting well-defined molecular targets and
pathways for the resolution of inflammation and/or promotion of tissue regeneration
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in tendon diseases. The fully human, high-affinity, anti—-IL-17A monoclonal antibody
(secukinumab, Cosentyx, Novartis) is being evaluated on efficacy to alleviate pain and
improve tendon function assessed with PROs and MRI in patients with symptomatic

rotator cuff tendinopathy in a phase 2 clinical trial after systemic administration
(NCT03344640). Cosentyx modulates immune responses in a variety of clinical conditions
with demonstrated therapeutic potential in rheumatoid arthritis, moderate-to-severe plaque
psoriasis, noninfectious uveitis, and ankylosing spondylitis. Preclinical studies demonstrated
an elevated number of IL-17A—positive cells in human tendinopathy and the abundant
expression of IL-17A receptor in tenocytes with increased expression correlated to increased
disease severity. Moreover, in tenocytes, IL-17A induced proinflammatory cytokine
signatures (e.g., IL-6, IL-8, CXCL1, and CCL20) and increased the expression of collagen
I11 and apoptotic markers (14).

Inhibition of the Wnt/p-catenin signaling pathway with a topical low—molecular weight
chemical (SM04755, Samumed LLC) is being assessed for safety and feasibility in a phase
1 clinical trial (NCT03229291). Preclinical work demonstrated the up-regulation of Wnt

in tendinopathy that suggests a causal link to inflammation and tenocyte differentiation.

In vitro, SM04755 decreases Wnt, promotes tenocyte differentiation, and inhibits catabolic
enzymes and proinflammatory cytokines after induction with IL-1p (e.g., MMPs) (121).
Further preclinical supportive evidence was generated in a rat model of collagenase-
induced Achilles tendon injury. In this tendon disease paradigm, SM04755 reduced tendon
inflammation, weight-bearing function, and pain and induced tendon regeneration (121).

MicroRNA29a (miR29a) mimetic (TenoMiR, Causeway Therapeutics) is a novel microRNA
replacement therapy assessed in a phase 1 clinical trial for safety and tolerability in patients
with lateral epicondylitis after intratendon injection (NCT04670289). TenoMiR directly
targets the key changes in collagen production associated with tendinopathy. Loss of miR29a
from human tendons results in increased expression of 1L-33 and collagen type 11, a key
feature of tendon disease. Replacement of miR29a in damaged tendon cells restores collagen
production to preinjury concentrations (122). In horse superficial digital flexor tendinopathy,
injection of miR29a reduced collagen type 111 and lesion cross-sectional area and improved
histological outcomes (123).

Botulinum toxin A and nitric oxide (NO) are less novel therapeutic modalities. Expanding
on their mechanism of action and demonstrated potential in other indications, clinical
R&D suggests that botulinum toxin A and NO may address the unmet therapeutic

needs of tendon diseases. Botulinum toxin A (abobotulinumtoxinA, Dysport, Ipsen;
onabotulinumtoxinA, Botox, Allergan) is being examined in phase 2 clinical trials for
efficacy to alleviate symptomatic pain assessed with PRO in adductor tendinopathy in the
groin area (NCT03496649) and to alleviate symptomatic pain assessed with PROs and grip
strength in patients with lateral epicondylitis after intramuscular injection (NCT00930709).
Botulinum toxin A is a nicotinic acetylcholine receptor antagonist and, as a profound
muscle relaxant, has demonstrated therapeutic effect for cervical dystonia, cerebral palsy,
hyperhidrosis, muscle spasticity, and blepharospasm.
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Nitroglycerin (metabolized NO) is being tested in exploratory clinical trials for the
promotion of tendon healing after topical administration. NO is an unstable, free radical
small molecule that functions as a messenger of the immune system and vasodilator.

In patients with lateral epicondylitis, transdermal application of nitroglycerin transiently
reduced pain at 2 weeks but not at 6 months after treatment (124). The outcome

of randomized controlled trials in Achilles tendinopathy with topical application of
nitroglycerin is controversial, either reporting no effect (125) or reporting less pain episodes
during night sleep and improved tendon function at 12 and 24 weeks after treatment

(126). In patients with supraspinatus tendinopathy, nitroglycerin reduced shoulder pain
with activity and improved joint function, with 46% of patients reporting no symptoms

at 6 months after treatment (124). The role of NO in tendon injury is further supported

by complementary translational preclinical research, showing elevated NO synthase (NOS)
in human rotator cuff tendon samples and in rodent models of rotator cuff injury and
overuse (124). In vitro and in vivo experiments suggest that NO increases collagen synthesis
of tenocytes (124). Rodents receiving NOS inhibitors had inferior healing (reduced cross-
sectional area and load to failure) (124). Clinical trials are continuing to examine whether
the addition of topical glyceryl trinitrate over 24 weeks in addition to a 12-week exercise
program improves clinical outcome in Achilles tendinopathy (NCT02499484).

PERSPECTIVES TO ACCELERATE TRANSLATION

Over the past decades, approved and marketed therapies for tendon diseases have not
drastically changed clinical practice. Today, symptomatic pain treatment together with
physical therapy remains the forefront of therapeutic intervention of tendon diseases that
do otherwise not require surgical intervention. Many novel therapies for tendon diseases
have failed in clinical development despite excellent scientific rationale and supportive
preclinical evidence due to the lack of forward and reverse translational verification, lack
of measures for patient stratification, shifting risk-benefit assessment, undefined regulatory
paths, or changing market assessments and business cases (Table 2). For example, RCT-01
(RepliCel), an autologous cell therapy using nonbulbar dermal sheath—derived fibroblasts
(127, 128) for chronic Achilles tendinosis, was terminated in phase 2 clinical development
because of unsuccessful patient enroliment (NCT02330146). However, substantial progress
in basic and translational science opens new avenues for novel therapies, supported by

the paradigm shift from symptom relief toward disease modification and the prevention of
recurrence of disease. In the following sections, we discuss challenges and perspectives for
the discovery and development of novel therapies targeting the promotion of tendon tissue
regeneration and restoration of tendon function by considering scientific, clinical, technical,
regulatory, and commercial aspects (Fig. 4).

Understanding of pathogenesis and clinical molecular pathology of tendon disease

Fundamental understanding of the pathogenesis of tendon diseases is currently lacking

in the tendon field, with limited validation between model systems and the human

condition. The discovery and development of novel and targeted disease-modifying therapies
critically rely on in-depth insights into the cellular and molecular alterations in human
tendon disease (129, 130). Emerging evidence derived from human studies proposes
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that altered cross-talk between immune cells and stromal tendon cells may convert
controllable normal inflammatory responses into chronic tendon disease (16). In addition,
transcriptomic and proteomic research and related clinical data science are warranted to
further elucidate the key cellular and molecular pathways implicated in tendon disease

and to rationalize novel therapeutic targets. New integrated data science approaches

such as The Tendon Seed Network are helping to map the transcriptome of tendon

in health and disease across multiple anatomic and microanatomic sites and to develop
clinical, laboratory, bioinformatic, and mathematical tools and technology platforms for the
discovery and development of novel therapies (www.chanzuckerberg.com/science/programs-
resources/single-cell-biology/seednetworks/the-tendon-seed-network).

The path to innovation in therapy discovery can be further advanced by data science, notably
bioinformatics and machine learning, and such tools are just beginning to affect the tendon
field. Continued deconvolution of biological cross-talk is likely to cause a paradigm shift
from target and pathway monotherapies toward polymodal therapies (131). For example,
novel bispecific monoclonal antibodies are in clinical development for inflammatory
diseases (132), and anticancer therapies with rationalized combination therapies are
improving objective response rates and prolonging disease control in comparison with
monotherapies (133).

Emerging opportunities to enable innovative therapies

The implementation of focused academic and applied reverse translational preclinical
research in tendon disease models mimicking clinical tendon injury enables a more
predictive assessment of novel therapy concepts (134). Moreover, gain/loss-of-function
experiments (135), inducible genetic mouse models, and gene editing techniques (e.g.,
CRISPR) (136) are accelerating the discovery of novel therapeutic pathways and molecular
targets and the subsequent validation in preclinical models and optimization of drug
candidate molecules. The recent advances in clinical tendon research, ranging from tendon-
muscle-joint biophysical performance (137) to transcriptional profiling of tendon pathology
(138), offer novel opportunities to enable the discovery and development of improved
model systems (i.e., spanning 2D and 3D mono/coculture, bioreactors, organ on chip,

and animal) to test innovative therapies for tendon diseases. In particular, the progression
of complementary technologies provides novel clinical tools to allow monitoring and
quantification of joint and muscle mechanical loading generated by tendon (139); to assess
tendon composition, structure, and mechanics (140); and to analyze the molecular fate and
state of tendon-derived cells associated with tendon disease and regeneration (141). Once
validated, these tools will allow pathology staging, patient stratification, and monitoring of
disease-modifying therapy outcome in patients after the onset of treatment (Fig. 4).

Inspired by innovation in biomedical material science, the combined design and
optimization of integrated drug-biomaterial therapies represent another opportunity to enable
the discovery and development of novel treatments for tendon diseases. The concept to use
biomaterials as delivery systems for therapeutic modalities recently evolved. In addition

to low—-molecular weight drugs, delivery of larger—molecular weight therapeutic modalities
such as peptides (~1 to 10 kDa) and proteins (>10 kDa) that previously required injection
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or parenteral administration for delivery (37) because of their restricted oral bioavailability
(142, 143) is now possible using biomaterials (144). Although the use of biomaterials with
excellent biocompatibility historically focused on basic drug release features, the importance
of sustained local release, attachment to tissue surfaces using adhesives without the need for
suturing, and recapitulation of native tendon properties has become more evident (2). Poor
viability and homing after direct injection of cell-based therapies have further motivated

the use of biomaterials to mechanically protect cells after injection and to provide a niche
environment conducive for cell-based tissue regeneration. Recapitulating certain features

of tendon (e.g., extracellular matrix composition and structure and mechanical strength) in
biomaterials may itself enable mechanotherapeutic benefits (2).

Multidiscipline partnership models for innovative therapies

Novel multidiscipline interorganizational partnership models governed by operational,
legal, financial, and regulatory excellence that connects distinct academic disciplines

and applied science industries such as biomedical science, material science, data

science, biophysical science, sensor science, kinematic science, and diagnostic science
should become the key catalysts for the multidisciplinary discovery and development

of innovative therapies for tendon disease. Indeed, partnership models are already

applied by networks such as the recently founded Alliance for Advanced Therapies

in Orthopedics (www.atioalliance.org) aiming to collaboratively advance and accelerate

the development of transformative therapies for musculoskeletal diseases and The

Tendon Seed Network (www.chanzuckerberg.com/science/programs-resources/single-cell-
biology/seednetworks/the-tendon-seed-network) bringing together scientists, computational
biologists, software engineers, and physicians to generate a unified and shared resource

of data, tools, and open-source analysis methods of the human tendon transcriptome.
However, partnership models are not only expected to generate novel opportunities to
advance and accelerate early R&D but also to share and lower the cost and risk of R&D.

In this context, the cell therapy company InGeneron (www.ingeneron.com) established a
strategic partnership with the integrated health care provider Sanford Health for clinical
trial cooperation and cosponsoring of the pivotal program on their Transpose RT system for
rotator cuff tears (NCT03752827).

The chance of approval for a new therapeutic modality that enters phase 1 trials is
currently about 10% (145). The costs of development of new therapies to reach market
authorization typically amount to $314 million to $2.8 billion and are capitalized at a real
cost of capital rate of ~10% per year (i.e., the required rate of return for an investor)

(146). The models used to calculate the probability of success at estimated costs are

based on data from biomedical industry big players including all failed resource-absorbing
late-stage clinical programs. Accordingly, risks and costs are much lower at early-stage
R&D biotech companies (145) and can be further reduced by applying virtual business
model concepts to keep fixed costs to an absolute minimum and to be highly agile and
responsive to fast-progressing science. The early clinical-stage biopharmaceutical company
Causeway Therapeutics (www.causewaytherapeutics.com) exemplifies a virtual business
model, applied to develop an academia spun-out microRNA technology (TenoMiR) for the
treatment of tendinopathy (NCT04670289). The rise in virtual business models over the
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past decade was directly and indirectly supported by structural changes in the biomedical
industry now contracting specialist activities to contract research organizations (CROs) and
contract development/manufacturing organizations (CDMOSs). Indeed, the CDMO markets
for medical devices are experiencing compound annual growth rates exceeding 11% across
many specialties including drug delivery, orthopedics, and surgery devices (147).

Multidiscipline interorganizational partnership models are a strategic opportunity either for
direct funding such as collaboration, licensing, and co-development or for attracting public
and private funding such as scientific grants, governmental subsidies, and venture capital.
The high pressure on intellectual diversity is apparent at all phases and disciplines of R&D.
In this respect, biomedical industry big players have established specific collaborations with
academic centers of excellence and biotech such as the research collaboration of Johnson

& Johnson with the regenerative medicine company Orthocell (www.orthocell.com.au)

for its Ortho-AT]I stem cell approach to treat tendinopathy (ACTRN12617000684325).
Moreover, they have built innovation centers, made joint ventures with academic institutions,
established precompetitive consortia, or experimented with crowdsourcing and virtual
business model concepts. Currently, many companies have put greater focus on leveraging
external knowledge, licensing, or acquiring and changing their R&D models from primarily
inside-driven concepts to plans that more closely follow the open innovation paradigm
(148). Indeed, biomedical clusters have emerged around clinical and academic centers of
excellence such as Boston, Massachusetts, where all major biomedical industry big players
have established a physical presence to access and share resources of top-tier universities,
health care systems, and other biomedical technology companies. For example, close
collaborations between a big pharma and a local university have led to the development of
new biomaterial-based tendon therapies (84). The overall catalytic implication on innovation
is evidenced by the region being top ranked in patents (7565), National Institutes of Health
(NIH) funding (4735 awards totaling $2.5 billion), venture capital funding ($6.2 billion in
156 deals), and laboratory space (26.8 million square feet) in 2017.

For academic partners, partnership models might offer additional and facilitated access to
funding compared to most other grants. For instance, multidiscipline interorganizational
collaboration is warranted to participate in the European Union—funded Horizon research
and innovation programs such as Perspectives For Future Innovation in Tendon repair

(P4 FIT) aiming to enable the discovery and development of predictive, preventive,
personalized, and participatory novel therapies for tendon disease (www.cordis.europa.eu/
project/id/955685).

Moreover, partnership models may also provide new opportunities for academic partners
to participate in the commercial success of basic research prospectively translating into
applied science and eventually to marketed therapy (149). Most recently, the unparalleled
potential of partnership models was demonstrated by the NIH and the Foundation for the
NIH bringing together more than a dozen leading biopharmaceutical companies, the Health
and Human Services Office of the Assistant Secretary for Preparedness and Response,

the Centers for Disease Control and Prevention, the FDA, and the EMA to develop an
international strategy for a coordinated research response to the coronavirus disease 2019
(COVID-19) pandemic. Applying the partnership model to develop mRNA vaccines for
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the prevention of COVID-19 was critical to implement fast and wide-spread vaccination
programs to successfully fight off the pandemic. However, it is apparent that the applied
partnership model also boosted innovation around RNA-based therapeutic modality and
delivery technology in general, and it is envisaged that RNA-based therapies will rapidly
advance for cancer immunotherapy and other indications in the near future (150). Innovation
around RNA-based therapies might inspire the use of inhibitory antisense oligonucleotides
and small interfering RNAs (siRNAs) as well as mRNAs encoding for therapeutic proteins
as a new class of therapeutic modality also for the treatment of tendon diseases (151).

Multidiscipline interorganizational partnership models may offer an unprecedented
opportunity to promote innovation; however, in practice, they require acceptance to
relinquish control and to change organizational culture from competitive to collaborative
behaviors. Accordingly, the establishment of trust and faith into the partnership is

key to interorganizational collaboration performance (152). Leverage on multidiscipline
interorganizational partnership requires awareness and skilled management of cultural
diversity of partner organizations and the establishment and maintenance in transparency
and clarity on resources and accountabilities, legal and administrative agreements,
coordination of information exchange, and interpersonal communication (153).

Innovative regulatory and clinical concepts

Advances to transform the therapy of tendinopathy from symptom based toward disease
modification will inevitably stimulate the evolution of tools and technologies for diagnostics
and for monitoring of therapeutic effect size and will concomitantly transform current
regulatory and clinical concepts. The International Scientific Tendinopathy Symposium
Consensus recommends that tendinopathy is the preferred terminology for tendon diseases
with persistent tendon pain and loss of function related to mechanical loading. Diagnosis

of tendinopathy should use condition-specific PRO measures that capture tendon function
testing, participation in life activities, psychological factors, physical function capacity, and
disability (154).

Tendinopathy-specific PRO measures are conceptually viewed as tools to assess
improvement in tendinopathy and represent the current state of art to monitor the effect

size of a therapy for tendinopathy. Accordingly, PRO measures are accepted clinical
endpoints and are also used for the therapy benefit-risk assessment by regulatory authorities
(155). However, validity assessment applying Consensus Standards for the Selection

of Health Measurement Instruments (COSMIN) revealed the insufficient or inconsistent
quality of PROs in content and structural validity of symptom severity and disability in
tendinopathy [e.g., Victorian Institute of Sport Assessment (VISA) questionnaires]. The use
of PRO measures is only recommended because of lacking alternatives, and cautious data
interpretation is warranted (156).

Future innovative regulatory and clinical concepts are thus envisaged to be built on evolving
technologies providing adequate disease-relevant outcome measures such as validated
digital ePROs with integrated biosensor real-time recordings (157), molecular imaging
[e.g., positron emission tomography (PET)/single-photon emission computed tomography
(SPECT)] (158), cellular and molecular biomarkers of disease (e.g., transcriptomics) (159),
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and prognostic indicators (e.g., genetics and risk models) (160) (Fig. 4). In addition,
innovative regulatory and clinical concepts are envisaged to evolve by consolidation and
integration of evidence obtained from prospective observational clinical studies without
therapeutic intervention (161) and by consolidation and integration of hypotheses generated
retrospectively from interventional clinical trials (i.e., virtual evidence) (162).

In accordance, the FDA published a novel strategic Real-World Evidence (RWE) Framework
(163) to encourage innovative clinical concepts to further explore the use of Real-World
Data (RWD) for regulatory decision-making. Rather than testing hypotheses in traditional
randomized clinical trials, hybrid or pragmatic trial designs and observational studies are
supported to generate hypotheses (e.g., identification of drug development tools including
biomarker and composite signatures, examining the impact of planned inclusion/exclusion
criteria in the relevant population, informing prior probability distributions, identifying
prognostic indicators or patient baseline characteristics for enrichment or stratification,
and assembling geographically distributed research cohorts). The scope of the FDA RWE
framework offers opportunities to explore novel clinical trial concepts with new therapy
outcome measures for tendinopathy (e.g., composite signatures). A recent observational
study assessed PRO (Achilles Total Rupture Score) together with recovery of tendon
biomechanics (sonoelastography) and gait patterns (wearable pressure-sensitive insoles)
over 12 weeks after Achilles tendon rupture (164). The association between symptoms,
tendon biomechanics, and the dynamics of weight loading on the foot suggests that an
innovative composite signature was identified, potentially suitable for clinical diagnostics
and monitoring of therapeutic effect size (164).

The advances in sensors technology and data science toward digital health care are already
beginning to transform regulatory and clinical concepts as to capture patient experience
beyond the current therapy outcome assessments and to establish more integrated insights
of how a therapy functions, how to measure disease modification, and how to predict
long-term therapy outcome (165). Moreover, the learnings on the impact of the COVID-19
pandemic on traditional clinical trials—with nearly all clinical studies disrupted, many
paused enrollment, and new trials were left on hold (166)—will further accelerate the
transformation of regulatory and clinical concepts toward decentralized patient-centric
remote trials (167). Patient-centric strategies are further reinforced by patient organizations
to become equal partners in clinical trial design and to participate in health care decision-
making along with the movement toward personalized therapies for tendinopathy.

The Clinical Trials Transformation Initiative (wwuw.ctti-clinicaltrials.org), a public-private
partnership cofounded by Duke University and the FDA, has outlined a common vision
for how future controlled prospective clinical trials should be completed. The initiative
envisages future prospective clinical trials to be patient-centric and easily accessible, with
patients and patient organizations fully integrated in trial design and governance. Patients
are enrolled regardless of geography and mobility, reflecting the diversity of the patient
population expected to benefit from the therapy. Future prospective clinical trials should also
be fully integrated within health care systems. Health care systems and health plans should
be involved in trial planning and should accelerate the integration of insights into clinical
practice. Clinical trials should maximally leverage available clinical, nonclinical, digital, and
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consumer data to minimize the collection of necessary trial-specific data. Eventually, the
initiative envisages that controlled prospective clinical trials should contribute knowledge
about how to prevent, diagnose, and treat disease as one of many other sources of
information. Future prospective clinical trials should therefore fall within the broader
context of evidence generation for regulatory decision-making.

Cost-effective commercialization of innovative therapies

Tendon disease is considered self-limiting by managed care organizations, with low to
moderate direct costs for standard of care (e.g., <$300/year symptomatic pain treatment,
~$100/visit physical therapy, $12,000 Achilles tendon repair surgery, and $22,000 rotator
cuff repair surgery). However, the societal costs of tendon diseases are immense considering
the indirect costs such as lost income due to inability to work or lower wages,

missed workdays, and disability payments (168), and are similar to rheumatoid arthritis,
osteoarthritis, and lower back pain (169). For example, up to 5% of patients with lateral
epicondylitis claim sickness absence with an average duration of 29 days in a year (170)
and rotator cuff tendinopathy may take about 10 months to heal, resulting in considerable
sick leave (171). Novel disease-modifying therapies for tendon diseases are thus considered
of high socioeconomic value, evidenced by the fact that for repair surgery of rotator cuff
full-thickness tears alone, long-term societal savings of $3.4 billion per year have been
estimated with the model prediction of a high 75% long-term success rate of the surgical
treatment (172).

Cost-effectiveness analysis for value proposition and commercial pricing of a novel therapy
is based on estimates of therapy costs and overall benefits to patients, employers, and

payers (172). The increasing costs necessary to develop novel therapies (medical devices,
$50 million to $800 million; drug, $314 million to $2.8 billion) (173, 174) are factored

into the cost estimation of a therapy. Accordingly, with low to moderate costs of current
standard of care and concomitant high development costs, a novel therapy for tendon disease
must transform current clinical practice by offering superior therapeutic outcome that results
in superior cost-effectiveness compared to current standard of care. There is evidence for
acute Achilles tendon rupture that an excellent therapeutic outcome, rather than lower costs,
results in a superior cost-effectiveness assessment (175). Surgical repair of acute Achilles
tendon rupture is associated with higher direct costs than nonsurgical conservative standard
of care; however, it is similarly cost-effective because of superior therapy outcome on
function and quality of life associated with earlier return to work (175). Obviously, the
evaluation of therapy outcome and the associated cost-effectiveness analysis depends on the
etiology, duration, and severity of tendon disease and on patient population (e.g., elderly,
general population, workers, and athletes). Cost-effectiveness will be a critical-to-meet
criterion, and concomitant prediction of therapeutic value and cost-effectiveness is proposed
to be incorporated early and to be continued along the entire development path of a novel
therapy for tendon disease.
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CONCLUDING REMARKS TO ADVANCE THE FIELD

Funding:

This review has highlighted current clinical practices to treat tendon disease and outlined
perspectives to advance to novel disease-modifying therapies, considering scientific, clinical,
technical, regulatory, and commercial aspects. The tendon disease therapy field is moving
toward a more evidence-based clinical, cellular, and molecular characterization of the
underlying pathology of tendon disease. Novel insights from omics, advances in clinical data
science, and establishment of multidisciplinary research platforms should further inspire,
motivate, and accelerate the discovery of novel therapeutic cues, molecular diagnostic
markers, and predictors for therapy outcome, which are interrelated and of critical
importance for the targeted disease-modifying therapy of tendon disease.

Recent advances in preclinical, clinical, material, and technology sciences offer
unprecedented opportunities to enable the discovery and development of novel disease-
modifying therapies for tendon disease. However, novel R&D partnership models are
warranted to integrate and leverage multidiscipline interorganizational innovation. Virtual
business model concepts might serve to explore and stress-test the operational, legal,
financial, and regulatory excellence required for partnering resources, intellectual properties,
incentives, and accountabilities.

Pathology-based integrated assessments of etiological, diagnostic, and therapy outcome
measures and prognostic indicators are considered the cornerstone to implement innovative
regulatory and clinical concepts toward disease modification of tendinopathy. Meanwhile,
current concepts of patient-reported outcomes may be advanced and complemented with
digital health technologies and data science, providing objective therapy outcome measures
(e.g., duration to return to predisease activity, quality of activity, and quality of life) and
predictors for the prevention of recurrence of disease, relevant for both regulatory decision-
making and therapy cost-effectiveness assessment. For superior cost-effectiveness, novel
therapies are required to transform current clinical practice by offering superior therapeutic
outcome compared to current standard of care. Novel therapies should be disease modifying,
restore predisease tendon functionality, and prevent the recurrence of disease. For ultimate
success and adoption, novel therapies must lower socioeconomic disease burden by reducing
productivity loss and disease compensation associated with tendon disease.
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Fig. 1. Tendon structure and function in health and disease.
(A) Tendons have a highly organized hierarchical structure that includes the tendon, fascicle,

fiber, fibril, and collagen levels. Tendon cells, termed tenocytes, exist in highly organized
spindle-like arrays between tendon fibers. Compared to healthy tendon, diseased tendon has
elevated collagen disorganization, smaller fibers, hypercellularity, increased cell rounding,
elevated presence of immune cells, and increased denatured collagen. (B) Common tendon
and ligament injuries including the lateral epicondyle, flexor tendon, Achilles tendon, rotator
cuff tendons, cruciate ligaments, and patellar tendon. Injury type, severity, and physical
therapy vary across tendon anatomical location and age. ACL, anterior cruciate ligament.
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Fig. 2. Regulatory approval process and development timelines.
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When developing new therapies to augment tendon, several steps are necessary for ultimate
translation. For regulatory approval of new therapies, the agency and approval pathways at
the FDA are dependent on whether the therapy is a drug or biologic. CDER, Center for Drug
Evaluation and Research; CBER, Center for Biologics Evaluation and Research; ANDA,
abbreviated new drug application; NDA, new drug application; IDE, investigational device
exemption; BLA, biologics license application; IND, investigational new drug; FDA, Food
and Drug Administration; EMA, European Medicines Agency; PMDA, Pharmaceuticals and
Medical Devices Agency; ASTM, American Society for Testing and Materials; TPP, target

product profile.
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Fig. 3. Therapeutic modalitiesin current clinical use and advancesin clinical development of
novel therapiesfor tendon disease.
Phase 1: Safety and tolerability. Phase 2: Efficacy dose range. Phase 3: Pivotal therapeutic

benefit. Phase 4: Postmarket surveillance.
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Fig. 4. Trandation of integrated science into innovative therapy.
Future treatments for tendon disease require evidence-based clinical, cellular, and molecular

characterization of the underlying pathology of tendon disease. Insights from omics, therapy
development, delivery optimization, advances in clinical data science, and establishment of
multidisciplinary research and technology platforms should accelerate the discovery of novel
therapeutic cues, molecular diagnostic markers, and predictors for therapy outcome, which
are interrelated and of critical importance for targeted disease-modifying therapy of tendon
disease.
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