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The torn rotator cuff remains a persistent orthopedic challenge, with poor outcomes disproportionately asso-
ciated with chronic, massive tears. Degenerative changes in the tissues that comprise the rotator cuff organ,
including muscle, tendon, and bone, contribute to the poor healing capacity of chronic tears, resulting in poor
function and an increased risk for repair failure. Tissue engineering strategies to augment rotator cuff repair
have been developed in an effort to improve rotator cuff healing and have focused on three principal aims: (1)
immediate mechanical augmentation of the surgical repair, (2) restoration of muscle quality and contractility,
and (3) regeneration of native enthesis structure. Work in these areas will be reviewed in sequence, highlighting
the relevant pathophysiology, developmental biology, and biomechanics, which must be considered when
designing therapeutic applications. While the independent use of these strategies has shown promise, synergistic
benefits may emerge from their combined application given the interdependence of the tissues that constitute
the rotator cuff organ. Furthermore, controlled mobilization of augmented rotator cuff repairs during postop-
erative rehabilitation may provide mechanotransductive cues capable of guiding tissue regeneration and res-
toration of rotator cuff function. Present challenges and future possibilities will be identified, which if realized,
may provide solutions to the vexing condition of chronic massive rotator cuff tears.
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Introduction

THE TORN ROTATOR cuff remains a persistent orthopedic
challenge, affecting up to 50% of patients over age 60."
While acute tears of the rotator cuff can be caused by
trauma, the majority of rotator cuff disease entails chronic,
degenerative changes of the tendon, with initially small,
partial thickness tears propagating in size and producing
sequential degenerative changes in the adjacent bone and
muscle. While conservative treatment of rotator cuff tears
can temporarily improve glenohumeral joint kinematics and
patient-reported outcomes,” there is little evidence to sug-

gest that restoration of normal tendon structure and function
occurs. Rather, a substantial proportion of small asymp-
tomatic tears increase in size, resulting in increased pain and
decreased function.>* Consequently, early surgical repair is
often advocated to prevent tear propagation and further
tissue degeneration.! Early intervention has proven effective
in restoring tendon integrity, while late intervention, such as
when performing surgical repairs of chronic massive tears
(>5 cm), results in re-tear rates as high as 9493 However,
given the insidious nature of rotator cuff disease, many
patients do not seek treatment until considerable degenera-
tion has occurred, presenting a formidable challenge to the
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surgeon. Current practice guidelines for treating rotator cuff
tears, as recommended by the American Academy of Or-
thopedic Surgeons, are inconclusive in part due to the
paucity of prospective randomized control studies.®

The risk of repair failure (i.e., re-tear) is correlated with
muscle degeneration, tear size, and patient age, all of which
increase with tear chronicity.” With propagation of a
chronic rotator cuff tear, the unloaded muscles undergo
degenerative changes, including increased fibrosis and fatty
infiltration, which causes further medial retraction of the
tendon edge."'® Concurrently, bone density of the humeral
head decreases in the absence of mechanical stress.'""'? As a
result, increased repair tension is required to surgically ap-
pose the tendon to the anatomical footprint of the now os-
teoporotic humeral head, both of which compromise repair
integrity.'®'*'* Furthermore, the complex structure of the
tendon-bone interface (i.e., enthesis) is not restored fol-
lowing surgical repair,'>'® causing a focal stress concen-
tration as the compliant tendon abruptly adjoins stiff bone.
Taken together, these factors predispose the surgical repair
to fail, which occurs most frequently at the suture—tendon
interface.'” Moreover, the repair strength is further reduced
due to the compromised tendon quality found in chronic
tears (Fig. 1).'8

Novel surgical techniques have been developed in an effort
to improve footprint coverage and reduce shear stresses at the
suture—tendon interface, theoretically enhancing healing at
the interface and reducing repair failure.'”** While these
techniques have shown promise in studies with cadaveric
specimens, clinical studies have not consistently found im-
provements in structural healing or functional outcomes.?*?

Loss of Enthesis Structure

Decreased Bone Quality

FIG. 1.
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The discrepancies between in vitro and in vivo findings
suggest that increases in initial repair strength are insufficient
to restore the integrated structure and function of the tissues
that comprise the rotator cuff organ, including muscle, ten-
don, enthesis, and bone. Indeed, the degenerative muscle
changes seen in chronic rotator cuff tears, including fatty
infiltration and atrophy, do not improve despite successful
surgical repair (i.e., no evidence of re-tear) and correlate with
poor functional outcomes.® If progress is to be made in
reducing the re-tear rate and improving clinical outcomes
following repair of chronic massive rotator cuff tears, thera-
peutic strategies must address not only the mechanical in-
tegrity of the surgical repair but also the restoration of tissue
structure, anatomy, and function.

This review highlights the recent progress made in the ap-
plication of tissue engineering strategies, including the inde-
pendent or combined use of cells, scaffolds, and biomolecules
(e.g., growth factors, gene therapy), to enhance healing of the
tissues that comprise the rotator cuff organ—muscle, tendon,
enthesis, and bone. While preclinical results are promising, an
emerging understanding of both rotator cuff development and
healing suggests that therapeutic strategies for treating indi-
vidual tissues of the rotator cuff organ might provide syner-
gistic benefitif combined. Moreover, the timing and delivery of
these strategies must be considered in the context of current
surgical techniques and rehabilitation protocols.

Tissue engineering strategies to augment rotator cuff re-
pair have focused on three principal aims: (1) immediate
mechanical augmentation of the surgical repair, (2) restora-
tion of muscle quality and contractility, and (3) regeneration
of native enthesis structure. Work in these areas will be

Muscle Degeneration

Tendon Degeneration

The effect of chronic, massive tears on the elements of the rotator cuff organ. The native enthesis (A) contains a

complex structure that is not restored following surgical repair (B); instead of a gradient in mineral content and inter-
positional fibrocartilage, the repaired tendon abruptly adjoins bone. The black arrow indicates the suture hole. As shown
with micro-computed tomography, the humeral head of uninjured or acutely repaired rotator cuff tears (C) exhibit superior
bone quality (e.g., bone mlneral density) to the humeral heads of chronically torn rotator cuff tendons (D). Adapted with
permission from Killian et al.”® Native muscle fibers are polygonal with peripheral nuclei (E) whereas degenerated muscle
in the context of chronic tears undergoes atrophy, fibrosis, and fatty infiltration (F). Lastly, uninjured tendon consists of
fibroblasts (arrow heads) elongated in the direction of aligned collagen fibrils (G). With chronic degeneration, collagen
fibrils become disorganized and delaminated (arrow heads), with concurrent heterotoplc cartilage formation (H). Black
arrows indicate chondrocyte-like cells. Adapted with permission from Buck er al.>*



320

reviewed in sequence, highlighting the relevant pathophysi-
ology, developmental biology, and biomechanics, which
must be considered when designing therapeutic applications.
Thereafter, the role of mechanical loading, as might be con-
trolled through postoperative physical therapy, will be dis-
cussed as a rehabilitative stimulus to promote restoration of
the integrated tissues that comprise the rotator cuff organ.
Present challenges and future possibilities will be identified,
which if realized, may provide solutions to the vexing con-
dition of the treatment of chronic massive rotator cuff tears.

Mechanical Augmentation of the Surgical Repair

Rotator cuff repairs fail most commonly in the early
postoperative period (within the first 6 months)**® when
the suture shears through the tendon.!” Consequently, there
has been considerable effort to develop novel strategies to
increase the early strength of surgical repairs in hopes of
reducing failure rates. Improved suture techniques, most
notably the double row and its derivatives, have been shown
to increase repair strength when loading cadaveric speci-
mens to failure, but when applied clinically, neither reduc-
tions in re-tear rates nor enhanced shoulder function have
been reported, as shown in meta-analyses.'®

An alternative strategy to improve the mechanical
strength of rotator cuff repairs is to augment the surgical
repair with a scaffold,””*® which could also serve as a de-
livery vehicle for cells and/or biomolecules intended to re-
store tendon quality.” To offload the repair, thereby
improving failure mechanics, the scaffold should possess (1)
material properties approaching those of the native tendon,
and (2) suture retention strength equal to, or exceeding, that
of the nonaugmented repair.***' When incorporated into
surgical repairs of cadaveric human shoulders, both tissue-
derived** and synthetic* scaffolds have been reported to
reduce gap formation upon cyclic loading while also en-
hancing ultimate failure load. In doing so, the mode of
failure shifted from suture pull-through to suture break-
age 343

Application of these scaffolds in large animal models
demonstrated benefit in vivo as well. For instance, aug-
mentation of an acutely transected and repaired infra-
spinatus tendon with a reinforced fascia patch (derived from
human fascia lata) in a canine model increased the ultimate
load at time O by 46%, as compared to nonaugmented re-
pairs.’® However, this advantage in mechanical strength
provided by scaffold augmentation dissipated by 12 weeks,
at which time there were no differences between groups.*
Conversely, repair augmentation with a poly-L-lactide scaf-
fold (i.e., X-Repair; Synthasome) in the same canine model
not only enhanced the ultimate load at time 0, but also in-
creased cross-sectional area, stiffness, and ultimate load at
12 weeks, with a corresponding reduction in tendon re-
traction.”” In a related ovine model of acute infraspinatus
tendon transection and repair, augmentation with a porcine
small intestine submucosa (SIS) patch (Biomet) signifi-
cantly enhanced repair stiffness at 12 weeks.*® Nevertheless,
not all studies have reported positive results. As investigated
in an ovine model, no benefit was found when augmenting
repairs of acutely transected infraspinatus tendons with ei-
ther a cross-linked acellular porcine dermal (PD) patch
(Zimmer Collagen Repair Patch) or a porcine SIS patch
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(Restore Orthobiologic Soft Tissue Implant; DePuy Ortho-
paedics), as evaluated by histology and biomechanical
testing at weeks 9 and 24.%°

A similar pattern is seen in clinical studies. While several
case series have documented improved shoulder function
(both objective and patient-reported) following scaffold
augmentation of rotator cuff repairs,***' only two pro-
spective randomized trials have been performed (Table 1).
Augmentation of surgical repairs of large and massive
chronic rotator cuff tears with a porcine SIS patch (Restore;
DePuy Orthopaedics) did not improve the rate of tendon
healing or clinical outcomes scores, with a trend toward
impaired healing in the augmentation group.** In a similar
case—control study, no benefit was found when employing
the same porcine SIS patch, but a pronounced inflammatory
reaction to the xenograft was observed.** On the other hand,
when repairs of large, but not massive, rotator cuff tears
(i.e., 3-5 cm) were augmented with acellular human dermal
matrix (GraftJacket; Wright Medical Technology), the
healing rate and outcome scores were significantly greater
than nonaugmented repairs.** Repair augmentation with
synthetic scaffolds, such as those composed of biodegrad-
able poly-L-lactide (X-Repair; Synthasome)* or nonde-
gradable polypropylene (Repol Angimesh; Angiologica BM
SRL),46 have also shown promise, as investigated in retro-
spective case—control studies.

For large to massive rotator cuff tears deemed irreparable,
reconstruction with an interpositional auto/allograft has
been employed to restore continuity between the humeral
head and the torn rotator cuff. As reported in several cases
series, reconstruction of massive tears with dermal tissue
allografts improved pain and function in patients with
minimal preexisting glenohumeral arthritis.*”*® Similarly,
reconstruction with a fascia lata autograft reduced re-tear
rates and improved clinical scores and strength as compared
to partial repair in a cohort study of patients with large to
massive irreparable tears and low-grade fatty degeneration
of the infraspinatus muscle.*’

Given the anatomical proximity of the superior gleno-
humeral capsule and rotator cuff tendons, the former is often
damaged concomitant with rotator cuff tears.’® Re-
construction of the superior capsule has been shown in ca-
daveric models to restore stability, reducing the superior
migration of the humeral head that often results from mas-
sive rotator cuff tears.’">? In a limited number of case series,
superior capsule reconstruction grossly restored superior
glenohumeral stability and improved shoulder function, as
reported by patients.>3->* Similar to augmented repairs, long-
term outcomes following rotator cuff or superior capsule
reconstruction are lacking.

As suggested by the equivocal results found across pre-
clinical and clinical studies, consistent enhancement in
surgical outcomes mediated by scaffold augmentation of
rotator cuff repairs or reconstruction will require more than
mere optimization of a scaffold’s mechanical properties. In
particular, the immune response to an implanted scaffold,
particularly one derived from allo- or xeno-geneic tissue
sources, appears to have a great influence in mediating any
beneficial (or adverse) effect. The Presence of cells® and
nonhomologous protein epitopes’®>’ in certain xenograft
scaffolds may explain the null effects of scaffold augmen-
tation noted above, as both have been associated with an M1
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(proinflammatory) macrophage response, which can lead to
poor healing and excessive scar tissue formation.”®>° At the
same time, the ultrastructure and biochemical composition
of scaffolds differentially affect the phenotype of tendon
fibroblasts, with subsequent influence on extracellular ma-
trix (ECM) deposition and scaffold remodeling.®® Novel
scaffolds designed to match the mechanical, topographical,
and biochemical properties of native tendon, with resulting
promotion of a tenogenic cell phenotype, have been recently
reported but their in vivo effects remain unexplored.®!-®?

Additional consideration should also be given to the
quality of the tendon tissue itself. Retracted tendons, as seen
in chronic rotator cuff tears, exhibit frank deterioration
characterized by increased collagen fibril crimp and collagen
fibril atrophy and disorganization.® Similarly, cell apoptosis
is seen throughout degenerated tendon,**®> with concurrent
elevations in inflammatory and catabolic mediators.®®’
These degenerative changes not only weaken the suture re-
tention strength, thereby predisposing to surgical failure,'®
but also impair healing. Namely, it was recently reported that
the severity of tendinosis, rather than tear size or fatty infil-
tration, was the greatest predictor of repair integrity at least 6
months after surgery.®® Compromised tendon quality likely
contributes as well to ‘““failure with continuity,” in which
there is no overt defect in the repaired rotator cuff tendon, yet
the musculotendinous junction is medially retracted with as-
sociated disruption of muscle mechanics.®®

Chemical cross-linking of the degenerated tendon may
enhance failure properties’® but likely interferes with tissue
remodeling and the restoration of native tendon structure
and function.’® Conversely, cell- and pharmaceutic-based
therapies have shown benefit in reversing tendinopathic
changes.”"”> However, animal models with chronic degen-
erative changes in the tendon have only recently been de-
veloped,”?”” with few studies exploring the effect of scaffold
augmentation. An investigation in a chronic ovine model
found that augmentation of a rotator cuff repair with poly-
urethane scaffold mesh (Biomerix RCR Mesh; Biomeric
Corp.) increased the force at failure compared to non-
augmented controls at 12 weeks, but further analysis of
tendon structure was not performed.”® In a cohort study, the
effect of augmenting arthroscopic repairs of large to massive
rotator cuff tears with a fascia lata autograft patch was
evaluated, distinguishing between shoulders with low-grade
and high-grade fatty infiltration.”” Interestingly, patch aug-
mentation was not beneficial for massive tears with high-
grade fatty infiltration,”’ highlighting the importance of
considering the muscle quality when applying tissue engi-
neering strategies intended to support the healing tendon—
bone interface. To that end, restoring the structure and
function of the degenerated muscle in the context of a
chronic rotator cuff tear may further enhance the benefit of a
scaffold applied to augment the surgical repair.

Restoration of Muscle Quality and Contractility

Unfortunately, progressive deterioration in muscle quality
is seen with increasing severity (and chronicity) of rotator
cuff tears.”® These degenerative changes, including muscle
atrophy, fibrosis, and fatty infiltration, increase muscle
stiffness’”®” and necessitate higher repair tension, which
increases the risk for re-tear.®' Stress deprivation of the
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humeral head in the context of chronic tears compromises
bone density and architecture,! 182 \which further contributes
to poor healing.®® Yet even with successful surgical repair,
as defined by the continuity of tendon to bone on imaging,
the degenerative changes in muscle are considered irre-
versible.?>"**~% Beyond increasing the risk for repair failure,
muscle degeneration is directly correlated with clinical
outcomes,”™® likely due to adverse effects on musculo-
tendinous mechanics, including disruption of myofibril ar-
chitecture and reductions in contractility.”® As a result, early
rotator cuff repair is advocated in an effort to halt further
muscle degeneration.®”7!=?

The etiology and pathogenesis of muscle degeneration
are multifactorial.®*~*® It was hypothesized that increasing
medial tendon retraction in the context of a chronic tear
places undue tension on the suprascapular nerve as it passes
through the suprascapular notch, resulting in a stretch-
induced neuropathy.”’ However, the association of su-
prascapular neuropathy (SSN) with rotator cuff pathology
remains unclear; SSN is correlated with tear size, but not
fatty degeneration.”®'® Furthermore, the morphological
patterns of fatty infiltration differ when comparing muscle
changes following massive rotator cuff tears against those
seen in isolated SSN.'°! Nevertheless, animal studies have
consistently found worse muscle degeneration with com-
bined tendon tear and neuromuscular compromise, induced
by injecting Botulinum toxin A7*7*#° or transecting the
suprascapular nerve.'°>'® The necessity of chemical or
surgical denervation to induce pronounced fatty infiltration
and fibrosis following tendon transection in small animal
models may be due to the robust scar formation that pre-
vents muscle unloading to the same degree seen in human
shoulders in which there is minimal scar formation.®®'**
This may contribute to the noted differences between ani-
mals as passive muscle biomechanical properties influence
motor endplate properties'® and satellite cell behavior.'®
Additionally, the rotator cuff muscles may be particularly
sensitive to denervation, as compared to other muscle
groups,'?” although the mechanisms underlying such dis-
crepancies remain uncertain.

Other studies have sought to elucidate the alterations in
gene ex?ression,104’108’11 proteostasis,“l’112 and inflam-
mation,"' 113 11* ynderlying the noted structural and func-
tional deficits. The Akt/mammalian target of rapamycin
(mTOR) pathway has been implicated in both muscle atrophy
and fatty infiltration following tendon rupture and/or dener-
vation.''> Regarding the latter, Akt/mTOR has been shown to
regulate the transcription factor sterol regulatory element
binding protein 1 (SREBP-1) and its downstream mediators
of adipogenesis, peroxisome proliferator activated receptor
gamma (PPARYy) and CCAAT/enhancer-binding protein al-
pha (C/EBPa)."% 1% While PPARy and C/EBPq are likely
instrumental in promoting adipogenic differentiation in pu-
tative progenitor cells, the resulting ectopic fat accumulation
may occur through noncanonical intramyocellular lipid stor-
age and synthesis pathways.''®

At the same time, upregulation of transforming growth
factor-beta (TGF-p) signaling is likely causative in promoting
increased fibrosis following injury'®*''” while also mediating
some effect on fatty infiltration.''® There is emerging data to
suggest that the p38 mitogen-activated protein kinase (MAPK)
molecule orchestrates many of these changes, as inhibition of
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p38 MAPK in a rodent model of a degenerative rotator cuff tear
significantly reduced fibrosis and the accumulation of intra-
muscular lipid."'® However, muscle is comprised of numerous
cell types beyond the contractile myofibers, with each differ-
entially contributing to the restoration or compromise of muscle
function following cuff injury.

The satellite cell is central to muscle homeostasis, providing
a reserve of renewable progenitor cells that can differentiate
into contractile myocytes. Recent work has shown that the age-
associated reduction in regenerative capacity of the muscle is at
least partially attributable to cell-autonomous defects in satellite
cell function driven by increased p38 MAPK signaling.'?*~'*?
Given the role of increased p38 MAPK in promoting fibrosis
and fatty infiltration of muscles following rotator cuff tear,'"? it
is reasonable to speculate that aberrant satellite cell function
contributes to tear-induced degenerative changes, but definitive
studies have not yet been performed. Furthermore, the sources
of cells that ultimately become the adipocytes and fibroblasts of
the degenerated muscle are unclear. Recent work found that
Tie2+ muscle mesenchymal progenitors were the major source
of fibroblasts while PDGFRo+ fibro/adipogenic progenitors
(FAPs) principally became adipocytes following rotator cuff
tear,'* yet related work showed that FAPs can become fibro-
blasts as well.'** Interestingly, FAPs appear to facilitate myo-
genic differentiation of satellite cells in healthy muscles but
contribute to ectopic fat formation when the muscle is injured,
suggesting the importance of environmental factors in mediat-
ing FAP function.'**'#>

Paracrine signaling from macrophages, as opposed to
lymphocytes,''* also contributes to degenerative changes,
with prolonged macrophage infiltration worsening fibrosis
and fatty infiltration following rotator cuff tears."'"''3 A
detailed understanding of how signaling networks and cel-
lular composition evolve over location and time during ro-
tator cuff disease pathogenesis will be essential for
developing targeted therapeutic interventions. Differences in
gene expression were found when comparing distal to
proximal regions of the rotator cuff muscles following in-
jury,'® while upregulated expression of many genes in full
thickness tears were noted to be largely blunted in massive
tears,"'” perhaps contributing to the diminished healing ca-
pacity found with increasing tear size."'%*

Although much remains to be understood about the mecha-
nisms of muscle degeneration, a growing body of research ar-
gues against an immutable progression of increasing fibrosis
and fatty infiltration following a rotator cuff tear. Inhibition of
TGF-B signaling by the small molecule inhibitor SB431542
reduced fibrosis and fatty infiltration in a mouse model when
administered daily as an intra]peritoneal injection following
tendon and nerve transection.''® Statins, likely through their
effects on inﬂamrnation,'26 reduced collagen accumulation and
preserved muscle fiber contractility when ]provided orally in a
rat model of a massive rotator cuff tear.' >’ Similarly, intra-
muscular injection of an anabolic steroid (nandrolone decan-
oate) immediately following tendon release in a rabbit'*® and
sheep'?” model mitigated fatty infiltration over 6 or 16 weeks,
respectively. However, treatment with steroids for 6 weeks
subsequent to surgical repair in the sheep model, after 16
weeks of degeneration without steroids, could not reverse the
fatty infiltration that previously accumulated.'®® These find-
ings are consistent with clinical reports that surgical repair of
rotator cuff tears may halt, but not reverse, degenerative
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changes in the muscles."®® As such, there may be limited
clinical utility of any approach that requires administration at
the time of initial injury given the insidious nature of most
rotator cuff tears, where slow degenerative changes progress in
the context of an asymptomatic, but propagating, tendon tear.

On the other hand, continuous traction by a transcutane-
ous device in a sheep model was shown to gradually return a
chronically torn tendon to its anatomical footprint, thereby
restoring normal muscle architecture, partially reversing
muscle atrophy, and arresting the progression of fatty in-
filtration.'**'3" While promising, a transcutaneous device
would present numerous clinical challenges, most notably a
risk for infection. However, more recent studies employing
pharmaceutical and cell-based therapies suggest reversal
of muscle degeneration may be possible. Both inhibition of
cyclooxygenase enzymes'** and intramuscular injection of
mesenchymal stem cells (MSCS)133’134 were found to re-
duce muscle fibrosis and lipid accumulation when admin-
istered following surgical repair of chronic rotator cuff tears.
Additional benefit may also be possible by combining these
strategies with interventions to prevent acute myofibril
damage during repair. In g)articular, repair tension disrupts
the myofibril membrane,'* with resulting disruption in Ca*?
handling and deficits in specific force.'*® Damage may be
mitigated by controlling repair tension'>’ or inclusion of
membrane-stabilizing compounds.'**'*® The extent to
which these various strategies can be combined synergisti-
cally is unknown. For an expanded discussion on muscle
biology and therapeutic interventions to reverse muscle
degeneration associated with chronic rotator cuff tears, see
the excellent recent review.'>* Although efforts to reverse
muscle degeneration are relatively new, their success will
likely be required to optimize strategies intended to regenerate
the structure and function of the tendon—bone interface at
which most rotator cuff tears occur, given the known impor-
tance of in utero muscle contractions in enthesis development.

Regeneration of Native Enthesis Structure

The tendon-bone interface (i.e., enthesis) of the rotator
cuff is a complex structure traditionally conceptualized as
four distinct zones: (1) tendon, (2) uncalcified fibrocartilage,
(3) calcified fibrocartilage, and (4) bone.4%14! Recent
studies have demonstrated a more gradual transition across
the interface, rather than discrete regions. It is this graded
transition in mineral content,mz’143 collagen fiber orienta-
tion,142’144 and biochemical composition,ms’146 which min-
imizes the stress concentrations inherent in bi-material
interfaces.'*” The complex structure of the native enthesis is
not restored following injury, even if surgical repair is
performed.'>'® The resulting stress concentration following
innate healing is thought to contribute to the high re-tear rate
of rotator cuff repair. Furthermore, augmentation of surgical
repairs with overlying scaffolds has not been shown to re-
capitulate the native enthesis structure.'*® Composite scaffolds
have been engineered with gradual or discrete transitions in
fiber architecture, mineral content, biochemical composition,
and cell phenotype.'*™'>? In vitro characterization of the
composite scaffolds has shown region-specific differences in
the target parameters, yet no study has explored the utility of
these scaffolds when applied in vivo. Future studies must also
consider how these composite scaffolds will be applied
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surgically'>® and scaled anatomically, given the technical
constraints of arthroscopic approaches and the small size of
the native enthesis (i.e., <1 mm from tendon to bone).

An alternative strategy to restore the structure and func-
tion of the healing enthesis is to identify, and subsequently
manipulate, the biological mediators that inhibit regenera-
tion. The intra-articular environment, in which tissues are
surrounded by synovial fluid, is particularly inhospitable to
tendon-bone healing.'*~'>® Although in the nascent stages,
the spatiotemporal patterns of the molecular mediators in-
volved in intrinsic enthesis healing have begun to be iden-
tified, at least in rodent models.>”'*® Following surgical
repair of an acutely transected supraspinatus tendon in a rat
model, a wound healing response resulted in a histologically
unorganized and mechanically inferior insertion site, even
at the longest time point (56 days).">® As scarless healing
in embryonic tendons has been at least partially attributed
to differences in TGF-B isoforms across the age of an
organism—TGF-f33 predominates in in utero healing while
TGF-B1 is principally expressed in the mature animal—it
was hypothesized that an artificial predominance of TGF-B3
in the healing enthesis of a mature animal would promote
better regeneration.'® While neutralization of TGF-B sig-
naling compromised healing, neither isoform preferential
enhanced the mechanical properties of the repair when applied
exogenously through an osmotic pump.'®® Overall, augmen-
tation of the healing insertion site with growth factors,'''%
bone adhesives, 5> or anti-inflammatory agents,ms_167 has
yielded equivocal results; structural changes, based upon his-
tology, do not consistently correspond to changes in me-
chanical properties. These findings are reviewed in greater
detail elsewhere.'®®

Concurrent studies have explored the utility of aug-
menting rotator cuff repairs with cells, most commonly
employing adult tissue-derived MSCs. A reduced number of
MSCs at the enthesis were found in patients with symp-
tomatic rotator cuff tears,'® suggesting potential benefit of
exogenous MSC supplementation. Indeed, a recent cohort
study found improved healing rates and tissue quality up
to 10 years following repair of small- to medium-sized
tears (i.e., 1.5-3.5cm) augmented with autologous MSCs
(Table 1).170 On the other hand, the more extensive body of
preclinical studies examining the efficacy of MSC supple-
mentation of rotator cuff repairs contains mixed results.'”!
Several investigations have reported benefit'’*™'"™* while
others found no effect of cell augmentation, whether exog-
enously delivered'”>'7® or endogenously recruited.'””'"® At
present, it is unknown what factors contribute to the in-
consistent effects of MSCs, but likely include differences in
animal models, experimental design, delivery vehicle, MSC
concentration, and MSC phenotype, which may be further
modulated by concomitant inclusion of growth factors or
viral gene transduction constructs.!” 179180 gop instance,
augmentation with MSCs overexpressing tenogenic growth
factor bone morphogenetic protein-13 (BMP-13) did not
improve rotator cuff healing over MSCs alone,'’® while
MSCs overexpressing Scleraxis (Scx), a transcription factor
associated with tenogenesis, did enhance histological and
mechanical properties as compared to untransduced MSCs.'®!
Of interest, Scx is required for the formation of a functional
enthesis in development, whereas the role of BMP-13 re-
mains uncertain.'®*1%4
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As regeneration recapitulates development, elucidating
the mechanisms of enthesis formation will likely prove es-
sential in guiding interventions to restore rotator cuff
structure and function following injury.'®>'8¢ Recent work
has begun to unravel the complex spatiotemporal expression
patterns of numerous molecular mediators governing en-
thesis formation.'*>"'87~'%° Instrumental to the maturation of
the nascent enthesis is the presence of postnatal mechanical
loading provided through spontaneous muscle activity.'?'~'*?
Botulinum toxin-induced paralysis of the supraspinatus
muscle immediately after birth in a mouse model delayed
fibrocartilage formation and decreased bone mineraliza-
tion,193 resultin% in sustained deficits in strength, modulus,
and toughness.'”* In parallel studies, it was shown that ab-
lation of hedgehog (Hh) signaling in progenitor cells that
constitute the primordial enthesis results in loss of miner-
alized fibrocartilage with corresponding reductions in me-
chanical properties (Fig. 2A-D)."**'® Given the known
roles of Hh signaling in endochondral ossification'?”'*® and
mechanotransduction,'**2% it was hypothesized that me-
chanical loading in the early postnatal period drives enthesis
formation by modulating Hh activity in the enthesis fi-
brocartilage cells.?*!?°% Indeed, botox-mediated muscle pa-
ralysis in the first week of postnatal development actually
increased the number of Hh-responsive cells due to com-
pensatory feedback.?’> On the other hand, ablation of these
Hh-responsive cells resulted in a loss of mineralized fi-
brocartilage, with little remodeling up to 5 weeks later.”%?
Taken together, these studies demonstrate that mechanical
loading, through active muscle contractions, drive enthesis
maturation by modulating Hh signaling in fibrocartilage cells.

The extent to which failed regeneration of enthesis fol-
lowing injury is attributable to aberrant mechanical loading
or dysregulated Hh signaling in reparative cells remains
unknown. However, positive Hh immunohistochemical
staining was recently observed at the graft-bone tunnel in-
terface at 3 and 6 weeks following anterior cruciate ligament
(ACL) reconstruction in a rat model (Fig. 2E, F).zo‘ Inter-
estingly, animals that received pretensioned tendon grafts
showed increased staining area and intensity, suggesting an
influence of mechanical stress on Hh signaling during
tendon-bone healing.’” As Indian Hedgehog (Ihh) and
parathyroid hormone (PTH)-related peptide (PTHrP) are
reciprocal mediators of a feedback loop controlling chon-
drogenesis and mineralization at the growth plate?**?%> and
enthesis,'®°! it was hypothesized that the subcutaneous
supplementation of the related PTH might improve enthesis
healin% in rat model of acute supraspinatus transection and
repair.”°® Although treatment with PTH increased bone and
mineralized fibrocartilage formation and improved collagen
fiber organization, this did not correspond to improved
mechanical properties,”® further demonstrating the com-
plex interaction of soluble factors and mechanical stimuli in
directing the emergence of enthesis structure and function.

Mechanical Loading in the Context
of Tissue Engineering

Given the fundamental role of mechanical loading in
rotator cuff development and homeostasis, investigation of
its influence on healing naturally follows. To that end, it has
been shown, principally through animal models, that the
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FIG. 2. The role of hedgehog signaling in enthesis formation and healing. Parallel columns of fibrochondrocytes are
embedded in a proteoglycan-rich extracellular matrix (A) that has undergone robust mineralization (C) by postnatal day 42
in the developing rotator cuff enthesis of a mouse, as shown through Safranin O (A, B) and Von Kossa (C, D) staining,
respectively. Conditional ablation of Hh-responsive cells disrupts enthesis formation W1th reductions in proteoglycan (B)
and mineral content (D, black arrow). Adapted with permission from Schwartz er al.>** Cells located at the native ACL—
bone interface in a mature rat do not strongly express Hh mediators (E). Conversely, Hh signaling is strongly upregulated in
cells at the tendon graft-bone tunnel interface following ACL reconstruction (F). Focal stresses appear to differentially
affect Hh signaling and tissue organization (G), as interfaces presumably under greater tension (bottom, black arrows)
exhibit greater organization and fibrochondrocyte alignment than unloaded interfaces (G, white arrows). ACL, antenor

cruciate ligament; B, bone; Hh, hedgehog; IF, interface; T, tendon. Adapted with permission from Carbone ez al.*"

complete removal of load postoperatively is detrimental to
rotator cuff healing®®’ but premature loading risks surgical
failure or tendon lengthening. As a result, controlled mo-
bilization is advocated but its 0perat10nahzat10n remains a
challenge.’® The early wound callus is mechanically weak
with increased cellular content, including both progenitor
cells and a time-specific predomlnance of a particular pheno-
type of inflammatory cell.*>*'° As most rotator cuff repairs
fail within the first 3-6 months,?*° it had been hypothesized
that botox-mediated unloading could transiently protect the
repair site from damaging muscular forces, ultimately result-
ing in enhanced tissue structure and strength.!"

When applied in a rat model, botox-treated specimens
showed accelerated formation of a normal tidemark and in-
creased collagen fiber organization, but negligible or inferior
mechanical properties and bone morphometry at weeks 4, 8,
and 24.2'? Similar detriments were found in a rabbit model
of chronic rotator cuff tears.”’> In a related study, an ex-
ternal fixator was applied to the tibiae and femurs of rats that
underwent ACL reconstruction, eliminating tissue strain
with the exception of 50 cycles of 2% strain applied daily
and commenced (1) immediately postoperatively, (2) on
postoperative day 4, (3) postoperative day 10, or (4) never
(i.e., complete immobilization).>'* Specimens from the de-
layed immobilization group (i.e., postoperative day 10)
demonstrated superior mechanical and histological proper-
ties along with greater bone formation when compared
against the other loading conditions.*'* Similarly, immedi-
ate postoperative passive motion was detrimental to shoul-
der mechanics in a rat model of rotator cuff repair.>'> Lastly,
scapular dyskinesis, as induced through transection of the
accessory and long thoracic nerves, decreased mechanical

properties, altered histology, and diminished tendon or a
nization at the enthesis following rotator cuff repair.
Taken together, these studies validate the importance of
controlled mobilization postoperatively as a means to opti-
mize healing. In the clinical setting, where the practical
postoperative loading protocols have been far more con-
strained than those investigated in animal studies, there is no
long-term difference between earlgl mobilization com-
pared to delayed rehabilitation.?' "' However, there is
growing evidence that in vivo mechanical loads can
and should be considered if the promise of tissue engi-
neering strategies for improved rotator cuff healing is to
be realized.

In a seminal study, the influence of in vivo loading on a
braided porcine SIS graft used to replace the rabbit Achilles
tendon was examined.””® After a 2-week immobilization
period, unrestricted motion and weight bearing during the
early remodeling phase accelerated tendon remodeling, as
compared to totally immobilized joints.**® In related work,
acellular dermal matrix patches were used to reconstruct the
rotator cuff in a rat model, with variable periods of immo-
bilization to follow. Two weeks of immobilization yielded
superior collagen organization and mechanical strength
compared to no immobilization or 6 weeks of immobiliza-
tion.”*'*** Beyond scaffolds, the importance of in vivo
loading also extends to the application of growth factors and
cells. Injection of cartilage-derived morphogenetic protein 2
(CDMP-2) into unloaded rat tendons produced heterotopic
bone formation, which was greatly reduced in loaded ten-
dons.”® Likewise, muscle-derived stem cells (MDSCs)
formed more myofibrils and reduced fibrosis when injected
into injured muscle of mice exposed to daily treadmill
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running, as compared to littermates that only engaged in
normal cage activity.

Though limited, these studies suggest that the utility of
many tissue engineering strategies will be influenced by the
mechanical microenvironment of the injured tissue to which
they are applied. With particular regard to efforts to enhance
rotator cuff healing, it is important to consider all the ele-
ments that comprise the rotator cuff organ and the possi-
bility of synergistic interactions of biological therapies
heretofore applied to an individual element. For instance, a
bioactive scaffold sheet that can offload the surgical repair
may serve to reverse the degenerative changes in the ten-
dinopathic tendon while also allowing earlier joint mobili-
zation with the resulting strains at the healing enthesis
providing mechanotransductive cues to exogenous Hh-
responsive MSCs, thereby recapitulating the developmental
signals essential for the formation of a mineralized fibro-
cartilage interface. These combinatorial approaches have yet to
be systematically investigated, but may offer novel approaches
to addressing the otherwise recalcitrant challenge that is the
chronic rotator cuff tear. In a recent clinical study, arthroscopic
repairs of massive rotator cuff tears that were augmented with
both bone marrow stimulation and patch augmentation resulted
in a significantly lower re-tear rate than conventional repairs.**>
Although the study design limits conclusions about any additive
benefit of bone marrow stimulation and scaffold augmentation,
the results were encouraging.

Present Challenges and Future Perspectives

Despite a dramatic increase in research on rotator cuff
repair over the past two decades, there is little evidence that
clinical outcomes of rotator cuff repair have improved.??°
However, poor outcomes are disproportionately attributable
to chronic massive tears, which remain a persistent chal-
lenge.??” Increasingly sophisticated tissue engineering strat-
egies may provide orthopedic surgeons with the capacity to
restore the structure and function of the rotator cuff, which
has traditionally been considered to possess a limited in-
trinsic healing capacity. In this review, we have highlighted
the concept of the rotator cuff as an organ, for the various
tissues that comprise it each exhibit degenerative changes in
the context of a chronic tear. It is therefore posited that
tissue engineering strategies aimed at regenerating one
element might provide synergistic benefits when combined.
Investigation of this hypothesis in animal studies is neces-
sary, as are studies examining how mechanical loading of
augmented repairs might provide mechanotransductive cues
capable of promoting tissue-specific cell differentiation and
favorable tissue remodeling.

The judicious application of loading protocols could be
enhanced by further characterization of in vivo forces in
both healthy and healing tissues*****° and the use of these
results as design parameters for novel biomaterials and
computational models of rotator cuff mechanics.”****? For
instance, recent work has begun to elucidate how tear size
and location affect tear propagation when tissues are cy-
clically loaded with forces likely experienced in postoper-
ative rehabilitation.”*>*** Parallel in vivo investigations
have exzplored how conservative therapy (i.e., physical
therapy)” and surgical stabilization®®> affect glenohumeral
kinematics in patients. In combining these results, models
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may be developed that are predictive of the in vivo stresses
experienced by a healing tissue and possibly prescriptive for
the exercise protocols that constitute a rehabilitation pro-
gram at a given time after surgery.?*® In the future, it may be
possible to combine these emerging regenerative rehabili-
tation approaches with tissue engineering strategies to more
consistently restore tissue structure and function at an ac-
celerated pace without sacrificing safety.

The successful translation of tissue engineering strategies
into clinical practice will also require continued refinement of
animal models, such that the pathogenesis in the model or-
ganism more closely recapitulates that of human patients,
notwithstanding insurmountable differences in anatomy and
biology across species. With regards to rotator cuff pathol-
ogy, increased consideration has been given to the effect of
tear chronicity and aging on the healing potential of the in-
jured shoulder.” By their very nature, chronic rotator cuff
tears are most commonly seen in the context of increased age,
which itself is correlated with poor postoperative rotator cuff
integrity.”*” Until recently, most investigations of the poten-
tial benefit of tissue engineering strategies in enhancing ro-
tator cuff healing were performed in young, healthy animals
in which the tendon was acutely transected and immediately
repaired with or without augmentation. Novel animal models
of chronic degeneration have now been reported in mice,238’239
rats,”'% and shee];,mo’zm with associated impairment in
healing potential.”*’> These animal models may be more
predictive of the utility of a particular tissue engineering
strategy when applied to patients. For instance, no benefit to
augmenting repairs with a fascia lata autograft patch was found
in patients with high-grade fatty infiltration of their muscles.”’
Preclinical models employing aged animals may also be of
value, as older animals also experience age-associated exac-
erbation in muscle stiffness®*' and fatty infiltration''® in ad-
dition to reduced healing capacity.**

Conclusions

This review highlights the three principal aims toward
which tissue engineering strategies have been applied in an
effort to improve rotator cuff healing: (1) immediate me-
chanical augmentation of the surgical repair, (2) restoration
of muscle quality and contractility, and (3) regeneration of
native enthesis structure. Given the seamless integration of
multiple tissues comprising the rotator cuff, and their con-
current degeneration in the context of chronic massive tears,
it is instructive to consider the concept of the rotator cuff as
an organ. In doing so, it is posited that combining the in-
dividual approaches to address the three principal aims may
offer synergistic benefit. At the same time, it must be em-
phasized that the application of a tissue engineering strategy
to any given tissue of the rotator cuff organ must likely be
temporally discrete and spatially confined, as signaling
pathways of putative benefit in one tissue may be detri-
mental in adjacent tissues. For instance, TGF-B-mediated
upregulation of the tenogenic transcription factor Scx may
reverse degenerative changes in the tendon midsubstance or
enhance enthesis healing but could also exacerbate muscle
atrophy and fibrosis if TGF-f delivery is inadequately lo-
calized.*** Much work remains to validate this approach and
will invariably require strong collaboration among engi-
neers, biologists, and clinicians to bring the promise of
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tissue engineering and regenerative medicine to come to
fruition in treating massive chronic rotator cuff tears.
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