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Abstract: Musculoskeletal dysfunctions are highly prevalent due to increasing life expectancy.
Consequently, novel solutions to optimize treatment of patients are required. The current major
research focus is to develop innovative concepts for single tissues. However, interest is also emerging
to generate applications for tissue transitions where highly divergent properties need to work together,
as in bone-cartilage or bone-tendon transitions. Finding medical solutions for dysfunctions of such
tissue transitions presents an added challenge, both in research and in clinics. This review aims to
provide an overview of the anatomical structure of healthy adult entheses and their development
during embryogenesis. Subsequently, important scientific progress in restoration of damaged entheses
is presented. With respect to enthesis dysfunction, the review further focuses on inflammation.
Although molecular, cellular and tissue mechanisms during inflammation are well understood, tissue
regeneration in context of inflammation still presents an unmet clinical need and goes along with
unresolved biological questions. Furthermore, this review gives particular attention to the potential
role of a signaling mediator protein, transforming growth factor beta-activated kinase-1 (TAK1),
which is at the node of regenerative and inflammatory signaling and is one example for a less regarded
aspect and potential important link between tissue regeneration and inflammation.

Keywords: enthesis organ; embryonic development; adult; regeneration; inflammation; immune
system; TAK1

1. Introduction

The functionality of the musculoskeletal system is based on force transmission between muscles
and bones, which are connected by tendons. Due to the differential mechanical properties of
elastic soft tendons and stiff hard bones, the attachment unit, called enthesis, needs to fulfil high
compositional, organizational and mechanical requirements. These demanding properties make
entheses an extraordinary and interesting tissue interface. Because of these interesting facts, several
reviews have already been written about enthesis before [1–3]. In the first part of the present
review, we give a short overview on the structure, development and physiology of this special tissue.
We continue by summarizing tissue engineering strategies. The major part of the review is devoted to
pinpointing the potential role of TAK1 as a future therapeutic target.
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1.1. Two Types of Entheses

Tendon-bone transitions occur in two forms in the body—fibrous and fibrocartilaginous [2,3].
In fibrous entheses the dense collagen fibers of the tendon directly enter the bone. Fibrous entheses
are present in tendons and ligaments which attach to the metaphyses or diaphyses of long bones [4].
In contrast, fibrocartilaginous entheses as they are present in epiphyses and apophyses [4] represent
a complex gradient of unmineralized to mineralized tissues which are conventionally divided into
four zones [5,6]. Figure 1 provides a schematic illustration of a fibrocartilaginous enthesis. The first
zone (region I in Figure 1) is the tendon (or ligament in case of bone-to-bone junctions) which
consists of fibroblast-like cells, called tenocytes. Highly aligned collagen type I fibers are interspersed
in a non-collagenous extracellular matrix consisting of proteoglycans and glycoproteins as major
components [7]. The following zone (II) is made up of uncalcified fibrocartilage with fibrochondrocytes
in a network-like organized collagen type II and III fibers as well as proteoglycan aggrecan as major
constituents. The third zone (III) is calcified fibrocartilage with collagen type II and X stiffened by
mineral deposits and aggrecan. The transition area ends in bone as fourth zone (IV) and consists of
osteoblasts, osteocytes and osteoclasts in a matrix of mineralized collagen type I [8–11]. The bone at
these sites is thin and porous. Blood vessels enter this region from the adjacent bone marrow and
thereby provide nutrition to the entheses and allow the removal of metabolic products [12]. In contrast
to this, the fibrocartilage area is an avascular zone which decreases the transmission of inflammation
and infection from vascularized bone to less vascularized tendon [6].

In the cartilaginous transition zone (regions II and III), the mineral content increases relative
to collagen resulting in a gradual increase in stiffness [13,14]. The border between non-mineralized
and mineralized fibrocartilage is marked by a calcification front, called tidemark, see also Figure 1.
The collagen fibers continue across this tidemark and gradually change from tendon fibers into
thinner interface fibers; finally, groups of these fibers enter the bone [15]. The transition zone [6]
which measures about 500 µm [15] ensures that tensions are minimized by providing elasticity and
stiffness which are required for high mechanical demands within entheses. Important for stress
distribution and mechanical stability, the fibers do not form simply a continuous network but may
end freely in the interstitial matrix. This is supported by a high density of hydroxyapatite crystals
in the mineralized fibrocartilage zone which are not permanently fixed in the matrix but freely move
along the fibers [15,16]. Such arrangement results in an enormous enlargement of the interaction areas.
The connection between bones and tendons in the body is consequently ideally put into action by
the transitional tissue with its characteristic properties which ensures the transmission of force.
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Figure 1. Schematic representation of a direct enthesis with four interwoven zones. Histologically, the basic
scaffold is based on a largely oriented fiber course of collagens and a corresponding orientation of the cell
axes in the tendon zone (I), while cartilage and bone zones have less or no such orientation of the fibers.
Major differences in the composition result from different cell types, molecules of the extracellular matrix



Int. J. Mol. Sci. 2020, 21, 5177 3 of 21

and mineral content. The tendon zone contains elongated, fibroblast-like cells, called tenocytes,
embedded in an extracellular matrix of predominantly collagen type I, proteoglycans such as aggrecan
and fibromodulin as well as glycoproteins like lubricin, elastin and tenascin C [7]. The fibrous cartilage
zone II contains rounded chondrocytes in an extracellular matrix which transitions from collagen type I
to collagen type II and collagen type III, together with aggrecan as a major non-collagenous protein.
Collagen type II is also found in the mineralized fibrous cartilage zone (III), forming a mesh which
anchors tendons to bone [7]. The transition between zone II and III, from non-mineralized to mineralized
fibrocartilage, is marked by dense calcification, which is called tidemark. In addition, mineralization
based on calcium phosphate begins (small turquoise-colored dots). The mineralization is pronounced
in the bone zone (zone IV) and contains also crystals (larger turquoise-colored dots). Individual
collagen type I fibers are not shown here. Osteoblasts, osteocytes and osteoclasts are the major cell types
within bone. The highly vascularized bone provides nutrients and, if applicable, cells to the avascular
enthesis [12]. This highly specialized structure – about 0.5 mm in length [15] – results in different
mechanical properties which guarantee the enormous stability and thus the functionality of such
a transition in vivo.

Summarizing, the four zones are only compositionally distinct but functionally constitute
a continuous system with graded transitions in their properties. Due to the high complexity and
interaction of the enthesis with its surrounding tissues, Benjamin & McGonagle (2001) even called
it an enthesis organ [17]. Components of the enthesis organ are the enthesis, subtendinous bursae and
fibrocartilages. Within this complex, the fibrocartilages protect tendons and bones from compression
or abrasion by replacing a synovium [12,15,16].

1.2. Development of the Enthesis

The formation of the enthesis begins during the fetal development and continues even
postnatally [18]. Chondrocytes of the cartilage start to proliferate and synthesize extracellular matrix
until they reach hypertrophy. Thereupon, the cartilage is mineralized by endochondral ossification and
collagen fibers and minerals are remodeled by fibrocartilaginous transition. An infiltration of vascular
tissue into the mineralized fibrocartilage, which brings bone precursor cells into the enthesis, allows
these cells to remodel parts of the mineralized matrix into bone [19,20].

During embryonic development of bones two types of progenitors are involved. Progenitors of
the primary cartilage template only express sex-determining region Y-box 9 (SOX9). Another progenitor
population is influenced by the opposing expression of gradients of SOX9 and scleraxis (SCX) [21,22].
These progenitors are added to the primary cartilaginous template and form bone eminences which
act as anchoring points for tendons in the attachment unit [23]. As it is also expressed in progenitors of
primary cartilage, the transcription factor SOX9 is a key molecule in chondrocyte differentiation and
continuously active during early and advanced chondrogenesis. SCX is also a transcription factor and
pivotally regulates differentiation of tendinous tissues. Knockout experiments revealed that loss of SCX
expression results in drastic developmental disorders in the enthesis like changes in cell morphology,
fiber organization and enthesis size [21]. As development and differentiation into tenocytes and
chondrocytes progresses, the pool of SOX9 and SCX-expressing progenitors gradually decreases.

These developmental changes are driven by several molecular mechanisms, mainly by members of
the transforming growth factor-β (TGF-β) family. The TGF-β subfamily has a key role in the formation
of the attachment unit since TGF-β signaling controls the specification of bone eminence progenitors
and is essential for tendon and cartilage formation [23]. Without functional TGF-β signaling SCX is
not expressed and this would lead to a defective development of tendons and ligaments [24]. Besides
TGF-β, BMPs are promising factors for tendon healing. One key mediator of tendon-specific signaling
during enthesis development is the bone morphogenetic protein-4 (BMP-4). It is co-localized with SCX
in bone eminence progenitor cells and is also regulated by SCX. This SCX-driven BMP-4 signaling
induces the bone eminence formation at the tendon-cartilage attachment area. Without SCX/BMP-4
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signaling the differentiation of these progenitor cells into cartilage is blocked and they remain as
SOX9-positive progenitor cells [20,23,24].

Furthermore, the fibrocartilaginous mineralization and maturation of the enthesis is regulated by
different molecular signaling cascades. At the tendon-cartilage interface, a population of hedgehog
(HH)-responsive cells mediate the development of a mineral gradient shortly after birth. These cells
remain in the developing enthesis and populate the region of fibrocartilage whereby just the cells
in the non-mineralized parts remain HH-responsive. Chondrocytes in the mineralized fibrocartilage
stop expressing factors of the HH-signaling pathway, which leads to a graded expression and therefore
to a graded transition between mineralized and unmineralized tissue [21,25,26]. The mineralization
process is regulated by a negative feedback loop of Indian hedgehog (IHH) and the parathyroid
hormone-related protein (PTHrP) [27]. IHH is expressed by hypertrophic chondrocytes and regulates
the rate of their differentiation and proliferation. Additionally, the synthesis of the downstream
protein PTHrP is stimulated by IHH. Thus, PTHrP modulates the rate of hypertrophic differentiation
and chondrocyte maturation by blocking further expression of IHH [20,28,29]. Both, HH signaling
and a proper mechanical load are mandatory for mineralization and maturation of the transition
area. Lack of HH signaling leads to decreased fibrocartilage mineralization and consequently results
in reduced mechanical properties of the enthesis. On the other hand, the IHH-expressing chondrocytes
are modulated by mechanical load. Without muscle forces, especially at later developmental stages,
a higher number of chondrocytes stays HH-responsive and does not maturate [25,30–32].

2. Approaches towards Restoration or Regeneration of a Damaged Enthesis

Tissue damages are caused by infections, toxic and mechanical injuries including overuse,
degeneration or combinations of these factors. Furthermore, the steady advancement of civilization
also leads to an increase in metabolic diseases like obesity and diabetes, which further increase the risk
of orthopedic damage. The natural healing process of damaged tendon-bone junctions is unsatisfying
and fails to restore its original functionality [33]. Up to date, the artificial reconstruction of tendon-bone
junctions by medical intervention is an unresolved issue. Current surgical restoration methods are
suboptimal since enthesis repair by suture of a tendon to a bone via bone anchors does not result
in functional restoration but in degenerative and little vascularized tendons, muscle atrophy and lack
of integration into the bone [34]. The absence of well-established natural or artificial transplants or
implants leads to an immense necessity to promote research and action in this field. A major challenge
is the biological, chemical and physical variance in the enthesis, described above. Any replacement
material needs to create a connection between these variances. Therefore, the biological aspect is going
to become of growing importance in the future [33] – implying the need for solutions to unresolved
biological questions.

In line with this argument, cellular and molecular signals are more and more in the center of
interest. Above all, the attempt to generate fibrocartilaginous entheses with their four zones and at
their anatomically correct location has failed largely so far (see for example, in References [35–37]).
In these approaches, constructs with zones made of materials with defined properties without
continuous gradients were used. On the other hand, materials with gradients of mainly just one single
parameter—for example, the mineral content—were applied (e.g., References [38,39]). Unfortunately,
not all of these experimental approaches allowed a controlled gradient (e.g., Reference [40]).

Lu et al. (2006) [40] described a three-zone scaffold—zone A made of knitted, degradable
poly(lactic-co-glycolic acid) fabric for tendon, zone B made of sintered degradable polymer
microparticles for the fibrous cartilage region with a low calcium phosphate content and zone
C made of osteo-integrative polymer-ceramic composite microparticles with a high calcium phosphate
content for the bone zone [41–43]. In the next steps, a tissue engineering approach was used by seeding
fibroblasts in zone A, chondrocytes in zone B (if applicable) and osteoblasts in zone C in vitro and
subsequently examined in vivo. The subcutaneous (i.e., ectopic) implantation of scaffolds populated
with fibroblasts and osteoblasts in nude rats showed that the compression modulus of the biodegradable
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scaffold decreased in vivo due to degradation, however this effect was compensated by the production
of extracellular matrix [42,43]. In the setup with all three cell types, a fibrocartilaginous transition
was formed in experimental animals subcutaneously. The compression modulus of the explanted
scaffolds initially decreased over time but increased again due to the production of matrix and tissue
infiltration [44]. Unfortunately, the behavior of these scaffolds was not tested orthotopically at a real
tendon-bone junction in vivo.

The first attempts to produce degradable implants with graded properties were carried out
based on retroviruses. Collagen sponges were coated in a gradient with poly-l-lysine, which was
generated by using a motorized dip coater and different dipping times. Since poly-l-lysine is a cationic
polymer, the poly-l-lysine gradient allowed the formation of a corresponding gradient of retroviruses
whose shell was negatively charged. These retroviruses encoded an osteogenic transcription factor,
runt-related transcription factor 2 (RUNX-2). Finally, skin fibroblasts were applied to test this material
in vitro. After transduction with the retrovirus, the cells developed into cells similar to osteoblasts
which caused a gradient of cell types corresponding to the original poly-l-lysine gradient. A mineral
gradient was developed and could be shown by microcomputed tomography. After subcutaneous
implantation of these cell-seeded materials in rats biomechanical tests were carried out, which showed
a higher Young’s modulus on the retrovirus-carrying side [45]. Unfortunately, orthotopic in vivo
studies and histological examinations, which would verify the formation of tendon-bone transitions,
are missing.

In additional studies, the potential for delivering adenovirus or lentivirus encoding green
fluorescent protein, beta galactosidase or firefly luciferase from tissue engineering scaffolds using
a surface immobilization strategy was assessed. The authors demonstrated that most of the immobilized
lentivirus was successfully released from the poly(lactide-co-glycolide) scaffold within 24 h while
the adenovirus approach was not further pursued [46]. After subcutaneous implantation, luciferase
expression was visualized during a time course of four weeks [46]. In the related field of
osteochondral tissue transitions, lentiviruses encoding cDNA for either the chondrogenesis-inducing
signaling protein TGF-β3 or the osteogenesis-inducing protein BMP-2 were spatially deposited
within anatomically-shaped cartilage-derived matrix. In addition, to inhibit aberrant inflammatory
processes, lentiviral particles encoding IL-1 receptor antagonist (IL1RN) were also immobilized.
Subsequent experiments with human mesenchymal stem cells (MSCs) demonstrated successful spatial
differentiation into cartilage and bone cells [47].

Another approach was based on the graded mineralization of a scaffold from biodegradable
material [39]. Here, fiber mats—produced by electrospinning of poly(lactic-co-glycolic acid) or
polycaprolactone—were coated with a solution of calcium phosphate after plasma treatment and/or
gelatin coating by means of varied contact times. This coating resulted in graded mechanical properties
and a graded colonization with MC3T3-E1 cells, a mouse cell line which was established from calvariae
and forms bone cells. Here, in vivo experiments are missing as well [39]. For future applications,
it seems important to be able to control the mineralization in relation to the modification of calcium
phosphate and to supplement the mechanical and chemical gradients by a “biochemical” gradient
(in e.g., growth and differentiation factors).

In this respect, temporally controlled release of biologically active factors can be an additional tool
to implement chemical signal gradients and to generate continuous three-dimensional gradients [48,49].
It was demonstrated that growth factors or other molecules could be released for at least 30 days from
a precise position within a three-dimensional scaffold structure. For this purpose, microparticles loaded
or unloaded with bone morphogenetic protein-2 (BMP-2) were produced [50], layered in different zones
and converted into an interlocking but porous structure by sintering. The amount of released BMP-2
could be adjusted by mixing the protein-loaded with unloaded microparticles. Due to the BMP-2
release a local differentiation of bone cells from mesenchymal progenitor cells (murine cell line C2C12)
was achieved in vitro [50]. Microparticles from silk fibroin were used to embed BMP-2 and insulin-like
growth factor-1 in porous carrier materials and supported the bone and cartilage cell formation from
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MSCs. Here, joint and opposing concentration gradients of the two factors could be established;
however, the incorporation and release of insulin-like growth factor-1 was limited. The temporal
release of both factors was different and was followed for 14 days [51]. Another report showed that by
embedding poly(lactic-co-glycolic acid) microparticles in carrier material which is made of poly(lactic
acid), the so-called initial burst release was avoided and a release of platelet-derived growth factor-BB
over 70 days could be achieved [52].

Even though several attempts to regenerate entheses have repeatedly been carried out in recent
years, there is still no complete and functional solution to recreate their complexity in function and
structure. The challenges of enthesis tissue engineering were also reviewed elsewhere, examples of
recent review articles are [1,5,30,36,37,53]. As described above, the development of entheses during
embryonic development is very extensive and influenced by many factors. Therefore it is difficult to
imitate this development as a regenerative therapeutic approach. In addition, the different mechanical
properties of the different zones must be precisely coordinated to ensure the necessary stability and
tensile strength which goes along with unresolved biological questions. These issues mean that so far,
a regeneration or replacement of an enthesis with all its components and properties was not successful
which is resulting in an unmet clinical need.

3. Inflammation and the Immune System at Entheses

Considering the results of laboratories, preclinical and clinical studies, it becomes clear that
the plethora of different approaches based on growth factors and stem cells, also called “regenerative
therapies”, have still failed to show striking success in the clinic. This might be due to an inverse
correlation between the regenerative capacity of organisms and their immune competence—the higher
the latter, the lower the regenerative capacity [54]. In comparison to mammals, lower vertebrates
can regenerate many of their tissues completely in a functional manner, instead of merely repairing
them by the formation of scar tissue. Emerging from these findings, it is reasonable to postulate that
novel biomaterials and release systems should be developed which are able to modulate the recipient’s
immune system in order to potentiate the effect of stem cells and growth factors.

Here, we would like to advocate the idea that the impact of inflammation and immune reactions
should be given greater consideration in future developments of regenerative therapies including
biomaterials and implants. Anti-inflammatory and immunomodulatory therapeutic approaches could
sustainably promote successful regeneration in many applications or only make it possible at all.

As already mentioned tissue damages or injuries are caused by infections, toxic and mechanical
cues, degeneration or combinations of these factors. The body tries to heal such injuries by initiating
immune responses and inflammations. During these processes, soluble inflammatory mediators bind
to cell surface or cytoplasmic receptors. These receptors transmit signals into the cells by activating
signaling cascades thereby leading to activation of target genes and ultimately to a secretion of
additional soluble mediators. Immune cells, stem cells and tissue-resident cells are subsequently
recruited by these mediators [55]. During the initial phase of inflammation, the innate immune
system plays an important role while the adaptive immune system typically takes over in later stages.
Overall, the immune system exerts both positive and negative effects on the success of the healing
process. Ideally, an acute inflammatory reaction is followed by complete healing including functional
restoration which is also known as regeneration. However, in mammals the regenerative abilities
strongly depend on the state of development (fetal, neonatal, adult) [54]. Consequently, those events
described in chapter 2 have not been recapitulated properly in animal models of human clinical
questions to date.

Only a few years ago the scientific community realized that immune cells have a considerable
presence in injured as well as in healthy entheses [56,57] although their numbers might be relatively
low. The most important types of entheseal immune cells consist of interleukin 23 (IL-23) responsive
cells like macrophages [58], natural killer (NK) cells [59] and γδ T cells [60]. The expression of
IL-23 receptor (IL-23R)—as the major prerequisite of IL-23 responsiveness—on tendon, cartilage
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and bone cells within the enthesis remains to be determined. IL-23 is constitutively expressed
in the human annulus in vivo and in vitro and is up-regulated in vitro by tumor necrosis factor-alpha
(TNF-α) [61]. Macrophages derived from THP-1 (abbreviation for Tohoku hospital pediatrics-1) cells
promote the osteogenic differentiation of mesenchymal stem cells through the IL-23/IL-23R/β-catenin
pathway [62].

An inflammation at the enthesis is termed enthesitis and is highly important in the pathogenesis
of spondyloarthropathies [12,56]. Spondyloarthropathies are a group of rheumatic diseases which are
associated with inflammation at anatomically distal sites like tendon-bone attachments [63]. While
IL-23 had already been suspected to be a part of the pathogenesis for some time [64], it has only been
demonstrated a few years ago that it acts locally on entheseal resident IL-23R+ retinoic acid-related
orphan receptor gamma T (ROR-γt)+CD3+Sca1+CD4−CD8− T cells [63], which are similar to γδ T
cells [65]. IL-23 binds to these receptors and might be of systemic origin. However, recent results
suggest that CD14+ myeloid cells from the enthesis locally secrete IL-23 as was shown in vitro after
a stimulation with mannan or lipopolysaccharide (LPS) plus interferon-gamma [56]. After binding of
IL-23 the enthesis-resident T cells release inflammatory mediators like IL-6, IL-17, IL-22 and chemokine
(C-X-C motif) ligand 1 [63,65,66]. Interestingly, the secretion of IL-22 leads to ectopic bone formation
(osteophytes) and, in parallel, promotes osteoclast differentiation [67]. Furthermore, the secretion
of IL-17A and TNF-α contributes to the bone loss observed in spondyloarthropathies. IL-17 also
enhances neutrophil migration and activation. Neutrophils stimulate the inflammatory response by
releasing proteases and reactive oxygen species which aggravate the pain associated with enthesitis [12].
As described here, IL-17 production has often been linked to upstream IL-23 signaling and termed
IL-23/IL-17 Immune Axis (see as one example [68]) but recently it was shown that the production of
IL-17 is IL-23-independent in γδ T cells in the gut [69].

The pathophysiology and treatment of enthesitis have been focal points of many studies and
in 2017 an excellent review regarding these topics was published [12]. In order to contribute novel
ideas we will focus on one specific signaling component which plays a central role in a multitude of
signaling pathways but awaits to be investigated in normal and inflamed enthesis—TGF-β-activated
kinase-1 (TAK1). This kinase may present an alternative for targeted therapy of enthesitis compared to
the conventional use of nonspecific corticosteroids or non-steroidal anti-inflammatory drugs (NSAIDs).
TAK1 is a downstream molecule in the IL-17-mediated signaling [70,71], suggesting a relevance of TAK1
in entheses. This theory is further supported by the already reported positive effect of the inhibition of its
downstream target p38 (protein with molecular weight 38 kDa) during the repair of the rotator cuff [72].
Also in line with this hypothesis, the targeting of different protein kinases with a focus on kinases,
which regulate the innate immune system has been discussed for the development of anti-inflammatory
drugs and treatment of chronic diseases [73]. This may not only provide novel treatment options for
chronic diseases with a direct manifestation at entheses such as spondyloarthropathies but also to
additional chronic comorbidities such as metabolic diseases. As one example, it was demonstrated that
reversal of prolonged obesity-associated cerebrovascular dysfunction could be achieved by inhibiting
TAK1 in microglial cells (macrophages within brain [74]). Since comorbidities such as cardiovascular
disease, obesity or diabetes mellitus may notably influence the course of disease and treatment response
this stresses the need for novel treatment strategies in the musculoskeletal system and beyond [75,76].
Due to the lack of existing data for TAK1 in entheses, we will refer to studies in bone, cartilage and
tendon and to the role of TAK1 in cells of the innate immune system exemplified by macrophages
and on cells of the adaptive immune system exemplified by T cells, with the aim to shed some light
on the potential role of TAK1 in these tissues, both under normal and inflamed conditions.

4. TAK1 (Transforming Growth Factor-β Activated Kinase 1)

TAK1, officially known as mitogen-activated protein kinase kinase kinase 7 (MAP3K7), is
a ubiquitously expressed member of mitogen-activated protein kinases (MAPK) with unique functions
within a number of signaling cascades. Initially, it was found that TAK1 is enzymatically activated by
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TGF-β which hence is its name-giving factor [77,78]. Among the mammalian TGF-β isoforms, the β1

variant was abundantly used to activate TAK1. Much less information is available for the β2 variant [79].
In case of TGF-β3, just an indirect evidence was obtained as the use of a TAK1-inhibitor inhibited
its downstream signaling [80]. Furthermore, BMPs and other growth factors, like wingless proteins,
granulocyte-macrophage colony-stimulating factor (GM-CSF) and macrophage colony-stimulating
factor (M-CSF), induce receptor-mediated signaling cascades, which are able to use TAK1 as a signaling
mediator protein [81–85]. Apart from its role in growth factor signaling during differentiation and
regeneration, TAK1 is an important mediator in signaling of inflammation and in the overall immune
response. Important activators of TAK1-dependent receptor-mediated signaling in inflammatory
settings—such as spondyloarthropathies—include IL-1 [86], IL-17 [71], TNF-alpha [87] as well as
other cytokines. Furthermore, toll-like-receptor (TLR) binding pathogens like bacteria or viruses and
TLR binding agonists like LPS and poly I:C are also able to transduce their signals via TAK1 [88].
In the adaptive immune system, T [89] and B cell [88] receptors can facilitate TAK1 signals [88,90].
Despite this plethora of factors activating TAK1, neither IL-22- nor IL-23-mediated direct activation of
TAK1 has been reported.

Subcellularly, TAK1 is mainly localized in the cytoplasm while also being able to translocate
into the cell nucleus or associate with the plasma membrane. A constitutive nuclear localization of
TAK1 has been reported in neutrophils for example [91]. The protein is transcribed in two major
isoforms—TAK1a with 579 amino acids and TAK1b with 606 amino acids. The longer variant has 27
additional amino acids; otherwise the peptide sequences of both isoforms are identical, see Figure 2.
For more information on the splice variants and their cell and tissue distribution, the reader is referred
to publications by colleagues [92–94].
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lacks the 27 amino acids between position 404 and 431. Important posttranslational modifications
are indicated.

Signal transduction via TAK1 requires it to be initially activated via binding of lysine
63-linked polyubiquitin at lysines 34 and 158 [95,96]. For TAK1-dependent enzymatic activity
and downstream signaling, the TAK1 binding proteins (TABs), TAB1, TAB2 and TAB3 are also
important (Figure 2). Specifically, the formation of TAK1-TAB1-TAB2 or TAK1-TAB1-TAB3 complexes
is required for the autophosphorylation-induced activation of TAK1 as reviewed by Hirata et al. [97].
Such autophosphorylation takes place at the threonines 178, 184 and 187 as well as serine 192 [97].
Another important phosphorylation site is serine 412 (in TAK1a) or serine 439 (in TAK1b) as depicted
in Figure 2. This phosphorylation event is mediated by upstream kinases, for example, by protein
kinase A [97]. Deletion of the 22 N-terminal amino acids also activates TAK1 kinase activity [77].

Site-directed mutagenesis of one of the four phosphorylation sites T178, T184 and T187 or S192,
the mutation of lysine 63 into tryptophane (K63W) [77] or the mutation of lysine 158 into arginine
(K158R) [95] lead to a loss of kinase activity.
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Downstream signaling pathways activated by TAK1 include MAPKs such as extracellular
signal-regulated kinases, p38, c-Jun N-terminal kinases (JNK), phosphatidylinositol 3-kinases (PI3K)
and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) [98–100]. In conclusion,
TAK1 is a highly important signaling protein which is present in all cell types and is activated by a vast
array of cytokines including growth factors and chemokines, mitogens as well as cellular stress [97]
and integrates different signaling pathways. In particular, differentiation and inflammation may be
modulated and fine-tuned by TAK1 signaling.

For a better understanding of TAK1 functions, genetic systems have been used extensively.
It has been shown that the constitutive knockout of TAK1 in mice leads to embryonic lethality,
underlining the relevance of TAK1 for the normal development in mammalians [101,102]. Consequently,
conditional knockout mice have been used to determine the role of TAK1 in vivo. Comparatively,
little is known about the importance of TAK1 in the human system, including MSCs. In addition to
genetic manipulations which provide stable or, if applicable, transient deletion or downregulation
of TAK1 expression, the use of small molecule inhibitors which block the kinase activity of TAK1
represents another scientific approach. The inhibitors which are mainly used today provide permanent
inactivation of TAK1’s kinase activity through a stable binding in the kinase domain. However, with
continuous synthesis of new proteins by the cells and the degradation of inhibitor-bound TAK1, cells
are able to resume TAK1 signaling.

4.1. Inhibitors of TAK1 Enzymatic Activity

Kinase inhibitors are divided into type I and type II. The decisive factor for this classification is
the position of the asparagine-phenylalanine-glycine (DFG) motif at the N-terminus of the activation
loop (amino acids 175–177 of TAK1). The DFG-motif can either be flipped “in” representing the active
state of the kinase or “out” for the inactive state [103]. Up to now, the most commonly used type I
inhibitor for TAK1 enzymatic activity is (5Z)-7-oxozeaenol [98], a small molecule which irreversibly
binds to the cysteine 174 at the ATP-binding site of TAK1 [104]. Even though (5Z)-7-oxozeaenol shows
promising results it has a notable amount of off-target effects on different kinases, which need to be
considered in therapeutic applications. In order to optimize TAK1, inhibition by small molecules
based on a 2,4-disubstituted pyrimidine scaffold were evaluated. These compound inhibitors function,
analogous to (5Z)-7-oxozeaenol, via covalent binding to cysteine 174. The compound 5, as described
by Tan et al. (2017), showed a similar potency to (5Z)-7-oxozeaenol while exerting a lower inhibition
on other kinases [105]. Apart from this, different commercially available inhibitors like Takinib (type I)
and NG-25 (type II) are used to target TAK1 activity. The latter is a potent TAK1 inhibitor but has
an even wider range of off-targets than (5Z)-7-oxozeaenol [106]. Like the aforementioned compounds,
Takinib was specifically designed to inhibit TAK1 and therefore exerts fewer off-target effects than
(5Z)-7-oxozeaenol or NG-25. Interestingly, Takinib does not bind to cysteine 174 but rather slows
down the auto-phosphorylation, which is required for TAK1 activation and later forms hydrophobic
interactions and hydrogen bonds within the ATP-binding pocket, competitively inhibiting kinase
activity [107]. Table 1 shows inhibitors, which are predominantly used in experimental studies in cell
cultures and in experimental animals.

The application of TAK1 inhibitors in osteoarthritis might be especially attractive regarding
the possibility of pain-relief in patients since TAK1 has been shown to be part of the increased nerve
growth factor production in osteoarthritic synovium [108]. Another interesting approach to target
TAK1 was based on a genetic approach in which the kinase was first inactivated and then reactivated
to prevent heterotopic ossification in wound healing [109]. The authors also showed that a reduced
TAK1 activity promoted the proliferation of tendon-derived cells, thereby limiting differentiation.
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Table 1. Frequently used TAK1 inhibitors in experimental studies. IC50-values depict the half maximal
inhibitory concentrations and were determined using enzymatic assays as stated in the specific studies
in References [104–107]. Structures were drawn with ChemDraw based on PubChem information.

Name Structure Mechanism of Inhibition IC50 (nM)

(5Z)-7-Oxo-
zeaenol
(Type I)
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4.2. TAK1 in Musculoskeletal Tissues

In entheseal healing bone marrow stem cells can infiltrate into damaged areas where they are able
to differentiate into osteo-, chondro- and tenocytes [110]. TAK1 seems to be part of these signaling
pathways and acts via activation or inhibition of different downstream mediators. As mentioned
previously, TAK1 has not yet been investigated in the entheseal context. Therefore, we will focus on its
effects in bone, cartilage and tendon.

TAK1 exerts specific effects on bone formation. It is a major regulator of specific gene expression,
like bone sialoprotein, osteocalcin and alkaline phosphatase, during osteogenic differentiation and its
inhibition notably increases mineralization of MSCs in vitro. Additionally, an overexpression of TAK1
led to an impaired osteogenesis in MSCs [111,112]. The same effect could be observed after completely
abolishing TAK1 using osteoblast-specific TAK1 knockout mice in vivo [111,113]. These findings
showcase the complexity of TAK1-dependent signaling and could prove to be a challenge in clinical
applications regarding bone healing. However, it has to be noted that the aforementioned studies
inhibited TAK1 on the genetic level, meaning that no TAK1 was expressed for a prolonged time period.
By using small molecules to inhibit the activity of TAK1, a far superior fine tuning of inhibitory effects
should be possible. Since the protein is constantly degraded and reproduced, halting the application of
inhibitors would most likely and quickly restore the initial rate of activity.

TAK1 is also connected to osteoblast survival. Apoptosis can be induced via dexamethasone and
subsequently activates TAK1-mediated proline-rich tyrosine kinase-2/JNK signaling. Accordingly,
inhibiting TAK1 results in restored osteoblastic cell survival [114]. In addition, for bone maintenance
and remodeling another cell type is highly important—osteoclasts. Osteoclasts are derived
from hematopoietic stem cells and strongly resemble monocytes or tissue resident macrophages.
These multinuclear cells are responsible for bone resorption and can initiate immune responses making
these cells mediators of bone maintenance, remodeling and repair. It has been shown that TAK1 plays
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a crucial role in osteoclastogenesis driving the maturation of monocytes into osteoclasts by activating
NF-κB signaling. The inhibition of TAK1 in these cells results in loss of function and successive
osteopetrosis or uncontrolled bone formation [115].

Beside its role in bone homeostasis, TAK1 was shown to be an important mediator in early
cartilage development as its inhibition impairs BMP signaling, effectively reducing the formation of
joints and cartilage in mouse embryos [116,117]. In contrast to these findings, in mature organisms
an upregulated TAK1 activity is associated with osteoarthritis-like conditions mainly by disruption
of cartilage homeostasis [118]. Under these conditions, the inhibition of TAK1 or its downstream
mediators have proven to be viable methods to rescue chondrogenic differentiation in vivo [119] and
in vitro [120].

A reduced TAK1 activity by use of the inhibitor (5Z)-7-oxozeaenol promoted the proliferation of
tendon-derived cells, thereby limiting differentiation [109]. This observation fits well with the pivotal
role of different TGF-β isoforms in driving tendon differentiation (chapter 2; TGF-β isoform not
specified: [121], TGF-β2: [122], TGF-β3: [123]; a concise summary is found in Reference [124]).
Additionally, TGF-β is needed to maintain tendon cell fate as it was shown that mouse tenocytes lose
their differentiation markers following a conditional TGF-β type II receptor knockout [125]. Returning
to an entheseal context, elevated TGF-β levels also revealed a tendency to promote tendon-to-bone
healing in rabbits who received autologous MSC transplantations [126]. In contrast to members of
the TGF-β superfamily, another important TAK1 activator, IL-1, exerts an undesirable influence on
tenocytes. The proinflammatory cytokine induces the production of matrix metalloproteases (MMPs)
and IL-6, leading to the digestion of extracellular matrix eventually diminishing biomechanical tendon
properties [127]. A recent study suggests the use of embryonic stem cells as a possible solution. Due
to their low IL-1 receptor type 1 and high IL-1 receptor antagonist protein expression, tenocytes
derived from embryonic stem cells may prove to be a viable alternative for tendon or even entheseal
regeneration [128]. These differences in the outcome of TAK1-mediated signaling show once more
the possibilities of TAK1 as a target in tissue healing.

4.3. TAK1 in Immune Cells

We already pointed out that TAK1 is an important protein in differentiation, during inflammatory
signaling and is able to mediate various cellular functions. In recent years, TAK1 has received more
attention, especially within the context of immune cells. Macrophages are key mediators of these
inflammatory processes. They are able to secrete a broad spectrum of pro- and anti-inflammatory
cytokines as well as pro-inflammatory reactive oxygen species and MMPs.

TAK1 has been shown to play a pivotal role in macrophage development, essentially describing
the central switch for the regulation of macrophage function and polarization [129]. In accordance
with this, TAK1 has been used as a target in different pathologies such as cancer [107], tissue
inflammation [130,131] and autoimmune diseases [132]. Since TAK1 promotes the pro-inflammatory
M1 phenotype in macrophages [133], the aforementioned strategies of silencing or inhibiting TAK1 are
used to alleviate inflammatory reactions. For example, the silencing of TAK1 proved to be a viable
option to treat rheumatoid arthritis in mice joints [134,135]. It is further speculated that the inhibition
of TAK1 induces a switch to the anti-inflammatory M2 phenotype in macrophages. This would be
highly beneficial for entheseal wound healing as M2 macrophages are involved in tissue repair and
homeostasis. Apart from its role in polarization TAK1 also functions as a safeguard against pyroptosis.
Under TLR-stimulating conditions an impaired function of TAK1 results in the cleavage of caspase-8
and a subsequent pro-inflammatory cell death [136,137]. A recent publication points out differences
between macrophage populations in their sensitivity to cell death by necroptosis induced by TAK1
inhibitors [138]. This highlights the extensive spectrum of TAK1 activity and demonstrates that using
macrophage function as a target needs to be approached with caution.

γδ T cells, which express the γδ form of the T cell receptor (TCR), represent the minority of T
cells in the blood in comparison to αβ T cells [139]. In contrast, in the enthesis, γδ T cells are a highly
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relevant cell type [60,63,140]. To date, the role of the enthesis-resident γδ T cells is not fully understood.
However, it has been discussed that these cells might play an important role in bone metabolism
and control tissue homeostasis at the tendon-to-bone attachment site [65]. Furthermore, it has been
speculated that microdamage of the enthesis might activate the γδ T cells which in turn might activate
tissue healing [65,141,142].

As described above, TAK1 is a critical mediator which is involved in a wide variety of cellular
processes, including in T cell development [89]. The influence of TAK1 in γδ T cells in general and
in enthesis-resident γδ T cells, in particular, has not been investigated yet. Therefore, we will focus
on the effect of TAK1 in T lymphocytes in general as well as we are going to link the existing knowledge
of the T cells to the enthesis-resident γδ TCR expressing subtype.

In T lymphocytes TAK1 is essential for the survival and homeostasis of peripheral T cells as well
as for TCR-mediated MAPK activation and NF-κB signaling, which was shown by three independent
studies [89,143,144]. Deletion of TAK1 in mature thymocytes suspended TCR-mediated NF-κB and
JNK signaling and was linked to a higher sensibility to apoptosis [90]. However, in effector T
cells TAK1 is not involved in NF-κB and JNK signaling, albeit being critical for p38 activation and
cell proliferation [89]. In humans, T cell acute lymphoblastic leukemia is linked to TAK1 deletion,
demonstrating that the expression of TAK1 is indispensable for T lymphoblasts [145].

TAK1 is not only a key player in T cell life cycle it also affects other adaptive immune system
cell types like B cells. In B lymphocytes, TAK1 is critical for the antigen receptor signaling and B
cell receptor (BCR)-mediated proliferation [88,143]. It has been shown that TAK1 is mandatory for
the BCR-induced activation of NF-κB and JNK signaling [88,146], which in turn are critical for the innate
and adaptive immune response [89].

Taking everything into account, TAK1 plays a pivotal role in the regulation of cell survival,
proliferation and differentiation of immune cells in vertebrates and invertebrates [147].

5. Conclusions

Unfortunately, no complete and functional solution to recreate the complex function and structure
of entheses is available to date, which results in an unmet clinical need. Biological factors might be
a key to solve this challenge. However, the complex interaction of many signaling networks during
embryogenesis, which build up a native enthesis, cannot be mimicked by regenerative strategies yet.
We here propose that among many factors considered up to now, spatially and temporally controlled
targeting of TAK1 as a node factor of inflammatory and regenerative signaling (including targeting of
selected cell types) might contribute to improve medical solutions. Due to its broad range of action,
the inhibition of TAK1 could be utilized to rescue different parts of the enthesis, namely, bone and
cartilage. Additionally, inflammatory responses could be subdued by applying TAK1 inhibitors like
Takinib or (5Z)-7-oxozeaenol. Nevertheless, it has to be noted that tendon to bone healing largely
depends on unimpaired TGF-β signaling. This cell type-dependent variation of TAK1 function leads to
an important challenge for possible clinical applications in the future. To ensure a successful treatment,
potential drugs inhibiting TAK1 have to be administered in a cell-specific way. A first step could
be a local application at the designated area of effect. However, it cannot be guaranteed that only
a specific type of musculoskeletal cells would be affected by this treatment, which might in turn lead to
a variety of unwanted adverse effects. Here targeting of macrophages could prove to be an interesting
approach. These cells are known for their phagocytic properties and therefore exhibit a significantly
faster uptake of vesicles than musculoskeletal cells. To successfully address such issues of a spatially
or temporally controlled modulation of TAK1 activity this kinase needs to be further analyzed under
precise entheseal viewpoints, maximizing the possibility for suitable treatments.

Author Contributions: Conceptualization, A.H.; writing—original draft preparation, N.F., M.B.G., P.S., Y.R., A.H.;
writing—review and editing, N.F., M.B.G., P.S., Y.R., A.H.; visualization, N.F., M.B.G., P.S., Y.R., A.H.; supervision,
A.H.; project administration, A.H.; funding acquisition, A.H. All authors have read and agree to the published
version of the manuscript.



Int. J. Mol. Sci. 2020, 21, 5177 13 of 21

Funding: Research in the group of Andrea Hoffmann is funded by the German Research Foundation (Deutsche
Forschungsgemeinschaft) through Research Unit 2180, grant numbers HO 2058/15-2 (269986331), HO 2058/16-2
(270206734) and HO 2058/19-2 (277246044).

Acknowledgments: We highly appreciate expert technical assistance of Anika Hamm and Kirsten Elger in all our
experimental work. A.H. gratefully acknowledges financial support (Strategic Funds) by the former president
of Hannover Medical School, Christopher Baum. The funders had no role in the study design, in the collection,
analysis and interpretation of data, in the writing of the manuscript and in the decision to submit the manuscript
for publication. We also acknowledge the illustration of the enthesis provided in the graphical abstract and
Figure 1 by Sabine Gebhardt, Hannover.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BCR B cell receptor
BMP Bone morphogenetic protein
DFG Asparagine-phenylalanine-glycine
GM-CSF Granulocyte-macrophage colony-stimulating factor
HH Hedgehog
IC50 Half maximal inhibitory concentration
IHH Indian hedgehog
IL Interleukin
IL1RN Interleukin-1 antagonist (gene and cDNA)
IL-23R Interleukin-23 receptor
JNK c-Jun N-terminal kinase
LPS Lipopolysaccharide
MAP3K7 Mitogen-activated protein kinase kinase kinase 7 (also known as TAK1)
MAPK Mitogen-activated protein kinase
M-CSF Macrophage colony-stimulating factor
MMP Matrix metalloprotease
MSCs Mesenchymal stem cells
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NK Natural killer cells
NSAID Non-steroidal anti-inflammatory drugs
p38 Protein with molecular weight 38 kDa
PI3K Phosphatidylinositol 3-kinase
PTHrP Parathyroid hormone-related protein
ROR-γt Retinoic acid-related orphan receptor gamma T
RUNX-2 Runt-related transcription factor-2
SCX Scleraxis
SOX9 Sex-determining region Y-box 9
TAB TAK1 binding protein
TAK1 TGF-β-activated kinase-1
TCR T cell receptor
TGF-β Transforming growth factor-β
THP-1 Tohoku hospital pediatrics-1
TLR Toll-like-receptor
TNF-α Tumor necrosis factor-alpha

References

1. Bonnevie, E.D.; Mauck, R.L. Physiology and Engineering of the Graded Interfaces of Musculoskeletal
Junctions. Annu. Rev. Biomed. Eng. 2018, 20, 403–429. [CrossRef]

2. Apostolakos, J.; Durant, T.J.; Dwyer, C.R.; Russell, R.P.; Weinreb, J.H.; Alaee, F.; Beitzel, K.; McCarthy, M.B.;
Cote, M.P.; Mazzocca, A.D. The enthesis: A review of the tendon-to-bone insertion. Muscl. Ligam. Tend. J.
2014, 4, 333–342. [CrossRef]

http://dx.doi.org/10.1146/annurev-bioeng-062117-121113
http://dx.doi.org/10.32098/mltj.03.2014.12


Int. J. Mol. Sci. 2020, 21, 5177 14 of 21

3. Shaw, H.M.; Benjamin, M. Structure-function relationships of entheses in relation to mechanical load and
exercise. Scand. J. Med. Sci. Sports 2007, 17, 303–315. [CrossRef] [PubMed]

4. Padulo, J.; Oliva, F.; Frizziero, A.; Maffulli, N. Basic principles and recommendations in clinical and field
science research: 2018 Update. Muscle Ligaments Tendons J. 2019, 8, 305. [CrossRef]

5. Yang, P.J.; Temenoff, J.S. Engineering Orthopedic Tissue Interfaces. Tissue Eng. Part B Rev. 2009, 15, 127–141.
[CrossRef] [PubMed]

6. Benjamin, M.; Kumai, T.; Milz, S.; Boszczyk, B.; Boszczyk, A.; Ralphs, J.R. The skeletal attachment of
tendons—Tendon ‘entheses’. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2002, 133, 931–945. [CrossRef]

7. Gracey, E.; Burssens, A.; Cambré, I.; Schett, G.; Lories, R.; McInnes, I.B.; Asahara, H.; Elewaut, D. Tendon and
ligament mechanical loading in the pathogenesis of inflammatory arthritis. Nat. Rev. Rheumatol. 2020, 16,
193–207. [CrossRef]

8. Wang, I.-N.E.; Mitroo, S.; Chen, F.H.; Lu, H.H.; Doty, S.B. Age-dependent changes in matrix composition and
organization at the ligament-to-bone insertion. J. Orthop. Res. 2006, 24, 1745–1755. [CrossRef]

9. Kumagai, J.; Sarkar, K.; Uhthoff, H.K.; Okawara, Y.; Ooshima, A. Immunohistochemical distribution of type I,
II and III collagens in the rabbit supraspinatus tendon insertion. J. Anat. 1994, 185, 279–284.

10. Benjamin, M.; Ralphs, J.R. Tendons and ligaments—An overview. Histol. Histopathol. 1997, 12, 1135–1144.
11. Waggett, A.D.; Ralphs, J.R.; Kwan, A.P.; Woodnutt, D.; Benjamin, M. Characterization of collagens and

proteoglycans at the insertion of the human Achilles tendon. Matrix Boil. 1998, 16, 457–470. [CrossRef]
12. Schett, G.; Lories, R.; D’Agostino, M.A.; Elewaut, D.; Kirkham, B.; Soriano, E.R.; McGonagle, D. Enthesitis:

From pathophysiology to treatment. Nat. Rev. Rheumatol. 2017, 13, 731–741. [CrossRef]
13. Wopenka, B.; Kent, A.; Pasteris, J.D.; Yoon, Y.; Thomopoulos, S. The tendon-to-bone transition of the rotator

cuff: A preliminary Raman spectroscopic study documenting the gradual mineralization across the insertion
in rat tissue samples. Appl. Spectrosc. 2008, 62, 1285–1294. [CrossRef] [PubMed]

14. Genin, G.M.; Kent, A.; Birman, V.; Wopenka, B.; Pasteris, J.D.; Marquez, P.J.; Thomopoulos, S. Functional
Grading of Mineral and Collagen in the Attachment of Tendon to Bone. Biophys. J. 2009, 97, 976–985.
[CrossRef] [PubMed]

15. Rossetti, L.; Kuntz, L.A.; Kunold, E.; Schock, J.; Müller, K.W.; Grabmayr, H.; Stolberg-Stolberg, J.; Pfeiffer, F.;
Sieber, S.A.; Burgkart, R.; et al. The microstructure and micromechanics of the tendon–bone insertion.
Nat. Mater. 2017, 16, 664–670. [CrossRef] [PubMed]

16. Deymier, A.C.; An, Y.; Boyle, J.J.; Schwartz, A.G.; Birman, V.; Genin, G.M.; Thomopoulos, S.; Barber, A.H.
Micro-mechanical properties of the tendon-to-bone attachment. Acta Biomater. 2017, 56, 25–35. [CrossRef] [PubMed]

17. Benjamin, M.; McGonagle, D. The anatomical basis for disease localisation in seronegative
spondyloarthropathy at entheses and related sites. J. Anat. 2001, 199, 503–526. [CrossRef]

18. Thomopoulos, S.; Genin, G.M.; Galatz, L.M. The development and morphogenesis of the tendon-to-bone
insertion—What development can teach us about healing. J. Musculoskelet. Neuronal Interact. 2010, 10, 35–45.

19. Schwartz, A.G.; Pasteris, J.D.; Genin, G.M.; Daulton, T.L.; Thomopoulos, S. Mineral Distributions at
the Developing Tendon Enthesis. PLoS ONE 2012, 7, e48630. [CrossRef]

20. Lu, H.H.; Thomopoulos, S. Functional attachment of soft tissues to bone: Development, healing, and tissue
engineering. Annu. Rev. Biomed. Eng. 2013, 15, 201–226. [CrossRef]

21. Killian, M.L.; Thomopoulos, S. Scleraxis is required for the development of a functional tendon enthesis.
FASEB J. 2015, 30, 301–311. [CrossRef] [PubMed]

22. Sugimoto, Y.; Takimoto, A.; Akiyama, H.; Kist, R.; Scherer, G.; Nakamura, T.; Hiraki, Y.; Shukunami, C.
Scx+/Sox9+ progenitors contribute to the establishment of the junction between cartilage and tendon/ligament.
Development 2013, 140, 2280–2288. [CrossRef] [PubMed]

23. Blitz, E.; Sharir, A.; Akiyama, H.; Zelzer, E. Tendon-bone attachment unit is formed modularly by a distinct
pool of Scx—and Sox9 -positive progenitors. Development 2013, 140, 2680–2690. [CrossRef] [PubMed]

24. Blitz, E.; Viukov, S.; Sharir, A.; Shwartz, Y.; Galloway, J.L.; Pryce, B.A.; Johnson, R.L.; Tabin, C.J.; Schweitzer, R.;
Zelzer, E.; et al. Bone Ridge Patterning during Musculoskeletal Assembly Is Mediated through SCX Regulation
of Bmp4 at the Tendon-Skeleton Junction. Dev. Cell 2009, 17, 861–873. [CrossRef] [PubMed]

25. Schwartz, A.G.; Long, F.; Thomopoulos, S. Enthesis fibrocartilage cells originate from a population of
Hedgehog-responsive cells modulated by the loading environment. Development 2015, 142, 196–206.
[CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1600-0838.2007.00689.x
http://www.ncbi.nlm.nih.gov/pubmed/17490450
http://dx.doi.org/10.32098/mltj.03.2018.01
http://dx.doi.org/10.1089/ten.teb.2008.0371
http://www.ncbi.nlm.nih.gov/pubmed/19231983
http://dx.doi.org/10.1016/S1095-6433(02)00138-1
http://dx.doi.org/10.1038/s41584-019-0364-x
http://dx.doi.org/10.1002/jor.20149
http://dx.doi.org/10.1016/S0945-053X(98)90017-8
http://dx.doi.org/10.1038/nrrheum.2017.188
http://dx.doi.org/10.1366/000370208786822179
http://www.ncbi.nlm.nih.gov/pubmed/19094386
http://dx.doi.org/10.1016/j.bpj.2009.05.043
http://www.ncbi.nlm.nih.gov/pubmed/19686644
http://dx.doi.org/10.1038/nmat4863
http://www.ncbi.nlm.nih.gov/pubmed/28250445
http://dx.doi.org/10.1016/j.actbio.2017.01.037
http://www.ncbi.nlm.nih.gov/pubmed/28088669
http://dx.doi.org/10.1046/j.1469-7580.2001.19950503.x
http://dx.doi.org/10.1371/journal.pone.0048630
http://dx.doi.org/10.1146/annurev-bioeng-071910-124656
http://dx.doi.org/10.1096/fj.14-258236
http://www.ncbi.nlm.nih.gov/pubmed/26443819
http://dx.doi.org/10.1242/dev.096354
http://www.ncbi.nlm.nih.gov/pubmed/23615282
http://dx.doi.org/10.1242/dev.093906
http://www.ncbi.nlm.nih.gov/pubmed/23720048
http://dx.doi.org/10.1016/j.devcel.2009.10.010
http://www.ncbi.nlm.nih.gov/pubmed/20059955
http://dx.doi.org/10.1242/dev.112714
http://www.ncbi.nlm.nih.gov/pubmed/25516975


Int. J. Mol. Sci. 2020, 21, 5177 15 of 21

26. Dyment, N.A.; Breidenbach, A.P.; Schwartz, A.G.; Russell, R.P.; Aschbacher-Smith, L.; Liu, H.; Hagiwara, Y.;
Jiang, R.; Thomopoulos, S.; Butler, D.L.; et al. Gdf5 progenitors give rise to fibrocartilage cells that mineralize
via hedgehog signaling to form the zonal enthesis. Dev. Boil. 2015, 405, 96–107. [CrossRef]

27. Van Donkelaar, C.; Huiskes, R. The PTHrP–Ihh Feedback Loop in the Embryonic Growth Plate Allows
PTHrP to Control Hypertrophy and Ihh to Regulate Proliferation. Biomech. Model. Mechanobiol. 2006, 6,
55–62. [CrossRef]

28. Wang, M.; VanHouten, J.N.; Nasiri, A.R.; Johnson, R.L.; Broadus, A.E. PTHrP regulates the modeling of cortical
bone surfaces at fibrous insertion sites during growth. J. Bone Miner. Res. 2013, 28, 598–607. [CrossRef]

29. Vortkamp, A.; Lee, K.; Lanske, B.; Segre, G.V.; Kronenberg, H.M.; Tabin, C.J. Regulation of Rate of Cartilage
Differentiation by Indian Hedgehog and PTH-Related Protein. Sciences 1996, 273, 613–622. [CrossRef]

30. Calejo, I.; Costa-Almeida, R.; Reis, R.L.; Gomes, M.E. Enthesis Tissue Engineering: Biological Requirements
Meet at the Interface. Tissue Eng. Part B Rev. 2019, 25, 330–356. [CrossRef]

31. Thomopoulos, S.; Kim, H.-M.; Rothermich, S.Y.; Biederstadt, C.; Das, R.; Galatz, L.M. Decreased muscle
loading delays maturation of the tendon enthesis during postnatal development. J. Orthop. Res. 2007, 25,
1154–1163. [CrossRef] [PubMed]

32. Breidenbach, A.P.; Aschbacher-Smith, L.; Lu, Y.; Dyment, N.A.; Liu, C.-F.; Liu, H.; Wylie, C.; Rao, M.;
Shearn, J.T.; Rowe, D.W.; et al. Ablating hedgehog signaling in tenocytes during development impairs
biomechanics and matrix organization of the adult murine patellar tendon enthesis. J. Orthop. Res. 2015, 33,
1142–1151. [CrossRef] [PubMed]

33. Zhang, X.; Bogdanowicz, D.; Erisken, C.; Lee, N.M.; Lu, H.H. Biomimetic scaffold design for functional and
integrative tendon repair. J. Shoulder Elb. Surg. 2012, 21, 266–277. [CrossRef]

34. Lu, H.H.; Subramony, S.D.; Boushell, M.K.; Zhang, X. Tissue Engineering Strategies for the Regeneration of
Orthopedic Interfaces. Ann. Biomed. Eng. 2010, 38, 2142–2154. [CrossRef] [PubMed]

35. Singh, M.; Berkland, C.; Detamore, M.S. Strategies and Applications for Incorporating Physical and Chemical
Signal Gradients in Tissue Engineering. Tissue Eng. Part B Rev. 2008, 14, 341–366. [CrossRef] [PubMed]

36. Derwin, K.A.; Galatz, L.M.; Ratcliffe, A.; Thomopoulos, S. Enthesis Repair: Challenges and Opportunities for
Effective Tendon-to-Bone Healing. J. Bone Joint. Surg. Am. 2018, 100, e109. [CrossRef] [PubMed]

37. Patel, S.; Caldwell, J.-M.; Doty, S.B.; Levine, W.N.; Rodeo, S.; Soslowsky, L.J.; Thomopoulos, S.; Lu, H.H.
Integrating soft and hard tissues via interface tissue engineering. J. Orthop. Res. 2018, 36, 1069–1077. [CrossRef]

38. Dormer, N.H.; Berkland, C.J.; Detamore, M.S. Emerging techniques in stratified designs and continuous
gradients for tissue engineering of interfaces. Ann. Biomed. Eng. 2010, 38, 2121–2141. [CrossRef]

39. Li, X.; Xie, J.; Lipner, J.H.; Yuan, X.; Thomopoulos, S.; Xia, Y. Nanofiber Scaffolds with Gradations in Mineral
Content for Mimicking the Tendon-to-Bone Insertion Site. Nano Lett. 2009, 9, 2763–2768. [CrossRef]

40. Lu, H.H.; Jiang, J. Interface Tissue Engineeringand the Formulation of Multiple-Tissue Systems. Tissue Eng. I
2006, 102, 91–111. [CrossRef]

41. Atala, A.; Kasper, F.K.; Mikos, A.G. Engineering Complex Tissues. Sci. Transl. Med. 2012, 4, 160rv12.
[CrossRef] [PubMed]

42. Mikos, A.G.; Herring, S.W.; Ochareon, P.; Elisseeff, J.; Lu, H.H.; Kandel, R.; Schoen, F.J.; Toner, M.; Mooney, D.;
Atala, A.; et al. Engineering Complex Tissues. Tissue Eng. 2006, 12, 3307–3339. [CrossRef] [PubMed]

43. Spalazzi, J.P.; Doty, S.B.; Moffat, K.L.; Levine, W.N.; Lu, H.H. Development of controlled matrix heterogeneity
on a triphasic scaffold for orthopedic interface tissue engineering. Tissue Eng. 2006, 12, 3497–3508. [CrossRef]
[PubMed]

44. Spalazzi, J.P.; Dagher, E.; Doty, S.B.; Guo, X.E.; Rodeo, S.A.; Lu, H.H. In vivo evaluation of a multiphased
scaffold designed for orthopaedic interface tissue engineering and soft tissue-to-bone integration. J. Biomed.
Mater. Res. Part A 2008, 86, 1–12. [CrossRef]

45. Phillips, J.E.; Burns, K.L.; Le Doux, J.M.; Guldberg, R.E.; García, A.J. Engineering graded tissue interfaces.
Proc. Natl. Acad. Sci. USA 2008, 105, 12170–12175. [CrossRef]

46. Shin, S.; Salvay, D.M.; Shea, L.D. Lentivirus delivery by adsorption to tissue engineering scaffolds. J. Biomed.
Mater. Res. Part A 2009, 93, 1252–1259. [CrossRef]

47. Rowland, C.; Glass, K.A.; Ettyreddy, A.R.; Gloss, C.C.; Matthews, J.R.; Huynh, N.P.; Guilak, F. Regulation
of decellularized tissue remodeling via scaffold-mediated lentiviral delivery in anatomically-shaped
osteochondral constructs. Biomaterials 2018, 177, 161–175. [CrossRef]

http://dx.doi.org/10.1016/j.ydbio.2015.06.020
http://dx.doi.org/10.1007/s10237-006-0035-0
http://dx.doi.org/10.1002/jbmr.1801
http://dx.doi.org/10.1126/science.273.5275.613
http://dx.doi.org/10.1089/ten.teb.2018.0383
http://dx.doi.org/10.1002/jor.20418
http://www.ncbi.nlm.nih.gov/pubmed/17506506
http://dx.doi.org/10.1002/jor.22899
http://www.ncbi.nlm.nih.gov/pubmed/25807894
http://dx.doi.org/10.1016/j.jse.2011.11.016
http://dx.doi.org/10.1007/s10439-010-0046-y
http://www.ncbi.nlm.nih.gov/pubmed/20422291
http://dx.doi.org/10.1089/ten.teb.2008.0304
http://www.ncbi.nlm.nih.gov/pubmed/18803499
http://dx.doi.org/10.2106/JBJS.18.00200
http://www.ncbi.nlm.nih.gov/pubmed/30106830
http://dx.doi.org/10.1002/jor.23810
http://dx.doi.org/10.1007/s10439-010-0033-3
http://dx.doi.org/10.1021/nl901582f
http://dx.doi.org/10.1007/b138509
http://dx.doi.org/10.1126/scitranslmed.3004890
http://www.ncbi.nlm.nih.gov/pubmed/23152327
http://dx.doi.org/10.1089/ten.2006.12.3307
http://www.ncbi.nlm.nih.gov/pubmed/17518671
http://dx.doi.org/10.1089/ten.2006.12.3497
http://www.ncbi.nlm.nih.gov/pubmed/17518686
http://dx.doi.org/10.1002/jbm.a.32073
http://dx.doi.org/10.1073/pnas.0801988105
http://dx.doi.org/10.1002/jbm.a.32619
http://dx.doi.org/10.1016/j.biomaterials.2018.04.049


Int. J. Mol. Sci. 2020, 21, 5177 16 of 21

48. Singh, M.; Morris, C.P.; Ellis, R.J.; Detamore, M.S.; Berkland, C.J. Microsphere-Based Seamless Scaffolds
Containing Macroscopic Gradients of Encapsulated Factors for Tissue Engineering. Tissue Eng. Part C Methods
2008, 14, 299–309. [CrossRef]

49. Singh, M.; Sandhu, B.; Scurto, A.M.; Berkland, C.; Detamore, M.S. Microsphere-based scaffolds for cartilage tissue
engineering: Using subcritical CO2 as a sintering agent. Acta Biomater. 2010, 6, 137–143. [CrossRef] [PubMed]

50. Suciati, T.; Howard, D.; Barry, J.; Everitt, N.M.; Shakesheff, K.; Rose, F.R. Zonal release of proteins within
tissue engineering scaffolds. J. Mater. Sci. Mater. Electron. 2006, 17, 1049–1056. [CrossRef] [PubMed]

51. Wang, X.; Wenk, E.; Zhang, X.; Meinel, L.; Vunjak-Novakovic, G.; Kaplan, D.L. Growth factor gradients via
microsphere delivery in biopolymer scaffolds for osteochondral tissue engineering. J. Control. Release 2009,
134, 81–90. [CrossRef] [PubMed]

52. Wei, G.; Jin, Q.; Giannobile, W.; Ma, P.X. Nano-fibrous scaffold for controlled delivery of recombinant human
PDGF-BB. J. Control. Release 2006, 112, 103–110. [CrossRef] [PubMed]

53. Calejo, I.; Costa-Almeida, R.; Reis, R.L.; Gomes, M.E. A Physiology-Inspired Multifactorial Toolbox
in Soft-to-Hard Musculoskeletal Interface Tissue Engineering. Trends Biotechnol. 2020, 38, 83–98. [CrossRef]
[PubMed]

54. Julier, Z.; Park, A.; Briquez, P.S.; Martino, M.M. Promoting tissue regeneration by modulating the immune
system. Acta Biomater. 2017, 53, 13–28. [CrossRef]

55. Wynn, T.A.; Vannella, K.M. Macrophages in Tissue Repair, Regeneration, and Fibrosis. Immunity 2016, 44,
450–462. [CrossRef]

56. Bridgewood, C.; Sharif, K.; Sherlock, J.; Watad, A.; McGonagle, D. Interleukin-23 pathway at the enthesis:
The emerging story of enthesitis in spondyloarthropathy. Immunol. Rev. 2020, 294, 27–47. [CrossRef]

57. Bridgewood, C.; Watad, A.; Russell, T.; Palmer, T.M.; Marzo-Ortega, H.; Khan, A.; Millner, P.A.; Dunsmuir, R.;
Rao, A.; Loughenbury, P.; et al. Identification of myeloid cells in the human enthesis as the main source of
local IL-23 production. Ann. Rheum. Dis. 2019, 78, 929–933. [CrossRef]

58. Murphy, C.A.; Langrish, C.L.; Chen, Y.; Blumenschein, W.; McClanahan, T.; Kastelein, R.A.; Sedgwick, J.D.;
Cua, D.J. Divergent Pro- and Antiinflammatory Roles for IL-23 and IL-12 in Joint Autoimmune Inflammation.
J. Exp. Med. 2003, 198, 1951–1957. [CrossRef]

59. Parham, C.; Chirica, M.; Timans, J.; Vaisberg, E.; Travis, M.; Cheung, J.; Pflanz, S.; Zhang, R.; Singh, K.P.;
Vega, F.; et al. A receptor for the heterodimeric cytokine IL-23 is composed of IL-12Rbeta1 and a novel
cytokine receptor subunit, IL-23R. J. Immunol. 2002, 168, 5699–5708. [CrossRef]

60. Sutton, C.E.; Lalor, S.J.; Sweeney, C.M.; Brereton, C.F.; Lavelle, E.C.; Mills, K. Interleukin-1 and IL-23 Induce
Innate IL-17 Production from γδ T Cells, Amplifying Th17 Responses and Autoimmunity. Immunity 2009, 31,
331–341. [CrossRef]

61. Gruber, H.E.; Marrero, E.; Cox, M.; Hanley, E. Interleukin-23 is constitutively expressed in the human annulus
in vivo and in vitro, and is up-regulated in vitro by TNF-α. Biotech. Histochem. 2019, 94, 540–545. [CrossRef]

62. Tu, B.; Liu, S.; Liu, G.; Yan, W.; Wang, Y.; Li, Z.; Fan, C. Macrophages derived from THP-1 promote
the osteogenic differentiation of mesenchymal stem cells through the IL-23/IL-23R/β-catenin pathway.
Exp. Cell Res. 2015, 339, 81–89. [CrossRef] [PubMed]

63. Sherlock, J.P.; Joyce-Shaikh, B.; Turner, S.P.; Chao, C.-C.; Sathe, M.; Grein, J.; Gorman, D.M.; Bowman, E.P.;
McClanahan, T.K.; Yearley, J.H.; et al. IL-23 induces spondyloarthropathy by acting on ROR-γt+
CD3+CD4−CD8− entheseal resident T cells. Nat. Med. 2012, 18, 1069–1076. [CrossRef] [PubMed]

64. Layh-Schmitt, G.; Colbert, R.A. The interleukin-23/interleukin-17 axis in spondyloarthritis. Curr. Opin.
Rheumatol. 2008, 20, 392–397. [CrossRef] [PubMed]

65. Reinhardt, A.; Yevsa, T.; Worbs, T.; Lienenklaus, S.; Sandrock, I.; Oberdörfer, L.; Korn, T.; Weiss, S.; Förster, R.;
Prinz, I. Interleukin-23-Dependent γ/δ T Cells Produce Interleukin-17 and Accumulate in the Enthesis, Aortic
Valve, and Ciliary Body in Mice. Arthritis Rheumatol. 2016, 68, 2476–2486. [CrossRef] [PubMed]

66. Cascão, R.; Moura, R.A.; Perpétuo, I.; Canhão, H.; Vieira-Sousa, E.; Mourão, A.F.; Rodrigues, A.M.;
Polido-Pereira, J.; Queiroz, M.V.; Rosário, H.S.; et al. Identification of a cytokine network sustaining
neutrophil and Th17 activation in untreated early rheumatoid arthritis. Arthritis Res. Ther. 2010, 12,
R196–R208. [CrossRef] [PubMed]

67. Miyazaki, Y.; Nakayamada, S.; Kubo, S.; Nakano, K.; Iwata, S.; Miyagawa, I.; Ma, X.; Trimova, G.; Sakata, K.;
Tanaka, Y. Th22 Cells Promote Osteoclast Differentiation via Production of IL-22 in Rheumatoid Arthritis.
Front. Immunol. 2018, 9, 2901. [CrossRef]

http://dx.doi.org/10.1089/ten.tec.2008.0167
http://dx.doi.org/10.1016/j.actbio.2009.07.042
http://www.ncbi.nlm.nih.gov/pubmed/19660579
http://dx.doi.org/10.1007/s10856-006-0443-9
http://www.ncbi.nlm.nih.gov/pubmed/17122918
http://dx.doi.org/10.1016/j.jconrel.2008.10.021
http://www.ncbi.nlm.nih.gov/pubmed/19071168
http://dx.doi.org/10.1016/j.jconrel.2006.01.011
http://www.ncbi.nlm.nih.gov/pubmed/16516328
http://dx.doi.org/10.1016/j.tibtech.2019.06.003
http://www.ncbi.nlm.nih.gov/pubmed/31320120
http://dx.doi.org/10.1016/j.actbio.2017.01.056
http://dx.doi.org/10.1016/j.immuni.2016.02.015
http://dx.doi.org/10.1111/imr.12840
http://dx.doi.org/10.1136/annrheumdis-2018-214944
http://dx.doi.org/10.1084/jem.20030896
http://dx.doi.org/10.4049/jimmunol.168.11.5699
http://dx.doi.org/10.1016/j.immuni.2009.08.001
http://dx.doi.org/10.1080/10520295.2019.1577990
http://dx.doi.org/10.1016/j.yexcr.2015.10.015
http://www.ncbi.nlm.nih.gov/pubmed/26477825
http://dx.doi.org/10.1038/nm.2817
http://www.ncbi.nlm.nih.gov/pubmed/22772566
http://dx.doi.org/10.1097/BOR.0b013e328303204b
http://www.ncbi.nlm.nih.gov/pubmed/18525350
http://dx.doi.org/10.1002/art.39732
http://www.ncbi.nlm.nih.gov/pubmed/27111864
http://dx.doi.org/10.1186/ar3168
http://www.ncbi.nlm.nih.gov/pubmed/20961415
http://dx.doi.org/10.3389/fimmu.2018.02901


Int. J. Mol. Sci. 2020, 21, 5177 17 of 21

68. Schön, M.P.; Erpenbeck, L. The Interleukin-23/Interleukin-17 Axis Links Adaptive and Innate Immunity
in Psoriasis. Front. Immunol. 2018, 9, 1323. [CrossRef]

69. Lee, J.S.; Tato, C.M.; Joyce-Shaikh, B.; Gulen, M.F.; Cayatte, C.; Chen, Y.; Blumenschein, W.M.; Judo, M.;
Ayanoglu, G.; McClanahan, T.K.; et al. Interleukin-23-Independent IL-17 Production Regulates Intestinal
Epithelial Permeability. Immunity 2015, 43, 1022. [CrossRef]

70. Amatya, N.; Garg, A.V.; Gaffen, S.L. IL-17 Signaling: The Yin and the Yang. Trends Immunol. 2017, 38, 310–322.
[CrossRef]

71. Xiao, Y.; Jin, J.; Chang, M.; Nakaya, M.; Hu, H.; Zou, Q.; Zhou, X.; Brittain, G.C.; Cheng, X.; Sun, S.-C. TPL2
mediates autoimmune inflammation through activation of the TAK1 axis of IL-17 signaling. J. Exp. Med.
2014, 211, 1689–1702. [CrossRef]

72. Wilde, J.M.; Gumucio, J.P.; Grekin, J.A.; Sarver, D.C.; Noah, A.C.; Ruehlmann, D.G.; Davis, M.E.; Bedi, A.;
Mendias, C.L. Inhibition of p38 mitogen-activated protein kinase signaling reduces fibrosis and lipid
accumulation after rotator cuff repair. J. Shoulder Elb. Surg. 2016, 25, 1501–1508. [CrossRef] [PubMed]

73. Cohen, P. Targeting protein kinases for the development of anti-inflammatory drugs. Curr. Opin. Cell Boil.
2009, 21, 317–324. [CrossRef] [PubMed]

74. Shen, Q.; Chen, Z.; Zhao, F.; Pan, S.; Zhang, T.; Cheng, X.; Zhang, L.; Zhang, S.; Qi, J.; Li, J.; et al. Reversal of
prolonged obesity-associated cerebrovascular dysfunction by inhibiting microglial Tak1. Nat. Neurosci. 2020,
23, 1–10. [CrossRef] [PubMed]

75. Bergman, M.; Lundholm, A. Mitigation of disease- and treatment-related risks in patients with psoriatic
arthritis. Arthritis Res. 2017, 19, 63. [CrossRef] [PubMed]

76. Giani, T.; De Masi, S.; Maccora, I.; Tirelli, F.; Simonini, G.; Falconi, M.; Cimaz, R. The Influence of Overweight and
Obesity on Treatment Response in Juvenile Idiopathic Arthritis. Front. Pharmacol. 2019, 10, 637. [CrossRef]

77. Yamaguchi, K.; Shirakabe, K.; Shibuya, H.; Irie, K.; Oishi, I.; Ueno, N.; Taniguchi, T.; Nishida, E.; Matsumoto, K.
Identification of a Member of the MAPKKK Family as a Potential Mediator of TGF-beta Signal Transduction.
Science 1995, 270, 2008–2011. [CrossRef]

78. Shibuya, H.; Yamaguchi, K.; Shirakabe, K.; Tonegawa, A.; Gotoh, Y.; Ueno, N.; Irie, K.; Nishida, E.;
Matsumoto, K. TAB1: An Activator of the TAK1 MAPKKK in TGF-beta Signal Transduction. Sciences 1996,
272, 1179–1182. [CrossRef]

79. Yumoto, K.; Thomas, P.S.; Lane, J.; Matsuzaki, K.; Inagaki, M.; Ninomiya-Tsuji, J.; Scott, G.J.; Ray, M.K.;
Ishii, M.; Maxson, R.; et al. TGF-β-activated Kinase 1 (Tak1) Mediates Agonist-induced Smad Activation and
Linker Region Phosphorylation in Embryonic Craniofacial Neural Crest-derived Cells*. J. Boil. Chem. 2013,
288, 13467–13480. [CrossRef]

80. Lane, J.; Yumoto, K.; Azhar, M.; Ninomiya-Tsuji, J.; Inagaki, M.; Hu, Y.; Deng, C.-X.; Kim, J.; Mishina, Y.;
Kaartinen, V. Tak1, Smad4 and Trim33 redundantly mediate TGF-β3 signaling during palate development.
Dev. Boil. 2014, 398, 231–241. [CrossRef]

81. Ishitani, T.; Kishida, S.; Hyodo-Miura, J.; Ueno, N.; Yasuda, J.; Waterman, M.; Shibuya, H.; Moon, R.T.;
Ninomiya-Tsuji, J.; Matsumoto, K. The TAK1-NLK mitogen-activated protein kinase cascade functions
in the Wnt-5a/Ca(2+) pathway to antagonize Wnt/beta-catenin signaling. Mol. Cell. Biol. 2003, 23, 131–139.
[CrossRef] [PubMed]

82. Smit, L.; Baas, A.; Kuipers, J.; Korswagen, H.; van de Wetering, M.; Clevers, H. Wnt activates
the Tak1/Nemo-like kinase pathway. J. Biol. Chem. 2004, 279, 17232–17240. [CrossRef] [PubMed]

83. Shim, J.-H.; Greenblatt, M.B.; Xie, M.; Schneider, M.D.; Zou, W.; Zhai, B.; Gygi, S.; Glimcher, L.H. TAK1 is
an essential regulator of BMP signalling in cartilage. EMBO J. 2009, 28, 2028–2041. [CrossRef] [PubMed]

84. Sylvain-Prévost, S.; Ear, T.; Simard, F.A.; Fortin, C.F.; Dubois, C.M.; Flamand, N.; McDonald, P.P. Activation
of TAK1 by Chemotactic and Growth Factors, and Its Impact on Human Neutrophil Signaling and Functional
Responses. J. Immunol. 2015, 195, 5393–5403. [CrossRef] [PubMed]

85. Hashimoto, M.; Nasser, H.; Chihara, T.; Suzu, S. Macropinocytosis and TAK1 mediate anti-inflammatory
to pro-inflammatory macrophage differentiation by HIV-1 Nef. Cell Death Dis. 2014, 5, e1267. [CrossRef]
[PubMed]

86. Ninomiya-Tsuji, J.; Kishimoto, K.; Hiyama, A.; Inoue, J.-I.; Cao, Z.; Matsumoto, K. The kinase TAK1 can
activate the NIK-IκB as well as the MAP kinase cascade in the IL-1 signalling pathway. Nature 1999, 398,
252–256. [CrossRef]

http://dx.doi.org/10.3389/fimmu.2018.01323
http://dx.doi.org/10.1016/j.immuni.2015.10.019
http://dx.doi.org/10.1016/j.it.2017.01.006
http://dx.doi.org/10.1084/jem.20132640
http://dx.doi.org/10.1016/j.jse.2016.01.035
http://www.ncbi.nlm.nih.gov/pubmed/27068389
http://dx.doi.org/10.1016/j.ceb.2009.01.015
http://www.ncbi.nlm.nih.gov/pubmed/19217767
http://dx.doi.org/10.1038/s41593-020-0642-6
http://www.ncbi.nlm.nih.gov/pubmed/32451485
http://dx.doi.org/10.1186/s13075-017-1265-5
http://www.ncbi.nlm.nih.gov/pubmed/28320454
http://dx.doi.org/10.3389/fphar.2019.00637
http://dx.doi.org/10.1126/science.270.5244.2008
http://dx.doi.org/10.1126/science.272.5265.1179
http://dx.doi.org/10.1074/jbc.M112.431775
http://dx.doi.org/10.1016/j.ydbio.2014.12.006
http://dx.doi.org/10.1128/MCB.23.1.131-139.2003
http://www.ncbi.nlm.nih.gov/pubmed/12482967
http://dx.doi.org/10.1074/jbc.M307801200
http://www.ncbi.nlm.nih.gov/pubmed/14960582
http://dx.doi.org/10.1038/emboj.2009.162
http://www.ncbi.nlm.nih.gov/pubmed/19536134
http://dx.doi.org/10.4049/jimmunol.1402752
http://www.ncbi.nlm.nih.gov/pubmed/26491199
http://dx.doi.org/10.1038/cddis.2014.233
http://www.ncbi.nlm.nih.gov/pubmed/24874739
http://dx.doi.org/10.1038/18465


Int. J. Mol. Sci. 2020, 21, 5177 18 of 21

87. Sakurai, H.; Suzuki, S.; Kawasaki, N.; Nakano, H.; Okazaki, T.; Chino, A.; Doi, T.; Saiki, I. Tumor Necrosis
Factor-α-induced IKK Phosphorylation of NF-κB p65 on Serine 536 Is Mediated through the TRAF2, TRAF5,
and TAK1 Signaling Pathway. J. Boil. Chem. 2003, 278, 36916–36923. [CrossRef]

88. Sato, S.; Sanjo, H.; Takeda, K.; Ninomiya-Tsuji, J.; Yamamoto, M.; Kawai, T.; Matsumoto, K.; Takeuchi, O.;
Akira, S. Essential function for the kinase TAK1 in innate and adaptive immune responses. Nat. Immunol.
2005, 6, 1087–1095. [CrossRef]

89. Wan, Y.Y.; Chi, H.; Xie, M.; Schneider, M.D.; Flavell, R.A. The kinase TAK1 integrates antigen and cytokine
receptor signaling for T cell development, survival and function. Nat. Immunol. 2006, 7, 851–858. [CrossRef]

90. Ajibade, A.A.; Wang, H.Y.; Wang, R.-F. Cell type-specific function of TAK1 in innate immune signaling.
Trends Immunol. 2013, 34, 307–316. [CrossRef]

91. Ear, T.; Fortin, C.F.; Simard, F.A.; McDonald, P.P. Constitutive Association of TGF-β–Activated Kinase 1
with the IκB Kinase Complex in the Nucleus and Cytoplasm of Human Neutrophils and Its Impact on
Downstream Processes. J. Immunol. 2010, 184, 3897–3906. [CrossRef] [PubMed]

92. Venables, J.P.; Vignal, E.; Baghdiguian, S.; Fort, P.; Tazi, J. Tissue-Specific Alternative Splicing of Tak1 Is
Conserved in Deuterostomes. Mol. Boil. Evol. 2011, 29, 261–269. [CrossRef]

93. Zhou, D.; Shao, Q.; Fan, X.; Wu, P.; Lin, W.; Wei, H.; He, F.; Jiang, Y. Regulation of Tak1 alternative splicing by
splice-switching oligonucleotides. Biochem. Biophys. Res. Commun. 2018, 497, 1018–1024. [CrossRef]

94. Wu, P.; Zhou, D.; Lin, W.; Li, Y.; Wei, H.; Qian, X.; Jiang, Y.; He, F. Cell-type-resolved alternative splicing
patterns in mouse liver. DNA Res. 2018, 25, 265–275. [CrossRef] [PubMed]

95. Fan, Y.; Yu, Y.; Shi, Y.; Sun, W.; Xie, M.; Ge, N.; Mao, R.; Chang, A.; Xu, G.; Schneider, M.D.; et al.
Lysine 63-linked polyubiquitination of TAK1 at lysine 158 is required for tumor necrosis factor alpha- and
interleukin-1beta-induced IKK/NF-kappaB and JNK/AP-1 activation. J. Biol. Chem. 2010, 285, 5347–5360.
[CrossRef] [PubMed]

96. Sorrentino, A.; Thakur, N.; Grimsby, S.; Marcusson, A.; Von Bulow, V.; Schuster, N.; Zhang, S.; Heldin, C.-H.;
Landström, M. The type I TGF-β receptor engages TRAF6 to activate TAK1 in a receptor kinase-independent
manner. Nature. 2008, 10, 1199–1207. [CrossRef] [PubMed]

97. Hirata, Y.; Takahashi, M.; Morishita, T.; Noguchi, T.; Matsuzawa, A. Post-Translational Modifications of
the TAK1-TAB Complex. Int. J. Mol. Sci. 2017, 18, 205. [CrossRef]

98. Ninomiya-Tsuji, J.; Kajino, T.; Ono, K.; Ohtomo, T.; Matsumoto, M.; Shiina, M.; Mihara, M.; Tsuchiya, M.;
Matsumoto, K. A Resorcylic Acid Lactone, 5Z-7-Oxozeaenol, Prevents Inflammation by Inhibiting the Catalytic
Activity of TAK1 MAPK Kinase Kinase. J. Boil. Chem. 2003, 278, 18485–18490. [CrossRef]

99. Wang, C.; Deng, L.; Hong, M.; Akkaraju, G.R.; Inoue, J.-I.; Chen, Z.J. TAK1 is a ubiquitin-dependent kinase
of MKK and IKK. Nature 2001, 412, 346–351. [CrossRef]

100. Ajibade, A.A.; Wang, Q.; Cui, J.; Zou, J.; Xia, X.; Wang, M.; Tong, Y.; Hui, W.; Liu, D.; Su, B.; et al. TAK1
negatively regulates NF-κB and p38 MAP kinase activation in Gr-1+CD11b+ neutrophils. Immunity 2012, 36,
43–54. [CrossRef]

101. Shim, J.-H.; Xiao, C.; Paschal, A.E.; Bailey, S.T.; Rao, P.; Hayden, M.S.; Lee, K.-Y.; Bussey, C.; Steckel, M.;
Tanaka, N.; et al. TAK1, but not TAB1 or TAB2, plays an essential role in multiple signaling pathways in vivo.
Genes Dev. 2005, 19, 2668–2681. [CrossRef] [PubMed]

102. Jadrich, J.L.; O’Connor, M.B.; Coucouvanis, E. Expression of TAK1, a mediator of TGF-β and BMP signaling,
during mouse embryonic development. Gene Expr. Patterns 2003, 3, 131–134. [CrossRef]

103. Treiber, D.K.; Shah, N.P. Ins and outs of kinase DFG motifs. Chem. Boil. 2013, 20, 745–746. [CrossRef] [PubMed]
104. Wu, J.; Powell, F.; Larsen, N.A.; Lai, Z.; Byth, K.F.; Read, J.; Gu, R.-F.; Roth, M.; Toader, D.; Saeh, J.C.; et al.

Mechanism and In Vitro Pharmacology of TAK1 Inhibition by (5Z)-7-Oxozeaenol. ACS Chem. Boil. 2013, 8,
643–650. [CrossRef] [PubMed]

105. Tan, L.; Gurbani, D.; Weisberg, E.L.; Jones, D.S.; Rao, S.; Singer, W.D.; Bernard, F.M.; Mowafy, S.;
Jenney, A.; Du, G.; et al. Studies of TAK1-centered polypharmacology with novel covalent TAK1 inhibitors.
Bioorg. Med. Chem. 2016, 25, 1320–1328. [CrossRef]

106. Tan, L.; Nomanbhoy, T.; Gurbani, D.; Patricelli, M.; Hunter, J.; Geng, J.; Herhaus, L.; Zhang, J.; Pauls, E.;
Ham, Y.; et al. Discovery of Type II Inhibitors of TGFβ-Activated Kinase 1 (TAK1) and Mitogen-Activated
Protein Kinase Kinase Kinase Kinase 2 (MAP4K2). J. Med. Chem. 2014, 58, 183–196. [CrossRef]

http://dx.doi.org/10.1074/jbc.M301598200
http://dx.doi.org/10.1038/ni1255
http://dx.doi.org/10.1038/ni1355
http://dx.doi.org/10.1016/j.it.2013.03.007
http://dx.doi.org/10.4049/jimmunol.0902958
http://www.ncbi.nlm.nih.gov/pubmed/20200282
http://dx.doi.org/10.1093/molbev/msr193
http://dx.doi.org/10.1016/j.bbrc.2018.02.160
http://dx.doi.org/10.1093/dnares/dsx055
http://www.ncbi.nlm.nih.gov/pubmed/29325017
http://dx.doi.org/10.1074/jbc.M109.076976
http://www.ncbi.nlm.nih.gov/pubmed/20038579
http://dx.doi.org/10.1038/ncb1780
http://www.ncbi.nlm.nih.gov/pubmed/18758450
http://dx.doi.org/10.3390/ijms18010205
http://dx.doi.org/10.1074/jbc.M207453200
http://dx.doi.org/10.1038/35085597
http://dx.doi.org/10.1016/j.immuni.2011.12.010
http://dx.doi.org/10.1101/gad.1360605
http://www.ncbi.nlm.nih.gov/pubmed/16260493
http://dx.doi.org/10.1016/S1567-133X(03)00012-7
http://dx.doi.org/10.1016/j.chembiol.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23790484
http://dx.doi.org/10.1021/cb3005897
http://www.ncbi.nlm.nih.gov/pubmed/23272696
http://dx.doi.org/10.1016/j.bmc.2016.11.034
http://dx.doi.org/10.1021/jm500480k


Int. J. Mol. Sci. 2020, 21, 5177 19 of 21

107. Totzke, J.; Gurbani, D.; Raphemot, R.; Hughes, P.F.; Bodoor, K.; Carlson, D.A.; Loiselle, D.R.; Bera, A.K.;
Eibschutz, L.S.; Perkins, M.M.; et al. Takinib, a Selective TAK1 Inhibitor, Broadens the Therapeutic Efficacy of
TNF-α Inhibition for Cancer and Autoimmune Disease. Cell Chem. Boil. 2017, 24, 1029–1039.e7. [CrossRef]

108. Takano, S.; Uchida, K.; Itakura, M.; Iwase, D.; Aikawa, J.; Inoue, G.; Mukai, M.; Miyagi, M.; Murata, K.;
Sekiguchi, H.; et al. Transforming growth factor-β stimulates nerve growth factor production in osteoarthritic
synovium. BMC Musculoskelet. Disord. 2019, 20, 204. [CrossRef]

109. Hsieh, H.H.S.; Agarwal, S.; Cholok, D.J.; Loder, S.J.; Kaneko, K.; Huber, A.; Chung, M.T.; Ranganathan, K.;
Habbouche, J.; Li, J.; et al. Coordinating Tissue Regeneration Through Transforming Growth Factor-β
Activated Kinase 1 Inactivation and Reactivation. Stem Cells 2019, 37, 766–778. [CrossRef]

110. Kida, Y.; Morihara, T.; Matsuda, K.-I.; Kajikawa, Y.; Tachiiri, H.; Iwata, Y.; Sawamura, K.; Yoshida, A.;
Oshima, Y.; Ikeda, T.; et al. Bone marrow-derived cells from the footprint infiltrate into the repaired rotator
cuff. J. Shoulder Elb. Surg. 2013, 22, 197–205. [CrossRef]

111. Yang, H.; Guo, Y.; Wang, D.; Yang, X.; Ha, C. Effect of TAK1 on osteogenic differentiation of mesenchymal
stem cells by regulating BMP-2 via Wnt/β-catenin and MAPK pathway. Organogology 2018, 14, 36–45.
[CrossRef]

112. Hoffmann, A.; Preobrazhenska, O.; Wodarczyk, C.; Medler, Y.; Winkel, A.; Shahab, S.; Huylebroeck, D.;
Gross, G.; Verschueren, K. Transforming Growth Factor-β-activated Kinase-1 (TAK1), a MAP3K, Interacts
with Smad Proteins and Interferes with Osteogenesis in Murine Mesenchymal Progenitors. J. Boil. Chem.
2005, 280, 27271–27283. [CrossRef] [PubMed]

113. Greenblatt, M.B.; Shim, J.-H.; Zou, W.; Sitara, D.; Schweitzer, M.; Hu, R.; Lotinun, S.; Sano, Y.; Baron, R.;
Park, J.M.; et al. The p38 MAPK pathway is essential for skeletogenesis and bone homeostasis in mice.
J. Clin. Investig. 2010, 120, 2457–2473. [CrossRef] [PubMed]

114. Ding, H.; Wang, T.; Xu, D.; Cha, B.; Liu, J.; Li, Y. Dexamethasone-induced apoptosis of osteocytic and osteoblastic
cells is mediated by TAK1 activation. Biochem. Biophys. Res. Commun. 2015, 460, 157–163. [CrossRef] [PubMed]

115. Swarnkar, G.; Karuppaiah, K.; Mbalaviele, G.; Chen, T.; Abu-Amer, Y. Osteopetrosis in TAK1-deficient mice
owing to defective NF-κB and NOTCH signaling. Proc. Natl. Acad. Sci. USA 2014, 112, 154–159. [CrossRef]

116. Gunnell, L.M.; Jonason, J.H.; Loiselle, A.E.; Kohn, A.; Schwarz, E.M.; Hilton, M.J.; O’Keefe, R.J. TAK1
regulates cartilage and joint development via the MAPK and BMP signaling pathways. J. Bone Miner. Res.
2010, 25, 1784–1797. [CrossRef]

117. Greenblatt, M.B.; Shim, J.-H.; Glimcher, L.H. TAK1 mediates BMP signaling in cartilage. Ann. N. Y. Acad. Sci.
2010, 1192, 385–390. [CrossRef]

118. Cheng, J.; Hu, X.; Dai, L.; Zhang, X.; Ren, B.; Shi, W.; Liu, Z.; Duan, X.; Zhang, J.; Fu, X.; et al. Inhibition
of transforming growth factor β-activated kinase 1 prevents inflammation-related cartilage degradation
in osteoarthritis. Sci. Rep. 2016, 6, 34497. [CrossRef]

119. Deng, Y.; Lu, J.; Li, W.; Wu, A.; Zhang, X.; Tong, W.; Ho, K.K.; Qin, L.; Song, H.; Mak, K.K.-L. Reciprocal
inhibition of YAP/TAZ and NF-κB regulates osteoarthritic cartilage degradation. Nat. Commun. 2018, 9, 4564.
[CrossRef]

120. Van Beuningen, H.M.; Melle, M.L.D.V.-V.; Vitters, E.L.; Schreurs, W.; Berg, W.B.V.D.; Van Osch, G.J.; Van Der
Kraan, P.M. Inhibition of TAK1 and/or JAK Can Rescue Impaired Chondrogenic Differentiation of Human
Mesenchymal Stem Cells in Osteoarthritis-Like Conditions. Tissue Eng. Part A 2014, 20, 2243–2252. [CrossRef]

121. Xu, T.; Xu, M.; Bai, J.; Lin, J.; Yu, B.; Liu, Y.; Guo, X.; Shen, J.; Sun, H.; Hao, Y.; et al. Tenocyte-derived
exosomes induce the tenogenic differentiation of mesenchymal stem cells through TGF-β. Cytotechnology
2019, 71, 57–65. [CrossRef] [PubMed]

122. Havis, E.; Bonnin, M.-A.; De Lima, J.E.; Charvet, B.; Milet, C.; Duprez, D. TGFβ and FGF promote tendon
progenitor fate and act downstream of muscle contraction to regulate tendon differentiation during chick
limb development. Developement 2016, 143, 3839–3851. [CrossRef]

123. Barsby, T.; Guest, D.; Guest, D.J. Transforming Growth Factor Beta3 Promotes Tendon Differentiation of
Equine Embryo-Derived Stem Cells. Tissue Eng. Part A 2013, 19, 2156–2165. [CrossRef] [PubMed]

124. Zhang, Y.-J.; Chen, X.; Li, G.; Chan, K.-M.; Heng, B.C.; Yin, Z.; Ouyang, H. Concise Review: Stem Cell Fate
Guided By Bioactive Molecules for Tendon Regeneration. Stem Cells Transl. Med. 2018, 7, 404–414. [CrossRef]
[PubMed]

125. Tan, G.K.; Pryce, B.A.; Stabio, A.; Brigande, J.V.; Wang, C.; Xia, Z.; Tufa, S.F.; Keene, D.R.; Schweitzer, R. Tgfβ
signaling is critical for maintenance of the tendon cell fate. eLife 2020, 9, 7025. [CrossRef]

http://dx.doi.org/10.1016/j.chembiol.2017.07.011
http://dx.doi.org/10.1186/s12891-019-2595-z
http://dx.doi.org/10.1002/stem.2991
http://dx.doi.org/10.1016/j.jse.2012.02.007
http://dx.doi.org/10.1080/15476278.2018.1455010
http://dx.doi.org/10.1074/jbc.M503368200
http://www.ncbi.nlm.nih.gov/pubmed/15911626
http://dx.doi.org/10.1172/JCI42285
http://www.ncbi.nlm.nih.gov/pubmed/20551513
http://dx.doi.org/10.1016/j.bbrc.2015.02.161
http://www.ncbi.nlm.nih.gov/pubmed/25753204
http://dx.doi.org/10.1073/pnas.1415213112
http://dx.doi.org/10.1002/jbmr.79
http://dx.doi.org/10.1111/j.1749-6632.2009.05222.x
http://dx.doi.org/10.1038/srep34497
http://dx.doi.org/10.1038/s41467-018-07022-2
http://dx.doi.org/10.1089/ten.tea.2013.0553
http://dx.doi.org/10.1007/s10616-018-0264-y
http://www.ncbi.nlm.nih.gov/pubmed/30599073
http://dx.doi.org/10.1242/dev.136242
http://dx.doi.org/10.1089/ten.tea.2012.0372
http://www.ncbi.nlm.nih.gov/pubmed/23611525
http://dx.doi.org/10.1002/sctm.17-0206
http://www.ncbi.nlm.nih.gov/pubmed/29573225
http://dx.doi.org/10.7554/eLife.52695


Int. J. Mol. Sci. 2020, 21, 5177 20 of 21

126. Wang, R.; Xu, B.; Xu, H.-G. Up-Regulation of TGF-β Promotes Tendon-to-Bone Healing after Anterior Cruciate
Ligament Reconstruction using Bone Marrow-Derived Mesenchymal Stem Cells through the TGF-β/MAPK
Signaling Pathway in a New Zealand White Rabbit Model. Cell. Physiol. Biochem. 2017, 41, 213–226.
[CrossRef]

127. Tsuzaki, M.; Guyton, G.; Garrett, W.; Archambault, J.M.; Herzog, W.; Almekinders, L.; Bynum, D.; Yang, X.;
Banes, A.J. IL-1β induces COX2, MMP-1, -3 and -13, ADAMTS-4, IL-1β and IL-6 in human tendon cells.
J. Orthop. Res. 2003, 21, 256–264. [CrossRef]

128. McClellan, A.; Evans, R.; Sze, C.; Kan, S.; Paterson, Y.; Guest, D.J. A novel mechanism for the protection of
embryonic stem cell derived tenocytes from inflammatory cytokine interleukin 1 beta. Sci. Rep. 2019, 9, 2755.
[CrossRef]

129. Richter, E.; Ventz, K.; Harms, M.; Mostertz, J.; Hochgräfe, F. Induction of Macrophage Function in Human
THP-1 Cells Is Associated with Rewiring of MAPK Signaling and Activation of MAP3K7 (TAK1) Protein
Kinase. Front. Cell Dev. Boil. 2016, 4. [CrossRef]

130. Cheng, Z.; Chu, H.; Wang, S.; Huang, Y.; Hou, X.; Zhang, Q.; Zhou, W.; Jia, L.; Meng, Q.; Shang, L.; et al.
TAK1 knock-down in macrophage alleviate lung inflammation induced by black carbon and aged black
carbon. Environ. Pollut. 2019, 253, 507–515. [CrossRef]

131. Chen, H.; Liu, Y.; Li, D.; Song, J.; Xia, M. PGC-1β suppresses saturated fatty acid-induced macrophage
inflammation by inhibiting TAK1 activation. IUBMB Life 2016, 68, 145–155. [CrossRef]

132. Goldmann, T.; Wieghofer, P.; Müller, P.-F.; Wolf, Y.; Varol, D.; Yona, S.; Brendecke, S.M.; Kierdorf, K.;
Staszewski, O.; Datta, M.; et al. A new type of microglia gene targeting shows TAK1 to be pivotal in CNS
autoimmune inflammation. Nat. Neurosci. 2013, 16, 1618–1626. [CrossRef] [PubMed]

133. Gong, L.; Wang, H.; Sun, X.; Liu, C.; Duan, C.; Cai, R.; Gu, X.; Zhu, S. Toll-Interleukin 1 Receptor
domain-containing adaptor protein positively regulates BV2 cell M1 polarization. Eur. J. Neurosci. 2016, 43,
1674–1682. [CrossRef] [PubMed]

134. Courties, G.; Seiffart, V.; Presumey, J.; Escriou, V.; Scherman, D.; Zwerina, J.; Ruiz, G.; Zietara, N.; Jablonska, J.;
Weiss, S.; et al. In vivo RNAi-mediated silencing of TAK1 decreases inflammatory Th1 and Th17 cells through
targeting of myeloid cells. Blood 2010, 116, 3505–3516. [CrossRef] [PubMed]

135. Luo, X.; Chen, Y.; Lv, G.; Zhou, Z.; Mo, X.; Xie, J. Adenovirus-Mediated Small Interfering RNA Targeting
TAK1 Ameliorates Joint Inflammation with Collagen-Induced Arthritis in Mice. Inflammation 2017, 40,
894–903. [CrossRef]

136. Sanjo, H.; Nakayama, J.; Yoshizawa, T.; Fehling, H.J.; Akira, S.; Taki, S. Cutting Edge: TAK1 Safeguards
Macrophages against Proinflammatory Cell Death. J. Immunol. 2019, 203, 783–788. [CrossRef]

137. Orning, P.; Weng, D.; Starheim, K.; Ratner, D.; Best, Z.; Lee, B.; Brooks, A.; Xia, S.; Wu, H.; Kelliher, M.A.; et al.
Pathogen blockade of TAK1 triggers caspase-8–dependent cleavage of gasdermin D and cell death. Sciences
2018, 362, 1064–1069. [CrossRef]

138. Varga, Z.; Molnár, T.; Mázló, A.; Kovács, R.; Jenei, V.; Kerekes, K.; Bácsi, A.; Koncz, G. Differences
in the sensitivity of classically and alternatively activated macrophages to TAK1 inhibitor-induced necroptosis.
Cancer Immunol. Immunother. 2020, 6, 212–215. [CrossRef]

139. Adams, E.J.; Gu, S.; Luoma, A.M. Human gamma delta T cells: Evolution and ligand recognition. Cell. Immunol.
2015, 296, 31–40. [CrossRef]

140. Cuthbert, R.J.; Watad, A.; Fragkakis, E.M.; Dunsmuir, R.; Loughenbury, P.; Khan, A.; Millner, P.A.; Davison, A.;
Marzo-Ortega, H.; Newton, D.; et al. Evidence that tissue resident human enthesis γδT-cells can produce
IL-17A independently of IL-23R transcript expression. Ann. Rheum. Dis. 2019, 78, 1559–1565. [CrossRef]

141. Hammerman, M.; Blomgran, P.; Dansac, A.; Eliasson, P.; Aspenberg, P. Different gene response to mechanical
loading during early and late phases of rat Achilles tendon healing. J. Appl. Physiol. 2017, 123, 800–815.
[CrossRef] [PubMed]

142. Eliasson, P.; Andersson, T.; Aspenberg, P. Influence of a single loading episode on gene expression in healing
rat Achilles tendons. J. Appl. Physiol. 2012, 112, 279–288. [CrossRef]

143. Sato, S.; Sanjo, H.; Tsujimura, T.; Ninomiya-Tsuji, J.; Yamamoto, M.; Kawai, T.; Takeuchi, O.; Akira, S. TAK1 is
indispensable for development of T cells and prevention of colitis by the generation of regulatory T Cells.
Int. Immunol. 2006, 18, 1405–1411. [CrossRef]

144. Liu, H.-H.; Xie, M.; Schneider, M.D.; Chen, Z.J. Essential role of TAK1 in thymocyte development and
activation. Proc. Natl. Acad. Sci. USA 2006, 103, 11677–11682. [CrossRef] [PubMed]

http://dx.doi.org/10.1159/000456046
http://dx.doi.org/10.1016/S0736-0266(02)00141-9
http://dx.doi.org/10.1038/s41598-019-39370-4
http://dx.doi.org/10.3389/fcell.2016.00021
http://dx.doi.org/10.1016/j.envpol.2019.06.096
http://dx.doi.org/10.1002/iub.1470
http://dx.doi.org/10.1038/nn.3531
http://www.ncbi.nlm.nih.gov/pubmed/24077561
http://dx.doi.org/10.1111/ejn.13257
http://www.ncbi.nlm.nih.gov/pubmed/27061018
http://dx.doi.org/10.1182/blood-2010-02-269605
http://www.ncbi.nlm.nih.gov/pubmed/20682854
http://dx.doi.org/10.1007/s10753-017-0534-4
http://dx.doi.org/10.4049/jimmunol.1900202
http://dx.doi.org/10.1126/science.aau2818
http://dx.doi.org/10.1007/s00262-020-02623-7
http://dx.doi.org/10.1016/j.cellimm.2015.04.008
http://dx.doi.org/10.1136/annrheumdis-2019-215210
http://dx.doi.org/10.1152/japplphysiol.00323.2017
http://www.ncbi.nlm.nih.gov/pubmed/28705996
http://dx.doi.org/10.1152/japplphysiol.00858.2011
http://dx.doi.org/10.1093/intimm/dxl082
http://dx.doi.org/10.1073/pnas.0603089103
http://www.ncbi.nlm.nih.gov/pubmed/16857737


Int. J. Mol. Sci. 2020, 21, 5177 21 of 21

145. Dos Santos, D.M.C.; Eilers, J.; Vizcaino, A.S.; Orlova, E.; Zimmermann, M.; Stanulla, M.; Schrappe, M.;
Boerner, K.; Grimm, D.; Muckenthaler, M.U.; et al. MAP3K7 is recurrently deleted in pediatric T-lymphoblastic
leukemia and affects cell proliferation independently of NF-κB. BMC Cancer 2018, 18, 663. [CrossRef] [PubMed]

146. Schuman, J.; Chen, Y.; Podd, A.; Yu, M.; Liu, H.-H.; Wen, R.; Chen, Z.J.; Wang, D. A critical role of TAK1
in B-cell receptor–mediated nuclear factor κB activation. Blood 2009, 113, 4566–4574. [CrossRef]

147. Delaney, J.R.; Mlodzik, M. TGF-beta activated kinase-1: New insights into the diverse roles of TAK1
in development and immunity. Cell Cycle 2006, 5, 2852–2855. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/s12885-018-4525-0
http://www.ncbi.nlm.nih.gov/pubmed/29914415
http://dx.doi.org/10.1182/blood-2008-08-176057
http://dx.doi.org/10.4161/cc.5.24.3558
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Two Types of Entheses 
	Development of the Enthesis 

	Approaches towards Restoration or Regeneration of a Damaged Enthesis 
	Inflammation and the Immune System at Entheses 
	TAK1 (Transforming Growth Factor- Activated Kinase 1) 
	Inhibitors of TAK1 Enzymatic Activity 
	TAK1 in Musculoskeletal Tissues 
	TAK1 in Immune Cells 

	Conclusions 
	References

