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Editorial on the Research Topic

Tenascins: Key Players in Tissue Homeostasis and Defense

Tenascin-C, -R, -X and -W are the four members of a family of large, multimodular, extracellular
matrix molecules. By virtue of a large repertoire of binding partners, including other matrix
molecules, soluble factors, and cell surface receptors, tenascins are key regulators of both tissue
architecture and cell phenotype. This Research Topic looks back over the discovery of these matrix
molecules over 40 years ago and highlight how our understanding of tenascin-related biology, and
pathology, has exponentially progressed over this time. This issue also addressed how these
molecules are being exploited for use in the diagnosis and treatment of inflammatory and
fibrotic diseases, and cancer, in the context of immune checkpoint therapy and beyond.

One may ask for the justification of a Research Topic on “Tenascins: Key Players in Tissue
Homeostasis and Defense” in “Frontiers in Immunology”. It has been some time now since the
extracellular matrix has been considered merely an inert static mass of molecules that exists only to
provide cells with support and stability. More recently has come the understanding of the key role
that the matrix plays in general in directly controlling immune responses. In particular, the role of
the tenascin family in actively communicating with cells to maintain tissue homeostasis, to signal
perturbations in homeostasis and to orchestrate inflammatory and repair programmes to eliminate
threat and restore homeostasis, is becoming ever more evident. Each tenascin family member
exhibits a specifically restricted, largely non-overlapping, pattern of expression that is tightly
controlled in healthy tissues, helping to create distinct microenvironmental niches that program
localized cell behavior, for example in stem cell niches, in areas of high mechanical load, in
connective tissue and in the perineural nets. The expression of these molecules is transiently
upregulated in response to cellular stress and tissue injury, where they each play diverse roles in
activating immune responses designed to restore homeostasis. However, misregulated expression of
these molecules is associated with aberrant inflammation in inflammatory, fibrotic, and metabolic
diseases, and cancer.

This Research Topic of 22 papers comprises 13 review articles and 9 original articles, co-
authored by over 100 researchers in the field, that elaborate on both the history and the current state
of the art in the fascinating story of the tenascins in the immune context. Indeed, the story actually
starts a long way back in time. In this issue, Orend and Tucker showed that the first family member
linked to a role in inflammation, tenascin-C (TNC) coevolved with adaptive immunity, and identify
a “tool kit” used in cells regulating immunity and interacting with TNC. This raises the question
org January 2022 | Volume 12 | Article 83435315
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whether the presence and conservation of TNC amongst
vertebrates may be explained by its important role in
immunity. There is an ever expanding literature on the
mechanisms underpinning TNC-mediated inflammation
following its identification as a damage associated molecular
pattern (DAMP) that drives toll-like receptor 4 activation in
2009 (1). Topically, it is also of interest to mention that binding
of TNC to HIV has been shown to facilitate viral neutralization,
identifying how milk from breast feeding mothers can protect
their infants from infection (2). Moreover, TNC was recently
found to be elevated in COVID19 patients, specifically those with
severe symptoms (3), thus opening opportunities to examine a
novel role for TNC in immunity upon viral infection.

We are delighted that in this issue, in 5 short reviews,
researchers who were amongst those center stage in the
discoveries of the respective tenascin family members set out
their views on the early days of tenascin work. These historical
perspectives are written by Sakakura and Chiquet (TNC),
Rathjen and Hodge (TNR), Miller (TNX) and Degen et al.

This glance into the past, at the very beginning of our
examination of the extracellular matrix, reveals the discovery
of TNC, the first tenascin family member to emerge, and also the
first matrix molecule to be sequenced. TNC was named after its
presence in developing (nascent) tissues and at places with
physical tension (tendons). Depending on its discovery it
received different names such as GMEM (glial mesenchymal
extracellular matrix, 1983) by Boudon and collaborators (4),
“myotendinous antigen” (1984) by Chiquet and colleagues (5),
“hexabrachion” (1984) by Erickson and Ingelsias (6),
“Cytotactin” (1985) by Grumet and colleagues (7), before R.
Chiquet-Ehrismann coined the term tenascin (1986) (8), that
then turned into tenascin-C (1993) (9). The smallest family
member, TNR, was first identified in the late 1980s as an
axonal associated molecule, and was called restrictin by
Rathjen and colleaugues, due to its very specific localization
not only within the CNS and spinal cord but also its expression
pattern in discrete niches of the neural system (10) or J1-160/180
by Schachner and colleagues (5, 11). The discovery of TNX in
the late 1980s occurred entirely by serendipity by investigators
hunting for the gene that causes congential adrenal hyperplasia.
This was eventually mapped to the CYP21A2 gene, encoding
steroid 21-hydroxylase, but which locus was overlapped by an
unknown gene, gene X (12). Upon comparison with existing
TNC cDNA sequences, gene X soon became tenascin-X, and its
archetypal domain organization and oligomerization established,
alongside a key role in dermal collagen organization, and beyond.
With unification across these three molecules, and phylogenetic
confirmation of tenascin-Y as the chicken homolog of tenascin-
X, this triad of the tenascin family was born (13). It was not until
1998, that the baby of the family, TNW, came along. Often cited
as the least understood tenascin, TNW was identified and
eponymously named by Weber and colleagues using a Zebra
fish cDNA library to screen for tenascin related molecules (14),
with the mammalian homolog, named TNN, identified in mice
by Niehardt et al. in 2003 (15). Confusion, likely caused by
different numbers of alternatively spliced domains in TNW and
Frontiers in Immunology | www.frontiersin.org 26
TNN, and lack of consensus around the expression of this
molecule made this a difficult birth, and still to date little is
known about the biological role of TNW, making it arguably the
most intriguing family member.

These perspectives also touch on the generation of the first
tenascin knockout animals; key tools in the field, but with an
interesting history. For example, the TNC knockout mouse was
generated 3 times independently (16–18) as it was hard to reconcile
how these animals could be viable and apparently healthy. Although
it was clearly shown that tenascins-C, R and W play a role in tissue
development and homeostasis (although this is still insufficiently
understood) they became more “famous” for the roles they adopted
when expressed during disease, rather than in healthy tissue.
Knockout mice for each tenascin alone or even in combination
(triple knockout for TNC, TNW and TNR (19)) are viable and
overtly normal. However closer inspection of both mouse and man
revealed that these molecules are not entirely indispensable. For
example, deficiency of TNX, and point mutations in TNR and TNC
are associated with diseases such as the Ehlers Danlos syndrome
(TNX) (20) and neurological aberrations (TNR) (21) and hearing
loss and tendinopathy (TNC) (22, 23).

Despite these examples, it is remarkable that the sequence of all
tenascins is highly conserved amongst vertebrates suggesting a
selection pressure for their maintenance which is not understood
at all. In tenascin knockout conditions the different responses to the
loss of the respective tenascin protein raises questions about
potential compensatory mechanisms. In most knockout mice the
respective protein is missing due to deletion of an exon, however
most of the remaining mRNA is still expressed. It is intriguing to
speculate that the remaining mRNA may have an impact on miR
and long non coding (lnc) RNA networks as recently shown for the
lncRNA ET20 that plays a role in EMT and was induced by TGFb.
The authors discovered that the ET20 locus is located within the
TNC locus in antisense orientation and that ablation of ET20
inhibited TNC expression and TNC-induced EMT (24),
altogether opening a new view on how results from knockout
mice can be interpreted. It will be important to consider the
methodology of tenascin family gene manipulation going forward,
and indeed these data may help to interpret other in vivo studies.

Here, for the first time, the phenotype of the TNW/TNN
knockout mouse is presented. This mouse shows an aberrant
tooth (incisor) developmental phenotype amongst other deficits,
described by Imhof et al. TNN/TNW deficiency affects periodontal
remodeling and increases nerve fiber branching via sonic hedghog
signaling, presumably increasing pain that led to reduced food
intake and lower body weight. In contrast to knockout generation,
in this Research Topic, Hendaoui et al. showed over expression of
TNW in extrahepatic cancers of the billiary system and propose
high expression TNW as potential means to detect this type of
cancer earlier that stays too long asymptomatic showing already
metastasis at the time of diagnosis. Moreover, in this Research
Topic, new insights into the role of TNC are reviewed, including in
joint disease (Hasegawa et al.), myocarditis/cardiomyopathy (Tajiri
et al.), glaucoma (Wiemann et al.), sepsis (Meijer et al.), stroke
(Okada and Suzuki), glial scar formation (Bijelić et al.) and
pancreatic cancer (Liot et al.).
January 2022 | Volume 12 | Article 834353
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All tenascins have context dependent functions. This has
clearly been shown for TNC in joint disease. Of note in this
Research Topic the role of TNC as DAMP in rheumatoid
arthritis (RA) and as a regulator of tissue repair in
osteoarthritis (OA) is discussed by Hasegawa et al., who
emphasize the importance of considering the context specific
action of this matrix molecule in different disease settings even
within the same tissue. More recently, pro- and anti-
inflammatory roles for TNC have been reported in cancer (25–
29) and it is clear that we need good in vivo models to better
understand the functions of tenascins in space and time, and in a
cell type specific manner. Four novel murine models have been
described here; a sepsis model using Klebsiella in wildtype and
TNC knockout animals, revealing a moderately lower bacterial
load in lungs and blood, that does not translate to impact on
severity of the disease symptoms (Meijer et al.), the first inducible
TNC over expression mouse ectopically expressing TNC in
heart, increasing expression of inflammatory cytokines and
increasing mortality during the acute stage after myocardial
infarction (Yonebayashi et al.), a model of autoimmune
glaucoma (Wiemann et al.) and a novel orthotopic tongue
squamous cell carcinoma cell grafting model that is sensitive to
radiotherapy (Spenlé et al.).

In search of the underlying mechanisms of tenascin action,
attention has focused on the different proteoforms of these
extensively alternatively spliced genes. Iyoda et al. review results
on the generation and actions of the alternatively spliced, and
cryptic, TNIIIA2 domain in the malignancy of glioblastoma
(GBM). This involves MMP9 secretion by TNC-activated
macrophages generating TNIIIA2 from intact TNC, activating b1
integrin signaling in conjunction with syndecan-4 enhancing cell
adhesion and malignancy of GBM cells. In this Research Topic,
Bijelić et al. used recombinantly expressed proteins representing
different domains of TNC to interrogate regulation of astrocyte
behaviour in vitro and in vivo. In vitro, TNC fragments induced pro-
inflammatory cytokine production. Alternatively spliced TNIIID,
TNIIIA and their combination strongly decreased proliferation and
delayed gap closure of scratch wound assay of cultured astrocytes. In
vivo, TNIIID or TNIII(D+A) led to higher expression of GFAP in
the wild typemice than TNC knockoutmice. Addition of TNIIID to
TNC knockout mice increased the activated microglia although
overall cell proliferation in injured sites were not affected. Aubert
et al. focus on another domain, conserved in all family members and
revealed a TGFb pathway-promoting function of the FBG domain
of all four tenascins, where binding of the latent form of TGFb and
its activation are addressed. These results are intriguing and reveal
that in addition to thrombospondin 1, connective tissue factor
(CTGF, CCN2) and previously shown TNX also the FBG of TNC,
TNW and TNR can bind TGFb and activate TGFb receptor
signaling. Finally, Albacete-Albacete et al. review the
transportation of ECM components by extracellular vesicles.
Exosomal secretion is particularly critical for extracellular release
and deposition of TNC (30) and has been shown to follow
rhinovirus infection of epithelial airways (31). Circulating
exosomes from cancer patients frequently carry TNC and
exosomal TNC is fully functional, which may induce a
Frontiers in Immunology | www.frontiersin.org 37
proinflammatory state and contribute to premetastatic
niche formation.

While understanding the roles of a particular tenascin
requires models that enable correlation between phenotype to
high and no expression of the respective tenascin, it is obvious
that tenascins form networks with other molecules which may
define their highly context dependent actions. In this Research
Topic, Liot et al. summarize the roles of TNC in context of other
known matrisomal molecules impacting disease severity of
pancreatic ductal adenocarcinoma. Okada and Suzuki review
literature on TNC-induced roles on inflammation in context of
other matrix molecules on stroke-related pathologies while
Matsumoto and Aoki review the roles of TNC in conjunction
with TNX in the cardiovascular system. TNX and TNC have
distinct roles in physiological and pathological conditions. TNX
is involved in the structural integrity of collagen fibrils, activation
and its absence causes classical-like Ehlers-Danlos syndrome. In
contrast, the role of TNC can be detrimental or beneficial also in
a context-dependent manner. TNCmay prevent aortic dissection
and rupture of cerebral aneurysm, while it may exacerbate acute
vasospastic response and cerebral injury.

Finally, it has been evident for some time now that tenascins
may be reliable biomarkers for disease diagnosis and targets for
new therapies. Dhaouadi et al. developed nanobodies against
TNC and showed binding in the central constant TNIII domains
of the molecule. These nanobodies recognized human and
murine TNC in paraffin embedded tumor tissue (useful for the
clinical practice) and blocked cell rounding and chemoretention
of dendritic cells by TNC potentially thus being valuable for
therapy. Other nanobodies specific for TNC have recently been
proposed to be also valuables tools in particular for imaging
tumors (US 2019/0225693 A1 patent by RO Hynes).

Altogetherdespite thediscoveryofTNCmore than4decades ago,
followed by the identification and characterization of the other 3
family members, it is clear that we still are at the beginning of our
understanding of themolecular and structural networks inwhich the
respective tenascin molecule is expressed and what each member is
doing there. Moreover, as all members can be regulated by splicing
and modified by glycosylation more research has to be done to
identify which proteoform is expressed when and where and what
roles these different molecules have. Novel tools and a broader
understanding of tenascin expression and functions as described in
this Research Topic are valuable and may help to prepare a future
application of this knowledge in diagnosis and therapy.
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Tenascin-C (TNC) is a large multimodular glycoprotein of the extracellular matrix that
consists of four distinct domains. Emerging evidence suggests that TNC may be involved
in the pathogenesis of osteoarthritis (OA) and rheumatoid arthritis (RA). In this review, we
summarize the current understanding of the role of TNC in cartilage and in synovial
biology, across both OA and RA. TNC is expressed in association with the development of
articular cartilage; the expression decreases during maturation of chondrocytes and
disappears almost completely in adult articular cartilage. TNC expression is increased in
diseased cartilage, synovium, and synovial fluid in OA and RA. In addition, elevated
circulating TNC levels have been detected in the blood of RA patients. Thus, TNC could be
used as a novel biochemical marker for OA and RA, although it has no specificity as a
biochemical marker for these joint disorders. In a post-traumatic OA model of aged joints,
TNC deficiency was shown to enhance cartilage degeneration. Treatment with TNC
domains results in different, domain-specific effects, which are also dose-dependent. For
instance, some TNC fragments including the fibrinogen-like globe domain might function
as endogenous inducers of synovitis and cartilage matrix degradation through binding
with toll-like receptor-4, while full-length TNC promotes cartilage repair and prevents the
development of OA without exacerbating synovitis. The TNC peptide TNIIIA2 also
prevents cartilage degeneration without causing synovial inflammation. The clinical
significance of TNC effects on cartilage and synovium is unclear and understanding the
clinical significance of TNC is not straightforward.

Keywords: tenascin-C, osteoarthritis, rheumatoid arthritis, cartilage, repair, synovitis, animal model
INTRODUCTION

Osteoarthritis (OA) is a well-known cause of disability, with an estimated global prevalence of more
than 30% (1). Further, its prevalence is increasing because of rapid population aging. Risk factors for
OA include person factors (age, sex, obesity, and genetics) and joint factors (deformity,
malalignment, and injury) that interact in a complex manner (2). Rheumatoid arthritis (RA) is a
chronic inflammatory disease that can cause joint destruction as well as disability (3). The global
prevalence of RA is around 1%, and genetics are the principal risk factor for developing RA, while
smoking is the main environmental risk factor. RA is most typically found in elderly women (3, 4).
The pathogenesis of RA and periodontitis might be similar, with both diseases involving chronic
inflammation and bone erosion (5).
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Tenascin-C (TNC) is a non-structural extracellular matrix
(ECM) protein that is highly expressed in morphogenesis and
tissue remodeling, and has many effects on cellular responses (6).
Emerging evidence suggests that TNC might be involved in the
pathogenesis of OA and RA. In this review, we present the
current understanding of the role of TNC in cartilage and in
synovial biology, across both OA and RA.
STRUCTURE AND DISTRIBUTION OF
TENASCIN-C

TNC is a hexameric glycoprotein component of the ECM. The
TNC molecule is composed of large molecular weight subunits
(220–400 kDa) consisting of four distinct domains, with each
TNC subunit consisting of a tenascin assembly (TA) domain that
forms a coil at the N-terminus, 14.5 epidermal growth factor-like
(EGF-L) repeats, up to 17 fibronectin type III (FNIII) -like
repeats, and a C-terminal fibrinogen-like globe (FBG) domain.
The FNIII-like repeats undergo alternative splicing to bind
different ECM proteins, such as fibronectin, syndecan-4, and
integrins aVb3 and a8b1 (7–10). Furthermore, the FNIII-like
repeats bind to a number of growth factors including fibroblast
growth factor (FGF), platelet-derived growth factor (PDGF), and
the transforming growth factor-b (TGF-b) family. The FBG
domain binds to aVb3 integrin and receptor-type tyrosine-
protein phosphatase zeta, and activates toll-like receptor-4
(TLR4) (9, 11). TNC can drive a range of processes including
cell migration, attachment, proliferation, and synthesis of
proteases and proinflammatory cytokines (9). Growth factors,
such as TGF-b, FGF, and PDGF, can induce TNC expression.
TNC is transiently expressed in the mesenchyme around
developing organs, such as mammary glands, teeth, and
kidneys. TNC is also expressed during embryo development in
cartilage, ligament, tendon, periosteum, myotendinous junction,
smooth muscle, and perichondrium. Expression of TNC is
generally low in adult tissues, but is transiently elevated
following tissue injury. Once the damaged tissue is repaired,
TNC expression is inhibited. TNC shares a structural relationship
with fibronectin (12); although fibronectin is adhesive in nature
while TNC is only weakly adhesive (13). Functional inhibition of
syndecan-4 suppresses TNC activity. In contrast, overexpression
of syndecan-4 neutralizes the effect of TNC. Thus TNC and
syndecan-4 work together to control fibroblast signaling and
morphology, and to regulate the contraction of the matrix,
including tissue repair (14, 15). TNC expression is regulated by
mechanical stress, and is elevated in tissues that experience high
tensile stress, such as smooth muscle, ligaments, and tendons (16).
CARTILAGE

Articular cartilage is an aneural, avascular, alymphatic and
viscoelastic tissue. It’s extremely low coefficient of friction
contributes to the lubrication of joint movement. Water
Frontiers in Immunology | www.frontiersin.org 210
accounts for up to 85% of the wet weight of cartilage (17). By
dry weight, the large aggregating proteoglycan aggrecan and type
II collagen are the main ECM components of cartilage (18).
Chondrocytes produce ECM with scant cell turnover (19).
During the first stage of joint development, an interzone
emerges at the presumptive joint site. Joint cavitation
subsequently occurs at the center of the interzone, and cells
within the interzone form the joint and cartilage (20). TNC
participates in chondrogenesis and cartilage development (7, 8).
At the early stage of articular cartilage formation the Indian
hedgehog (Ihh), Erg, noggin, Wnt9a, and Gdf5 genes are
expressed strongly. At the later stage, the expression of these
early regulatory genes is downregulated, and the expression of
structural genes, including proteoglycan (Prg) 4, type II collagen,
CD44, and TNC, becomes preponderant (20, 21). In comparison,
TGF-b, FGF18, and parathyroid hormone-related protein are
continuously expressed during articular cartilage formation (20).
In the newborn mouse knee, articular cartilage is a thin, dense
tissue consisting of small, randomly oriented Prg4- and TNC-
expressing cells (22). In mature cartilage, TNC is only present in
the perichondrium (23), and disappears almost completely in
adult articular cartilage (24). When the articular cartilage of
TNC-knockout mice at a postnatal age of 8 weeks was compared
to that of age-matched wild-type (WT) mice, the tangential/
transitional zone was thicker and the density of chondrocytes
was lower in WT mice than in the TNC-knockout mice. This
observation in mice implies that TNC plays a role in increasing
articular cartilage volume as well as producing ECM from birth
to 2 months of age (25).
CARTILAGE REPAIR

Articular cartilage has a limited potential for repair and damaged
cartilage is associated with the development of OA. Many
strategies to repair cartilage have been proposed including
bone marrow stimulation techniques, osteochondral graft, cell-
based cartilage repair procedures, and the use of growth factors,
such as TGF-b, bone morphogenetic protein-2, and FGF (26, 27).
Autologous chondrocyte implantation offers great promise with
good long-term results; however, its applicability for large defects
is limited (28). Although local administration of growth factors
could be easily implemented, this strategy has not been used in
clinical trials (26). Notably, TNC appears to be capable of
mediating repair in human OA cartilage in vitro (29). During
in vivo cartilage repair, TNC expression was found at the early
phase with expression disappearing at the late phase with
cartilage maturation (30). In TNC-knockout BALB/c mice,
cartilage repair was found to be significantly delayed compared
to WT mice, and the deficiency of TNC accelerated degeneration
of cartilage (30). When examining the effects of intra-articular
TNC administration on the repair of full-thickness cartilage
defects in rabbits using scaffolding matrices, full-length TNC
(10 µg/mL) was found to promote the repair of cartilage in vivo
(27). However, scaffold impregnated with a higher concentration
(100 µg/mL) of TNC did not facilitate cartilage repair. In a
September 2020 | Volume 11 | Article 577015
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BALB/c mouse model, full-length TNC (100 µg/mL) promoted
cartilage repair in the absence of scaffold (31) (Table 1).
OSTEOARTHRITIS

Pathologic alterations in cartilage, bone, synovium, ligament,
and meniscus are observed in OA, revealing OA to be a whole
joint disease, with synovitis being one of the common features of
OA. Synoviocytes synthesize hyaluronic acid and lubricin, which
contribute to normal joint function (39). During progression of
OA, the synovium can be a source of matrix metalloproteinase
(MMP) and aggrecanase, which contributes to the degradation of
the cartilage matrix. OA has historically been categorized as a
non-inflammatory form of arthritis; however, the role of the
development of synovitis in OA pathogenesis has been
demonstrated (40–42). The synovium can produce soluble
inflammatory mediators, including cytokines and chemokines,
that are detected in joint tissues and synovial fluid in OA, and
contribute to cartilage degeneration (40). Animal models of OA
Frontiers in Immunology | www.frontiersin.org 311
have been categorized into spontaneous and induced models,
and the post-traumatic OA (PTOA) model is the most widely
studied. Methods for inducing PTOA models include anterior
cruciate ligament transection, medial collateral ligament transection,
meniscectomy, and destabilization of the medial meniscus. In
chemically induced models, sodium monoiodoacetate (MIA) is
most commonly used to induce OA (43).

In clinical practice, the severity of OA is generally assessed
with plain radiographs (44). Biochemical markers, however,
provide an opportunity to better diagnose and stratify patients.
Although cartilage oligomeric matrix protein in serum and C-
terminal telopeptide of collagen type II in urine are the most
widely investigated markers of tissue degradation, no marker has
been well validated in clinical use for the diagnosis and
monitoring of OA (39). It is not possible to determine the site
of origin when biochemical markers are measured in serum or
urine, but markers present in synovial fluid can provide insight
into the damage in an individual joint (39). TNC levels in the
synovial fluid were shown to be significantly increased in patients
with knee OA (34, 45). In addition, TNC levels correlated with
TABLE 1 | Effect of tenascin-C domain on cartilage and synovial responses.

Tissue Addition of
TNC

Domain Response Cell type/species Reference

Cartilage in vitro EGF-L domain and
FNIII 3–8

Aggrecan-degrading ability Human chondrocyte Sofat et al.
(32)

TNIIIA2 Upregulating TNF-a, MMP-3, bFGF Human chondrocyte Hattori et al.
(33)

Full-length Inducing IL-6, PGE2, nitrate release, upregulating ADAMTS4 Bovine and human chondrocytes Patel et al.
(34)

Full-length Cartilage proliferation Human chondrocyte Nakoshi et al.
(29)

Full-length Upregulating TNF-a, IL-1b, ADAMTS4, MMP-3, MMP-13, TGF-b,
TIMP3

Human chondrocyte Unno et al.
(31)

Downregulating ADAMTS5
in vivo FBG Inducing cartilage proteoglycan loss 129/SV mouse Midwood

et al. (35)
TNIIIA2 Preventing cartilage degeneration BALB/c mouse Hattori et al.

(33)
Full-length Preventing cartilage degeneration BALB/c mouse Matsui et al.

(36)
Full-length Repairing cartilage defects Japanese white rabbit Ikemura et al.

(27)
Full-length Repairing cartilage defects BALB/c mouse Unno et al.

(31)
Synovium in vitro Full-length Upregulating IL-6 Human synovial fibroblast Midwood

et al. (35)FBG
FNIII 3 Upregulating TNF-a, IL-1a, IL-1b, IL-6, CCL2, CCL3, CCL4,

CXCL2, CXCL5, CXCL12, MMP-9
Mouse synovial macrophage, Mouse
synovial fibroblast

Kanayama
et al. (37)

Downregulating MMP-2
in vivo FBG Inducing synovitis 129/SV mouse Midwood

et al. (35)
FNIII 1-5 Antibody directed against FNIII1-5 reducing synovitis BALB/c mouse Mehta et al.

(38)
TNIIIA2 No enhancement of synovitis BALB/c mouse Hattori et al.

(33)
Full-length No enhancement of synovitis BALB/c mouse Unno et al.

(31)
September 2020 | Volume 11 |
TNC, tenascin-C; EGF-L, epidermal growth factor–like; FNIII, fibronectin type III; FBG, fibrinogen-like globe; TNF, tumor necrosis factor.
MMP, matrix metalloproteinase; FGF, fibroblast growth factor; IL, interleukin; PGE, prostaglandin E.
ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; TGF, transforming growtfactor.
TIMP, tissue inhibitor of metalloprotease; CCL, chemokine (C-C motif) ligand; CXCL, chemokine (C-X-C motif) ligand.
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the radiographic grading levels (45), and TNC in the synovial
fluid has been demonstrated to be a useful marker of OA
progression (45). In a canine PTOA model, TNC levels
increased markedly during the acute phase and then decreased
over time, but remained elevated relative to the control group,
even after 12 months (46).

Immunohistochemical analysis of TNC expression revealed
that TNC staining intensity increased with the degeneration of
cartilage in comparison with normal cartilage (29). TNC staining
is observed on the OA cartilage surface overlying chondroitin
sulfate (CS)-positive areas (29), and enhanced TNC staining is
associated with clusters of chondrocytes (47). These results
suggest that the distribution of TNC is correlated with CS
production and chondrocyte proliferation in OA cartilage. In
cultured human OA chondrocytes, treatment with TNC induced
chondrocyte proliferation and increased aggrecan levels (29).
Tumor necrosis factor (TNF)-a stimulates TNC expression
through nuclear factor-kB signaling with RelA subunit
activation, which could affect cell proliferation. TNC is reported
to have a potential role in remodeling of cartilage (47); however,
elevated levels of TNC could induce inflammatory mediators and
promote degradation of matrix in OA cartilage (34). TNC plays
dual roles in synovial fluid, where it not only acts as a marker of
joint damage, but also stimulates joint degradation (46). These
two opposing roles of TNC in synovial fluid may stem from the
versatile nature of this glycoprotein (48). Full-length TNC
prevented cartilage degeneration in a PTOA model using BALB/
c mice (36). In contrast, recombinant TNC fragments induced
Frontiers in Immunology | www.frontiersin.org 412
aggrecanase activity and mediated cartilage degeneration. The
EGF-L and FNIII-like domains 3–8 of TNC showed high
aggrecan-degrading activity, which was not observed with either
full-length TNC or other TNC domains (32) (Table 1, Figure 1).
TNIIIA2 is a 22-mer peptide of TNC that induces b1 integrin
activation through syndecan-4, and intra-articular injection of
TNIIIA2 prevented degeneration of articular cartilage in a PTOA
model using BALB/c mice (33). The inflammatory effects of TNC
were identified through binding with TLR4, and integrins a9b1
and aVb3 (49), but further work is required to clarify whether
TNC contributes to OA pathogenesis via integrins. In cultured
human and bovine chondrocytes, treatment with TNC
upregulated interleukin (IL)-6, prostaglandin E2, nitrate release,
and disintegrin and metalloproteinase with thrombospondin
motifs-4 (34). Treatment with TNC decreased the amount of
proteoglycan present in cartilage explants (32, 34). The FBG
domain was reported to be an endogenous inducer of cartilage
matrix degradation (32), while full-length TNC did not cause the
severe inflammation observed with the FBG domain (27, 31, 36).
Animal OA models using TNC-knockout mice have generated
mixed results. Intra-articular injection of TNC induced synovitis
in a TLR4-dependent manner using 129/SV mice (35) (Table 1).
TLR4 activates the Fcg receptor, and regulate the early onset of
joint inflammation and cartilage damage during immune
complex-mediated arthritis (50). TNC is not involved in the
early onset of joint inflammation but is required for maintenance
of inflammatory processes (35). The damage-associated molecular
patterns CD14 ligand appears to contribute to cartilage repair in
FIGURE 1 | The roles of tenascin-C (TNC) in synovial joint biology. TNC expression is upregulated in degenerated cartilage and inflamed synovial tissue.
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OA (51), although CD14 is a modulator of innate inflammatory
signaling that acts as a receptor for bacterial lipopolysaccharide
with TLR4 (52). There are reports of beneficial effects for joint
tissues (31, 36) in BALB/c mice, while deleterious effects for joint
tissues were found in a different mouse species (129/SV).

Genetic variations might play a role in the differential
responses in cartilage and synovium. For example, the MRL/
MpJ strain mouse has an impaired inflammatory response and
no susceptibility to OA (53). Moreover, MRL/MpJ mice showed
lower levels of IL-1 and higher levels of IL-4 and IL-10 compared
with C57BL/6 mice in a PTOA model (53). STR/ort mice are
highly susceptible to OA, while C57BL/6J mice are only
moderately susceptible (54).
RHEUMATOID ARTHRITIS

RA is characterized by swelling, tenderness, and destruction of
joints due to synovitis, inflammation, and autoantibodies,
particularly to rheumatoid factor and citrullinated peptide,
which can cause cartilage and bone damage and consequent
disability (3, 4). The 2010 American College of Rheumatology/
European League Against Rheumatism RA classification criteria
are widely used for clinical diagnosis (55). The increased risk for
RA in patients with the shared epitope is associated with
seropositivity for autoantibodies against rheumatoid factor,
which are autoantibodies against IgG and citrullinated peptide
(ACPA). The inflammatory milieu in the synovial joint is
regulated by a complex cytokine and chemokine network.
TNF-a and IL-6 are essential to the process, whereas IL-1 and
various chemokines may be less important (3, 56). Serum
biomarkers are routinely used in monitoring of disease
progression including erythrocyte sedimentation rate (ESR), C-
reactive protein (CRP), and MMP-3 (57). Interaction of TNC
and a9b1 integrin induced the expression of IL-6 and MMPs in
synovial fibroblasts, and IL-1b and TNF-a in synovial
macrophages (58).

Zymosan can be used to induce acute synovitis in 129/SV
mice, where synovitis and cartilage proteoglycan loss were
observed at 4 days in WT mice. In contrast, TNC-knockout
mice did not exhibit any synovitis or loss of cartilage
proteoglycan (35) (Table 1). TNC induced the synthesis of
proinflammatory cytokines via endogenous activation of TLR4
(35). Using 129/SV mice, intra-articular injection of 1 or 3 µg
FBG induced synovitis, inflammatory cell infiltration, pannus
formation, and loss of cartilage proteoglycan; in contrast, 100 ng
FBG injection did not induce any inflammation or proteoglycan
loss (35) (Table 1). However, intra-articular administration of
full-length TNC to BALB/c mice induced similar synovial
inflammation compared to no TNC administration (31, 36). In
a PTOAmodel using BALB/c mice, low-grade synovitis occurred
at 2 weeks, but these changes improved at 4 weeks in mice with
and without intra-articular injection of TNIIIA2 (33) (Table 1).
While the FBG domain of TNC could be a critical driver of
synovial inflammation in 129/SV mice, administration of full-
length TNC and TNIIIA2 had no role in synovial inflammation
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in BALB/c mice (Figure 1). The capacity of TNC to exert both
beneficial and deleterious effects on joint tissues is fascinating, and
the mechanism underlying the dual nature of TNC remains poorly
understood. Moreover, the dose of TNC administered appears to
be an important factor in determining the in vivo effects of TNC.

TNC plays an important role in physiological tissue repair but
also drives pathological inflammation and fibrosis (49). Intense
TNC immunoreactivity was found in the RA synovium with
strong chronic inflammation and fibrosis (59). Elevated
circulating TNC levels have been detected in the blood of RA
patients, and patients with late stage RA have higher TNC levels
compared to those with early stage RA (60). TNC levels in blood
and synovial fluid were not reported to correlate with CRP (59,
60). Moreover, blood levels of TNC did not correlate with other
biomarkers, such as ESR and ACPA (60). However, TNC levels
in blood correlated positively with erosion scores determined by
ultrasound in early stage RA (60). TNC concentrations in
synovial fluid were reported to be fourfold higher in RA
compared with OA (59). Multiple citrullination sites exist in
the FBG domain of TNC, and citrullinated TNC (cTNC) 5 was
recognized as a biochemical marker that can be detected years
before the onset of RA (61). Periodontitis is a risk factor for RA,
and antibodies to cytokeratin 13 were found to correlate with
anti-cTNC5 (62). The TN64 antibody is directed against the
FNIII-like repeats 1-5 (TNfnIII 1-5) of TNC, and has been
observed to prevent fibroblast-mediated cartilage destruction.
The TN64 antibody was evaluated in collagen-induced arthritis
in BALB/c mice, and TN64 was found to prevent the induction of
arthritis by downregulation of TNF-a, IL-6, IL-10, IL-12, and
IFN-g (38). Both full-length TNC and the FBG domain induced
synthesis of IL-6 in synovial fibroblasts (35). Mapping the active
domain within TNC demonstrated a unique structural FBG
epitope, essential for binding to and activating TLR4 (63).
Monoclonal antibodies recognizing the FBG domain of TNC
inhibited release of TNF-a, IL-6, and IL-8 by RA synovium (64).
Blocking inflammatory signals from the ECM including TNC
domains represents a potential novel therapeutic strategy for
treating RA that may avoid global immune suppression.

It is not clear how the different domains in TNC interact with
each other at a functional level and knowledge of different ligand
binding modes of TNC is also limited (49). Moreover, it remains
unclear whether activation of TLR4 by the FBG domain occurs in
isolation from or in synergy with other TNC domains. Similarly,
little is known about how tissue-specific responses to TNC are
mediated (64). The clinical significance of TNC effects on
cartilage and synovium is unclear and understanding the
clinical significance of TNC is not straightforward, as it
appears to contribute to both beneficial and deleterious effects
in a context-dependent manner (65). However, TNC is clearly an
important molecule involved in controlling cellular activity
during tissue remodeling and inflammation (Figure 1). TNC
does not have any specificity as a biochemical marker for OA and
RA but has been shown to be a potential marker for other
diseases. Elevated TNC expression was reported to predict poor
prognosis among patients with various cancers, and TNC can be
a serum biochemical marker for cancer (66). Serum TNC levels
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in patients with asthma was associated with clinical features of
asthma, suggesting that serum TNC can be a biochemical for
asthma (67). Circulating TNC levels were also elevated in patients
with ankylosing spondylitis, systemic lupus erythematosus, psoriatic
arthritis, ulcerative colitis, and Crohn’s disease (60, 68).
CONCLUSION

TNC is a key molecule in tissue remodeling and is associated with
OA and RA. TNC could be used as a novel biochemical marker for
OA and RA, although it has no specificity as a biochemical marker
for these joint disorders. Administration of TNC showed both
beneficial and deleterious effects across different joint tissues and
Frontiers in Immunology | www.frontiersin.org 614
different TNC domains, and it’s in vivo effects were clearly dose-
dependent. Full-length TNC and TNIIIA2 prevented the
development of OA in a PTOA model using BALB/c mice,
suggesting that TNC domains and animal species might
influence the type and nature of the responses obtained in pre-
clinical studies. Thus, the clinical significance of TNC effects on
cartilage and synovium awaits further clarification.
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Previous studies demonstrated that retinal damage correlates with a massive remodeling

of extracellular matrix (ECM) molecules and reactive gliosis. However, the functional

significance of the ECM in retinal neurodegeneration is still unknown. In the present

study, we used an intraocular pressure (IOP) independent experimental autoimmune

glaucoma (EAG) mouse model to examine the role of the ECM glycoprotein tenascin-C

(Tnc). Wild type (WT ONA) and Tnc knockout (KO ONA) mice were immunized with

an optic nerve antigen (ONA) homogenate and control groups (CO) obtained sodium

chloride (WT CO, KO CO). IOP was measured weekly and electroretinographies were

recorded at the end of the study. Ten weeks after immunization, we analyzed retinal

ganglion cells (RGCs), glial cells, and the expression of different cytokines in retina and

optic nerve tissue in all four groups. IOP and retinal function were comparable in all

groups. Although RGC loss was less severe in KOONA,WT as well as KOmice displayed

a significant cell loss after immunization. Compared to KO ONA, less βIII-tubulin+ axons,

and downregulated oligodendrocyte markers were noted in WT ONA optic nerves. In

retina and optic nerve, we found an enhanced GFAP+ staining area of astrocytes in

immunized WT. A significantly higher number of retinal Iba1+ microglia was found in WT

ONA, while a lower number of Iba1+ cells was observed in KO ONA. Furthermore, an

increased expression of the glial markers Gfap, Iba1, Nos2, and Cd68 was detected in

retinal and optic nerve tissue of WT ONA, whereas comparable levels were observed in

KO ONA. In addition, pro-inflammatory Tnfa expression was upregulated in WT ONA,

but downregulated in KO ONA. Vice versa, a significantly increased anti-inflammatory
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Tgfb1 expression was measured in KO ONA animals. We conclude that Tnc plays an

important role in glial and inflammatory response during retinal neurodegeneration. Our

results provide evidence that Tnc is involved in glaucomatous damage by regulating

retinal glial activation and cytokine release. Thus, this transgenic EAG mouse model for

the first time offers the possibility to investigate IOP-independent glaucomatous damage

in direct relation to ECM remodeling.

Keywords: autoimmune glaucoma model, cytokines, microglia, optic nerve demyelination, reactive gliosis,

tenascin-C

INTRODUCTION

Glaucomatous neurodegeneration is characterized by a
progressive loss of retinal ganglion cells (RGCs) and their
axons, which form the optic nerve. The molecular mechanisms
of RGC degeneration are still not fully understood. In addition
to increased intraocular pressure (IOP), immunological
processes, glial activation, and remodeling of extracellular matrix
(ECM) constituents are associated with glaucoma. In regard
to the immune system, studies also indicate an alteration in
serum antibodies against various retinal proteins in glaucoma
patients with a normal IOP (1–3). The connection between an
immune response and glaucoma disease with the characteristic
loss of RGCs was already demonstrated in an experimental
autoimmune glaucoma (EAG) rat model. Here, glaucomatous
damage was induced by immunization with ocular proteins
(4, 5). Furthermore, a pathological upregulation of specific ECM
components could be demonstrated in this model (6). However,
the relationship between a change in ECM components and
glaucoma pathogenesis needs to be investigated.

The ECM consists of several molecules, including
proteoglycans and glycoproteins and controls cellular key
events such as adhesion, differentiation, migration, proliferation
as well as survival (7–12). During development of the central
nervous system (CNS), tenascin-C (Tnc) is strongly expressed
by radial glial cells, immature astrocytes, and oligodendrocyte
precursor cells (OPCs). It regulates axonal as well as neurite
outgrowth and glial cells differentiation (11, 13–17). In this
regard, axonal growth is modulated by specific Tnc isoforms,
which contain a different combination of fibronectin type III
domains (18). Moreover, Tnc expression is associated with the
stem cell niche and regulates stem cell maintenance in addition
to differentiation (19).

Abbreviations: Brn3a, brain-specific homeobox/POU domain protein 3a; CC1,

coiled coil-1; Cd68, cluster of differentiation 68; EAG, experimental autoimmune

glaucoma; ECM, extracellular matrix; ERG, electroretinogram; GCL, ganglion cell

layer; GFAP, glial fibrillary acidic protein; Iba1, ionized calcium-binding adapter

molecule 1; INL, inner nuclear layer; iNOS, inducible nitric oxide synthase; IOP,

intraocular pressure; IPL, inner plexiform layer; KO, knockout; KO CO, control

group tenascin-C knockout; KO ONA, immunized tenascin-C knockout; MBP,

myelin basic protein; NFL, nerve fiber layer; Nos2, nitric oxide synthase 2; Olig2,

oligodendrocyte transcription factor 2; ONA, optic nerve antigen; ONL, outer

nuclear layer; OPC, oligodendrocytes precursor cell; OPL, outer plexiform layer;

RGC, retinal ganglion cell; Tgfb/TGF-β, transforming growth factor-beta; Tnc,

tenascin-C; TLR4, toll-like receptor 4; Tnfa/TNF-α, tumor necrosis factor-alpha;

WT, wild type; WT CO, control group wild type; WT ONA, immunized wild type.

In the diseased brain, Tnc is highly re-expressed (11). For
example, Tnc immunoreactivity is directly linked to amyloid-
β plaques in Alzheimer’s disease patients (20). A lack of Tnc
leads to reduced deposits of amyloid-β plaques and protects from
Alzheimer‘s disease (21). Furthermore, an immunomodulatory
impact of Tnc was described by regulating the Th17 cell
differentiation and activation (22, 23). Here, Tnc deficiency
ameliorates experimental autoimmune encephalomyelitis in
mice (24).

In the context of retinal neurodegenerative processes, Tnc
also plays an important role (25). During retinal development,
Tnc is found in the inner neuroblastic layer at embryonic day
13 (26). In the adult retina, Tnc is highly enriched in the outer
and inner plexiform layers and is prominently expressed by
amacrine and horizontal cells (27, 28). Additionally, optic nerve
astrocytes synthesize Tnc (29, 30). ECMmolecules can provide an
inhibitory environment for neural regeneration and migration in
the retina (30). A dramatic remodeling of ECM constituents was
already described after ischemia and glaucomatous damage (25,
31). An upregulation of Tnc has been noted in a glaucoma animal
model (32) as well as in open-angle glaucoma patients (33).

Tnc is a key regulator of the immune system and
plays an important role during neuroinflammation
and glial response (34–36). Moreover, expression of
Tnc by astrocytes is regulated by cytokines secreted by
microglia (37, 38). Microglia play an important role during
neurodegenerative and neuroinflammatory processes (39).
Their activation is characterized by an enhanced proliferation,
migration, phagocytosis, and increased expression levels
of neuroinflammatory molecules (40, 41). The neurotoxic
M1-subtype has an amoeboid morphology and releases
pro-inflammatory signaling molecules, like tumor necrosis
factor-alpha (TNF-α) and inducible nitric oxide synthase (iNOS)
(42–44). In contrast, the M2-phenotype is characterized by
a morphology with ramified processes and the expression of
anti-inflammatory cytokines, such as the transforming growth
factor-beta (TGF-β) (45–47).

In this study, we used a Tnc deficient EAG mouse
model to further analyze the importance of Tnc during
retinal neurodegeneration and neuroinflammatory outcomes.
We immunized wild type (WT) and Tnc knockout (KO) mice
with an optic nerve antigen (ONA) homogenate and examined
retinal and optic nerve damage as well as macro- and microglial
activity. Furthermore, we determined the expression pattern
of pro- and anti-inflammatory cytokines. The present study
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was undertaken to address the role of Tnc in glaucomatous
damage, retinal glial activation, myelination, and inflammatory
cytokine release.

MATERIALS AND METHODS

Animals
Animals were housed under a 12 h light-dark cycle and had free
access to chow and water. All procedures were approved by the
animal care committee of North Rhine-Westphalia, Germany
and performed according to the ARVO statement for the use of
animals in ophthalmic and vision research. For the experiments,
male and female littermates of 129/Sv WT and Tnc KOmice (48)
were used at 6 weeks of age.

Immunization
WT (WT ONA) and KO (KO ONA) mice were immunized
intraperitoneally with ONA (1 mg/ml) mixed with incomplete
Freund‘s adjuvants (FA; 50 µl) and 1 µg pertussis toxin (PTx;
both Sigma Aldrich, St. Louis, MO, USA) as described (49).
To generate the ONA homogenate, fresh bovine eyes were
obtained from a local slaughterhouse (Schlachthaus Wuppertal,
Germany). As previously described, optic nerves were cut off
behind the optic nerve head, cleaned from surrounding tissue
and the dura mater was removed. Nerves were pulverized in a
cooled mortar and then suspended in phosphate-buffered saline
(PBS) (5). A final concentration of 1 mg/ml was set. FA acted

as an immunostimulatory and PTx was given to ensure the
permeability of the blood retina barrier. Intraperitoneal PTx-
application was repeated 2 days after immunization. Booster
injections containing half of the initial dose were given
intraperitoneally 4 and 8 weeks after initial immunization. The
control groups (WTCO; KOCO) were injected with 1ml sodium
chloride (B. Braun Melsungen AG, Melsungen, Germany), FA
and PTx. Tenweeks after immunization, retinae, and optic nerves
were explanted for immunohistochemistry, quantitative real time
PCR (RT-qPCR), and Western blot analyses. For RT-qPCR and
Western blot, retinal as well as optic nerve tissue of both eyes
from one animal were pooled.

Intraocular Pressure Measurements
Before IOP measurement, mice were anesthetized with a
ketamine/xylazine mixture (120/16 mg/kg). Both eyes were
analyzed and 10 readings of each eye were averaged. IOP
measurements were performed before immunization in WT and
KO mice at 5 weeks of age with a rebound tonometer (TonoLab;
Icare; Oy; Finland; n = 16/group) as previously described (50,
51). After immunization, IOP was measured weekly in all four
groups until the end of the study (n= 8/group).

Electroretinogram Recordings
Scotopic full-field flash electroretinograms (ERG) recordings
(HMsERG system, OcuScience, Henderson, NV, USA) were
taken 10 weeks after immunization in all groups (n = 5/group)

TABLE 1 | List of primary and secondary antibodies to examine RGCs, macro-, and microglial cell types as well as Tnc in retinae and optic nerves via

immunohistochemistry.

Primary

antibody

Species,

clonality/type

Dilution Source

(stock no.)/RRID

Secondary

antibody

Species, type Dilution/

source

Brn-3a

(flat-mount/

retina)

Goat,

polyclonal,

IgG

1:300 Santa Cruz

(Sc-31984)

RRID:AB_2167511

Anti-goat Cy3 Donkey, IgG 1:250/

Dianova

CC1

(optic nerve)

Mouse,

monoclonal,

IgG

1:100 Abcam

(Ab16794)

RRID:AB_443473

Anti-mouse Cy2 Goat,

IgG

1:250/

Dianova

GFAP

(retina/optic nerve)

Mouse,

monoclonal,

IgG

1:300 Sigma-Aldrich

(G3893)

RRID:AB_477010

Anti-mouse

Cy2

Goat,

IgG

1:250/

Dianova

Iba1

(flat-mount)

Rabbit,

polyclonal,

IgG

1:250 WAKO

(019-19741)

RRID:AB_839504

Anti-rabbit

Cy2

Donkey,

IgG

1:250/

Dianova

MBP

(optic nerve)

Rat,

monoclonal,

IgG

1:250 Bio-Rad

(MCA409)

RRID:AB_325004

Anti-rat

Cy2

Goat,

IgG

1:250/

Dianova

Olig2

(optic nerve)

Rabbit,

polyclonal,

IgG

1:400 Merck

(AB9610)

RRID:AB_570666

Anti-rabbit

Cy3

Goat,

IgG

1:250/

Dianova

Tnc (Kaf12)

(retina)

Rabbit,

polyclonal,

IgG

1:250 (52) Anti-rabbit

Cy3

Goat,

IgG

1:250/

Dianova

βIII-tubulin

(optic nerve)

Mouse,

monoclonal,

IgG2b

1:300 Sigma-Aldrich

(T 8660)

RRID:AB_477590

Anti-mouse

Cy2

Goat,

IgG

1:250/

Dianova

Primary and secondary antibodies, including species, clonality/type, dilution, and source/stock number were shown.
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TABLE 2 | Adjustments for the ImageJ macro.

Protein Tissue Background

subtraction

Lower

threshold

Upper

threshold

βIII-tubulin Optic nerve 50 29.45 82.18

GFAP Retina 20 25.00 76.54

Optic nerve 50 27.50 78.00

MBP Optic nerve 50 7.62 62.45

Tnc Retina 50 6.79 78.68

Data of background subtractions and upper/lower thresholds were present to determine

the immunoreactive area [%].

as previously described (51). Mice were dark-adapted and
anesthetized with a ketamine/xylazine mixture (120/16 mg/kg).
Scotopic flash series with flash intensities at 0.1, 0.3, 1.0, 3.0, 10.0,
and 25.0 cd/m2 were recorded. Electrical potentials were analyzed
with the ERGView 4.380R software (OcuScience) using a 150Hz
filter before evaluating a- and b-wave amplitudes.

Immunohistochemistry and Confocal Laser
Scanning Microscopy
Eyes and optic nerves were dissected and fixed in
paraformaldehyde (PFA) for 1 day, dehydrated in sucrose
(30%) and embedded in Tissue-Tek freezing medium (Thermo
Fisher Scientific, Cheshire, UK). Retinal cross-sections and
optic nerve longitudinal sections (16µm) were cut with a
cryostat (CM3050 S, Leica) and transferred onto Superfrost
plus object slides (Menzel-Glaeser, Braunschweig, Germany).
First, slices were blocked with 1% bovine serum albumin (BSA;
Sigma-Aldrich), 3% goat serum (Dianova, Hamburg, Germany),
and 0.5 % TritonTM-X-100 (Sigma-Aldrich) in PBS for 1 hour (h)
at room temperature (RT). Afterwards, the primary antibodies
were diluted in blocking solution and incubated at RT overnight
(Table 1). Sections were washed 3 times in PBS and incubated
for 2 h with adequate secondary antibody (Dianova, Hamburg,
Germany; Table 1) solution without TritonTM-X-100. Cell
nuclei were detected with TO-PRO-3 (1:400; Thermo Fisher
Scientific). The retinal and optic nerve slices were analyzed
with a confocal laser-scanning microscope (LSM 510 META;
Zeiss, Göttingen, Germany). Two sections per slide, 4 images per
retina (400x magnification), and 3 images per optic nerve (200x
magnification) were captured (n = 4–5/group). In addition, a
630x magnification was used for colocalization staining in optic
nerve sections with antibodies against CC1 (coiled-coil 1) and
Olig2 (oligodendrocyte transcription factor 2). Accordingly, 4
images were taken per slide (n= 5/group).

Laser lines and emission filters were adjusted using the Zeiss
ZEN black software. Cropping of the images was done using
Coral Paint Shop Pro X8 (Coral Corporation, Ottawa, Canada).
Masked evaluation of the staining signal was performed with
ImageJ software (ImageJ 1.51w, National Institutes of Health;
Bethesda, MD, USA) as previously described (6, 53). Images were
converted into gray scales and the background was subtracted.
Then, the lower and upper threshold values was determined for
each image (Table 2). The percentage of the area fraction was

measured using an ImageJ macro as previously described (53).
This analysis was performed for immunohistochemical stainings
against βIII-tubulin, glial fibrillary acidic protein (GFAP), myelin
basic protein (MBP), and Tnc. Cell countings were done for
immunopositive Brn3a+ cells in retinal cross-sections and for
Olig2+/CC1+ cells in optic nerve slices. Values were transferred
to Statistica software and the WT CO group was set to 100%
(V13.3; StatSoft (Europe), Hamburg, Germany).

Quantification of RGCs and Microglia in
Retinal Flat-Mounts
Eyes were enucleated and fixed in 4% PFA at 4◦C for 1 h. The
retinae were dissected from the eye and prepared as flat-mounts
(n = 9/group). The tissue was fixed again in 4% PFA for 5min
and washed 3 times in PBS. Flat-mounts were blocked in 1% BSA,
3% donkey serum, and 2% TritonTM-X-100 in PBS at RT for 1 h.
Next, incubation was performed with the RGC specific marker
Brn3a [brain-specific homeobox/POU domain protein 3a; (54,
55)] andmicrogliamarker Iba1 [ionized calcium-binding adapter
molecule 1; (56)] for 2 days at 4◦C. Following PBS washing (3 ×
20min), flat-mounts were incubated with secondary antibodies
donkey anti-goat Cy3, donkey anti-rabbit Alexa Fluor 488, and
TO-PRO-3 (1:400) in blocking solution without TritonTM-X-
100 at RT for 2 h. Microscopic images were captured using
Axio Zoom.V16 (Zeiss, Göttingen, Germany). Flat-mounts were
divided into 16 quadrants (200 × 200µm) and Brn3a+ and
Iba1+ cells were counted. Groups were compared using two-way
ANOVA followed by Tukey‘s post-hoc test. The WT CO group
was set to 100%.

Western Blotting
Retinal tissue (n = 5/group) was homogenized in 150 µl and
optic nerve tissue (n = 5/group) in 100 µl lysis buffer (60mM
n-octyl-β-D-glucopyranoside, 50mM sodium acetate, 50mM
Tris chloride, pH 8.0 and 2M urea) containing a protease
inhibitor cocktail (Sigma-Aldrich) on ice for 1 h. Prior to
lysis, the optic nerve tissue was incubated in liquid nitrogen.
Subsequently, all samples were centrifuged at 14.000 × g at
4◦C for 30min and the supernatant was applied to determine
the protein concentration. A BCA Protein Assay kit (Pierce,
Thermo Fisher Scientific, Rockford, IL, USA) was used for
retinal tissue. For optic nerves, the Qubit R© Protein Assay
kit (Life Technologies GmbH, Darmstadt, Germany) was used
according to manufacturer‘s instructions. 4x SDS buffer was
added to each protein sample (20 µg) and denaturized at
94◦C for 5min. After separation via SDS-PAGE (10% gels,
respectively, 4–12% polyacrylamide gradient gels), proteins were
transferred to a polyvinylidene difluoride (PVDF) membrane
(Roth, Karlsruhe, Germany) by Western blotting (1–2 h and
75mA). Membranes were blocked (5%w/vmilk powder in TRIS-
buffered saline (TBS) with 0.05% Tween R©20; TBST) at RT for 1 h
and incubated with the primary antibody (Table 3) in blocking
solution at 4◦C overnight. On the next day, membranes were
washed with TBST and incubated with horseradish peroxidase
(HRP) coupled secondary antibodies (Table 3) in blocking
solution at RT for 2 h. Excess antibody was washed off with
TBST. ECL Substrate (Bio-Rad Laboratories GmbH, München,
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TABLE 3 | List of primary and secondary antibodies for western blotting.

Primary

antibody

Species,

clonality, type

Dilution Source

(stock no.)/RRID

Secondary

antibody, species, type

Dilution Source kDa

Actin Mouse,

monoclonal,

IgG

1:5,000 BD Bioscience

(612657)

RRID:AB_399901

Anti-mouse,

IgG + IgM

HRP

1:5,000 Dianova 42

GFAP Rabbit,

polyclonal,

IgG

1:10,000 Dako

(Z0334)

RRID:AB_10013382

Anti-rabbit,

IgG

HRP

1:10,000 Dianova 50

MBP Rat,

monoclonal,

IgG

1:1,000 Bio-Rad

(MCA409)

RRID:AB_325004

Anti-rat,

IgG

HRP

1:5,000 Dianova 20

Olig2 Rabbit,

polyclonal,

IgG

1:500 Merck

(AB9610)

RRID:AB_570666

Anti-rabbit,

IgG

HRP

1:5,000 Dianova 32 and 50

Tnc

(Kaf12)

Rabbit,

polyclonal,

IgG

1:5,000 (52) Anti-rabbit,

IgG

HRP

1:5,000 Dianova ∼ 250 and > 250

Vinculin Mouse,

monoclonal,

IgG1

1:200 Sigma-Aldrich

(V 9131)

RRID:AB_477629

Anti-mouse,

IgG + IgM

HRP

1:5,000 Dianova 116

Primary and secondary antibodies, including species, clonality, type, dilution, source, and stock number are listed. Relative quantification of band intensity was done against the

housekeeping proteins actin or vinculin. HRP, horseradish peroxidase; kDa, Kilodalton.

Germany) was applied to develop the membrane (mixed 1:1
for 5min). Finally, protein immunoreactivity was detected
with a MicroChemi Chemiluminescence Reader (Biostep,
Burkhardtsdorf, Germany). Band intensity was analyzed using
ImageJ software and normalized to a corresponding reference
protein (actin/vinculin). The normalized values of the Western
blot results were given in arbitrary units (a.u.).

RNA Isolation, cDNA Synthesis, and
RT-qPCR
Retinal tissue was homogenized by trituration using a pipette
(n = 5/group). The RNA isolation of the retina was carried out
according to the manufacturer‘s introduction using the Gene
Elute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich,
St. Louis, MO, USA). For total RNA isolation of optic nerve
tissue, the ReliaPrepTMRNATissueMiniprep System (Promega,
Madison, WI, USA) was taken. Prior to isolation, optic nerve
tissue was incubated in liquid nitrogen and then homogenized
with a pestle (n = 5/group). An additional DNase digestion at
RT for 15min ensured that no genomic DNA contaminated RNA
was obtained. The concentration and purity of the isolated RNA
was determined photometrically using the BioSpectrometer R©

(Eppendorf, Hamburg, Germany). One microgram RNA and
random hexamer primers were applied for reverse transcription
using a cDNA synthesis kit (Thermo Fisher Scientific, Waltham,
MA, USA). RT-qPCR experiments were done with SYBR Green
I in a Light Cycler 96 R© (Roche Applied Science, Mannheim,
Germany). For each primer pair (Table 4), efficiencies were
determined by a dilution series of 5, 25, and 125 ng cDNA.
Expression in retina and optic nerve tissue was normalized
against the housekeeping genes β-actin (Actb) and 18S ribosomal
RNA (Rn18S), respectively.

Statistical Analysis
Immunohistological, Western blot, IOP, and ERG data of control
WT (WT CO) and KO (KO CO) as well as ONA-immunized
WT (WT ONA) and KO (KO ONA) were analyzed by two-
way ANOVA followed by Tukey‘s post-hoc test using Statistica
software (V13.3; StatSoft (Europe), Hamburg, Germany). Results
of IOP measurements were presented as mean ± standard
error mean (SEM) ± standard deviation (SD). ERG recordings,
immunohistochemical, and Western blot data were shown as
mean ± SEM. Analyses of Tnc protein levels in WT mice
via immunohistochemistry and Western blot were analyzed
via Student t-test and presented as mean ± SEM. For RT-
qPCR results, groups were compared using the pairwise fixed

reallocation and randomization test (REST© software) and were
presented as median± quartile±minimum/maximum (57).

RESULTS

No Changes in IOP and Retinal
Functionality in the EAG Mouse Model
IOP measurements were performed before immunization in
5-week-old WT (WT CO) and KO (KO CO; Figure 1A).
After immunization, IOP was measured weekly in control and
immunized WT (WT ONA) and KO (KO ONA) animals until
the end of the study. At 5 weeks of age (−1), we observed no
significant differences in the IOP of WT CO (9.8 ± 0.2 mmHg)
and KO CO (9.7 ± 0.1 mmHg; p = 1.0). Furthermore, no
changes in the IOP were found in control and immunized groups
throughout the study (Supplementary Table 1).

To determine possible retinal function deficits, induced
by ONA-immunization, we performed ERG recordings of
control and immunized WT and KO mice. Under scotopic
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TABLE 4 | List of primer pairs used for mRNA analyses by RT-qPCR.

Gene Primer

sequence

Amplicon

size (bp)

Primer

efficiency,

retina/

optic nerve

GenBank

accession

number

Rn18S_for GCAATTATTCC

CCATGAACG

68 –/1 NR_003278.3

Rn18S_rev GGGACTTAAT

CAACGCAAGC

Actb_for CTAAGGCCAA

CCGTGAAAAG

104 0.84/– NM_007393.3

Actb_rev ACCAGAGGCAT

ACAGGGACA

Cd68_for GGACCCACAAC

TGTCACTCA

60 0.89/1 NM_001291058.1

Cd68_rev AATTGTGGCAT

TCCCATGAC

Gfap_for ACAGACTTTCTC

CAACCTCCAG

63 0.84/1 NM_001131020

Gfap_rev CCTTCTGACAC

GGATTTGGT

Iba1_for GGATTTGCAG

GGAGGAAAAG

92 0.80/0.91 NM_019467.3

Iba1_rev TGGGATCATC

GAGGAATTG

Nos2_for CTTTGCCAC

GGACGAGAC

66 1/0.70 NM_010927.3

Nos2_rev TCATTGTACTCT

GAGGGCTGAC

Tgfb1_for TGGAGCAACA

TGTGGAACTC

73 1/0.91 NM_011577.2

Tgfb1_rev GTCAGCAGC

CGGTTACCA

Tnfa_for TCTTCTCATTCC

TGCTTGTGG

101 1/0.97 NM_013693.3/

NM_001278601.1

Tnfa_rev GAGGCCATTTG

GGAACTTCT

For evaluation of mRNA-levels, Actb, and Rn18S served as housekeeping genes. Primer

sequence, predicted amplicon size, primer efficiency for retinae and optic nerves and

GenBank accession number are listed. Bp, base pairs; for, forward; rev, reverse.

conditions, a-wave responses arise from rod-photoreceptors,
while b-waves represent the rod bipolar and Müllerglia cell
response. In all four conditions no significant differences
were observed between control and immunized WT and KO
animals (Figures 1B,C; Supplementary Table 2). Therefore, we
concluded that photoreceptor and bipolar cell function was not
affected in this EAG mouse model.

Significant RGC Loss Following
Immunization
Previous studies of an EAG rat model showed a
significant reduction of RGC numbers 4 weeks post
immunization with ONA (4, 58). Additionally, an
upregulation of Tnc was found before significant RGC
loss occurred (6). In our EAG mouse model, we detected
unaltered Tnc protein levels 10 weeks after immunization

(Supplementary Table 3, Supplementary Figure 1). Based on
these findings, immunohistochemical stainings of RGCs
were performed with an antibody against Brn3a, which
specifically detects RGCs (Figure 2, Supplementary Table 4).
The evaluation of RGCs in retinal cross-sections showed a
significant reduction in the percentage of Brn3a+ cells in
WT ONA compared to WT CO as well as to KO CO (WT
ONA: 73.1 ± 6.1% Brn3a+ cells vs. WT CO: 100.0 ± 4.2%
Brn3a+ cells; p = 0.004 and KO CO: 92.2 ± 3.9% Brn3a+

cells, p= 0.04, Figures 2A,B). Interestingly, no significant
differences were detected between control and immunized KO
in horizontal cross-sections (KO CO: 92.2 ± 3.9% Brn3a+

cells vs. KO ONA: 83.7 ± 8.7% Brn3a+ cells, p = 0.57,
Figures 2A,B).

To further characterize the RGC population, we counted
Brn3a+ cells in retinal flat-mounts (Figure 2C). We determined
the total amount (Figure 2D) as well as the number of Brn3a+

cells within the central (Figure 2E) and peripheral (Figure 2F)
area of the retina. A significant reduction in the total number was
observed in immunizedWT compared to both control genotypes
(WT ONA: 80.3 ± 1.5% Brn3a+ cells vs. WT CO: 100.0 ± 2.0%
Brn3a+ cells, p < 0.001, KO CO: 98.2 ± 3.3% Brn3a+ cells, p
< 0.001). Also, a significant loss of RGCs was detected in KO
ONAmice (86.9± 3.1% Brn3a+ cells) compared to KO CO (p=
0.02) andWTCO (p= 0.01). A comparable percentage of Brn3a+

cells was also observed in the central retina. So, immunized WT
and KO animals showed a significant decline of RGCs compared
to the corresponding control groups (WT ONA: 82.7 ± 1.7%
Brn3a+ cells vs. WT CO: 100.0 ± 2.5% Brn3a+ cells, p < 0.001
and KO ONA: 86.3± 3.7% Brn3a+ cells vs. KO CO: 97.8± 2.9%
Brn3a+ cells, p = 0.03). No significant differences were found
between both immunized genotypes (p = 0.80). Furthermore,
a decrease in the RGC density was verified in the peripheral
area. Retinae of the WT ONA group (77.0 ± 1.8% Brn3a+ cells)
displayed a loss of about 25% RGCs compared to WT CO (100.0
± 1.7% Brn3a+ cells, p < 0.001). A significant reduction was also
found in the comparison of KO CO and KO ONA (KO CO: 99.0
± 4.1% Brn3a+ cells vs. KO ONA: 87.1± 2.8% Brn3a+ cells, p=
0.02). However, KO ONA showed a decrease of about 15 % in the
peripheral part compared to WT CO group (p= 0.01).

Although not statistically significant, we found a trend to a
weaker RGC damage in immunized KO compared to WT ONA.

Optic Nerve Degeneration Post
ONA-Immunization in WT Mice
To analyze a possible degeneration of RGC axons,
immunoreactivity of βIII-tubulin was examined in optic
nerve longitudinal sections of control and immunized WT and
KO animals (Figure 3A). The immunopositive βIII-tubulin area
was significantly reduced in immunized WT (30.85 ± 8.55%
βIII-tubulin+ area) compared to WT CO (100.00± 18.35% βIII-
tubulin+ area, p = 0.04, Figure 3B). Also, the βIII-tubulin+ area
was decreased in WT ONA compared to both KO conditions
(KO CO: 93.66 ± 19.18% βIII-tubulin+ area, p = 0.06 and KO
ONA: 119.93± 13.48% βIII-tubulin+ area, p < 0.01).

Frontiers in Immunology | www.frontiersin.org 6 October 2020 | Volume 11 | Article 56627921

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wiemann et al. Tenascin-C Mediates Glaucomatous Glial Responses

FIGURE 1 | IOP and ERG recordings were not altered after immunization of WT and KO mice. (A) IOP measurements were performed before immunization in 5

weeks old WT and KO mice (−1; n = 16/group). Then, IOP was determined weekly in immunized and control WT and KO until the end of the study (n = 8/group). No

significant changes could be detected between all groups. (B,C) ERG recordings 10 weeks after initial immunization in control and immunized WT and KO mice. No

changes in a-wave (B) and b-wave (C) amplitudes could be detected in control and immunized WT and KO mice (n = 5/group). Data were analyzed using two-way

ANOVA followed by Tukey‘s post-hoc test and present as mean ± SEM ± SD in (A) and mean ± SEM in (B,C). cd, candela; IOP, intraocular pressure; µV, micro volt;

m, minutes; s, seconds.
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FIGURE 2 | Less RGC loss in immunized KO animals. (A) Retinal cross-sections from WT CO, WT ONA, KO CO, and KO ONA mice were stained with an antibody

against Brn3a (red) and nuclei were detected with TO-PRO-3 (blue). (B) A decline of RGC numbers was detected in WT ONA compared to the control groups (n =

5/group). (C) Representative pictures of Brn3a+ cells in retinal flat-mounts. (D–F) Quantification of the total RGC number as well as in central and peripheral parts

(n = 9/group). A significant loss of RGCs was detected in immunized WT and KO in comparison to the control groups. It was also shown that the RGC number in KO

ONA RGCs were significantly decreased compared to WT CO. Furthermore, WT ONA RGC numbers were significantly reduced compared to KO CO. Data were

analyzed using two-way ANOVA followed by Tukey‘s post-hoc test and values were shown as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar = 20µm

in (A) and 50µm in (C). ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.

Extenuated Macroglial Reactivity After
Immunization in KO Mice
Our results showed a decrease in the RGC number 10 weeks after
immunization in WT and KO animals. Next, we investigated,
if this glaucomatous neurodegeneration is associated with
an altered macroglial response. Therefore, we analyzed the
immunoreactivity of GFAP+ astrocytes in retinal cross-sections.
GFAP stained astrocytes were mainly localized in the ganglion
cell layer (GCL; Figure 4A). The GFAP+ area was increased
in WT ONA (167.22 ± 18.61% GFAP+ area) compared to the
control groups (WT CO: 100.00 ± 9.28% GFAP+ area, p = 0.01
and KO CO: 105.81 ± 4.54% GFAP+ area, p = 0.02, Figure 4B).
Interestingly, no changes in the GFAP signal area were found
in KO ONA (142.49 ± 8.19% GFAP+ area) compared to KO
CO (p = 0.18) as well as to WT CO (p = 0.11). The statistical
comparison of both immunized genotypes showed no significant
differences (p= 0.46).

Then, we evaluated GFAP protein levels via Western blot. For
GFAP, a prominent band was detected at 50 kDa (Figure 4C).

Relative quantification verified a slight, but not statistically
significant, increase in the GFAP protein concentration in WT
after immunization (WT ONA: 1.15 ± 0.25 a.u. vs. WT CO:
0.76 ± 0.11 a.u., p = 0.73 and KO CO: 0.91 ± 0.40 a.u.,
p = 0.92, Figure 4D). No changes were observed in the
GFAP level of control and immunized KO animals (KO ONA:
0.98± 0.23 a.u., p= 0.99).

We also analyzed the mRNA expression of Gfap in retinae

via RT-qPCR (Figures 4E–G, Supplementary Table 5). Analysis

revealed comparable levels of Gfap in KO CO and WT CO (1.4-
fold, p = 0.11, Figure 4E). A significant increase of Gfap mRNA

expression levels was observed in WT ONA (WT CO vs. WT

ONA: 1.7-fold, p= 0.04, Figure 4F), whereas no differences could

be detected in KOONA (KO CO vs. KO ONA: 1.2-fold, p= 0.40,

Figure 4F). The expression was comparable in both immunized

genotypes (1.0-fold, p= 0.99, Figure 4G).
For GFAP, a thread-like staining pattern was observed in

optic nerve slices (Figure 5A). The evaluation of the GFAP

immunoreactivity in optic nerve sections also showed no
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FIGURE 3 | No optic nerve degeneration in KO post immunization. (A) Optic nerve slices were stained with βIII-tubulin (green) and cell nuclei were marked with

TO-PRO-3 (blue). (B) WT ONA mice showed a significantly decreased βIII-tubulin+ area compared to WT CO as well as to KO ONA group. Data were analyzed using

two-way ANOVA followed by Tukey‘s post-hoc test and presented as mean ± SEM. *p < 0.05; **p < 0.01. n = 4/group. Scale bar = 20µm.

increased macroglial area in KO post immunization (KO ONA:
134.30 ± 23.57% GFAP+ area vs. KO CO: 147.18 ± 31.27%
GFAP+ area, p = 0.98 and WT CO: 100.00 ± 17.72% GFAP+

area, p = 0.70, Figure 5B). Moreover, a nearly doubled GFAP
intensity was observed in WT ONA (196.70 ± 13.60% GFAP+

area) compared to the corresponding control group (p= 0.04).
Furthermore, protein levels of GFAP viaWestern blot analyses

were comparable between all four groups (Figure 5C). However,
the band intensity in WT ONA group was tendentially increased
compared to the control group (WT ONA: 1.36 ± 0.29 a.u. vs.
WT CO: 1.02 ± 0.27 a.u., p = 0.68, Figure 5D). Equal protein
levels were found between control and KO ONA animals (KO
CO: 0.82± 0.11 a.u. vs. KO ONA: 0.84± 0.10 a.u., p= 0.99).

Finally, the RT-qPCR results of the optic nerve tissue
showed no changes in Gfap expression between both control
groups (WT CO vs. KO CO: 1.1-fold, p = 0.54, Figure 5E,
Supplementary Table 5). In line with the immunohistochemical
results, we found a slightly enhanced mRNA level in WT ONA
(WT CO vs. WT ONA: 1.4-fold, p = 0.07, Figure 5F), whereas
the KO ONA animals exhibited a reduction of Gfap expression
(KOCO vs. KOONA: 0.5-fold, p< 0.05). Interestingly, in a direct
comparison of the two immunized groups, Gfap expression was
significantly reduced in KO animals (WT ONA vs. KO ONA:
0.4-fold, p= 0.02, Figure 5G).

In summary, we concluded that Tnc deficiency resulted in a
diminished macroglial reaction during retinal and optic nerve
degeneration in the EAG mouse model.

Decreased Demyelination After
ONA-Immunization in KO Mice
Our study demonstrates RGC degeneration in WT and
KO animals after immunization. Furthermore, we noted

that Tnc deficiency resulted in a diminished macroglial
response. Finally, we analyzed the impact of ONA-
immunization on oligodendroglia in optic nerve tissue.
The oligodendrocytes appear in two different populations, as
immature OPCs and as myelinating, mature oligodendrocytes.
To analyze both oligodendrocyte populations separately, an
immunohistochemical colocalization staining was performed
using the markers Olig2 and CC1. Olig2 is expressed by
oligodendrocytes of all stages (59). In contrast, CC1 is only
expressed by mature oligodendrocytes (60). Colocalization
identified double positive cells as mature and single Olig2+

cells as immature oligodendrocytes. Immunohistochemical
stainings revealed fewer Olig2+ cells in the WT ONA group
compared to the other groups. Interestingly, there were more
Olig2+ cells in KO ONA than in WT ONA (Figure 6A). 76.3 ±

1.6% Olig2+ cells were found in WT ONA, which indicates a
significant oligodendrocyte loss over 25% compared to control
WT (100.0 ± 3.5% Olig2+ cells, p < 0.001, Figure 6B). The
number of Olig2+ cells was also significantly decreased in WT
ONA compared to KO CO (p = 0.04). No differences were
observed between both Tnc deficient groups (KO CO: 90.2 ±

2.4% Olig2+ cells vs. KO ONA: 95.2 ± 4.9% Olig2+ cells, p

= 0.71). Most interestingly, we verified significant differences

between both immunized groups (p < 0.01). The number

of double-positive (Olig2+/CC1+) mature oligodendrocytes
was clearly reduced in WT ONA compared to all other

groups (Figure 6A). The statistical evaluation demonstrated
only 64.7 ± 5.8% Olig2+/CC1+ cells in WT ONA, whereas
KO ONA exhibited 107.8 ± 8.9% Olig2+/CC1+ cells in
optic nerve slices (p = 0.002, Figure 6C). Also, immunized
WT showed a significant loss of mature oligodendrocytes
compared to WT CO (100.0 ± 8.3% Olig2+/CC1+ cells,
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FIGURE 4 | Reduced astrogliosis after immunization in KO mice. (A) Images of GFAP stained macroglia cells in retinal cross-section from control and immunized WT

and KO animals. Immunohistochemistry revealed a prominent signal for GFAP+ cells (green) in the GCL. Cell nuclei were detected with TO-PRO-3 (blue). (B) GFAP+

area was significantly increased in WT ONA compared to WT CO. No changes of the GFAP signal area were found in KO ONA compared to the control groups. (C)

Western blot analyses of GFAP protein in retinal tissue. (D) Quantification revealed slightly more GFAP in WT ONA, whereas a comparable level was observed in KO

ONA. (E) No differences of Gfap expression were noted in KO CO compared to WT CO. (F) A significant upregulation of Gfap mRNA expression was seen in WT ONA

in comparison to WT CO. (G) WT ONA and KO ONA animals showed similar Gfap levels. Data were analyzed using two-way ANOVA followed by Tukey‘s post-hoc

test and present as mean ± SEM in (B,D). For RT-qPCR results, groups were compared using the pairwise fixed reallocation and randomization test and were shown

as median ± quartile ± minimum/maximum in (E–G). *p < 0.05. n = 5/group. Scale bar = 20µm. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner

nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.

p = 0.01) and KO CO (118.4 ± 3.5% Olig2+/CC1+

cells, p < 0.001).
To consolidate the immunohistochemistry results, we

analyzed the Olig2 protein level in optic nerves by Western blot
analyses (Figure 6D). For Olig2, we observed two bands at 32
and 50 kDa. A slight but not significantly decrease of the band
intensity was found in WT ONA (0.36 ± 0.10 a.u.) compared
to the corresponding control group (0.86 ± 0.41 a.u., p = 0.41,
Figure 6E). Equal Olig2 protein levels were observed in KO CO
(0.62 ± 0.10 a.u.) and KO ONA (0.67 ± 0.12 a.u., p = 0.99).
Missing of Tnc resulted in an equal Olig2 protein level in both
immunized groups (p= 0.76).

Finally, we also investigated MBP on protein level via
immunohistochemistry and Western blot. This protein is

specifically expressed by myelinating oligodendrocytes (61).
Immunohistochemical staining revealed significantly reduced
MBP immunoreactivity in WT ONA (Figure 7A). Statistical
analyses discovered a decreased MBP signal in WT ONA (46.22
± 11.30% MBP+ area) compared to WT CO (100.00 ± 7.47%
MBP+ area, p = 0.001), KO CO (88.76 ± 4.93% MBP+ area, p
= 0.01) and KO ONA (109.79 ± 7.01% MBP+ area p < 0.001,
Figure 7B).

MBP was examined on protein level via Western blot
analyses and a prominent protein band was detected at 20 kDa
(Figure 7C). Quantitative analyses revealed comparable MBP
protein levels in control (WT CO: 0.76 ± 0.07 a.u., KO CO: 0.56
± 0.09 a.u.) andONAmice (WTONA: 0.52± 0.09 a.u., KOONA:
0.51± 0.1 a.u., Figure 7D).
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FIGURE 5 | Diminished macroglial response post ONA-immunization in optic nerve tissue of KO animals. (A) Representative pictures of optic nerve sections of control

and immunized WT and KO mice stained against GFAP (green). Nuclear staining was done with TO-PRO-3 (blue). (B) WT ONA animals showed a larger GFAP+

staining area then WT CO. No differences between KO mice could be detected. (C) Western blot analyses of relative GFAP protein levels in optic nerve tissue. (D)

Protein quantification revealed slightly enhanced band intensity in WT ONA, whereas KO ONA exhibit no increased GFAP level. (E) No differences of Gfap expression

were noted in KO CO compared to WT CO. (F) A slight upregulation of Gfap mRNA expression was seen in WT ONA in comparison to WT CO, but in KO ONA

decreased expression was verified compared to KO CO. (G) A downregulation of Gfap in KO ONA in comparison to WT ONA was noted. Data were analyzed using

two-way ANOVA followed by Tukey‘s post-hoc test and were shown as mean ± SEM in (B,D). For RT-qPCR, groups were compared using the pairwise fixed

reallocation and randomization test and were shown as median ± quartile ± minimum/maximum in (E–G). *p < 0.05. n = 5/group. Scale bar = 20µm.

In conclusion, we found a significant decrease in
mature as well as immature oligodendroglia in WT after
immunization. Remarkably, immunized Tnc deficient mice
showed no demyelination.

Decreased Number of Microglia and
Declined Microglial Response in KO ONA
Mice
Neurodegeneration is often accompanied by reactive
microgliosis. In order to analyze the microglia population
in the EAG mouse model and the effects of immunization, we
performed immunohistochemical staining of retinal flat-mounts
using an Iba1 antibody (Figure 8A, Supplementary Table 4).
The number of Iba1+ cells in the total as well as in the central

and peripheral area of the retina was evaluated (Figures 8B–D).
A significant increase in microglia numbers was detected in
WT ONA (123.0 ± 2.4% Iba1+ cells) compared to control
WT and KO in the total retina (WT CO: 100.0 ± 2.9% Iba1+

cells, p < 0.001 and vs. KO CO: 102.3 ± 5.7% Iba1+ cells; p

= 0.002, Figure 8B). No differences were found between both

control groups (p = 0.97). Remarkably, a significantly lower

number of Iba1+ cells was observed after immunization in
KO ONA (KO ONA: 84.5 ± 2.7% Iba1+ cells) compared to
WT ONA (p < 0.001), WT CO (p = 0.03), and KO CO (p <

0.01). Also, in the central part of the retina 20% more Iba1+

cells were detected in WT ONA (122.5 ± 2.9% Iba1+ cells)
compared to the corresponding control group (WT CO: 100.0
± 3.5% Iba1+ cells, p < 0.01, Figure 8C). Immunized WT
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FIGURE 6 | No demyelination after immunization in KO mice. (A) Olig2 (red) and CC1 (green) staining of optic nerve sections. Cell nuclei were labeled with TO-PRO-3

(blue). (B) Quantification of Olig2+ cells revealed a significant decrease of oligodendroglia in WT ONA compared to WT CO and KO CO. Interestingly, the statistical

comparison of both immunized groups showed a significant loss of Olig2+ cells in WT compared to KO mice. (C) WT ONA nerves displayed a significantly decrease of

mature oligodendrocytes in comparison to both control groups. A significantly higher amount of double positive oligodendrocytes was observed in KO ONA compared

to WT ONA. (D) An exemplary Western blot of Olig2. (E) Relative protein quantification revealed a slightly decreased band intensity of the Olig2 protein in WT ONA,

whereas KO ONA nerves exhibited no reduction of the Olig2 protein level. Data were analyzed using two-way ANOVA followed by Tukey‘s post-hoc test and values

were shown as mean ± SEM. *p < 0.05; **p < 0.01, ***p < 0.001. n = 5/group. Scale bar = 20µm.
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FIGURE 7 | Unaltered MBP immunoreactivity post immunization in KO mice. (A) MBP (green) was stained in optic nerve tissue. In blue TO-PRO-3 detected cell

nuclei. Immunohistochemistry indicates a reduced MBP signal in WT ONA. (B) A significant downregulation of MBP was noted in WT ONA compared to WT CO.

Furthermore, the MBP signal was significantly reduced in WT ONA compared to control as well as to immunized KO mice. (C) Western blot analyses of MBP of optic

nerve tissue. (D) Comparable MBP protein levels were observed in all groups. Data were analyzed using two-way ANOVA followed by Tukey‘s post-hoc test and

values were indicated as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. n = 5/group. Scale bar = 20µm.

also showed significantly more microglial cells compared to
control (p < 0.001) and immunized KO mice (p < 0.001).
In KO CO, we counted 98.1 ± 5.8% Iba1+ cells, whereas KO
ONA only has 84.0 ± 2.9% Iba1+ cells (p = 0.08). A reduced
microglia number was noted in KO ONA compared to WT
CO (p = 0.04). Equal numbers of microglial cells were seen
in both control groups (p = 0.99). Similarly, the number
of microglia in WT ONA (123.6 ± 3.4% Iba1+ cells) was
significantly enhanced compared to WT CO (100.0 ± 3.2%
Iba1+ cells, p = 0.002, Figure 8D) and KO CO (107.2 ± 6.4%
Iba1+ cells, p < 0.05) in peripheral regions of the retinal. Also,
the number of Iba1+ cells was lower in KO ONA (85.1 ± 3.1%
Iba1+ cells) compared to KO CO (p < 0.01) and WT CO (p
= 0.08) in the periphery. Additionally, a significantly reduced
microglial response was detected in immunized KO and WT
animals (p < 0.001). Regarding the quantification of Iba1+

cells in the periphery, both control groups had similar cell
counts (p= 0.63).

In the next step, RT-qPCR was used to investigate whether
microglia have reactive phenotypes. Besides Iba1, we also
examined the markers Nos2 and Cd68 in retinal tissue
(Figures 8E–G, Supplementary Table 5). No differences could
be detected in the Iba1 expression between control WT and
KO mice (1.3-fold, p = 0.2, Figure 8E). However, KO CO
mice showed significantly elevated levels of Nos2 (1.7-fold; p
= 0.013) and Cd68 (1.3-fold; p = 0.017) compared to WT
CO. The comparison of immunized and non-immunized WT
illustrated a significantly increased expression of Iba1 (1.5-
fold, p = 0.048) as well as of the reactive markers Nos2 (1.4-
fold, p = 0.021) and Cd68 (1.3-fold, p = 0.032, Figure 8F).
Interestingly, comparable expression levels of these microglial
markers were found in immunized KO and KO CO (p
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FIGURE 8 | Decreased microglia response after immunization in KO mice. (A) Representative pictures of Iba1+ cells (green) in retinal flat-mounts of immunized and

non-immunized WT and KO mice. (B–D) Quantification of Iba1+ microglia in control and immunized WT and KO animals in the total, central and peripheral retina (n =

9/group). WT ONA group exhibited clearly more microglia. In contrast, KO ONA animals displayed fewer Iba1+ cells. (E) RT-qPCR analyses (n = 5/group) of the

relative Iba1, Nos2, and Cd68 mRNA expression showed a significant increase of Nos2 and Cd68 in KO CO compared to WT CO retinae. No differences were

observed for Iba1 mRNA expression. (F) Compared to WT CO, a significant upregulation of Iba1, Nos2, and Cd68 levels were found in WT ONA. No significant

changes were detected regarding the expression levels of these markers in KO ONA compared to KO CO. (G) After immunization, a comparable mRNA level of Iba1,

Cd68, and Nos2 was detected in KO ONA compared to WT ONA. Data were analyzed using two-way ANOVA followed by Tukey‘s post-hoc test and present as mean

± SEM in (B–D). For RT-qPCR, groups were compared using the pairwise fixed reallocation and randomization test and were shown as median ± quartile ±

minimum/maximum in (E–G). *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar = 50µm.

> 0.05, Figure 8F). RT-qPCR analyses revealed comparable
mRNA levels in KO ONA compared to WT ONA (p > 0.05,
Figure 8G).

In line with the RT-qPCR results of retinal tissue, we
found a similar expression pattern of microglial markers in

the optic nerve of control and immunized WT and KO mice
(Supplementary Table 5, Supplementary Figure 2).

In summary, WT ONA animals showed a significantly
increased microglia infiltration and glial marker expression,
indicating an increased microglial response. Remarkably,
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a significantly reduced invasion and reactivity of
microglia were observed in KO ONA, suggesting that
Tnc signaling is an important modulator of microglia in
glaucomatous neurodegeneration.

Altered Expression Pattern of Pro- and
Anti-inflammatory Cytokines in Immunized
WT Compared to Immunized KO Animals
In our study, we noted a reactive gliosis and an increased
microglial response after immunization in WT mice.
Interestingly, these effects could not be detected in Tnc
deficient animals.

Next, we analyzed the pro- and anti-inflammatory responses
of the microglial phenotypes in retinae and optic nerves
(Figure 9, Supplementary Table 5). Here, Tnfawas used to study
M1 pro-inflammatory microglia, while Tgfb1 is expressed by
M2 anti-inflammatorymicroglia. RT-qPCR experiments revealed
comparable mRNA level of Tnfa (1.4-fold, p = 0.132) and Tgfb1
(1.4-fold, p = 0.071) in KO CO mice compared to WT CO mice
(Figure 9A). After ONA-immunization, Tnfa was significantly
upregulated in WT and interestingly downregulated in KO
compared to the corresponding control groups (WT CO vs. WT
ONA: 1.7-fold, p = 0.026 and KO CO vs. KO ONA: 0.4-fold, p
= 0.031, Figure 9B). Statistical comparable Tgfb1 mRNA levels
were found inWT CO andWTONA (1.0-fold; p= 0.807) as well
as in KO CO and KO ONA (0.9-fold, p = 0.415; Figure 9B). The
evaluation of both immunized genotypes showed a significant
reduction of Tnfa (0.5-fold, p = 0.036) and a significant increase
of Tgfb1 (1.2-fold, p = 0.005) after immunization in KO mice
(Figure 9C).

Finally, we examined, which microglial subtypes are altered
due to an increased microglial reactivity in the optic nerve
tissue of immunized and non-immunized WT and KO mice
(Figures 9D–F, Supplementary Table 5). Equal mRNA levels of
Tnfa (1.4-fold, p= 0.07) andTgfb1 (0.9-fold, p= 0.659) were seen
in WT and KO controls (Figure 9D). A significantly enhanced
Tnfa expression (2.1-fold, p = 0.008) and an unchanged Tgfb1
expression (0.9-fold, p = 0.71) were detected in WT ONA
compared to WT CO (Figure 9E). No changes of these markers
were found in KO CO in comparison to KO ONA mice (Tnfa:
0.8-fold, p = 0.443 and Tgfb1: 0.9-fold, p = 0.575). In line with
the RT-qPCR results of retinal tissue, we found a slightly reduced
Tnfa (0.6-fold, p = 0.101) and an unaltered Tgfb1 (0.8-fold, p =

0.297) expression between both immunized groups (Figure 9F).
In conclusion, missing Tnc resulted in a reduced mRNA

level of pro-inflammatory Tnfa, but an enhanced expression of
anti-inflammatory Tgfb1. The increased expression of the pro-
inflammatory cytokine in WT after immunization points toward
an enhanced presence of reactive M1 microglia.

DISCUSSION

Glaucoma involves a progressive degeneration of RGCs and
their axons leading to visual field loss (62–64). Developing
glaucoma is often associated with elevated IOP, but RGC
damage can also occur without IOP changes. Previous studies

provided evidence that an altered immune response is involved
in glaucoma pathology (2, 65–68). In addition, a remodeling of
ECM constituents was found in several retinal neurodegenerative
diseases, including glaucoma (31–33, 69, 70).

In glaucoma pathology the mechanisms are currently poorly
understood, especially the relationship between RGC loss and the
role of the immune system as well as ECM molecules. Hence, we
characterized glaucomatous damage associated with the absence
of the ECMglycoprotein Tnc in an IOP-independent EAGmouse
model for the first time. Therefore, we immunized WT and KO
mice with ONA to induce retinal damage and analyzed IOP,
retinal functionality, RGC degeneration, glial activation, and pro-
and anti-inflammatory cytokine expression.

In a previous study, we already successfully transferred
the EAG glaucoma model from rats to mice (49). Here,
glaucomatous neurodegeneration was observed 6 weeks post
ONA-immunization. However, in order to provoke a possible
more robust glaucomatous macro- and microgliosis in our
transgenic Tnc EAG mouse model, the duration of our study
was extended to 10 weeks post immunization. Accordingly,
we observed significantly increased GFAP levels and a higher
number of Iba1+ infiltratingmicroglia cells in theWT, suggesting
an induction of glaucomatous gliosis.

Our analyses revealed that the IOP of WT and KO stayed
in normal ranges. Previous studies of the EAG animal model
also showed no alteration in the IOP (49, 58). Comparable IOP
in control and immunized animals points to the fact that the
EAG model can be considered a suitable model for normal
tension glaucoma.

Analyses of retinal functionality via ERG recordings
revealed no differences in a- and b-wave responses in control
and immunized WT and KO mice, which indicates that
photoreceptor cells as well as bipolar and Müller glia cells are not
affected in our model.

We found a significant loss of Brn3a+ RGCs in both genotypes
following immunization. Interestingly, immunized KO mice
displayed ∼15% more RGCs in retinal flat-mounts compared
to immunized WT mice. Moreover, a comparable number of
RGCs was found in retinal cross-sections of KO ONA animals.
We also verified a severe optic nerve damage by diminished
βIII-tubulin staining in immunized WT, while no alterations
were found in the KO ONA mice. Previous studies of the
EAG rat model showed that antibody deposits are accompanied
by apoptotic RGC death (71). Furthermore, activation of the
complement system via the lectin pathway seems to trigger
retinal degeneration in this model (72). In our present study,
we demonstrate that Tnc deficiency results in an extenuated loss
of RGCs. Accordingly, we suggest that beside immunological
alterations, Tnc-mediated signaling pathways are involved in
glaucoma pathology.

In an EAG rat model a significant loss of RGCs could
be detected 22 days after immunization (71). While an
early upregulation of Tnc and its interaction partner
RPTPβ/ζ/phosphacan was observed already at 7 days (6).
Additionally, we noted an increased Tnc immunoreactivity in
the retina 14 days post immunization. However, we did not
reveal any differences regarding the Tnc protein level at later
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FIGURE 9 | Reduced pro-inflammatory and enhanced anti-inflammatory cytokine expression in immunized KO mice. Relative expression of pro-inflammatory Tnfa

and anti-inflammatory Tgfb1 was examined via RT-qPCR in control and immunized WT and KO retinae (A–C) and optic nerves (D–F). (A) Analysis revealed

comparable levels of Tnfa and Tgfb1 in KO CO compared to WT CO. (B) Tnfa expression level was significantly increased in WT ONA compared to WT CO. Strikingly,

a reduced Tnfa mRNA level was found in KO ONA compared to the corresponding control group. Regarding Tgfb1, the expression was comparable in both

genotypes. (C) Comparison of WT ONA and KO ONA. Here, the pro-inflammatory factor was downregulated and the anti-inflammatory cytokine was significantly

upregulated in KO mice after immunization. (D–F) Quite similar expression patterns of both examined cytokines were noted in optic nerve tissue. Only, a significantly

enhanced Tnfa expression was detected in WT ONA compared to WT CO (E). Groups were compared using the pairwise fixed reallocation and randomization test

and values were shown as median ± quartile ± maximum/minimum. *p < 0.05; **p < 0.01. n = 5/group.

points in time, namely 28 days after immunization. Therefore, we
assume that alterations of Tnc levels occurred at an early point
in time, shortly after immunization and then returned to normal
values. Due to the fact that glaucomatous degeneration in both
rodent EAG models is temporally comparable, we also assume
that Tnc induction takes place at similar points in time. However,
the precise timeline of Tnc induction should be determined in
a future follow-up project. Ten weeks after immunization, we
observed Tnc immunoreactivity in horizontal and amacrine cells
as well as in the outer and inner plexiform layers (27, 28). The
quantification of the Tnc signal intensity revealed comparable
protein levels in control and immunized WTmice. This is in line

with results from the EAG rat model, were no differences in the
Tnc protein levels were noted at later points in time (6).

In regard to the temporal induction, Tnc expression levels
were enhanced 3 days post injury and returned to normal levels
7 and 14 days after the induction of brain laser lesion (73).
In the CNS, Tnc is re-expressed under pathological conditions
and represents an important component of the glial scar (11,
25, 36, 74–76). In Alzheimer’s disease, Tnc immunoreactivity
is highly associated with amyloid-β plaques (20). In multiple
sclerosis, Tnc has an immunomodulatory function and loss of
Tnc protects from experimental autoimmune encephalopathy
(24). In regard to brain injury it was demonstrated that Tnc

Frontiers in Immunology | www.frontiersin.org 16 October 2020 | Volume 11 | Article 56627931

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wiemann et al. Tenascin-C Mediates Glaucomatous Glial Responses

isoforms that contain the fibronectin type III domains B and
D as well as the smallest splice variants, were specifically
upregulated after cortical lesion (77). Future studies should focus
on comprehensive analyses of specific Tnc isoforms in our
glaucoma model. Due to these and our results, we conclude that
Tnc induction occurred at early points in time and returned
to normal levels at later points in time after immunization
with ocular antigens. We speculate that upregulation of Tnc
may serve as an early indicator for neurodegenerative processes
before retinal damage is detectable. Finally, we assume that Tnc
is a key mediator of inflammatory responses in our glaucoma
mouse model.

Studies reported that Tnc is involved in the pathogenesis of
CNS autoimmunity and astrocytes are a main Tnc source (24, 29,
30, 34–36). Astrocytes are the major glial cells in the optic nerve
head and provide neurotrophic as well as mechanical support
for RGC axons. Furthermore, astrocytes influence survival
and functionality of neurons (78, 79). Neuroinflammatory
processes, characterized by altered functional properties and
distribution of glial cells, appear to have an obvious function
in glaucomatous optic neuropathy (80–82). In addition, an
enhanced astrocyte reactivity in response to inflammatory signals
is directly regulated by the ECM (83). Furthermore, RGC
degeneration is accompanied by reactive astrogliosis, which
results in a higher GFAP expression (51, 58, 84–86). In our
study, we observed an upregulated Gfap expression and an
increased GFAP immunostaining in retinal and optic nerve
tissue of immunized WT mice, whereas absence of Tnc led
to a missing reactive gliosis. Therefore, severe glaucomatous
damage induced by immunization seems to be triggered by Tnc
expressing reactive astrocytes in the WT condition. We assume
that the increase of astrocytic Tnc results in an enhanced glial cell
proliferation, infiltration and cytokine release.

We noted a reduced population of mature oligodendrocytes
and OPCs after immunization in WT mice. Also, a reduced
MBP immunoreactivity demonstrated a demyelination of the
optic nerve in the WT condition. Furthermore, no evidence
of a decreased oligodendroglia density and demyelination was
detected after ONA-immunization in KO animals. Interestingly,
the fraction of mature Olig2/CC1 double immunopositive
oligodendrocytes was significantly increased in the KO, in
agreement with findings that Tnc inhibits the maturation of
oligodendrocytes (17, 87). In addition, a strong expression of Tnc
in the optic nerve head inhibits themigration of oligodendrocytes
from the optic nerve into the retina (88). Based on our results
and the mentioned studies, we suggest that Tnc has an impact on
demyelination processes. Missing of Tnc leads to no alteration
in oligodendroglia but has a protective effect on myelination of
optic nerve fibers in our EAG mouse model.

Microglia are the main resident immune cells of the CNS
and play a crucial role during retinal neurodegeneration (89).
They change their morphology to a reactive ameboid cell
type after injury and neuroinflammatory changes in the retina
occur during glaucomatous damage (81). Microglial activation
is a very early event in glaucoma, often before significant
loss of RGCs takes place (47, 90, 91). Analyses of microglial
cells showed that Tnc deficiency results in a diminished

microglial response characterized by a reduced number and
reactivity. Furthermore, we detected enhanced levels of the anti-
inflammatory factor Tgfb1 and a decreased expression of the pro-
inflammatory Tnfa. This is consistent with the study by Piccinini,
which demonstrated that the deletion of Tnc reduced TNF-α
production (92). In the retina, TGF-β signaling has an important
role in neuronal differentiation and survival (93). In microglia,
TGF-β regulates homeostasis and lack of TGF-β signaling
promotes retinal degeneration (94, 95). Additionally, TGF-β
inhibits pro-inflammatory cytokines and regulates proliferation
and activity of microglia (96). Our results indicate that the loss
of Tnc signaling in microglia may promote the neuroprotective
M2-subtype, resulting in a weaker RGC loss as well as axonal fiber
damage in immunized KO animals.

The WT condition exhibited unaltered Tgfb1 expression and
it is known that Tnc is able to bind this growth factor (97). In
a pilocarpine seizure model it was shown that TGF-β signaling
is accompanied by Tnc upregulation (98). Here, an increase of
the Tgfb1 level occurred shortly after pilocarpine application,
whereas the rise of Tgfb1 was less pronounced over time. Based
on this date, we suggest that TGF-β dependent signaling in WT
mice is associated with an early upregulation of Tnc and becomes
less efficient at later points in time.

An enhanced microglial infiltration and marker expression
revealed an increased glial response in WT post immunization
in our study. Moreover, we found a significantly increased
expression of the pro-inflammatory cytokine Tnfa. In glaucoma,
a glia-derived neuronal death was described through TNF-α (99–
102). The indirect neurotoxicity of this pro-inflammatory factor
is based on TNF receptor 2-mediated activation of microglia,
whereas blocking of TNF-α results in an extenuated microglial
response (101). Moreover, TNF-α does not directly induce RGC
death but leads to an upregulation of the microglial Fas ligand,
where the membrane-bound form elicits RGC apoptosis (103,
104). However, in an early phase after injury a neuroprotective
effect of TNF-α was found in an optic nerve crush animal
model (105).

Microglia are involved in time-dependent astrocytic reactivity
and this cross-talk is mediated by cytokines such as TNF-
α (106–108). Previous studies noted that resting microglia
switched to a M1-like phenotype, which can lead to neurotoxic
effects by producing high levels of pro-inflammatory cytokines
(43, 109, 110). Based on this, we speculate that microglia
are the first glial cells that react after immunization as a
driving force of reactive gliosis in the EAG mouse model.
Our investigations of immunized WT and Tnc deficient mice
lead to the assumption that Tnc promotes immunomodulatory
processes of the neurotoxic M1-subtype in turns of higher
activity. This is in line with previous reports that Tnc supports
the activity of M1-microglia (36, 111).

Astrocytes as well as microglia express the toll-like receptor
4 (TLR4) and its expression is maintained by the extracellular
environment (112, 113). Tnc activates TLR4 via its fibrinogen-
like globe domain and thereby regulates the production of
pro-inflammatory cytokines, such as IL-6, IL-8, and TNF-α
(114, 115). In primary microglia, Tnc induced the synthesis
of Tnfa and regulated the expression of iNOS via TLR4
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signaling (38). Besides microglia, activated macrophages can
also produce TNF-α (116). In human macrophages, specific
alternatively spliced Tnc isoforms stimulate IL-6 and TNF-α
release via TLR4 activation (117). In an experimental model
of retinal degeneration, infiltration of peripheral monocytes
occurred very early on, before microglia activation could
be observed (118). Accordingly, we conclude that enhanced
Tnfa expression, 10 weeks after immunization, is caused
by Tnc-induced microglial TLR4 activation. Furthermore,
we speculate that microglial TNF-α release and Tnc itself
may regulate astrocytic Tnc expression, which results
in a subsequently harmful astrogliosis in glaucomatous
WT mice.

Our study could show that Tnc signaling pathways modulate
both microglia and astrocyte response during glaucomatous
damage. This might lead to a feedback loop by which increased
levels of M1-microglial factors impact astrocytic Tnc release and
vice versa. Finally, we propose that Tnc acts as an endogenous
TLR4 ligand and represents an alarmin in our glaucoma model.
However, it is possible that other receptors, for instance integrins,
have an impact on inflammatory effects of Tnc (119, 120). In
this regard, also other ECM components and Tnc interaction
partners might be involved. Here, e.g., the extra domain A of
fibronectin was recently described to elevate IOP through TLR4
signaling in a TGFβ2-induced ocular hypertension mouse model
(121). Hence, future studies should focus on the downstream
signaling cascade of TLR4 in our IOP-independent EAG
mouse model.

CONCLUSION

Taken together, our study demonstrated that Tnc influences
glial response, migration, and inflammation during
glaucomatous damage. This model is ideally suited for a
better understanding of the molecular mechanisms between
retinal neurodegeneration and ECM remodeling in order to
develop future therapeutic options.
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INTRODUCTION: HOW TO ISOLATE AN ECM PROTEIN IN 1980

Forty years ago, the tremendous complexity of extracellular matrix (ECM) was still largely an
uncharted area, mainly because many of its components could only be solubilized by denaturing
agents. Known were just five types of collagens, elastin, a couple of proteoglycans, and a few ECM
glycoproteins, among them fibronectin, thrombospondin-1, and laminin-111 (1). The best studied
was fibronectin (2), which became notorious for promoting specific cell adhesion to collagens. In
parallel, the search for yet undetected large ECM glycoproteins continued. In 1981-82, Carter (3)
observed several novel glycoproteins in human fibroblast ECM extracts. Among them, "GP250" was
shown to be distinct from fibronectin but resisted isolation. However, between 1983-85 several
research groups independently discovered and characterized a similar ECM glycoprotein that later
became known as tenascin-C (see below). Its subunits were comparable in size to fibronectin but
instead of dimers formed large (>106 kDa) disulfide-linked oligomers. In the following paragraphs,
the history and context of the individual discoveries of tenascin-C is briefly recounted. I then
describe how a combination of methods available at the time lead to a detailed structural model of
tenascin-C. This was the basis for trying to assign functions to different parts of the molecule. For
reasons outlined below, this turned out to be more difficult than for fibronectin.
DISCOVERIES OF TENASCIN-C

Glial Mesenchymal Extracellular Matrix (GMEM) Protein
Working on brain cancer, Bourdon et al. (4) aimed at finding a glioma-specific cell surface marker.
They used the new tool of generating a monoclonal antibody (mAb) library, which they screened for
mAbs binding specifically to U-251 glioma cells. One mAb, 81C6, also strongly reacted with the ECM
of these cells. The antigen recognized by this mAb was detected in human glioblastoma but few other
neural cancers, and was absent from normal human brain. The novel ECM component was also
present in restricted mesenchymal areas of normal adult tissues. Interestingly, “glial mesenchymal
extracellular matrix” (GMEM) antigen was practically absent from normal skin, but was strongly
expressed by fibrosarcomas and human fibroblast lines in culture. By radioimmunoassays, mAb 81C6
did not react with plasma fibronectin, collagen types I-V, and glycosaminoglycans.
Immunoprecipitation of radiolabeled U-251 cell extracts revealed two bands of 230 and 210 kDa
on reducing SDS gels. The authors concluded to have identified a novel human ECM protein of glial
org November 2020 | Volume 11 | Article 611789137
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and mesenchymal origin that differed from fibronectin and any
other ECM component known at the time.

Myotendinous Antigen
Tenascin-C was discovered a second time due to its appearance
in the developing vertebrate musculoskeletal system. Chiquet
and Fambrough (5) aimed at finding mesenchymal ECM
components that connect muscle fibers to tendons at the
myotendinous junctions. Again a mAb library was generated,
this time against chick skeletal muscle ECM, and screened for
antibodies that specifically labeled tendons and myotendinous
junctions in embryonic and adult limbs. The most promising,
mAb M1, recognized a “myotendinous antigen” that was also
present in restricted areas of a few other developing organs. After
immunoprecipitation, a major band at 220 kDa and two minor
(splice) variants at 200 and 190 kDa were observed. Despite of
similar size, there were clear differences to fibronectin. First,
proteolytic cleavage patterns of myotendinous antigen were
distinct from fibronectin. Second, on non-reducing SDS gels
the antigen had an Mr of >106, indicating that it was a disulfide-
linked oligomer instead of a dimer. Third, contrary to
fibronectin, myotendinous antigen did not bind to gelatin but
co-purified with proteoglycan, pointing to functional differences
(6). In conclusion, a novel ECM protein presumably involved in
muscle-tendon interactions was isolated.

Hexabrachion
Erickson and Inglesias (7) investigated cell surface fibronectin
preparations after rotary shadowing in the electron microscope
(EM). The majority of particles in their samples had the typical
V-shape of fibronectin dimers, but in addition they found
molecules of a peculiar six-armed, gnat-like appearance that
they called “hexabrachions”. In contrast to the rather uniform
fibronectin subunits, hexabrachion arms showed distinct
structural features. The authors therefore concluded that
hexabrachions were not higher-order fibronectin oligomers,
but represented a novel ECM protein contaminating
fibronectin preparations.

J1 Glycoproteins
The mAbs L2 and HNK-1 recognize a specific oligosaccharide
epitope present on certain neural adhesion molecules. To
identify unknown neural components carrying this epitope,
Kruse et al. (8) used a mAb L2 column to enrich for L2/HNK-1
positive proteins from mouse brain. After removing N-CAM, L1,
and MAG, they produced an antiserum against the “rest L2
fraction”. Interestingly, this antiserum inhibited neuron-
astrocyte interactions in culture. On immunoblots, it reacted
with a mixture of ECM proteins present in brain. According to
their size in kDa, these proteins were called “J1-200/220” and
“J1-160/180”, respectively. Later, collaborations established that
J1-200/220 was identical to tenascin-C (9), and J1-160/180 to its
paralog tenascin-R (10).

Cytotactin
Grumet et al. (11) published a similar approach to isolate
“cytotactin” from embryonic chicken brain. They purified the
Frontiers in Immunology | www.frontiersin.org 238
protein from a crude fraction of HNK-1-positive components by
ion exchange chromatography, and showed it to be a disulfide-
linked complex of 220, 200 and 190 kDa polypeptides like
myotendinous antigen. Purified cytotactin blocked the activity
of an antiserum that inhibited the adhesion of neurons to glial
cells, again indicating that the novel ECM protein was involved
in the interaction between the two cell types. Grumet et al. (11)
also showed the distribution of cytotactin in the chick embryo,
which agreed with the results for myotendinous antigen (5).

Tenascin-C
Exchange of reagents and collaborations quickly established that
the novel ECM protein described independently was in fact one
molecular species (12). Eventually, the new name “tenascin”
coined by Chiquet-Ehrismann et al. (13) became generally
accepted. After discovery of the additional family members
tenascin-R (14), -X (15), and -W/N (16), the original tenascin
was amended to tenascin-C (17).
TOWARDS A STRUCTURAL MODEL
OF TENASCIN-C

A crude model of tenascin-C was already laid out in the first
publications. The molecule consisted of several similar or
identical 220 kDa subunits that were linked together at one
end by disulfide bridges (6). EM images of rotary-shadowed
molecules revealed an intriguing hexabrachion structure (Figure
1). From opposite sides of a central globule, two triplets of arms
were emanating that showed distinct features. Each arm had a
thin proximal rod fused to a thicker, flexible middle region and
ended in a distal globular domain (7, 18, 19). From expression
cloning using the new antibodies against tenascin/cytotactin, its
first cDNA sequences were published in 1988 (20, 21).
Fortunately, the tenascin-C cDNA contained sequence repeats
coding for some small protein modules for which X-ray
structures were already available. These were (from N- to C-
terminus) an alpha-helical coiled coil domain suitable for
oligomerization, epidermal growth factor (EGF)-like modules,
a series of fibronectin type III (FN3) domains, and a single
globular domain related to the fibrinogen gamma-chain
(Figure 1A).

It was tempting to correlate the tenascin-C cDNA sequence
with the structural features of hexabrachion particles as observed
by EM. The N-terminal coiled-coil domain with adjacent
cysteines could link two triplets of subunits at the central globe
via disulfide bridges. The EGF-like repeats might correspond to
the proximal rod domain of each hexabrachion arm, the stretch
of FN3 domains to the flexible middle part, and the fibrinogen-
like domain to the distal globule (Figure 1A). To prove this
hypothesis for avian tenascin-C, two approaches were used. First,
a library of monoclonal antibodies was generated against the
purified molecule (18). Individual antibodies were tested for their
binding to different recombinant tenascin-C fragments that were
derived from various parts of the sequence (22). Simultaneously,
individual mAbs were incubated with intact tenascin-C, and the
November 2020 | Volume 11 | Article 611789
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mixture was examined in the EM after rotary shadowing. IgG
molecules attached to hexabrachion particles could easily be
identified and their binding sites mapped from such images
(Figure 1C). For example, mAb M1 reacted with a recombinant
chick tenascin-C fragment containing the N-terminal EGF-like
repeats, and mAb Tn68 with a fragment comprising the C-
terminal FN3 repeats (22). On EM images, mAb M1 bound to
the proximal thin rod region of tenascin-C particles (Figure 1C),
and mAb Tn68 to the flexible middle region close to the distal
globe. Similarly, mAbs against other parts of the molecule were
mapped by EM on intact tenascin-C.

Later, a complementary approach derived from analyzing
recombinant deletion variants of full-length tenascin-C by EM.
Fischer et al. (19) expressed and purified chick tenascin-C
subunits that lacked specific parts of the intact molecule, but
still assembled correctly into hexabrachion particles. Reactivity
of such tenascin-C variants with antibodies matched with the
specific deletions. A variant missing the EGF-like domains
reacted with all tenascin-C specific mAbs except mAb M1, and
when examined in the EM, it lacked the proximal rod-like part of
Frontiers in Immunology | www.frontiersin.org 339
the hexabrachion arms (Figure 1D). A FN3 deletion variant did
not react with mAb Tn68, and missed the flexible middle region
from the hexabrachion structure. Similarly, when the fibrinogen-
like domain was deleted, hexabrachions without the distal globe
of the arms were observed by EM. By these means, it was possible
to generate a precise model of the hexameric chick tenascin-C
molecule (19, 22) (Figure 1). Knowing the X-ray structures of the
various modules from those of the original proteins, on paper the
model of 1.3x106 kDa hexameric tenascin-C could be
extrapolated essentially to atomic resolution.
DISCUSSION: THE TRICKY PATH FROM
STRUCTURE TO FUNCTION

Elucidation of the structure of a complex protein is rightly
considered the basis for understanding its interactions and
functions. In the ECM field in the early 1980s, fibronectin was
the role model. Once its general structure was known, various
A

B DC

FIGURE 1 | Correlation of tenascin-C domain structure with electron micrographic images. Model of the hexameric tenascin-C molecule derived from cDNA
sequencing. Each arm corresponds to one subunit: two triplets of arms are connected by disulfide bridges at the central globular domain. C, C-terminus; N, N-
terminus; EGF, EGF-like domains; FN3, fibronectin type III repeats; FBG, fibrinogen-like domain; mAb M1, monoclonal antibody binding site (A). EM image of a single
tenascin-C (hexabrachion) molecule after rotary shadowing. Bar, 50 nm (B). EM image of tenascin-C molecule with three mAb M1 particles binding to the inner rod
domain (EGF repeats) of its arms (C). Recombinant tenascin-C mutant with a deletion of the EGF-like repeats. Note that the arms are shortened because their inner
rod domain is missing (D). Original micrographs (B, C) from Chiquet-Ehrismann et al. (18), and (D) from Fischer et al. (19) with permission.
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defined functions could be assigned to distinct parts of the
molecule, among them cell/integrin, gelatin/collagen, and
heparin/glycosaminoglycan binding sites. In fibronectin, all
these sites fully retained their individual functions as small
proteolytic or recombinant fragments. Fibronectin appeared
like an interface with independent functional units plugged in,
enabling it to connect cells with ECM (23). However, the
example of fibronectin spoiled us. For other large ECM
proteins, the structure-function relationships turned out to be
much more complex, and tenascin-C is a puzzling example. It
has been classified as an adhesion-modulating “matricellular”
protein with seemingly context-dependent activities. On the one
hand, it is a poor adhesion molecule for many cells and notorious
for inhibiting spreading of fibroblasts on fibronectin (18). On the
other hand, it binds proteoglycans and promotes neurite
outgrowth [for review, see (24)]. However, it proved difficult to
assign these functions to specific parts of the molecule. Partially
conflicting results were reported from using small recombinant
tenascin-C fragments (22, 25, 26). In a reciprocal approach,
Fischer et al. (19) instead analyzed avian tenascin-C deletion
mutants for function. In this case, tenascin-C lacking the C-
terminal fibrinogen-like domain completely lost its ability to
inhibit fibroblast spreading. However, deletion of other regions
(primarily adjacent FN3 repeats) diminished this activity as well.
Similarly, the neurite-promoting activity of full-length tenascin-
C disappeared completely by removing just the fibrinogen globe.
However, when the FN3 repeats were omitted in addition, a
strong neurite-promoting activity became unmasked in the EGF-
like region, which was not seen with intact tenascin-C and did
not depend on the fibrinogen domain. Thus in contrast to
fibronectin, distinct activities of tenascin-C appear to depend
on strong crosstalks between its various domains (19). Such
interactions can also affect functions (such as glycosaminoglycan
binding) that are observed with certain fragments but hidden in
the full-length molecule (27). Intact tenascin-C is clearly much
Frontiers in Immunology | www.frontiersin.org 440
more than just the sum of its parts, which complicates the
analysis of structure-function relationships. This should be
taken into account when studying the more recently
discovered roles of tenascins in the immune system (28),
which are the topic of this special issue.
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Moléculaire (IRM), France

Reviewed by:
Marcus Franz,

University Hospital Jena, Germany
Hiromi Yanagisawa,

University of Tsukuba, Japan
Hidenori Suzuki,

Mie University, Japan

*Correspondence:
Ken-ichi Matsumoto

matumoto@med.shimane-u.ac.jp
Hiroki Aoki

haoki@med.kurume-u.ac.jp

Specialty section:
This article was submitted to

Inflammation,
a section of the journal

Frontiers in Immunology

Received: 24 September 2020
Accepted: 03 November 2020
Published: 01 December 2020

Citation:
Matsumoto K-i and Aoki H (2020) The
Roles of Tenascins in Cardiovascular,

Inflammatory, and Heritable
Connective Tissue Diseases.
Front. Immunol. 11:609752.

doi: 10.3389/fimmu.2020.609752

MINI REVIEW
published: 01 December 2020

doi: 10.3389/fimmu.2020.609752
The Roles of Tenascins in
Cardiovascular, Inflammatory, and
Heritable Connective Tissue Diseases
Ken-ichi Matsumoto1* and Hiroki Aoki2*

1 Department of Biosignaling and Radioisotope Experiment, Interdisciplinary Center for Science Research, Organization for
Research and Academic Information, Shimane University, Izumo, Japan, 2 Cardiovascular Research Institute, Kurume
University, Kurume, Japan

Tenascins are a family of multifunctional extracellular matrix (ECM) glycoproteins with time-
and tissue specific expression patterns during development, tissue homeostasis, and
diseases. There are four family members (tenascin-C, -R, -X, -W) in vertebrates. Among
them, tenascin-X (TNX) and tenascin-C (TNC) play important roles in human pathologies.
TNX is expressed widely in loose connective tissues. TNX contributes to the stability and
maintenance of the collagen network, and its absence causes classical-like Ehlers-Danlos
syndrome (clEDS), a heritable connective tissue disorder. In contrast, TNC is specifically
and transiently expressed upon pathological conditions such as inflammation, fibrosis,
and cancer. There is growing evidence that TNC is involved in inflammatory processes
with proinflammatory or anti-inflammatory activity in a context-dependent manner. In this
review, we summarize the roles of these two tenascins, TNX and TNC, in cardiovascular
and inflammatory diseases and in clEDS, and we discuss the functional consequences of
the expression of these tenascins for tissue homeostasis.

Keywords: tenascin-C, tenascin-X, cardiovascular disease, fibrosis, inflammation, Ehlers-Danlos syndrome
INTRODUCTION

An important component of the extracellular environment is the extracellular matrix (ECM), which
is comprised of glycoproteins, proteoglycans, and fibrillar proteins. The ECM offers not only
structural support for cells but also influences cell adhesion, proliferation, differentiation, and
survival through specific receptor-mediated interactions (1). Within the ECM, the tenascins
comprise an attractive glycoprotein family with distinct features for each member.
Abbreviations: BDNF, brain-derived neurotrophic factor; BNP, B-type natriuretic peptide; circRNA, circular RNA; clEDS,
classical-like Ehlers-Danlos syndrome; CNS, central nervous system; DRG, dorsal root ganglion; ECM, extracellular matrix;
EDS, Ehlers-Danlos syndrome; EGF, epidermal growth factor; EMT, epithelial-mesenchymal transition; FBG, fibrinogen;
FGFs, fibroblast growth factors; FNIII, fibronectin type III; HFCD, high levels of phosphorus and calcium; HFpEF, heart failure
with preserved ejection fraction; lncRNA, long non-coding RNA; MMPs, matrix metalloproteinases; PDGFs, platelet-derived
growth factors; PNS, peripheral nervous system; SLE, systemic lupus erythematosus; SNPs, single nucleotide polymorphisms;
sTNX, serum form of TNX; TGF-b, transforming growth factor-b; TLR4, Toll-like receptor 4; TNC, tenascin-C; TNR,
tenascin-R; TNW, tenascin-W; TNX, tenascin-X; Tnxb, mouse tenascin-X gene; TNXB, human tenascin-X gene; TNY,
tenascin-Y; VEGF-B, vascular endothelial growth factor, B; VEGFR-1, vascular endothelial growth factor receptor 1; VUR,
vesicoureteral reflux.
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Tenascins comprise four members in vertebrates: tenascin-C
(TNC), tenascin-R (TNR), tenascin-X (TNX) [referred to as
tenascin-Y (TNY) in chickens], and tenascin-W (TNW)
(originally named tenascin-N in mice) (2, 3). The tenascin
family members have a common structure with heptad repeats,
epidermal growth factor (EGF)-like repeats, fibronectin type III
(FNIII)-like repeats, and a fibrinogen (FBG)-related domain.
This modular structure allows tenascins to interact with multiple
binding partners, including cell surface receptors, cytokines, and
extracellular matrix molecules. Each of tenascins shows a unique
time- and tissue specific expression pattern both during
development and in adulthood (4–8). On the other hand,
tenascins are also subjected to dynamic remodeling during a
number of pathological conditions such as inflammation, fibrotic
disorders, cardiovascular diseases, and cancer progression (9).
Transcriptional control of tenascin family members for their
specific expression patterns has recently been reviewed (10).
Such an expression pattern of tenascins is one of the features of
all matricellular proteins including tenascins (11, 12).
TNX

Expression of TNX in Physiological
and Pathological Conditions
Regulation of TNX Expression
TNX expression is undetectable during early embryonic stages,
but its expression increases ubiquitously in various tissues,
especially in heart, skeletal muscle, and skin, during the middle
embryonic stage and after birth (13–15). TNX is associated with
blood vessels in most tissues and its distribution is often
reciprocal to that of TNC, particularly in the skin and tissues
of the digestive tract (13). Interestingly, by the analyses of TNC-
deficient mice it was found that TNX does not compensate for
the loss of TNC, at least in the brain (16) and during early heart
development (17).

As for the regulation of TNX expression by the cellular
microenvironment, brain-derived neurotrophic factor (BDNF)
stimulates its mRNA expression in endothelial cells (18), whereas
TNX is subjected to downregulation by glucocorticoids in
fibroblasts (19). Sp1, which is a widely distributed transcription
factor, is essential for expression of the mouse TNX gene (Tnxb)
(20). Recently, microRNA miR-30b (21), long non-coding RNA
(lncRNA) LINC01305 (22, 23), and circular RNA (circRNA)
circRNA_14940 (24) have also been revealed to be key regulators
of TNX expression.

TNX Expression in the Nervous System
Recently, the expression pattern and significance of TNX in the
nervous system have become apparent. In the nervous system,
TNX is localized in the perineurium and endoneurium of the
peripheral nervous system (PNS) such as sciatic nerves (15, 25).
Indeed, patients with TNX-deficient type EDS (classical-like EDS:
clEDS) show abnormal peripheral nerves (26). TNX has been
expressed in Schwann cells but not in axons (27). TNX has been
mainly detected in the leptomeninges in the spinal cord and in the
Frontiers in Immunology | www.frontiersin.org 243
pia matter of the dorsal root ganglion (DRG). In the DRG, TNX is
localized in satellite cells surrounding primary sensory neurons
(27). In the central nervous system (CNS), TNX has been detected
in the leptomeninges and choroid plexus of the adult cerebral
cortex (28). Avian TNX (TNY) has been shown to inhibit neurite
outgrowth and reduce the spread of growth cones (29).

TNX Expression in Cancers
Although there have been fewer reports on TNX expression in
cancer compared with reports on the expression of TNC and TNW
in cancer, reports on TNX expression have been increasing. TNX
has been shown to be highly expressed in malignant mesothelioma
(30, 31) and ovarian cancer (32), indicating the possibility of TNX
being a novel diagnostic maker of these cancers. On the other hand,
there have been several reports of TNX expression being
downregulated during tumor progression in astrocytomas (33),
cutaneous melanoma (34), and neurofibromatosis type 1 (35),
findings that are mostly opposite to those for TNC. Intriguingly,
it has also been reported that TNX has a tumor suppressor role in
cervical cancer via LINC01305 expression which modulates TNX
expression (22), esophageal squamous-cell carcinoma (36), and
lung cancer via LINC01305 expression (23) and that TNX is
downregulated in these tumors. In agreement with the tumor
suppressor role of TNX in cancer progression, TNX-deficient
mice with grafted melanoma cells exhibited promotion of tumor
invasion and metastasis because of increased activities of matrix
metalloproteinases (MMPs) (37, 38). Interestingly, by the analyses
of TNX and TNC single and/or double deficient mice, we found
out that TNX deficiency-induced tumor cell proliferation in the
primary tumor site is repressed by the lack of TNC, while TNX
deficiency-induced invasion to neighboring tissues is not promoted
by the lack of TNC (39).

Physiological Functions of TNX
The results of a number of studies on abnormalities in mice with
targeted deletion in Tnxb (40) and in clEDS patients (26, 41)
have suggested structural roles of TNX in tissue integrity (7, 42).
TNX possesses elastic properties in the FNIII-like domain (43)
and increases the stiffness of collagen gels (44). TNX is associated
with collagen fibrils within tissues and regulates collagen fibril
spacing (42) via direct interaction with types I, III and V fibrillar
collagens (45), types XII (46) and XIV fibril-associated collagens
(45), and decorin (47). It has also been shown that TNX increases
both the rate and extent of fibril formation in vivo, indicating a
crucial role of TNX in collagen fibrillogenesis (48, 49). Taken
together, the findings suggest that TNX regulates collagen
deposition, collagen fiber stability and collagen mechanical
properties. In addition, it has been shown that TNX binds to
tropoelastin (49). Coarse and fragmented immature elastin fibers
have been detected in clEDS patients, suggesting that TNX is also
involved in the stability and maintenance of elastin fibers (50).

Other Functions of TNX
Fragments of TNX, especially its EGF-like repeats and FNIII-like
repeats, have profound proangiogenic properties (51).
Furthermore, we have shown that TNX interacts with vascular
endothelial growth factor B (VEGF-B) and stimulates endothelial
December 2020 | Volume 11 | Article 609752
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cell proliferation via simultaneous binding to VEGF receptor 1
(VEGFR-1) and VEGF-B (52). Indeed, results of in vivo studies
using TNX-deficient mice have shown that TNX plays a crucial
role in blood vessel formation in sciatic nerves (53) and in injury-
induced stromal angiogenesis in the cornea (54). Recently, we
have reported that TNX-deficient mice display upregulation of
osteoclast marker gene expression and promoted bone
resorption activities due to increased multinucleated osteoclasts
(55). These results provide the first evidence for the essential
functions of TNX in bone metabolism such as osteoclast
differentiation. These non-structural functions of TNX may be
related to the structural roles of this ECM glycoprotein. The
modification of the composition and organization of
extracellular environment due to TNX deficiency might cause
the alteration of mechanical stress to the surrounding cells,
leading to the non-structural aberrations.

Alcaraz et al (56). demonstrated that the C-terminal FBG-
related domain of TNX activates the latent transforming growth
factor-b (TGF-b) into the active molecule and that integrin a11b1
is required as a cell surface receptor for TNX for this activation.
They also showed that the FBG-related domain-mediated TGF-b
activation elicits the TGF-b/Smad signaling pathway and causes
epithelial-mesenchymal transition (EMT) in epithelial cells (56).

So far, a number of important phenotypes have been observed
by studying TNX-deficient mice (Table 1).

clEDS Caused by TNX Deficiency
Ehlers-Danlos syndrome (EDS) is a group of clinically and
genetically heritable connective tissue disorders characterized
by joint hypermobility, skin hyperextensibility, and generalized
connective tissue fragility (68). So far, EDS has been classified
into 14 distinct subtypes caused by defects in 20 different genes
encoding fibrillar collagens and collagen-modifying proteins and
ECM proteins (69, 70). Among the subtypes, classical-like EDS
(clEDS) is caused by a complete lack of TNX due to homozygous
or compound heterozygous TNX gene (TNXB) mutations with
autosomal recessive inheritance, leading to nonsense-mediated
decay of the mutant RNA (41). clEDS shows typical clinical
hallmarks characterized by soft/velvety hyperextensible skin
without atrophic scarring, generalized joint hypermobility and
easy bruising as its major clinical features (41). TNX is also
present in sera. The serum form of TNX (sTNX) with a
molecular size of 140 kDa is generated by cleavage of the 450-
kDa mature form of TNX (41). The measurement of sTNX
concentration is useful for the diagnosis of clEDS (71).

Mitral valve abnormality (24%) and hypertension (24%) have
been reported as cardiovascular complications in clEDS patients
(72). It has also been reported that clEDS patients exhibit rectal
prolapse (18%) and diverticulosis or diverticulitis (18%) as
gastrointestinal complications (72). Currently, these gastrointestinal
complications are considered to be more common in clEDS patients
(73, 74).

Nearly 90% of patients with EDS show chronic pain (75).
clEDS patients frequently complain of chronic back pain, chronic
myalgia and chronic arthralgia (72). Recent investigations of
TNX-deficient mice have shown that there is a direct link
between TNX deficiency and pain. For example, Aktar et al.
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showed that TNX-deficient mice have hypersensitive colonic
nociceptive afferents and increased sensory neuronal sprouting,
leading to gastrointestinal pain and dysfunction (62). In addition,
we recently reported that TNX-deficient mice exhibit mechanical
allodynia and hypersensitivity to chemical stimuli and
hypersensitization of myelinated Ad and Ab fibers (27).

TNX and Fibrosis
In a previous study, we showed that TNX contributes to liver
fibrosis in TNX-deficient mice administered a high-fat and high-
cholesterol diet with high levels of phosphorus and calcium
(HFCD) (67). Inflammation assessed by inflammatory cell
infiltrates and levels of type I collagen was suppressed in TNX-
deficient mice compared with that in wild-type mice. On the
other hand, the TGF-b pathway is a well-known key signaling
pathway associated with hepatic stellate cell activation and fibrosis
progression (76). As mentioned above, TNX affects latent TGF-b
activation and signaling (56). Thus, it is reasonable to assume that
TNX, especially its FBG-related domain, contributes to liver
fibrosis and inflammatory responses via the TGF-b pathway in
combination with integrin a11b1.

Other Diseases Associated With Mutations
or SNPs in TNXB
It has been reported that another disease associated with
heterozygous mutations in TNXB is primary vesicoureteral
reflux (VUR) (77). There is also some evidence that single
TABLE 1 | Tenascin-X-deficient mouse phenotypes.

Phenotypes References

clEDS-related
phenotypes

Hyperextensible skin, reduced tensile strength,
reduced collagen deposition and stability,
reduced fibrillar collagen, increased elastic
fibers

(40, 48, 49,
57),

Muscle weakness, myopathic changes (58, 59),
Reduced diameter of myelinated fibers in
sciatic nerves

(59)

Abnormal wound healing (60, 61),
Gastrointestinal pain and dysfunction,
increased colonic afferent sensitivity and
increased sensory neuronal sprouting

(62, 63),

Mechanical allodynia and hypersensitivity to
chemical stimuli

(27)

Abnormal location of vaginal plug, rectal
prolapse

(64)

Behavior Increased anxiety, superior memory retention,
increased sensorimotor coordination

(65)

Blood vessel
formation and
neovascularization

Abnormal blood vessel formation and less
neovascularization

(53, 54),

Triglyceride
synthesis

Accumulation of triglycerides and altered
composition of triglyceride-associated fatty
acids

(66)

Bone
homeostasis

Bone loss due to increased
osteoclastogenesis

(55)

Tumor
progression

Promotion of invasion and metastasis of
melanoma cells, increased activities of MMPs

(37, 38),

Liver fibrosis Suppression of hepatic dysfunction by
administration of a high-fat diet

(67)
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nucleotide polymorphisms (SNPs) in TNXB are associated with
other diseases. For example, genomic studies with SNPs in
genome-wide association studies revealed that two closely
linked SNPs in the coding region of TNXB are associated with
schizophrenia risk in a Japanese population by a case-control
study (78). On the other hand, an SNP in the 5’ flanking region of
TNXB has been reported to be associated with systemic lupus
erythematosus (SLE) (79). However, the functional implications
of SNPs in TNXB relevant to these diseases remain uncertain and
warrant further investigation.
TNC

Context-Dependent Function of TNC
TNC is a prototypical and most well-characterized member of
the tenascin family. TNC has a variety of biological functions
including regulation of cell adhesion, migration, growth and
differentiation by binding through its modular structure to
multiple cell surface receptors including integrins, Toll-like
receptor 4 (TLR4) and syndecan-4 (80, 81). TNC also binds to
cytokines such as fibroblast growth factors (FGFs), platelet-
derived growth factors (PDGFs) and TGF-b family members
among others, thus regulating the cellular behavior and
organization of the extracellular matrix.

The expression of TNC is regulated during embryonic
development with a specific time and spatial pattern, and its
expression is greatly diminished in adult tissue. Although the
specific expression pattern of TNC was suggestive of its role in
embryogenesis, mice with genetic deletion of TNC were born
and grew without any gross abnormality and were fertile (16).
Later, it was demonstrated that TNC-deficient mice exhibit
abnormalities in their behavior and in the cytoarchitecture of
the brain (82). Considering the extensive expression of TNC
during embryogenesis, TNC may have more roles in fine tuning
animal development that are yet to be clarified.

TNC is transiently and specifically re-expressed upon acute
inflammation and is persistently expressed upon chronic
inflammation (83–85). Growing evidence has suggested that TNC
is a proinflammatory factor and plays a deleterious role in fibrotic
diseases (86–88). Interestingly, several lines of evidence have
suggested that TNC also acts as an anti-inflammatory factor. For
example, it was shown that the first two alternative spliced FNIII-like
repeats suppress in vitro T cell activation (89). The results of in vivo
studies showed that chemically induced inflammatory dermatitis
(90) and Habu-snake venom-induced glomerulonephritis (91)
develop more severely in TNC-deficient mice than in wild-type
mice. Such bimodal activities, namely proinflammatory or anti-
inflammatory activities, of TNC can have paradoxical effects and
may influence many aspects of the immune response in a context-
dependent manner.

The context-dependent function of TNC seems to be derived
from its multidomain structure, which allows TNC to interact with
multiple extracellular matrix and cytokines (81). In addition, TNC
gene can generate multiple variants of TNC protein by alternative
splicing of mRNA in tissue- and disease-specific manners (92), and
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proteolytic processing by various proteases, of which significance
has been demonstrated by experiments with domain-specific
antibodies and recombinant proteins.

Pathophysiological Role of TNC
in Cardiac Diseases
TNC is reported to be involved in a variety of cardiovascular
diseases (83, 93, 94). In the pathogenesis of myocardial damage
and cardiac dysfunction, animal experiments have demonstrated
that TNC is involved in adverse remodeling of myocardium due
to myocardial infarction (95, 96) and myocarditis (97). TNC has
been reported to promote myocardial hypertrophy, fibrosis (98,
99) and cardiac dysfunction (100) in animal models of cardiac
hypertrophy and myocardial infarction. Being consistent with
those findings, TNC has been shown to promote cardiac fibrosis
in an angiotensin II-induced hypertrophy model (101). However,
another study showed that TNC attenuated cardiac fibrosis due
to pressure overload or angiotensin II infusion (102). These
contradictory findings may be due to the fact that the adverse
effect of TNC was demonstrated in a BALB/c background of
the mouse strain, while its beneficial effect was shown in the
background of C57BL/6. It was further speculated that the
difference may reflect the predominant immune responses of
Th2 in BALB/c and Th1 in C57BL/6, although this hypothesis
awaits formal proof (103).

Pathophysiological Role of TNC
in Vascular Diseases
With regard to vascular diseases, TNC has been reported to be
atherogenic by stimulating TLR4-dependent foam cell formation
(104). However, TNC has also been reported to be anti-atherogenic
since TNC-deficient mice showed mast cell accumulation and
intraplaque hemorrhage (105, 106). Similarly, expression of TNC
may prevent the rupture of cerebral aneurysm by promoting fibrosis
of the aneurysmal wall (107, 108), while it may be deleterious by
exacerbating acute vasospastic response and exacerbate cerebral
injury after subarachnoidal hemorrhage (109, 110). Expression of
TNC by neurohumoral stress protects the aorta from acute aortic
dissection (111) (Figure 1), while it seems to have no impact on the
development of abdominal aortic aneurysm, although it was highly
expressed in the aneurysmal tissue (112). Therefore, TNC can be
either disease-promotive, disease-preventive or neutral in
cardiovascular diseases (94), underscoring the context-dependent
function of TNC, as demonstrated also in various animal models of
non-cardiovascular diseases.

TNC as a Biomarker of Tissue Damage
While the role of TNC is context-dependent and can be
detrimental or beneficial, it has been established that TNC is
expressed in various cardiovascular diseases in clinical settings
(93). TNC is elevated after myocardial injury due to myocardial
infarction (113) or due to acute (114) or chronic myocarditis
(115). TNC is also elevated in hypertrophic (116) and dilated
cardiomyopathies (117). In addition, TNC is elevated in heart
failure with preserved ejection fraction (HFpEF) (118) and in
right ventricular failure (119). TNC is not only deposited in the
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damaged tissue but also liberated in circulating blood flow. It has
been proposed that TNC can serve as a prognostic marker for
heart failure due to these diseases. While B-type natriuretic peptide
(BNP) is an established prognostic marker for heart failure, the
combination of BNP and TNC may be more precise than BNP or
Frontiers in Immunology | www.frontiersin.org 546
TNC alone for patients with dilated cardiomyopathy (120).
Furthermore, reverse remodeling of the ventricle in heart failure
patients due to cardiac resynchronization therapy was shown to be
associated with reduction in serum TNC level, suggesting that
TNC may reflect ongoing myocardial damage (121).
FIGURE 1 | Expression and function of TNC in mouse model of aortic diseases. Upper panel: Application of CaCl2 solution to the lower abdominal aorta caused
local inflammation and formation of aortic aneurysm. Continuous infusion of angiotensin II after the CaCl2 application resulted in higher wall stress and formation of
larger aortic aneurysm. TNC was induced in the lower abdominal aorta by CaCl2-induced local inflammation, and in the thoracic and upper abdominal aorta due to
the angiotensin II-induced higher wall stress, as illustrated by the blue color. Lower panel: TNC-deficient mice developed aortic aneurysm comparable to wild-type
mice by CaCl2 application in the presence or absence of angiotensin II. On the other hand, TNC-deficient mice developed aortic dissection in the thoracic and upper
abdominal aorta that was characterized by the disruption of the aortic wall (arrowheads) and the formation of false lumen (red color). These findings indicate that TNC
does not play a major role in the destructive inflammation in the aortic aneurysm, while it is critical for protecting the aortic wall from dissection, exemplifying the
context-dependent function of TNC (111).
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Since TNC is induced by various inflammatory mediators, it
may also reflect the disease activities of inflammatory cardiovascular
diseases including Kawasaki disease (122, 123) and cardiac
sarcoidosis (124). TNC is expressed locally in the tissue of
coronary atherosclerosis (125) and abdominal aortic aneurysm
(112, 126), and its expression is elevated in serum of patients with
these diseases (127). The serum level of TNC is elevated in patients
with acute aortic dissection and its elevated level is associated with
acute mortality (128), as well as chronic prognosis (129, 130). TNC
is also elevated in cerebrospinal fluid after subarachnoidal
hemorrhage and may predict the development of cerebral
vasospasm (131). Elevated serum TNC is not only associated with
specific diseases but also with the mortality and the development of
cardiovascular diseases in patients with chronic kidney disease (132)
and it is also associated with major adverse cardiovascular events
and death in individuals with type 2 diabetes mellitus (133). In
addition to the serum level, local deposition of TNC may serve as a
marker of tissue damage, as demonstrated in animal models of
myocarditis (134) and myocardial infarction (135). Therefore,
quantitative detection of systemic and local levels of TNC may
have a clinical value for monitoring inflammation and tissue
damage both in acute and chronic diseases in order to realize
precision medicine for better outcomes by optimizing the clinical
practice for individual requirement.

Considering the fact that the structure of TNC can be altered
in a disease-specific manner, domain-specific detection of TNC
may also have a clinical value (92). For example, isoform-specific
expression of TNC was demonstrated in the lung tissue of
experimental pulmonary hypertension (136) and in the serum
of the patients (137). This means that care should be taken which
isoform of TNC is being measured to evaluate its significance as a
biomarker in a particular clinical setting, as well as the normal
range of TNC concentration. Because of the significance of the
different TNC isoforms, domain-specific monoclonal antibodies
for TNC would have potential clinical values both as diagnostic
tools to evaluate the disease conditions, and as therapeutic tools
to target a particular function of TNC or a particular tissue that
expresses the corresponding TNC isoform (92).
CONCLUSIONS

TNX and TNC have distinct roles in physiological and
pathological conditions. In a physiological condition, TNX is
Frontiers in Immunology | www.frontiersin.org 647
involved in the structural integrity of collagen fibrils. TNX also
has a tumor suppressor role, a proangiogenic property, a role in
osteoclast differentiation, and a role in TGF-b activation. On
the other hand, in a pathological condition such as TNX
deficiency, its absence causes clEDS with major clinical
features such as hyperextensible skin without atrophic
scarring, generalized joint hypermobility and easy bruising.
Interestingly, TNX deficiency is involved in pain and fibrosis.
The underlying molecular mechanisms for pain and
suppression of fibrosis caused by TNX deficiency need to be
elucidated in more detail.

The physiological role of TNC is yet to be clarified. Although
genetic deletion of TNC inmice resulted in no gross abnormality of
the animals, the possibility remains that TNC plays a role in cell
differentiation and tissue organization during embryogenesis. On
the other hand, accumulating evidence indicates that TNC is re-
expressed and actively participates in the pathogenesis of various
diseases with tissue damage. The context-dependent function of
TNC, possibly due to its modular structure and multiple binding
partners, makes it difficult to interpret the experimental results as
to whether expression of TNC is detrimental or beneficial.
Nonetheless, expression of TNC seems to be a sensitive marker
for tissue damage both in cardiovascular and non-cardiovascular
diseases including cancer. Considering the wide range of
physiological and pathophysiological functions of tenascins and
their specific expression patterns, basic and clinical studies of
tenascin family would be fruitful for delineating their precise
roles and their clinical implications both in normal and
abnormal conditions.
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Tenascin (TN)-C is highly expressed specifically in the lesions of inflammation-related
diseases, including tumors. The expression level of TN-C in tumors and the tumor stroma
is positively correlated with poor prognosis. However, no drugs targeting TN-C are
currently clinically available, partly because the role of TN-C in tumor progression remains
controversial. TN-C harbors an alternative splicing site in its fibronectin type III repeat
domain, and its splicing variants including the type III-A2 domain are frequently detected in
malignant tumors. We previously identified a biologically active region termed TNIIIA2 in
the fibronectin type III-A2 domain of TN-C molecule and showed that this region is
involved in promoting firm and persistent cell adhesion to fibronectin. In the past decade,
through the exposure of various cell lines to peptides containing the TNIIIA2 region, we
have published reports demonstrating the ability of the TNIIIA2 region to modulate distinct
cellular activities, including survival/growth, migration, and invasion. Recently, we reported
that the signals derived from TNIIIA2-mediated b1 integrin activation might play a crucial
role for inducing malignant behavior of glioblastoma (GBM). GBM cells exposed to the
TNIIIA2 region showed not only exacerbation of PDGF-dependent proliferation, but also
acceleration of disseminative migration. On the other hand, we also found that the pro-
inflammatory phenotypic changes were promoted when macrophages are stimulated
with TNIIIA2 region in relatively low concentration and resulting MMP-9 upregulation is
needed to release of the TNIIIA2 region from TN-C molecule. With the contribution of
TNIIIA2-stimulated macrophages, the positive feedback spiral loop, which consists of the
expression of TN-C, PDGF, and b1 integrin, and TNIIIA2 release, seemed to be activated
in GBM with aggressive malignancy. Actually, the growth of transplanted GBM grafts in
mice was significantly suppressed via the attenuation of b1 integrin activation. In this
review, we thus introduce that the TNIIIA2 region has a significant impact on malignant
progression of tumors by regulating cell adhesion. Importantly, it has been demonstrated
that the TNIIIA2 region exerts unique biological functions through the extremely strong
org December 2020 | Volume 11 | Article 610096152
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activation of b1-integrins and their long-lasting duration. These findings prompt us to
develop new therapeutic agents targeting the TNIIIA2 region.
Keywords: tenascin-C, TNIIIA2, b1-integrin, macrophage, solid tumor, glioblastoma, PDGF
INTRODUCTION

Tenascin (TN)-C, a cell adhesion-modulatory matricellular
protein, is characterized by its unique expression pattern. TN-
C is transiently highly expressed during embryogenesis, wound
healing, and tumorigenesis, whereas its expression in normal
tissue is relatively low (1–5). Notably, TN-C is frequently found
in most malignant tumors at high levels, with its expression
showing a positive correlation with poor disease-free survival in
patients with different cancers, such as lung and breast
carcinomas and glioma (4, 5). Nonetheless, the role of TN-C in
malignant tumor progression remains largely unclear.

As criteria for evaluating tumor cell malignancy, several cellular
activities are frequently examined such as proliferation, survival,
migration, and differentiation. Any of these cellular activities are
strongly linked to cell adhesion. However, the effect of TN-C on
cell adhesion control is particularly complex. This is because the
TN-C substrate supports the attachment of some cell types but is
non-adhesive for others (6–8). Therefore, TN-C is classified as an
“adhesion modulatory” ECM protein and is called a
“matricellular” protein (9, 10). Because of this antithetical
property in cell adhesion control, understanding the role played
by TN-C in pathological events is complicated and difficult. 　

TN-C has various isoforms, which are generated by alternative
mRNA splicing within its fibronectin type III-like repeat (FNIII)
domainA1 toD. The bioactivities of eachTN-C isoform are thought
to depend on the domains included. Because frequent detection of
TN-C containing the FNIII-A2 domain has been reported within
tumor-associated pathological lesions (11, 12), it has been presumed
that the FNIII-A2 domain may play a role in tumor formation and
progression. About 15 years ago, we found a biologically active
region in the FNIII-A2 domain of TN-C (Figure 1) and gave the
responsible 8-amino acid sequence YTITIRGV the name TNIIIA2
org 253
(13). This region appeared to be cryptic but was exposed by MMP-
2/-9–mediated processing of TN-C (13–15). It has been shown that
the released TNIIIA2 region is capable of enhancing cell adhesion to
fibronectin (FN) through induction of b1 integrin activation.

Integrin superfamily members act as adhesive transmembrane
receptors mediating the cell-to-ECM interaction. Integrins can
alter ligand binding and signal transduction activities. Given that
integrin-mediated cell-to-ECM interactions play key roles in the
induction of appropriate cellular functions in normal cells,
including macrophages, changes in the affinity or specificity of
the interaction between integrins on the cell surface and the
surrounding ECM might be critical for anchorage-dependent
cellular processes. Because tumor malignancy is characterized by
abnormalities in cell survival, growth, and migration, all of which
involve anchorage-dependent cellular processes, there is a
possibility that aberrant b1 integrin activation induced by the
TNIIIA2 region might be a trigger for eliciting malignancy from
tumors and/or the tumor stroma.

In this review, we introduce our recent observations
concerning the effect of the TNIIIA2 region on the construction
of inflammatory environments and the subsequent elicitation of
malignancy from an aggressive tumor type, glioblastoma (GBM).
Furthermore, we show that the bioactivity of the TNIIIA2 region
might become a fruitful anti-tumor target in the clinical setting.
BIOLOGICAL PROPERTIES OF THE
TNIIIA2 REGION IN TN-C AND ITS EFFECT
ON MACROPHAGES

The TNIIIA2 region was first identified as an accelerator of cell
adhesion to FN substrate. It has been shown that WI38VA cells
FIGURE 1 | Schematic illustration of the domain structure of tenascin-C and its intramolecular bioactive region TNIIIA2. The sites responsible for receptor binding or
ligand binding are shown in green arrow, with the name of corresponding interaction molecules in green text.
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stimulated with a peptide containing the TNIIIA2 region (p-
TNIIIA2) attached and spread rapidly to the FN substrate (13).
Ability of p-TNIIIA2 to induce potentiated and sustained
activation of b1 integrin has been shown (13). It has also been
demonstrated that cell surface sydecan-4 is needed for the
expression of pro-adhesive activity of TNIIIA2 region (13).
Syndecan-4 is a member of cell surface proteoglycans that
affect numerous cellular processes including growth and
migration through activation of various signaling pathways. As
for the relationship with b1 integrins, syndecan-4 works not only
as an intracellular signal transducer but also for regulating
integrin turn over expressed on cell surface and maintain focal
adhesion functionality (16–21). Versatility of syndecan-4 in cell
regulation depends on their ability to bind numerous molecules
to their intracellular domain. Integrin turnover is also achieved
by sydecan-4-induced activation of PKCa and/or ARF6
signaling pathways (16, 18). However, in our case, it was
identified that the ectodomain of syndecan-4 plays an
important role in b1 integrin activation in response to
TNIIIA2 region because conformational change of b1 integrin
was still observed even with both deletion of the cytoplasmic
domains of syndecan-4 and addition of PKCa inhibitor (13).
Therefore, as illustrated in Figure 2, it was predicted that
TNIIIA2 region of TN-C binds to syndecan-4 ectodomain,
nestles close to b1 integrin in inactive form, and then, forces
change b1 integrin conformation to active in a lateral “outside-
out” interaction (14, 15).

Activated integrins could interact with ECM proteins, and
transmit signals into cells. Intracellular signaling derived from
Frontiers in Immunology | www.frontiersin.org 354
cell adhesion receptors plays a role in regulating various cellular
functions. Even in macrophages, it is generally well-known that
integrin-derived signal is critical for inducing phagocytosis,
cytokine release, ROS production and chemotaxis (22, 23).
When we stimulated macrophage cell lines with p-TNIIIA2,
upregulation of inflammatory genes including IL-1b was
observed (Figure 3A). Western blotting analysis revealed that
the upregulated IL-1b seems to be cleaved to its active form
(Figure 3B) and is accompanied by increases in both expression
and activation of caspase-1 (Figure 3B). Consistent with the
elevation of IL-1b and caspase-1 expression in active form,
NLRP3, which is a component of caspase-1-activating
multiprotein complex called NLRP3-inflammasome, was also
elevated in p-TNIIIA2 stimulated macrophages (Figure 3A).
These observations suggest that the TNIIIA2 region would force
macrophages to establish an inflammatory environment through
elevation of IL-1b expression and following its secretion in active
form. On the other hand, increased expression of TN-C, which is
the parental molecule of TNIIIA2, was not detected in
macrophages stimulated with p-TNIIIA2, despite the
significant upregulation of MMP-9 which is needed for the
release of the cryptic TNIIIA2 region from TN-C was detected
(Figure 3A). Almost the same observation was obtained using
PMA-differentiated THP-1 human macrophages (Figures 3C,
D). These observations let us presume that macrophages have to
be present in the lesion sites where parental TN-C was
abundantly provided by other cells, if assuming that the
macrophages stimulated by TNIIIA2 region play a role in
disease progression.
FIGURE 2 | Schematic illustration of the b1 integrin activation induced by TNIIIA2. Integrin heterodimer containing b1 integrin in inactive form is shown in left side.
Accompanied with the release of TNIIIA2 region from TN-C by proteolysis, TN-C fragment containing TNIIIA2 region forms complex with cell surface syndecan-4
through heparan sulfate chain. Then, conformation change of b1 integrin to active form will be occurred by lateral interaction of formed TNIIIA2/syndecan-4 complex
with b1 integrin (right side). Representative image of enhanced cell adhesion induced by p-TNIIIA2 addition is shown in upper part.
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CONTRIBUTION OF THE TNIIIA2 REGION
TO ABERRANT CELL SURVIVAL
AND GROWTH

As described above, TN-C expression in normal adult tissue is
relatively low. However, transient overexpression of TN-C has
been frequently observed in various types of tumor progression
and the particularly high expression of TN-C in GBM, an
aggressive glial tumor in adults, has been reported (24, 25).
Therapeutic efficacy of anti-TN-Cmonoclonal antibody has been
demonstrated in glioma xenograft model (26) and the positive
correlation between high TN-C levels and poor prognosis in
GBM patients has also been reported (5). Therefore, expression
in GBM is considered a negative prognostic factor. Since,
parallelism between association of proteolytic degradation of
TN-C and poor prognosis in cancer including glioma (27, 28),
we decided to focus on GBM next and tried to make it clear
whether TNIIIA2 region, which is presumed to be released from
TN-C digested by macrophage-derived MMP-9, play some roles
in leading aggressive progression of tumor or not.

As described above, the function of the TNIIIA2 region is
mainly based on their ability to induce conformational change of
b1 integrins from inactive to active. Therefore, we first tested the
effect of a b1 integrin inactivator on GBM progression in vivo.
Fortunately, we previously identified a potent b1 integrin
inactivation tool termed p-FNIII14, which is a peptide derived
from 14th type III segment of FN (29). b1 integrins in active
form would be forced to change their conformation to inactive
form when cells were exposed to p-FNIII14 (20). We also
Frontiers in Immunology | www.frontiersin.org 455
reported that the eEF1A on cell surface act as a membrane
receptor for p-FNIII14 and functional inactivation of b1 integrin
was carried out by the interaction of integrins with p-FNIII14/
eEF1A complex in “outside-out” fashion (30). The point is that
the effect of p-FNIII14 on b1 integrin is quite the contrary to that
of p-TNIIIA2 and we showed that the excessive b1 integrin
activation induced by p-TNIIIA2 was able to be attenuated by
addition of p-FNIII14 (31–35). When inactivation of b1
integrins was promoted in animals transplanted with GBM
cells, by injection of p-FNIII14, significant suppression in the
growth of GBM xenograft was observed, whereas it was
continuously grown in the animals injected with biologically
inactive control peptide (tumor volume on p-FNIII14 injected
mice vs. control peptide injected mice = 2289.5 ± 172.5 mm3 vs.
5567.0 ± 779.0 mm3) (34). This result suggests that the malignant
progression of GBM would be abrogated by b1 integrin
inactivation. Because GBM cells abundantly express TN-C,
MMP-mediated release of the TNIIIA2 region from TN-C
appears to be a key event underlying the expression of
malignancy in GBM cells, through its ability to activate b1
integrins. If so, macrophage-derived MMPs may contribute to
TNIIIA2 exposure from GBM cell-derived TN-C molecules.

To investigate the TNIIIA2-mediated regulation of GBM
malignancy in detail, we next evaluated the effect of p-TNIIIA2
on a GBM cell line in vitro. One of the characteristics of GBM
cells is a high degree of proliferation and significant activation in
mitogenic PDGF signaling has been reported in proneural GBM
(36, 37). Given that we have previously shown that
hyperstimulation of PDGF-dependent proliferation is induced
when NIH3T3 cells are exposed to both p-TNIIIA2 and PDGF
(14), we hypothesized that PDGF-dependent proliferation in
GBM cells could also be accelerated by TNIIIA2-derived
signaling. Hence, we first tested the effects of PDGF stimuli on
T98G GBM cells and confirmed that T98G cell proliferation was
accelerated by PDGF in a dose-dependent manner but reached a
plateau at over 10 ng/ml (34). When p-TNIIIA2 was added to the
culture medium of T98G cells stimulated with a submaximal
dose of PDGF, the proliferation of these cells was further
accelerated. The p-TNIIIA2–dependent hyperproliferation
observed in PDGF-stimulated T98G cells was abrogated by the
addition of function-blocking antibodies against a5 and b1
integrin, whereas anti-a4, av, and b3 integrin antibodies
showed no effect (34). We have also observed that the b1
integrin-activating antibody HUTS-4 can boost PDGF-
dependent GBM cell proliferation, similar to p-TNIIIA2 (34).
From these observations, PDGF-secured GBM cell proliferation
is strongly stimulated further by a5b1 integrin activation, which
involves binding of the TNIIIA2 region to GBM cells. TN-C,
which is highly expressed in GBM lesions, would be a source of
the release of TNIIIA2 region.

The effect of p-TNIIIA2 on the hyperstimulation of PDGF-
dependent GBM cell growth was further proved through
validation of anchorage-independent cell proliferation. As
determined with a soft agar colony formation assay, the
number of colonies formed was significantly elevated in T98G
cells stimulated with both PDGF and p-TNIIIA2, whereas the
A

B DC

FIGURE 3 | Pro-inflammatory effects of p-TNIIIA2 in macrophages.
(A) mRNA expression in p-TNIIIA2-stimulated Raw 264.7 cells was evaluated
by real-time PCR. (B) Western blotting analysis of IL-1b and caspase-1 in p-
TNIIIA2-stimulated Raw 264.7 cells. (C, D) MMP-9 expression in p-TNIIIA2-
stimulated THP-1 cells differentiated with PMA was evaluated by real-time
PCR (C) and western blotting analysis (D). Results are shown in the mean ±
S.D. *p < 0.01 vs. p-TNIIIA2(-) control group.
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colony number for the cells stimulated with PDGF or p-TNIIIA2
alone showed just a slight elevation (34). The b1 integrin-
inactivating peptide p-FNIII14 can rescue T98G cells from an
aberrant acceleration in both adhesion-dependent and
-independent cell survival/growth induced by p-TNIIIA2
stimulation combined with PDGF (34). From these
observations, it was suggested that the TNIIIA2 region in TN-
C is responsible for inducing the hyperstimulation of GBM cell
survival and proliferation, with its bioactivity inducing potent
and prolonged activation of b1 integrins.

Regarding parental TN-C molecule, its ability to stimulate
tumor cell growth has been reported by several groups (38–45).
As a molecular mechanism for this effect of TN-C, Huang et al.
demonstrated that TN-C is capable of interfering in the ligation
of cell surface sydecan-4, which works as a co-receptor of
integrins, to FNIII-13 domain of FN (46). They showed that
the intracellular signaling pathway activated by syndecan-4
ligated to FNIII-13 domain is responsible for suppressing
tumor cell proliferation (46). TN-C has ability to bind to the
same FNIII-13 domain of FN. Therefore, TN-C is able to
neutralize anti-proliferative signal derived from FN-ligated
syndecan-4, result in vigorous cell growth accompanied by the
suppression of cell adhesion in spread form (46). Consistent with
this report, Orend et al. also reported that the inhibition of
interaction between FNIII-13 domain of FN and sydecan-4 by
TN-C leads cell cycle arrest in fibroblast (47). Moreover,
inhibition of tumor cell growth by exogeneous addition of TN-
C in soluble phase has been reported (48). Among these reports
referred above, TN-C seems to work as an inhibitor for cell
adhesion to FN. On the other hand, TNIIIA2 region acted as an
inducer of cell adhesion to FN. p-TNIIIA2 could promote b1
integrin activation even when intracellular domain of its receptor
syndecan-4 was deleted, and when PKCa signaling that is
activated by FN-ligated sydecan-4 was inhibited (13). Since
TNIIIA2 region is usually fold inside in intact TN-C molecule
and exposed when TN-C was digested by inflammatory
proteinase like MMPs, the mechanisms responsible for the
proliferation-stimulatory effect of TNIIIA2 region seems to be
different and independent from that underlying expression of
TN-C’s effects at least on growth activity.
EFFECT OF THE TNIIIA2 REGION ON GBM
CELL MIGRATION AND SCATTERED
PROLIFERATION

Similar to its aggressive proliferation, GBM is also characterized
by frequent dissemination throughout the brain parenchyma.
Therefore, we next tested whether p-TNIIIA2 has ability to affect
cell migratory and showed that the migratory activity of GBM
cell lines in an in vitro scratch assay was significantly accelerated
by p-TNIIIA2 administration (34). p-TNIIIA2-mediated
elevation in cell migration activity was completely abrogated
by the addition of the b1 integrin-inactivating peptide p-FNIII14
(34). Moreover, we recently reported that binding of the FN
substrate to a5b1 integrin, but not a4b1 integrin, might be a key
event underlying the accelerated GBM cell migration induced by
Frontiers in Immunology | www.frontiersin.org 556
p-TNIIIA2 (34). These results suggest that activation of a5b1
integrin is responsible for the augmented migratory activity
observed in p-TNIIIA2–treated GBM cells.

During the experiments described above, we found that T98G
cells cultured on the 2D FN substrate proliferate with a
cobblestone-like cell sheet formation (Figure 4). Interestingly,
the cell-to-cell adhesive interactions of T98G cells seemed to be
arrested by the addition of TNIIIA2, resulting in a mesenchymal
morphology (Figure 4). This “EMT-like” change induced by
TNIIIA2 was completely blocked by not only a peptide that leads
inactivation of b1 integrin, p-FNIII14 (Figure 4), but also a
function-blocking antibody to b1 integrin, BV7 (34).
Concomitant with the promotion of cell scattering from the
cobblestone-like sheet, we also found that one of the EMT-
related markers, b-catenin, was localized around the cell-to-cell
contact area in GBM cells without p-TNIIIA2 stimulation, and
this localization was markedly reduced and became diffuse in the
cytosol when p-TNIIIA2 was added to GBM cell culture (34).
These observations suggest that b1 integrin activation by the
TNIIIA2 region might also be implicated in more aggressive
GBM cell migration, which is one of the important
characteristics of malignant disseminative behavior in GBM.

As for the parental TN-C molecule, migration-stimulatory
effect has been broadly reported not only in tumor cells (4, 38,
45, 48–55) but also in non-tumor cells (56–58). Of note, Tsunoda
et al. demonstrated that TN-C substrates containing FNIII-A1,
-A2, -A4, -B, and -D repeat is capable of enhancing tumor cell
migration whereas TN-C without alternative splicing domain
showed no effect (45). They also mentioned that large variants
of TN-C without FNIII-B repeat is also effective for acceleration of
tumor cell migration (45). Contribution of b1-integrin in TN-C-
mediated acceleration of cell migration has also been
demonstrated (55, 57). Since bioactive TNIIIA2 region has been
found from FNIII-A2 repeat and works as a potent inducer of b1-
integrin activation, there is a possibility that the migration
promotive nature of TN-C might be retained by TNIIIA2.

On the other hand, deep relationship between TN-C
expression and EMT promotion has also been reported (59–
65). Among them, Yoneura et al. demonstrated that the
FIGURE 4 | TNIIIA2-mediated acceleration of GBM cell dissemination. p-
TNIIIA2-stimulated GBM cells were cultured with or without p-FNIII14. Then,
the disseminative activity of these cells was evaluated by microscopic
analysis.
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interaction of TN-C with annexin II, which is known to be able
to bind to alternative splicing domain of TN-C, is capable of
driving EMT and following acquisition of anoikis resistance in
pancreatic cancer (61). Since TNIIIA2 region has been found
from FNIII-A2 alternative splicing repeat of TN-C, and this
region has ability to added anoikis resistance to GBM cell (34),
the EMT-promotive effect of TN-C seems to be　expressed
through exposure of TNIIIA2 region. However, Katoh et al.
showed that the binding of aVb1 and aVb6 integrins, both of
which could bind to FNIII-3 domain of TN-C, is responsible for
TN-C-mediated EMT promotion in breast cancer cells (62, 63).
Mamuya et al. and Tiwari et al. has also showed a contribution of
FNIII-1 to 5 domains to EMT promotion in lens epithelial cells
(64, 65). Thus, release of TNIIIA2 region might plays a role in
EMT promotion, at least in part, depend on cellular context.
POSITIVE FEEDBACK LOOP BETWEEN
TNIIIA2 RELEASE AND THE EXPRESSION
OF TN-C, b1 INTEGRIN, AND PDGF

In addition to the above-described experiments, we found that
the PDGF-B expression in p-TNIIIA2-treated T98G cells was
significantly higher than that cultured without p-TNIIIA2
(Figure 5A). Moreover, the expression of b1 integrin in p-
TNIIIA2-treated T98G cells was also 3 to 4 times higher than
untreated cells (35). Interestingly, PDGF-BB, which is
upregulated in TNIIIA2-stimulated GBM cells (Figure 5A),
can accelerate both the expression and secretion of TN-C, the
TNIIIA2 parental protein (Figure 5B). These observations
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suggest that TNIIIA2 can stimulate PDGF production and that
subsequent binding of PDGF to PDGF receptor on GBM cells in
an autocrine/paracrine manner leads to upregulation of TN-C
protein. Moreover, the TNIIIA2-derived signals would be further
reinforced by TNIIIA2-mediated upregulation of b1 integrin
(35), which is the molecule responsible for the bioactivity of
TNIIIA2. These results suggest that there is a feedback loop
between the upregulation of TN-C, TNIIIA2, b1 integrin, and
PDGF (Figure 5C). Because MMP-9 expression in macrophages
was significantly upregulated by p-TNIIIA2 at 2.5 µg/ml
(Figures 3A, C, D), which is 10 times lower than that was
needed for eliciting GBM cell malignancy, macrophages might
contribute to this feedback loop and elicit the aggressive
malignancy of GBM cells through promotion of the
continuous release and accumulation of the TNIIIA2 region by
MMP-9-mediated cleavage of TN-C, result in subsequent PDGF
production from GBM cells and make this feedback loop
effectively work.
CONTRIBUTION OF b1 INTEGRIN
ACTIVATION TO DRUG RESISTANCE

For newly diagnosed GBM patients, temozolomide (TMZ), an
oral alkylating agent, is the first-line chemotherapeutic agent.
However, more than half of all GBM patients show resistance to
TMZ. One of the reasons for the acquisition of drug resistance in
GBM is upregulation of the DNA repair protein MGMT (66).
Thus, the development of new clinical strategies to overwhelm
TMZ resistance is warranted. Recently, Janouskova et al. (67)
A B

C

FIGURE 5 | Presumed positive feedback loop in the malignant progression of GBM through TNIIIA2-derived signal transmission. (A) PDGF-B expression in p-
TNIIIA2-stimulated GBM cells was evaluated by RT-PCR. (B) TN-C expression in PDGF-BB-stimulated GBM cells was evaluated by western blotting analysis.
(C) Schematic illustration of the putative positive feedback loop underlying the acceleration of GBM aggressiveness.
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showed that GBM cells with a5 integrin overexpression develop
TMZ resistance and that depletion of a5 integrin sensitizes GBM
cells to TMZ. a5 and b1 integrin can form a heterodimer, which
would contribute to cell adhesion as a FN receptor, and we
recently demonstrated that the inactivation of b1 integrins via p-
FNIII14 administration can significantly reduce the EC50 of
TMZ against T98G cells (34). In our experimental conditions,
downregulation of MGMT appeared to be the one of underlying
mechanisms for the restoration of chemosensitivity observed in
FNIII14-treated GBM cells. This MGMT downregulation was
not depend on the enhanced MGMT promoter methylation (34).
Likewise, Wang et al. also reported a methylation independent
regulation of MGMT expression (68), although the level of
MGMT promotor methylation has been reported as a marker
of response to TMZ in glioma (68–71). On the other hand, we
have also reported previously that p-FNIII14-mediated b1
integrin inactivation can sensitize solid tumor cells to various
chemotherapeutic drugs through activation of pro-apoptotic
Bim (72). Taken together, although the molecular mechanisms
underlying FNIII14-induced MGMT downregulation require
further investigation, b1 integrin activation promoted by the
TNIIIA2 region might also play a role in the acquisition of drug
resistance in tumor cells.
DISCUSSION

In this review, we focused on GBM and proposed the existence of
a positive feedback loop comprising TN-C, TNIIIA2, b1 integrin,
and PDGF that can stimulate hyperproliferation, enhanced
migration, and active dissemination. GBM cells can also
become resistant to chemotherapeutic drugs when b1 integrin
is activated. Thus, TNIIIA2-mediated potent and sustained b1
integrin activation would be a key event in eliciting the aggressive
malignant phenotype of GBM. Because proliferation of GBM
cells was stimulated by PDGF but reached a plateau, signals
derived from PDGF binding would be insufficient to instigate the
positive feedback loop mentioned above. Notably, the tumor-
beneficial action of macrophages was stimulated by 2.5 µg/ml of
p-TNIIIA2 whereas malignant phenotypes in GBM cell was
enhanced by 25 µg/ml of p-TNIIIA2. This indicates that
macrophages exposed to low levels of TNIIIA2 in the early
stage of the tumor lesion establishment might contribute to the
elicitation of an aggressive malignant phenotype from GBM cells
via enhanced MMP-9 expression and subsequent digestion of
TN-C and exposure of TNIIIA2 region. By the macrophage-
mediated elevation in the level of the exposed TNIIIA2 region,
hypothesized positive feedback loop (Figure 5C) can be pushed
result in promotion of aggressive malignancy in GBM cells.

When focused onto the effect of parental TN-C on
macrophages, accumulated evidence indicates that TN-C is
capable of adding inflammatory phenotype on macrophages.
Acceleration of inflammatory cytokine production promoted by
FBG domain of TN-C molecule through binding to TLR4 has been
shown (73, 74). Moreover, it has also been reported that the aVb3
integrin mediated interaction of macrophages with TN-C leads
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production of inflammatory cytokines, such as IL-1b, IL-6, and
TNF (75). However, there are no report showing MMP-2/9
upregulation in macrophages stimulated with TN-C. Moreover,
both FBG and FNIII-3 domain is not defined as an alternative
spliced domain. Thus, TNIIIA2-mediated polarization of
macrophages toward inflammatory phenotype might be a newly
acquired function of TN-C expressed through its limited digestion.
In our observations, macrophages were 10 times more susceptible
to p-TNIIIA2 than GBM cells. This fact let us presume that
macrophages would be stimulated earlier than GBM cells during
progression of tumors. If so, which cells are responsible for the
“first” released of TNIIIA2 region. One of the answers to this
question might be macrophages because basal expression ofMMP-
2 is frequently observed although it is in relatively low level. Tumor
cell is also candidates because various type of tumor cells has ability
to produce MMPs, especially on their way to express metastatic
activity. There is a possibility that fibroblast acts as a source of
MMPs, since Kanayama et al. has previously shown that MMP-9
production is upregulated when fibroblast was stimulated with
FNIII-3 domain of TN-C (76). Although further examination is
needed, it is supposed that the environmental MMP-2/9 level
which would be drastically elevated through inflammatory
activation of macrophages might be one of the key events for
adding aggressive metastatic phenotypes on tumor cells.

On the other hand, as shown in Figures 3A, B, p-TNIIIA2 is
able to stimulate IL-1b production in macrophages. IL-1b has been
reported to be the factor that makes the tissue environment
favorable for solid tumor progression through the acceleration of
tumor cell growth, invasion, and neovascularization (77–79). In
addition, regarding GBM progression, Paugh et al. reported that IL-
1 can boost GBM cell survival and invasion through sphingosine
kinase 1 upregulation (80). Moreover, we recently reported that the
acceleration of survival and proliferation in preneoplastic cells was
induced by soluble paracrine factors secreted from TNIIIA2-
stimulated fibroblasts (33). Furthermore, we have also reported
that TNIIIA2 is able to increase the invasive and metastatic activity
of colon cancer cell lines (81). The contribution of b1 integrin
activation to the acquisition of drug resistance is not limited to
GBM cells but broadly observed in various solid tumor cell lines,
although the suggested underlying mechanisms differ between
GBM and other cell types (34, 72). These observations led us to
presume that the released TNIIIA2 region might be able to elicit
malignant phenotypes from tumor cells universally. The
macrophage-mediated splicing of TN-C seems to be a key event
for eliciting aggressive malignant phenotypes from tumor cells.

In any case, the accumulated evidence suggests that the
TNIIIA2 region in TN-C might be a powerful initiator for the
elicitation of aggressive properties from tumors through
potentiated and sustained activation of b1 integrins.
Macrophages, which are present in or infiltrate into the tumor
stroma and can react to TNIIIA2 region at low levels, play a key
role in ensuring that the level of released TNIIIA2 region is
sufficient to promote the aggressive properties of tumors.
Therefore, inactivation of b1 integrin would provide a useful
strategy to abrogate the acquisition of aggressive behaviors by
tumors, including GBM. The combined administration of the
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peptide FNIII14 and chemotherapeutic drugs would be a
promising strategy for clinical cancer treatment. Actually,
Matsunaga et al. previously reported that b1 integrin-mediated
adhesion of AML cells is crucial for the formation or minimal
residual disease at bone marrow which is the major cause of
relapse after chemotherapy in AML patient (82) and showed the
therapeutic efficacy of combined administration of b1 integrin
inactivator p-FNIII14 with chemotherapeutic drug to eradicate
MRD and suppress AML relapse in mice (83). Although further
investigation and more detailed information is needed, TNIIIA2
region itself of releasing mechanism of this region might become
a fruitful target for establishing new therapeutic strategies
targeting TN-C.

In addition, as described in this review, since TNIIIA2 region
was found as a potent and sustained activator of b1 integrin, and
Frontiers in Immunology | www.frontiersin.org 859
since b1 integrin-mediated cell adhesion is broadly observed in
various types of cells, it is likely that the pathological and
physiological properties of TNIIIA2 region would not be
restricted to tumors. Actually, investigations examining the
role of TNIIIA2 region in other pathological conditions are
being performed by several groups lately (84–87). Further
advances in the research focused on TNIIIA2 region are
expected and would be of interest.
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THE PATH TO TENASCIN-R

It has taken nearly 30 years. But finally, studies on cohorts of patients seem to be shedding some
light on a protein that has been surfaced from time to time in the neurobiological literature.
Tenascin-R, as it is now known, has proven a slippery quarry. That almost works as a pun, given the
fact that in certain contexts, the molecule interferes with cell adhesion.

The protein was first identified in chicken and rodents in the late 1980s among a large number of
molecules associated with axons. Significant efforts were being made to untangle the mysteries of axon
growth, fasciculation and pathfinding (1). Monoclonal antibody approaches turned up a number of
immunoglobulin (Ig)-like cell adhesion proteins (2) which, introduced into cell cultures, influenced the
development of neurites (3). One of these was an IgCAM that interacted with the plasma membrane via
covalently linked glycosylphosphatidylinositol; it was variously termed F11 protein, F3 or contactin—
nowadays contactin1 (4–9). Immunoaffinity isolates of contactin1 yielded a complex of at least two
polypeptides. The major component was contactin1, at 130 kDa, and along with it a minor partner at
about 170 kDa. Further biochemical and immunological experiments showed that the minor
component was unrelated to the 130 kDa contactin1, suggesting they had copurified (5, 10).

Antibodies to the 170 kDa protein revealed that it was expressed in the developing nervous system,
in a pattern partly overlapping with that of contactin1 but spatially muchmore restricted. In the spinal
cord, for example, it was found on the ventral side around motor neurons during embryonic
development. This position suggested a name: restrictin (11). Independently, the same protein was
discovered in the Schachner laboratory through different means: using the L2 monoclonal antibody
directed to the L2/HNK-1 carbohydrate moiety (12), which captured several glycosylated proteins
from neural tissues. These included, IgCAMs, tenascin-C (initially named J1-200/220) and tenascin–R
(christened J1-160/180 or janusin by Schachner and her colleagues) (13).
STRUCTURAL FEATURES AND THE TENASCIN FAMILY

The experiments in chick and rodents had turned up homologs, as became clear through molecular
cloning and sequencing of the chick and rat cDNAs. This showed that the components of restrictin and
J1-160/180 represented the products of a common gene, and proteins were based on a set of structural
motifs found in tenascin-C (14–18). These include an N-terminal cysteine-rich segment with three
heptad repeats, followed by 4.5 EGF-like domains, nine fibronectin type III domains, and a C-terminal
knob. The latter consists of a globular domain similar to the carboxyl terminal portion of the b- and
org January 2021 | Volume 11 | Article 612482162
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g-chains of fibrinogen (19, 20). The N-terminal cysteine-rich region
serves as an oligomerization domain. Three heptad repeats of
hydrophobic amino acids fold in an a helix and generate a triple-
stranded coiled coil to form a trimer which is stabilized by the
surrounding cysteines. The related tenascin-C forms hexamers,
which may also be the case for tenascin-R (21–23). So far,
however, it has only been found as trimers, dimers and
monomers in isolates of brain tissues (Figure 1) (13, 19). The N-
terminal oligomerization domain of the pre-mRNA also contains
one alternative splicing site; the 6th fibronectin type III domain is
also alternatively spliced. Based on these overall similarities, James
Bristow and colleagues suggested renaming restrictin and J1-160/
180 to tenascin-R; the proposal was promptly supported in a review
article by Harold Erickson (24, 26). Subsequently the nomenclature
has been universally adopted. Tenascin-R is the smallest member of
the family, and the relationship of its sequence and those to TN-C,
TN-X, TN-Y, and TN-W suggests that they arose from a primordial
gene that most closely resembled TN-R (26, 27).
TEASING OUT THE FIRST INTERACTION
PARTNERS

The complex, modular structure of tenascin-R clearly indicated a
potential for diverse molecular interactions, most likely with
other proteins on the cell surface. An early goal was to identify
Frontiers in Immunology | www.frontiersin.org 263
receptors that might interact with it and to map regions that
could be essential for binding (28). In addition to contactin1, the
partner responsible for its discovery, tenascin-R was found in
complexes with the IgCAMmembers neurofascin and contactin2
(previously called axonin-1 or TAG1) (29). An additional cell
surface receptor was found in a molecular interaction screen: the
transmembrane protein CSPG5 (previously termed CALEB, or
neuroglycan C). CSPG5 contains an EGF domain, an acidic
stretch and chondroitin-sulfate chains, and it binds to the
fibrinogen-like globular domain of tenascin-R (30–34).

More support for a physiological interaction between
tenascin-R and contactin1 has come from molecular mapping
studies. Immunoglobulin domains 2–4 of the latter molecule are
sufficient for the interaction (35), and binding occurs to the
second and third fibronectin type III domain of tenascin-R. This
region is also important for interactions with neurofascin and
contactin2 (29, 36). Tenascin-R interacts with other ECM
proteins including fibronectin, b1-integrins (37) and it binds
with high affinity to phosphacan and a class of extracellular
chondroitin sulfate proteoglycans collectively called lecticans
(aggrecan, versican, brevican, and neurocan) (38–43). Later work
demonstrated that tenascin-R also contains chondroitinsulfate
chains of its own (25, 44).

Most of the interaction partners of tenascin-R have been
defined primarily in vitro and through cell adhesion assays. Light
microscopy work supports the colocalization of tenascin-R with
A

B

FIGURE 1 | (A) Rotary shadowing electron micrograph of tenascin-R purified from brains revealing a trimeric structure. Dimeric and monomeric but no hexameric
forms were seen in these electron micrographs (13, 19). The TN-R polypeptide contains a single cysteine amino-terminal to the trimer-forming segment. This cysteine
might connect two trimers into hexamers, the hexabrachion structure. It is therefore likely that TN-R might also form hexabrachions in tissues as found for tenascin-C
(24). However, alternative splicing or proteolytical cleavage in the N-terminal segment might affect multimer formation of tenascin-R (19, 25). The arrow points to the
N-terminal knob formed by a triple-stranded coiled coil. (B) Scheme of tenascin-R polypeptide. Lines above the scheme indicate putative N-glycosylation sites of the
chicken protein. Human disease mutations are marked by dots above the scheme and regions that bind to cell surface receptors, extracellular matrix proteins or
indicate cellular activities are marked by bars below the scheme (please see text). Alternative splice sites of the pre-mRNA encoding TN-R are colored in grey. “b2-
subunit” refers to the b2-subunit of sodium channels.
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these proteins in some contexts, but for the most part, there is a
lack of in vivo evidence of direct binding.
THE SEARCH FOR BIOLOGICAL
FUNCTIONS OF TENASCIN-R

Cell culture experiments in the early days of tenascin-R research
hinted at a number of putative functions through adhesion or
neurite outgrowth assays. While many extracellular matrix
glycoproteins are known to promote the attachment and
spreading of cells, tenascin-R promotes only weak cell adhesion
and does not affect cell spreading. For example, the 8th to 9th FNIII
domains of tenascin-R serve as a weak cell attachment site for
neural cells, which can be specifically blocked by mAb 23-14 (19).
In some culture systems, tenascin-R even repels axons or inhibits
their regeneration (45–47). A number of in vitro studies have also
shown that tenascin-R modulates homophilic and heterophilic
interactions between IgCAMs and extracellular matrix
glycoproteins on neural cells (6, 29, 36, 39, 46, 48–54).

Obviously, the results of such in vitro studies have to be taken
with a grain of salt, given that they may not accurately reflect the
situation in the intact organism or provide true insights into the
functions of tenascin-R in vivo. Here, further insights can come
through studies of expression patterns. TN-R is apparently
restricted to the central nervous system, but is absent from the
peripheral—with the exception of transient expression onSchwann
cells (11, 20, 55–58). Around 2000 came a breakthrough with
observations that tenascin-R is localized at perineuronal nets (59,
60). These structures were long known, having been described by
several authors at the turn of the 20th century. They surround
groups of neurons and synapses on cell bodies primarily in the
mature brain, comprising a specialized form of the extracellular
matrix; constituents include hyaluronan, lecticans, and several
other kinds of CSPGs (61, 62). Perineuronal nets attracted
particular interest as brain structures that appear to be implicated
in terminating the critical period for neuronal plasticity (63).Here a
crucial function for tenascin-R began to emerge; it appears to be
essential for the normal development of perineuronal nets.
Tenascin-R-deficient mice exhibit an abnormal aggregation of
perineuronal CSPGs (59, 64, 65). In electron microscopy images,
purified tenascin-R appears to crosslinks aggrecan complexes,
which suggests that within the nets, tenascin-R might provide a
molecular scaffolding for lecticans (40).

Knockouts of tenascin-R produced a number of phenotypes
that might be traceable to this scaffolding function. At the cellular
and functional levels, deficiencies lead to mild abnormalities in
synaptic transmission and architecture (66, 67). These might arise
through disruptions of structures involving lecticans or IgCAMs
and CSPG5 (32, 33, 68, 69). Ultimately, the effects on the mature
brain involve both structural and functional abnormalities.
Consequently, tenascin-R deficient mice exhibit behavioral
deficits such as severe impairments in locomotion and
hippocampal-associated learning impairments (70).

Another interesting feature of tenascin-R emerged: in situ
hybridization experiments revealed a dominant colocalization
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with oligodendrocytes during the period of active myelination
(20, 71, 72). In tenascin-R knockout mice, the nodes of Ranvier
appear normal, but an analysis of compound action potential
recordings from optic nerves revealed a decrease in the
conduction velocity. A potential reason for this might be the
lack of expression of tenascin-R on oligodendrocytes, which
appears to be essential for their differentiation (48, 72); another
could be that under normal conditions, the protein might
associate with sodium channels to modulate their function (65,
73, 74).

Very recently, a few studies on mouse knockouts combined
with cell culture experiments have also shown that tenascin-R
modulates the differentiation of neural stem cells during
developmental and adult stages. In the olfactory bulb—a
structure with a continuous flow of newborn neurons from the
subventricular zone of the lateral ventricles—tenascin-R acts as a
molecular cue that initiates a radial migration of neuroblasts
toward the outer cell layers of the olfactory bulb. Consequently,
an absence of tenascin-R affects the recruitment of neuroblasts in
the olfactory bulb (37, 75, 76). In the dentate gyrus of the
hippocampus, tenascin-R is required for the fate determination
of neural stem or progenitor cells. Its absence leads to an increase
in the number of GABAergic neurons was increased (77, 78).
In summary, these findings point to a role of tenascin-R
on neurogenesis.
DISCUSSION

Insights From Human Disease Mutations
Recently, an extensive exome sequencing study by a consortium
identified 13 patients from eight unrelated families with biallelic
variants in the human tenascin-R gene. Combined with two case
studies already in the literature, this represents an important
chance to investigate functions of the human form of the gene. So
far, all of the patients affected have shared some common traits,
particularly delays in motor development. The severity varies,
ranging from spastic para- or tetraparesis, axial muscular
hypotonia, to dyspraxia and transient opisthotonus (79–81).
For example, compared to healthy counterparts, patients with
the mutation take longer to develop unsupported sitting or
standing. In line with these observations are data on mouse
knockouts of tenascin-R or its cellular receptor CSPG5, which
also exhibit motor deficits (33, 70). These problems in motor
development in human patients can most likely be traced to the
brain, given current evidence suggesting that tenascin-R
expression is primarily restricted to the central nervous system
(11, 19, 20, 55–58). And roughly half of the 13 patients revealed
mild or moderately impaired cognitive development, including
delayed language progression. Once again, there were differences
in the degree to which patients were affected.

Overall, tenascin-R associated mutations led to health issues
generally considered to be nonprogressive—which is in line with
a pattern of expression in which tenascin-R predominantly
appears during early brain development (79). MRI of patients’
brains showed delayed myelination consistent with observations
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on tenascin-R mouse knockouts (48, 72) and, in a few cases,
abnormalities in the structure of the corpus callosum. Both
observations might be explained if humans follow the pattern
observed in the mouse, where tenascin-R is expressed in
developing oligodendrocytes (20, 71). The precise effects of the
human missense mutations have yet to be determined: whether
they affect the overall expression of tenascin-R or interactions
with some of the interaction partners mentioned above. Some of
these issues may be resolved with further binding assays and the
generation of mouse models that replicate mutations specific to
the in human patients. It would be particularly interesting to
introduce mutations that interfere with molecular interactions of
tenascin-R during the formation of perineuronal nets. If this
impaired synaptic plasticity or disrupted the normal maturation
and maintenance of neuronal circuits during critical periods of
brain development, we would stand to learn much about the
function of these complex intercellular structures.

As has been the case with many other diseases, the study of
mutations in the human tenascin-R gene will likely prove to be a
game changer, stimulating research into tenascin-R and
clarifying aspects of its functions that go beyond the molecule
itself. Insights into its functions could redirect studies performed
on the current mouse models. For example, tenascin-R might
give scientists a handle on particular brain regions and their
complex interactions at highly specific moments in development.
The fact that human patients exhibit delays in motor
development mean that this approach might serve as a wedge
into this highly complex system within the central nervous
system. It is interesting that in MRI examinations of the
patients, the cerebellum appears normal (79). What would be
the result of specifically inactivating tenascin-R in the mouse
cerebellum? This might reveal whether the cerebellum plays a
Frontiers in Immunology | www.frontiersin.org 465
role in the axial hypotonia or spasticity observed in patients with
mutations in the tenascin-R gene—or whether these deficits are
related to changes in perineuronal inhibition at the level of the
spinal cord or basal ganglia. At the very least, this might offer a
new perspective on how cells and structures in the developing
nervous system intertwine at various levels to produce, on the
one hand, a marvelously functioning organism—or on the other,
a patient burdened by the symptoms of motor diseases.
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INTRODUCTION

Tenascin-X (TNX) is a large extracellular matrix protein discovered because its TNXB gene overlaps
the CYP21A2 gene encoding steroid 21-hydroxylase (P450c21), whose mutations cause congenital
adrenal hyperplasia (CAH). In the 1980s, several laboratories worked to clone the “CAH gene”. We
sought a P450c21 clone in a cDNA library prepared from a CAH adrenal and identified a transcript
larger than P450c21 cDNA; sequencing indicated it was encoded by an unknown (”X“) gene
overlapping CYP21A2 on the opposite DNA strand. Extensive genomic sequencing revealed the
structure of a tenascin: N-terminal EGF-like repeats, multiple fibronectin-III repeats, and a
C-terminal fibrinogen-like domain; we named this “Tenascin-X” (TNX). To study TNX function,
we postulated a “contiguous gene syndrome”—a single mutation affecting both CYP21A2 and
TNXB, causing CAH plus another disorder that might suggest the role of TNX. A patient with CAH
and Ehlers-Danlos syndrome (EDS) had partial deletions encompassing both genes. With
collaborators, we described patients with recessive TNX-deficient EDS (now termed “classic-like
EDS”), which was clinically distinct from dominant EDS caused by collagen mutations. TNX
haploinsufficiency causes the mild “hypermobility form” of EDS, often associated with CAH,
comprising the unique CAH-X syndrome. The discovery of TNX illustrates scientific serendipity
and the value of pursuing unexpected results.
STUMBLING ONTO “GENE X”—AN UNEXPECTED FINDING IN AN
ENDOCRINE STUDY

The discovery of TNX and its associated deficiency disease (a form of Ehlers-Danlos Syndrome) was
done in studies of human steroidogenesis and its disorders rather than in studies of connective tissues.
In the 1980s, application of then-new molecular biologic techniques revolutionized understanding of
steroidogenesis (1). A driving force behind this early work was steroid 21-hydroxylase deficiency
(21OHD), a form of congenital adrenal hyperplasia (CAH) causing cortisol deficiency, potentially-
lethal aldosterone deficiency, and androgen excess with prenatal virilization of affected females. There
are many forms of CAH, but 21OHD, with an incidence of ~1:15,000 (2) was responsible for >90% of
cases; 21OHD is now well understood, but requires intensive management (3). Adrenal 21-
hydroxylation is catalyzed by P450c21 (CYP21), a microsomal cytochrome P450 enzyme. In 1986,
we reported the bovine Cyp21 gene sequence (4) and others (5, 6) reported the human gene. The gene
org January 2021 | Volume 11 | Article 612497168
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Miller Early History of Tenascin-X
lay in the human leukocyte antigen (HLA) locus (major
histocompatibility locus, MHC) on chromosome 6p21.33,
the most gene-dense and highly recombinogenic region of the
human genome. Duplicated 30-kb units contained the functional
CYP21A2 gene and a non-functional CYP21A1P pseudogene
duplicated in tandem with the C4A and C4B genes encoding the
fourth component of serum complement (7–9) (Figure 1).
CYP21A1P is transcribed (10, 11), but is considered a
pseudogene because its RNAs do not encode protein. Human
CYP21A2 encodes P450c21, in mice the cyp21a1 gene
corresponding to CYP21A1P is active (12, 13), in cattle both
genes function (4, 14), and some other mammals have single
copies of this locus (15); thus the gene duplication post-dates
mammalian speciation (16).

There was great interest in studying CYP21 genes in patients
with 21OHD. We obtained adrenal mRNA from an abortus
with 21OHD, prepared a cDNA library, and screened it with
radiolabeled double-stranded P450c21 cDNA to obtain
the cDNA for the responsible mutant gene (17). Both the
known cDNA sequence and RNA blotting showed that the full-
length cDNA would be 2.0 kb, but several clones were longer than
that, suggesting that the 21OHD might have arisen by an RNA
splicing error. Restriction endonuclease mapping of the longest
(2.7 kb) clone indicated that it contained only the 3’ end of CYP21.
A 2.7 kb clone might have been a cloning artifact, a recombination
between CYP21 and something else (as sometimes happened with
the reagents then available), but because we had screened the
cDNA library with a double-stranded probe, we considered that
the 2.7 kb clone could have arisen from a transcript on the
opposite strand of DNA from the CYP21 genes. DNA
Frontiers in Immunology | www.frontiersin.org 269
sequencing showed that the 2.7 kb clone had a 3’ poly(A) tail
with upstream DNA that matched the predicted opposite-strand
sequence of final exon of CYP21. The complete 2.7 kb sequence
showed an open reading frame with repeating units whose
structural significance was not clear (17). Because the CYP21/C4
locus is duplicated, we knew that this new “gene X” must also be
duplicated as “XA” and “XB” genes with the arrangement 5’-C4A-
21A-XA-C4B-21B-XB-3’ (Figure 1). Deletions in the gene causing
21OHD did not appear to extend into the XB gene, but deletions
of the XA region were found in 14% of human chromosomes (18,
19), suggesting that the 2.7-kb cDNA arose from the XB gene (17).
But the nature of the gene encoding the 2.7-kb cDNA was
unknown—the operational name “gene X” thus became the
source of the name “Tenascin-X”.
GENE X BECOMES TENASCIN-X

The publication of the 2.7 kb cDNA led us and others to study its
gene structure. In 1989, Dr. Russell Doolittle (UC-San Diego),
told us that the sequence of our 2.7 kb cDNA resembled chicken
tenascin, and published a paper describing a fibrinogen-like
sequence in an invertebrate, saying “The sea cucumber protein
also corresponds exactly with a segment found as part of the
previously unidentified gene product found in human adrenals”
(20). Our 2.7 kb cDNA sequence had domains for fibrinogen and
fibronectin type III (Fn-III) repeats, thus resembling tenascin
(16). Matsumoto et al. confirmed the identification of fibrinogen
and Fn-III domains, identified tenascin-like EGF-like domains
FIGURE 1 | The C4/CYP21/TNX gene locus. Top: Diagram of the short arm of chromosome 6; the telomere is to the left and the centromere is to the right. The
MHC Class I and Class II regions are indicated with their principal human leukocyte antigen (HLA) genes; the ~1 megabase region between these is the “Class III
region”, which includes the gene for tumor necrosis factor (TNF). Middle: Scale bar in kilobases (kb) and enlarged view of a portion of the Class III region (chrom
6p21.33); the arrows indicate transcriptional orientations. C2, complement factor C2; Bf, properedin factor Bf; RD is now known as NEFLE, negative elongation
factor subunit E; CREB-RP, CREB-related protein. Bottom: The duplicated 30 kb C4/CYP21/TNX units and adjacent regions: STK19, serine/threonine kinase 19;
C4A and C4B, genes for complement component 4; 21A, CYP21A1P pseudogene; 21B CYP21A2 gene; XA, YA, and YB, adrenal transcripts that lack open reading
frames; XB, the TNXB gene; XB-S the short, adrenal-specific form of TNX, arises from the leftward transcription arrow within the XB gene, analogously to XA; ZA and
ZB, adrenal-specific transcripts with open reading frames arising from promoters within the C4 genes; the ZA and ZB promoters are enhancer elements of the
CYP21A1P and CYP21A2 promoters. Most TNX transcription arises from the untranslated exon at the 5’end of TNXB, but some also arises from two sites within
CREB-RP. The vertical dotted lines designate the boundaries of the gene duplication event. © WL Miller.
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and provided additional information about exonic organization
(21, 22). To determine how this locus was duplicated, we
sequenced genomic DNA at the predicted duplication
boundaries and through the entire 7 kb between 21A and
C4B that had to comprise the XA locus, providing the entire
XA gene sequence and the precise boundaries of the human
gene duplication (16). These boundaries were substantially
different from the corresponding duplication loci in the mouse
genome, as expected for independent duplication events that
post-dated mammalian speciation. Although XA was abundantly
expressed in the adrenal, its gene was truncated at its 5’ end
(compared to XB) by the gene duplication (16), suggesting that it
is a pseudogene and that XB would be the more important locus.

Manual sequencing of overlapping genomic clones revealed
the nearly complete structure of the XB gene: 39 exons spanning
65 kb encoding a protein of >400-kDa (23). Some Fn-III repeats
underwent alternative splicing; current data show 44 exons
spanning 68 kb encoding 4,244 amino acids totaling 458,220
Da (24). The structure contained the five domains expected of a
tenascin. First, the N-terminus comprised a 22AA signal peptide
that directs the protein to the secretory pathway, used by
extracellular matrix proteins. Second is a hydrophobic domain
containing three heptad repeats that encode the tenascin “head
piece”, which permits polymerization of tenascin monomers into
multi-armed “brachion” structures. The three heptad repeats
suggested that TNX should form a “tri-brachion”, similar to the
hexabrachion structure of chicken (25) and human (26) tenascin.
TNX lacked the additional cysteine residues in this domain of
tenascin and restrictin, which permit two tri-brachions to pair
into a hexabrachion. The tri-brachion structure of TNX was
subsequently confirmed (27); with glycosylation, a TNX tri-
brachion is ~1.5 million Da. Third, a single exon encoded a
series of 18.5 EGF-like repeats having 55% similarity to the 13.5
EGF-like repeats of human tenascin/cytotactin. Fourth, a series
of evolutionarily duplicated exons encoded 32 Fn-III repeats,
including the cell-binding domain identified in chicken tenascin
(25). Finally, the last five exons encode the carboxy-terminal
fibrinogen-like domain and the 3’-untranslated region, including
the domains that overlap CYP21A2 (17). The carboxy-terminal
fibrinogen-like domain was widely conserved in evolution (20,
28), and the sequence and intron/exon arrangement of the 3’ end
of XB were very similar to the b- and g- chains offibrinogen (29).
Thus, the product of the XB gene was a member of the family of
tenascins. We said “We suggest that this category of proteins be
termed ‘brachions’ or ‘tenascins’. We favor the latter. Tenascin,
the first-described member, which is also widely termed
‘cytotactin’, would be termed tenascin-C or TN-C to designate
tenascin-cytotactin; restrictin would be termed tenascin-R or
TN-R; and the product of the XB gene described in this paper
would be tenascin-X or TN-X. This system would emphasize the
relatedness among the monomeric units of these proteins and
would, to the extent possible, incorporate terminologies and
letterings favored by various groups. It seems unlikely that the
number of tenascins will exceed the confines of the alphabet.”
(23). Thus, the currently used nomenclature for the tenascins,
TNC, TNR, and TNX, was established, soon to be followed by
TNW (30, 31).
Frontiers in Immunology | www.frontiersin.org 370
ADDITIONAL STUDIES AND GENES IN
THE TNX GENE LOCUS

The structure of TNX is conserved in mice, with subunits of ~500
kD expressed in a pattern distinct from TNC (32). Expression of
TNXB is tissue-specific and developmentally regulated (33, 34).
In fetal adrenal, fetal muscle, and skin HT1080 cells, TNXB
transcription begins with an untranslated exon ~10 kb upstream
from the first coding exon (35). The CREB-RP gene encoding the
transcription factor CREB-related protein lies immediately
upstream from TNXB (36). TNXB transcripts arise from
multiple Sp1/Sp3 sites near to and within CREB-BP (35, 37);
thus, both ends of TNXB overlap other genes (Figure 1). Because
XA is transcribed despite lacking promoter sequences
comparable to those of TNXB, we characterized the 128 bp XA
promoter lying between XA and C4B (38). This sequence is
identical in TNXB and drives the adrenal-specific expression of a
truncated 74 kDa form of TNX, called XB-Short (XB-S), which is
identical to the carboxy-terminal 673 amino acids of TNX (38)
(Figure 1). Expression of XB-S is induced by hypoxia (39), and
XB-S associates with mitotic motor kinesin Eg5 (40), but its
precise function remains unclear. Additional transcripts termed
YA and YB arise from the CYP21A1P and CYP21A2 promoters,
but do not encode protein (10), and transcripts termed ZA and
ZB arise from a promoter element within intron 35 of the C4
genes, but it is not clear whether these open reading frames
encode protein (41). The ZB promoter is an upstream adrenal
enhancer element for CYP21A2 (42). The location of this
essential CYP21A2 element within C4B (also seen in the
mouse) (43), explains why the C4, CYP21, and TNX genes
remain intimately linked in mammalian genomes.
TENASCIN-X DEFICIENCY CAUSES AN
AUTOSOMAL RECESSIVE FORM OF
EHLERS-DANLOS SYNDROME

Developmental expression of TNXB showed a recurring pattern,
appearing first in connective tissue surrounding muscle and then
in a subset of intramuscular cells, suggesting roles in muscle
morphogenesis (33). To find a biological role for TNX, we
hypothesized that an HLA-linked deficiency disease for TNX
might exist, but no clinical candidates emerged. Another
approach was to postulate existence of a “contiguous gene
syndrome” comprising a partial deletion of both the CYP21A2
and TNXB genes, so we sought a patient with 21OHD “and
something else”. Serendipitously, Dr. Cynthia Curry (Fresno
CA), asked us about a patient with 21OHD and a connective
tissue disorder that resembled Ehlers-Danlos Syndrome (EDS).
EDS was then known as an autosomal dominant disorder of
collagen deposition, with rare recessive forms in collagen-
modifying enzymes, (lysyl hydroxylase or pro-collagen
N-proteinase) (44), hence TNX was not an obvious candidate.
The patient’s skin had ultrastructural findings atypical for known
forms of EDS. An antiserum that recognized multiple TNX
epitopes detected TNX in cultured dermal fibroblasts from
January 2021 | Volume 11 | Article 612497
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controls and from the obligately-heterozygous parents, but not in
the patient’s fibroblasts; similarly, control, but not patient
fibroblasts contained TNX mRNA, confirming TNX-deficiency.
Because the protein-coding regions of CYP21A2 and TNXB do
not overlap, we sought gene deletions rather than point
mutations. Genomic PCR and Southern blotting identified a
deletion extending from XA through CYP21A2 to the
corresponding point in TNXB, demonstrating that TNX
deficiency causes EDS (45). In collaboration with Prof. Joost
Schalkwijk (U. Nijmegen, Netherlands), we found an
immunoassayable TNX fragment in the sera of 146 of 151
patients with EDS; the five patients lacking serum TNX had
TNXB mutations, none of which encompassed CYP21A2 (46).
Subsequent work has confirmed that TNX deficiency causes a
clinically distinct, severe form of EDS (47, 48). Similarly, Tnxb-
knockout mice had skin hyperextensibility, reduced skin tensile
strength and reduced skin collagen content (49); whereas mouse
knockouts of TNC and TNR lacked abnormal phenotypes (50–
52). TNX appears to associate with and stabilize newly produced
collagen fibrils (27, 53, 54), thus all recessive forms of EDS
concern post-translational modification of collagens.
CONGENITAL ADRENAL HYPERPLASIA
AND TENASCIN-X—THE CAH-X
SYNDROME

TNX has functions beyond EDS (55); it promotes epithelial-
mysenchymal transitions in development (56), and may be
associated with tumor invasion (57–59). TNX-deficiency has
been associated with primary myopathy (60, 61), recurrent
gastrointestinal perforation (62), and vesicoureteral reflux (63,
64). TNX is expressed in leptomeninges and choroid plexus (34,
65), suggesting neurologic roles: TNXB single nucleotide
Frontiers in Immunology | www.frontiersin.org 471
polymorphisms are associated with schizophrenia (66, 67), and
Tnxb-knockout mice have increased anxiety, improved memory,
and higher sensorimotor coordination than controls (68).

While TNX-deficient EDS is autosomal recessive,
heterozygous TNXB mutations cause TNX haploinsufficiency,
with joint hypermobility, recurring joint dislocations and joint
pain—the “hypermobility type EDS”. Among 20 obligate
heterozygotes for a severely defective TNXB allele, 9 of 14
females but no males had hypermobility EDS (69). Dr. Deborah
Merke (NIH, BethesdaMD) found that 7% of patients with 21OHD
had symptomatic TNX haploinsufficiency (70, 71), and a recent
study reported 14% (72); this association is now regarded as a sub-
type of 21OHD termed CAH-X (73). Thus, studies of 21OHD and
TNX, like their genes, have been linked from the beginning and
continue together.
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Stroke is still one of the most common causes for mortality and morbidity worldwide.
Following acute stroke onset, biochemical and cellular changes induce further brain injury
such as neuroinflammation, cell death, and blood-brain barrier disruption. Matricellular
proteins are non-structural proteins induced by many stimuli and tissue damage including
stroke induction, while its levels are generally low in a normal physiological condition in
adult tissues. Currently, a matricellular protein tenascin-C (TNC) is considered to be an
important inducer to promote neuroinflammatory cascades and the resultant pathology in
stroke. TNC is upregulated in cerebral arteries and brain tissues including astrocytes,
neurons, and brain capillary endothelial cells following subarachnoid hemorrhage (SAH).
TNC may be involved in blood-brain barrier disruption, neuronal apoptosis, and cerebral
vasospasm via the activation of mitogen-activated protein kinases and nuclear factor-
kappa B following SAH. In addition, post-SAH TNC levels in cerebrospinal fluid predicted
the development of delayed cerebral ischemia and angiographic vasospasm in clinical
settings. On the other hand, TNC is reported to promote fibrosis and exert repair effects
for an experimental aneurysm via macrophages-induced migration and proliferation of
smooth muscle cells. The authors review TNC-induced inflammatory signal cascades and
the relationships with other matricellular proteins in stroke-related pathology.

Keywords: biomarker, blood-brain barrier disruption, cerebral vasospasm, matricellular protein,
neuroinflammation, neuronal apoptosis, stroke, subarachnoid hemorrhage
INTRODUCTION

Stroke is a large public concern in terms of both human and financial resources (1, 2). In the United
States, annual stroke expenses have reached approximately 33.9 billion dollars (2). Although recent
research has been clarifying pathological changes in the brain following stroke, therapeutic options
for these patients remain limited.

Neuroinflammation is a key pathologic change arising from stroke. Findings from both clinical
and animal studies have indicated that inflammatory reactions may contribute to the development
of brain injury following stroke (3–5). Post-stroke tissue damage releases secondary breakdown
products of brain tissue and blood components. Damage-associated molecular patterns (DAMPs)
are endogenous molecules released as a result of tissue damage that rapidly activate the innate
immune response by interacting with a number of pattern recognition receptors (PRRs) located
primarily on microglia and macrophages (6, 7). Activated microglia and macrophages release
inflammatory cytokines and mediators via activation of signaling pathways downstream of the
org January 2021 | Volume 11 | Article 607587174
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PRRs. The PRRs include Toll-like receptors (TLRs), cytosolic
NOD-like receptors and inflammasomes, receptors for advanced
glycation end products, and other scavenger receptors (8–10).
Following stroke, the TLR4 signaling pathway is involved in the
initial steps of neuroinflammation cascades, which result in brain
injury such as vasogenic and cytotoxic edema and blood-brain
barrier (BBB) disruption (11). Furthermore, neuroinflammation
recruits more DAMPs, accelerating the inflammatory response.
The secondary brain injury includes early brain injury (EBI),
cerebral vasospasm (CVS), and delayed cerebral ischemia (DCI)
after subarachnoid hemorrhage (SAH). Neuroinflammation is
currently considered to be a critical factor contributing to
morbidity and mortality in stroke patients who survive the
initial brain damage and needs to be addressed in order to
improve clinical outcomes (11–13).

Matricellular proteins (MCPs) are extracellular matrix (ECM)
components upregulated and released by tissue damage, exerting
both beneficial and harmful effects through binding to receptors,
other matrix proteins, growth factors (GFs), and cytokines (14).
Recent studies have demonstrated the efficacy of treatments
targeting MCPs in preclinical stroke neuroinflammation
models (15, 16).

In this review, we focus on aMCP tenascin-C (TNC) involved in
neuroinflammation following stroke, and highlight current evidence
for its use as a clinical biomarker and a therapeutic target.
WHAT ARE MCPS?

The concept of MCPs was introduced in 1995 due to their
characteristics which differ from classical ECM proteins (17). MCPs
are currently considered important inducers that regulate the
expression of inflammatory mediators and are involved in diverse
pathological changes such as cell death, immunomodulation,
inflammation, fibrosis, vascular permeability, and angiogenesis via
modulation of the molecular functions or cellular responses to the
molecules (18, 19). MCPs can work on the plasma membrane,
intracellularly, in body fluids, or in the ECM, and also act as
reservoirs of the bioactive molecules (18, 19). The level of protein
expression is low in normal physiological conditions in adult tissues
in general, and MCP knockout mice undergo normal development
(18, 20). Almost all tissues and cell types produce MCPs following
various stimuli which disappear after stimulus removal. MCPs do not
provide a scaffold for stable cell adhesion, but induce cell motility and
tissue remodeling via modulation of cell surface receptors, other
matrix proteins, GFs, and cytokines (Table 1) (18). Accumulating
evidence suggests that many types of MCPs, such as TNC, periostin,
galectin-3, and osteopontin, contribute to aggravation or
improvement of neuroinflammation in stroke at least partly by
influencing the expression of each other (15, 18–23).
TNC: THE STRUCTURE AND ISOFORMS

Tenascins (TNs) are representative of MCPs and are comprised
of a family of four homologs, that is, TNC, TNR, TNW, and TNX
Frontiers in Immunology | www.frontiersin.org 275
(22–24). Among the TNs, only TNC has been investigated in
stroke (20). TNC was discovered in the early 1980s and initially
referred to by different terms such as myotendinous antigen,
glioma mesenchymal ECM, hexabrachion, TN, J1-200/220,
cytotactin, and neuronectin (25, 26). TNC is a pleiotropic
ECM glycoprotein with a large molecular weight (180–400
kDa). Its N-terminal contains highly conserved heptad repeats,
followed by 14 epidermal growth factor (EGF)-like repeats and
up to 15 fibronectin type III (FN III) repeats comprised of
universal repeats and alternatively spliced repeats; and a
fibrinogen repeat domain is located at the C-terminal (25, 27–
30). Alternatively spliced repeats in the FN III domain are
comprised of a combination of A1, A2, A3, A4, B, AD2, AD1,
C, and D domains in humans and A1, A2, A4, B, C, and/or D
domains in mice, which are inserted between domains 5 and 6 in
universal FN III repeats (20, 23, 29–34). TNC generally forms a
disulfide-linked hexamer mediated by the N-terminal domain in
which six flexible arms emanate from a central globular particle
(Figure 1) (20, 22, 29, 30, 35). In humans, TNC is encoded at a
single gene located at 9q33 (20).

TNC exhibits a diverse range of isoforms in various tissues,
the splicing of which is regulated by intracellular pH. Under
exposure to basic pH ~7.30–7.50 as observed with fetal cells and
aggressive tumors, the level of longer or larger TNC isoforms is
enhanced (33). Isoforms with a large molecular mass (≥200 kDa)
contain at least one alternatively spliced FN III repeat. Each
alternatively spliced FN III repeat has unique functions (33).
Larger TNC isoforms induce cell proliferation and migration,
and control cell spreading, resulting in promotion of destruction
or remodeling of local tissues (33). In addition, larger TNC
isoforms can be easily degraded by matrix metalloproteinases
(MMPs), leukocyte elastase, and possibly other serine proteases
(33). MMPs usually cleave the sites located within the
alternatively spliced region (23, 33). In contrast, TNC isoforms
with a lower molecular mass (<200 kDa) lack A1-D domains in
alternatively spliced FN III repeats and seem to be more stable in
dense connective tissues and to be expressed at low levels in a
physiologically normal tissue (33). Under physiological pH <7.0,
the level of small TNC isoforms is increased (33). Different TNC
isoforms seem to be produced by proteolytic processing of a large
multimodular TNC isoform. The proteolytic destruction may
impart novel functions to TNC by destroying existing binding
TABLE 1 | Characteristics of matricellular proteins compared with classical
extracellular matrix (ECM) proteins.

Classical ECM
protein

Matricellular protein

- Structural protein - Soluble non-structural protein
- Low expression level under normal physiological
conditions in adult tissues
- Induced in almost any tissue by stimuli and disappear
after stimulus removal

- Provide a scaffold
for stable cell
adhesion

- Induce cell motility and tissue remodeling
- Various functions via interacting with cell surface
receptors, other matrix proteins, growth factors, and
cytokines
- Knockout mice basically undergo normal development
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sites or generating smaller fragments with new binding sites:
these new functions can drive entirely novel processes compared
to the previous or intact form (33). Smaller TNC fragments exert
quite different reactions in various cells. Fragmented EGF-like
domains of TNC induce apoptotic effects on vascular smooth
muscle cells in culture, while intact or full-length TNC does not
have the functions (36). Thus, respective TNC isoforms seem to
have flexible physiological or pathological functions (20).
However, the timing and location of distinct TNC isoforms
production during inflammatory reactions have not been
completely investigated. In addition, the functions of individual
TNC isoforms have not yet been fully clarified (20).

TNC Expression During
Developmental Stage
TNC is highly expressed during embryonic development and was
first identified in developing astrocytes (37–41). Currently, TNC is
considered to be primarily induced by astrocytes and radial glial
progenitor cells and to play a crucial role in normal brain
development: it serves as a repulsive substrate for neuronal and
astrocytic growth and plays a role in proliferation and process
elongation of astrocyte progenitor cells, maturation of neural
progenitor cells, proliferation and maintenance of oligodendrocyte
precursors, and synaptic plasticity through autocrine and paracrine
regulatory mechanisms during developing stages (Figure 2) (28, 34,
40–47). In the spinal cord, TNC is synthesized by a subset of
Frontiers in Immunology | www.frontiersin.org 376
gliogenic precursors in the late phase of embryogenesis and
influences proliferation and migration of a subpopulation of
astrocytes (48). Although the expression of TNC is downregulated
in the brain 2–3 weeks after birth, it is involved in hippocampal
synaptic plasticity and synchronized neural network activities in the
mature brain via control of postsynaptic L-type Ca2+ channels (47).
Intrahippocampal injections of recombinant TNC fragments
containing the FN III repeats 6–8 block the retention of memory
and hippocampal formation in mice, showing the mediation in
hippocampus-dependent contextual memory and hippocampal
synaptic plasticity (49).

Regulation of TNC Expression
in Adult Tissues
In adult tissues, the expression and the distribution of TNC are
typically limited under normal physiological conditions but
transiently upregulated in reaction to inflammatory responses or
tissue damages (50, 51). TNC expression is controlled by several
transcription factors and intracellular regulators, including T cell
factor/lymphoid enhancer-binding factor, nuclear factor (NF)-kB,
Notch1 and Notch2, hepatocyte NF-4a, Ets, SP1, c-myc, homeobox
transcription factor Prx1, Rho, c-Jun, and extracellular signal-
regulated kinases (ERKs) (29, 32). Overexpression of the
transcription factors Slug and Sox9 induce TNC and periostin
expression (52). However, the involvement of these transcription
factors in stroke has not been investigated in vivo. In contrast,
FIGURE 1 | Hexamer structure of tenascin-C (TNC; upper), monomer structure of TNC (lower), and the possible downstream signaling pathway in stroke. Six TNC
monomers combine to a hexamer at their N-terminal domains. EGF, epidermal growth factor; ERK1/2, extracellular signal-regulated kinase 1/2; JNKs, c-Jun N-
terminal kinases; MMP-9, matrix metalloproteinase-9; TLR4, Toll-like receptor 4.
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micro-ribonucleic acids (RNAs) such as miR-355 downregulate
TNC expression in breast cancer metastases (53). Upregulation of
TNC appears in reactive astrocytes, injured neurons, and glial scar
formation with restricted occurrence in space and time: therefore,
these cells are considered to release TNC (20, 22, 29, 47, 50, 54, 55).
TNC modulates a variety of cell functions and morphologies (22,
23). Scratch wound assays induce TNC expression by astrocytes in
vitro (56). Levels of TNC enhancement following stab-wound injury
to cerebellar and cerebral cortical structures depend on the number
of glial fibrillary acidic protein (GFAP)-positive cells, which
represent reactive astrocytes (55). GFAP was significantly
suppressed in TNC-knockout mice compared to wild-type ones
one week after stab injury (57); and therefore TNCmay be involved
in the late acute phase formation of astrogliosis around sites of
injury and failed regeneration (55). However, in another mice study,
TNC exerted protective effects after brain damage (57). The study
demonstrated that extravasated immunoglobulin G was
considerably prolonged and RNA levels of proinflammatory
cytokines tumor necrosis factor (TNF)-a, interleukins (ILs)-1b
and -6 were higher in the cerebral cortex after stab-wound injury
in TNC-deficient mice: TNC productionmight promote BBB repair
or maintain the BBB integrity by the reduction of inflammatory
cytokine levels (57).

TNC induces MMPs, which seem to result in a positive TNC
feedback loop viaMMP-induced TNC cleavage (29). In addition,
many stimuli, including various pro- and anti-inflammatory
cytokines, GFs, hypoxia, reactive oxygen species, and
mechanical stress, readily but transiently upregulate TNC
within several hours in various pathological conditions such as
myocarditis, arteriosclerosis, and cancer, irrespective of the
location or type of causative insults (Figure 3) (29, 58).
Clinically, TNC has been reported as a plasma biomarker of
neurodegenerative diseases, as significantly elevated TNC levels
were found in the peripheral blood of patients with Alzheimer’s
disease with mild cognitive impairments and in the amniotic
fluid of pregnancies affected by Down syndrome (59–61). In
addition, TNC expression is induced in the hippocampi of both
epileptic rats and human patients with temporal lobe epilepsy
(62–64). In the brains of patients with temporal lobe epilepsy, the
regions exhibiting diffuse and elevated expression of TNC were
characterized by an extended area of reactive gliosis and synaptic
Frontiers in Immunology | www.frontiersin.org 477
reorganization (42). Loss of TNC in transgenic CRND8 mice
caused enhanced production of anti-inflammatory cytokines and
decreased production of proinflammatory cytokines, associated
with reduction of b- and g-secretase activity, Ab oligomerization,
amyloid plaque load, and synaptic impairments (65). However,
another study demonstrated that TNC may be involved in the
maintenance of late acute phase astrogliosis surrounding the site
of severe injuries, and exert anti-inflammatory and BBB-
repairing effects (57). Thus, TNC induced by reactive
astrocytes may play neuroprotective, neurotoxic or other
diverse roles depending on the context, including regulation of
astrocyte reactivity, BBB permeability, and potentiation of
inflammatory processes (Figure 2). TNC may also directly
affect neuronal plasticity and lead to memory impairments (42).

TNC in SAH
Many experimental studies as to TNC have been reported in SAH in
rats and mice. Some have demonstrated that TNC is expressed in
the walls of spastic cerebral arteries (endothelial, smooth muscle,
adventitial, and periarterial inflammatory cells) and in brain
parenchyma (astrocytes, neurons, and brain capillary endothelial
cells), primarily in the surface of the cerebral cortex between 24 and
72 h after SAH by endovascular perforation (22, 37, 66–69). In a
clinical setting, TNC levels in the cerebrospinal fluid (CSF) were
below the diagnostic threshold level in patients with an unruptured
cerebral aneurysm butmarkedly increased after cerebral aneurysmal
rupture (70). Elevation of TNC expression may be affected by
several factors, including elevated intracranial pressure as well as
brain damage resulting from local or systemic inflammatory
reactions (68, 71). A previous experimental study in rats showed
that even cisternal saline injections caused elevated intracranial
pressure and induced slight subarachnoid inflammatory reactions,
which caused TNC upregulation in the basilar artery adventitia (68,
71). TNC is a key pathological factor that promotes activation of
inflammatory cell infiltration in the periarterial space, causing EBI
in terms of neuroinflammation, BBB disruption, and neuronal
apoptosis; and also is involved in CVS and plays an important
role in the development of DCI (Figure 2) (3–5, 20, 29, 37, 66, 72).
Recent studies demonstrated that intracisternal injections of both
intact or full-length TNC and recombinant TNC fragments
containing the EGF-like repeats which activate EGF receptors
FIGURE 2 | The role of tenascin-C during developmental stage and following stroke. BBB, blood-brain barrier; CVS, cerebral vasospasm.
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activated mitogen-activated protein kinases (MAPKs) in arterial
smooth muscle cells, causing prolonged CVS, but had no effects on
neurobehavior, brain water content, and BBB integrity in normal
healthy rats; however, in SAH rats, the TNC injections caused
neurological impairments (3, 16, 22, 66, 72–77). In addition, TNC-
induced activation of MAPKs is considered to upregulate MMP-9
in brain capillary endothelial cells and to cause BBB disruption in
mice with SAH, although the mechanisms remain unidentified (29,
72, 73, 75, 77, 78). MAPK activation also results in a release of
inflammatory mediators (18, 79). Human studies have repeatedly
shown elevation of inflammatory mediators such as endothelin-1,
TNF-a, and ILs-1b and -6 in CSF after SAH (37, 80–82). IL-1b
induces TNC production via MAPK-dependent or -independent
pathways, while TNC stimulates the synthesis of IL-1b (58, 77). This
positive feedback mechanism upregulates TNC and the receptors in
an early phase of SAH and may cause more activation of TNC
signaling transduction and consequently further development or
aggravation of EBI including neuronal apoptosis and BBB
disruption, as well as prolonged CVS (Figure 1) (66, 69, 73).
Post-SAH neuronal apoptosis develops through TNC-induced
activation of p38 and ERK1/2 (20, 66), and the EGF-like repeats
of TNC have been involved in apoptotic processes in cultured
human smooth muscle cells (23). The blockage of TNC induction
prevented post-SAH MAPK activation in the brain and suppressed
EBI in terms of neuronal apoptosis and BBB disruption (22).
Overexpression of ILs-1b and -6 itself is also known to cause
apoptosis by triggering caspase cascade reactions (16).
Frontiers in Immunology | www.frontiersin.org 578
Effects of TNC Knockout on
Experimental SAH
Some studies using TNC-knockout mice have reported a
relationship between TNC and EBI or CVS. In a filament
perforation SAH model, TNC knockout did not change the
total volume of SAH (22). However, TNC knockout alleviated
neurological impairment and decreased brain water content and
Evans blue dye extravasation, which were associated with
inactivation of three major MAPKs (c-Jun N-terminal kinase
[JNK], p38, and ERK1/2) in brain capillary endothelial cells in
the cerebral cortex; and the MAPK inactivation resulted in
inhibition of MMP-9 induction and retention of tight junction
proteins such as zonula occludens (ZO)-1 (20, 22, 72, 83). In
addition, TNC-knockout mice demonstrated prevention of CVS,
which was associated with a reduction in periarterial
inflammatory cells infiltration and MAPK inactivation in
cerebral arterial smooth muscle cells as well as suppression of
caspase-dependent neuronal apoptosis in the cerebral cortex
with reduction or inactivation of TLR4, NF-kB, and ILs-1b
and -6 (37, 50). TNC knockout also inhibited post-SAH
upregulation of another MCP, periostin, in brain capillary
endothelial cells and neurons (83). In a hepatic ischemia and
reperfusion model, the protective effects of TNC knockout have
been also shown in terms of a marked decrease in apoptotic
hepatic cells via reduction of inflammatory cytokines and MMP-
9 (77). Exogenous TNC treatment induced TLR4 and MMP-9
and aggravated EBI in wild-type SAH rats; and abolished the
FIGURE 3 | Possible molecular mechanisms for regulating tenascin-C expression and downstream signaling cascade. EGFR, epidermal growth factor receptor;
MAPKs, mitogen-activated protein kinases; NF-kB, nuclear factor-kappa B; PDGF, platelet-derived growth factor; TLR4, Toll-like receptor 4; VEGF, vascular
endothelial growth factor.
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protective effects through induction of TLR4 and MMP-9 in
TNC-knockout SAH and transient hepatic ischemic models in
mice (20, 22, 66, 73, 76).

TNC in Cerebral Aneurysm, Post-SAH
Chronic Hydrocephalus, and
Ischemic Stroke
TNC induced potent aneurysm repair through the fibrosis-
promoting effects in a rat aneurysm model, possibly by
recruiting macrophages, which secrete cytokines to induce
migration and proliferation of smooth muscle cells (84). In
contrast, the fibrosis-promoting effects of TNC may cause
chronic hydrocephalus after SAH due to obstruction of
circulation and reabsorption of CSF (70). Therefore, TNC
induction may be protective if it is induced in the ruptured
cerebral aneurysm wall but detrimental if it is induced in the
brain, cerebral arteries, subarachnoid space, or CSF after SAH
(22). However, no studies have investigated the role of TNC in
cerebral aneurysmal genesis, growth, or rupture and the
subsequent hemostasis. In addition, the effects of TNC on a
ruptured cerebral aneurysm itself are unknown. Further studies
are needed to clarify the role of TNC in intracranial aneurysm
animal models (22).

In ischemic stroke in rats, treatment with neurotrophic factor
L-serine upregulated TNC at 5 days post-ischemia and exerted
neuroprotective effects by inducing the proliferation of neural
stem cells and microvessels and the reconstruction of
neurovascular units, resulting in neurorepair in the ischemic
boundary zone (85). However, the mechanisms have not
been investigated.

TLR4 Cascades and TNC in Stroke
TLRs are constituents of the innate immune system that are
activated by DAMPs. At present, a total of 11 human and 13
murine TLRs have been identified (86). Since its discovery in
1998, TLR4 has been the most studied TLR family member (16,
87). TLR4 signaling is currently considered an important
neuroinflammation therapeutic target because TLR4 has the
unique ability to trigger two distinct signaling pathways (16,
71, 79, 86–88), the myeloid differentiation primary response
protein 88 (MyD88)-dependent cascade in the acute phase and
the Toll receptor-associated activator of interferon (TRIF)-
dependent cascade in the late phase (86). TLR4 is expressed on
the cell surface of various cells including microglia, neurons,
astrocytes, brain capillary endothelial cells, endothelial and
smooth muscle cells of the cerebral arteries, as well as
peripheral blood cells including leukocytes, macrophages, and
platelets (16, 86). TLR4 is activated by numerous DAMPs such as
red blood cell breakdown products (heme, hemin, and
methemoglobin), extravasated fibrinogen and fibrin, various
intracellular components, and MCPs including TNC and
galectin-3 (Figure 3) (16, 18). Activation of TLR4 induces the
activation of the adaptor molecule MyD88 and subsequently the
downstream signaling transcriptional factors NF-kB and
activator protein (AP)-1. The process of AP-1 activation is
primarily mediated by MAPKs including JNK, p38, and ERK1/
Frontiers in Immunology | www.frontiersin.org 679
2 (16, 79, 86, 89, 90). Both NF-kB and AP-1 upregulate MCPs
including TNC, as well as proinflammatory cytokines or
mediators such as TNF-a, IL-1b, -6, -8, and -12, intercellular
adhesion molecule-1, monocyte chemoattractant protein, and
MMP-9 (16, 20). These proinflammatory cytokines and
mediators upregulate specific cell adhesion molecules on
endothelial cells and induce neuroinflammation as well as the
degradation of the inter-endothelial tight junctions and basal
membrane in brain capillaries, which leads to BBB disruption
and apoptosis of various cells, aggravating tissue damage after
stroke (16, 20, 91). MMP-9 is a proinflammatory mediator
induced by inflammatory cytokines and reactive oxygen
species, and degrades components of the ECM of the cerebral
microvessel basal lamina such as collagen IV, laminin, and
fibronectin, as well as inter-endothelial tight junction proteins
such as ZO-1, causing BBB disruption (92, 93). TNC amplifies
the expression levels through positive feedback mechanisms
utilizing the TLR4 signaling pathway, leading to further
activation of the signaling transduction and the development
or aggravation of secondary brain injury, as TNC itself is a ligand
of TLR4 (16, 22). Experimental SAH studies have demonstrated
that TNC induces CVS via activation of TLR4 and the
downstream signaling MAPKs JNKs and p38 for more than 72
h in a rat cerebral artery, and that selective TLR4 antagonists
LPS-RS and IAXO-102 inhibit TNC-induced CVS as well as
expression of TLR4 in endothelial cells and smooth muscle cells
of the arteries (Figure 3) (16, 17, 22, 73, 75, 76, 89). Therefore,
targeting TLR4 is a potential therapeutic option against
neuroinflammation after stroke. A recent study demonstrated
that a selective TLR4 antagonist attenuated neurobehavioral
impairments and prevented BBB disruption via suppression of
the expression of MAPK JNK, MMP-9, MCPs such as TNC and
periostin, as well as inflammatory mediators such as IL-6 and
cyclooxygenase-1 in post-SAH mice (79, 89). TNC-knockout
post-SAH mice showed less subarachnoid space infiltration of
inflammatory cells in association with suppression of TLR4/NF-
kB/IL-1b/IL-6 and the MMP-9 signaling pathway (37, 50, 67).

On the other hand, the late phase TRIF-dependent pathway
in stroke induces interferon regulatory factor-3 as well as NF-kB
and MAPKs, releasing interferon-b (86, 94). Interferon-b also
modulates the innate immune response but exerts both anti-
inflammatory and anti-apoptotic effects (94). The ligands of
TLR4 interact with the receptor without distinction and induce
the same downstream signaling pathways. However, the
mechanisms to control the activation of respective pathways
remains unclear (86).
TNC AS A CLINICAL BIOMARKER
OF STROKE

In clinical settings of SAH, EBI is very difficult to be diagnosed
precisely. Loss of consciousness at ictus, poor initial clinical
grade, a large amount of SAH and/or intraventricular hematoma,
presence of global cerebral edema, and inflammatory mediators
have been generally used as surrogate markers of EBI (20).
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However, these markers are neither objective nor specific to EBI
(35). Highly specific biomarkers that reflect EBI and predict the
development of DCI are needed to enable earlier diagnosis and
treatment of EBI and DCI (67). The ideal biomarkers should be
easily measured via simple methods and provide accurate and
prompt results (95).

If TNC upregulation after stroke reflects secondary brain
injury, blood and CSF TNC concentrations can be a candidate
for biomarkers: both concentrations are easily measured using an
enzyme-linked immunosorbent assay (35). Previous studies have
shown that the level of TNC containing alternatively spliced B or
C domains in both CSF and peripheral blood may be used as a
diagnostic and prognostic biomarker of inflammation and tissue
remode l ing processes in severa l d i seases such as
cardiomyopathy, myocarditis, osteoarthritis, hepatitis, and
tumor (58, 96–100).

In patients with SAH, higher plasma and CSF TNC levels may
be associated with severe EBI, angiographic CVS, and DCI (22,
101). Plasma TNC level increases independent of serum levels of
C-reactive protein and some proinflammatory cytokines (102).
Clinically, the peripheral blood level of TNC isoforms containing
a C domain in the alternatively spliced FN III repeats at 1 to 3
days from SAH onset could not predict the development of CVS
(68). However, the plasma level peaked between 4 and 6 days
from SAH onset and was significantly higher in patients who
subsequently developed CVS (68). The plasma TNC level
increased before 2.4 days of the development of CVS as
determined by transcranial Doppler ultrasonography and
before 3.6 days of the onset of symptomatic CVS (67, 68, 103).
In intracerebral hemorrhage patients, a higher serum level of
TNC containing a C domain in the FN III repeats at admission
was associated with greater hematoma volume and worse initial
neurological status. In addition, the elevation of TNC level was
independently correlated with early neurological deterioration,
hematoma growth, and worse clinical outcomes defined as
modified Rankin scale score >2 at 90 days (104).

In contrast, the CSF level of TNC containing a C domain in
the FN III repeats peaked within the first 3 days after SAH onset
and correlated with worse neurological status and greater
hematoma volume at admission; and additionally, it predicted
the development of CVS and shunt-dependent chronic
hydrocephalus as well as poorer functional outcomes (22, 35,
70, 101, 105, 106). The differences in the time course of TNC
levels between the plasma and CSF may be because TNC in the
CSF may be belatedly transferred to the plasma due to its large
molecular weight, although the possibility that TNC is released
by different cells between the CSF and the plasma cannot be
excluded. Although the reason of different time course of
peripheral blood and CSF TNC levels after SAH remains
unexplained, the findings in previous studies suggest that
severe hemorrhagic stroke may induce higher expressions of
TNC and that both CSF and peripheral blood TNC levels could
be used in predicting or diagnosing the development of CVS and
DCI after SAH (20, 22, 35, 103, 107). At present, the most
practical clinical application of TNC appears to be its use as a
biomarker (67).
Frontiers in Immunology | www.frontiersin.org 780
CONTRIBUTION OF OTHER MCPS
TO REGULATING TNC EXPRESSION IN
SAH-ASSOCIATED NEUROINFLAMMATION
Periostin
TNC directly binds to other MCPs periostin and galectin-3, and
may regulate the expression levels of each other in stroke, playing
diverse roles (29, 42, 54, 66, 101). Periostin is a multimodular N-
glycoprotein (93 kDa) with a N-terminal cysteine-rich EMI
domain, fourfold repeated fasciclin (FAS) 1 domains in the
middle, and a hydrophilic C-terminal region (108). The C-
terminal region interacts with other ECM proteins such as
TNC, collagen, fibronectin, and heparin (15, 66, 72, 74, 107,
109–111). The FAS1 domain of periostin also directly binds to
integrins (avb1, avb3, avb5, and a6b4) and TNC, exerting
various functions (112–115). Periostin is secreted by stromal
cells, which are stimulated by cytokines, transforming growth
factor (TGF)-b, and other GFs which are produced in epithelial
cells and other cells (112). In an experimental study, periostin
was expressed in brain capillary endothelial cells and neurons in
the cerebral cortex at 24 h after SAH induction (83). TNC and
periostin may induce expression of each other, forming a positive
feedback loop (67, 72, 83, 107, 108). MAPKs are both
downstream and upstream of periostin, TNC, and IL-6; and
thus activated MAPKs induce periostin, TNC, and IL-6, which in
turn activate MAPKs, resulting in a positive feedback to cause
and aggravate brain injury via various mechanisms including
MMP-9 activation (54, 66, 72, 83, 107, 112). An experimental
study using an endovascular perforation SAH model in mice
reported that upregulated periostin enhanced the expression of
TNC associated with activation of MAPKs p38 and ERK1/2 as
well as MMP-9, resulting in ZO-1 degradation in brain capillary
endothelial cells and the subsequent aggravation of BBB
disruption (83). In addition, recombinant full-length periostin
administration exacerbated post-SAH neurobehavioral
impairments, brain edema, BBB disruption, and TNC
induction in the post-SAH brain (83). In contrast, anti-
periostin antibody prevented post-SAH neurobehavioral
impairments, brain edema formation, and BBB disruption via
downregulation of TNC, inactivation of p38, ERK1/2, andMMP-
9, and the resultant retention of ZO-1 (83, 107). These findings
suggest that full-length periostin strongly interacts with TNC
and contr ibutes to post-SAH BBB disrupt ion and
neurobehavioral impairments via the MAPK pathway, and that
neutralizing full-length periostin may be an effective novel
therapeutic strategy for EBI after SAH (107). TNC-knockout
mice also showed the inhibition of periostin induction in the
post-SAH brain and exhibited less neurobehavioral impairments
(83). The interaction between periostin and TNC may play an
important role in post-SAH EBI and provides a new insight for
future researches (83).

Periostin also binds to integrins, leading to neuroinflammation
and BBB disruption (108). In experimental SAH, the process is at
least partly mediated by MAPK activation and upregulation of
MMP-9 (108). However, periostin-integrin binding also induces
neurogenesis via activation of the phosphoinositide 3-kinase
January 2021 | Volume 11 | Article 607587

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Okada and Suzuki Role of Tenascin-C in Stroke
(PI3K)/Akt signaling pathway and upregulation of an anti-
inflammatory cytokine TGF-b (18). The apparent discrepancy
may be resolved by future studies to clarify how periostin relates
with each integrin subtype in cerebrovascular diseases. In a clinical
setting, a higher serum periostin level at admission was associated
with worse initial neurological status, greater hemorrhage volume,
more frequent development of DCI, and worse clinical outcomes in
patients with aneurysmal SAH (116). In addition, plasma periostin
levels increased before the development of DCI, irrespective of the
presence or absence of CVS (108, 117). Therefore, periostin levels in
the peripheral blood may be a predictive marker for post-SAHDCI,
regardless of CVS development.

Galectin-3
Galectins are a family of MCPs comprised of more than 15
members of the b-galactoside-binding lectins and their
conserved peptide sequence elements in the carbohydrate-
recognition domains (CRDs) which show high affinities to b-
galactoside-containing carbohydrate moieties of glycoconjugates
(118). Galectins are classified into three types: proto-type
(galectins-1, 2, 5, 7, 10, 11, 13–20), tandem-repeat-type
(galectins-4, 6, 8, 9, 12), and chimera-type (galectin-3). Proto-
type is comprised of monomers or homodimers with the sole
CRD; tandem-repeat-type consists of N- and C- terminal distinct
CRDs connected by a single-polypeptide-chain linker; and
chimera-type has a C-terminal CRD and a N-terminal non-
CRD domain which consists of proline- and glysine-rich short
tandem repeats (118). The characteristics of chimera-type
galectin-3 is to form a bridge between different ligands and to
provide different functions (118). Recently, some studies
exhibited that galectin-3 is activated through binding to TNC
via its CRD domain (20, 118, 119). Activated galectin-3 possibly
causes the development of brain injury including
neuroinflammation after stroke (118–120). Galectin-3 induced
by pro-inflammatory mediators contributed to brain immune
responses via a major inflammatory signaling of Janus kinase/
signal transducer and activation of transcription (STAT) and
NF-kB pathways (121–123). In addition, galectin-3 is a ligand of
TLR4 and activates its downstream signaling pathways as
described above (18). In clinical settings, higher acute-stage
plasma galectin-3 levels were associated with the development
of DCI with no angiographic CVS after SAH (120). An
experimental study showed that galectin-3 might cause post-
SAH BBB disruption possibly by binding to TLR4 and activating
ERK1/2, STAT-3, and MMP-9 (124).

Osteopontin
Osteopontin, another MCP, seems to have inhibitory effects
against TNC in the setting of SAH (19). Osteopontin is an
acidic phosphoglycoprotein (40–80 kDa) that contains several
functional domains, allowing for integrin and CD44 receptor
binding (15, 35). Osteopontin is subjected to numerous post-
translational modifications including serine/threonine
phosphorylation, glycosylation, tyrosine sulfation, and
transglutamination, all of which regulate its functions (15).
Five distinct isoforms are generated by alternative splicing (15).
Thrombin and MMPs-2, -3, -7, -9, and -12 induce proteolytic
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cleavage of osteopontin (15). Osteopontin regulates homeostasis,
angiogenesis, and immune responses through the upregulation
in a variety of diverse cell types at the site of injury, stress, and
inflammation (125). An intracellular form of osteopontin was
expressed in dendritic cells and macrophages of the immune
system in response to transient ischemic injury in the brain, and
a secreted form of osteopontin promoted remodeling of the
ECMs in the brain (15). After SAH induction, osteopontin binds
to L-arginyl-glycyl-L-asparate (RGD)-dependent integrins and
exerts neuroprotective effects by alleviating CVS and BBB
disruption via induction of MAPK phosphatase-1, an
endogenous MAPK inhibitor (22). Interestingly, both
osteopontin and RGD-dependent integrin receptor antagonists
significantly inhibited the vasoconstrictive effect by recombinant
TNC fragments containing EGF-like repeats (20). The findings
suggest that RGD-dependent integrins may be involved in CVS
development, and that TNC binds to the integrins to develop
CVS. Although the mechanisms of osteopontin’s anti-TNC
effects remain poorly understood in stroke, osteopontin and
TNC share some receptors such as RGD-dependent integrins,
and therefore at least partly competitive inhibition may be the
mechanism (22). A novel multimodal nanoparticle,
simultaneous multiple aptamers and RGD targeting, which
combines triple affinity for nucleolin, RGD-containing
integrins, and TNC, has been reported as a candidate for a
targeted therapy against TNC (126): the nanoparticle would be
well worth trying in SAH and other stroke types, considering the
possible effects on both RGD-dependent integrins and TNC.
CONTRIBUTION OF GFS AND
INTEGRINS TO REGULATING TNC
EXPRESSION IN STROKE

The FN III domains 1–5, specifically domain 5 of TNC, have a
high binding affinity for multiple GFs, such as platelet-derived
GF (PDGF), vascular endothelial GF (VEGF), fibroblast GF
(FGF) including FGF-2, and TGF-b1 as well as neurotrophin-3
(Figure 1) (27, 30, 54).

PDGF
PDGF is a homodimeric, non-glycosylated, polypeptide chain
GF with a molecular weight of 28-35 kDa (127, 128). In SAH
studies, PDGF is upstream of endogenous TNC and interrelated
with TNC (66, 67, 69, 74). Exogenous TNC injections induce and
activate PDGF receptors (PDGFRs) possibly via interreceptor
interactions, which in turn upregulate TNC in the cerebral
arteries and brain (66, 69). TNC may be further upregulated
by a positive feedback on more PDGF activation via upregulated
PDGFRs and crosstalk signaling between receptors, leading to
more MAPK activation and consequent development of CVS,
neuronal apoptosis, and neurological impairments in SAH rats
(22). In rat SAH models, an intraperitoneal injection of imatinib
mesylate, a tyrosine kinase inhibitor of PDGFR, showed the
suppression of TNC induction and attenuated neurological
impairments, the development of CVS and neuronal apoptosis
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via inactivation of MAPKs such as JNK, p38, and ERK1/2 (22,
66, 69). In addition, a cisternal injection of recombinant TNC to
imatinib mesylate-treated experimental SAH rats reactivated
MAPKs to abolish the protective effects of imatinib mesylate
on neuronal apoptosis and CVS, resulting in neurological
aggravation (22, 66, 69). Thus, TNC downregulation was
demonstrated to be involved in the neuroprotective effect
mechanism of imatinib mesylate (72), and PDGFs and
PDGFRs were suggested as a potential therapeutic target to
regulate TNC expression and to prevent post-SAH EBI and
CVS (Figure 3) (67).

VEGF
VEGF, a member of a family of secreted polypeptides with a
highly conserved receptor-binding cystine-knot structure similar
to that of the PDGF, is a homodimeric protein (34–46 kDa) that
stimulates the formation of blood vessels (129). Although TNC
regulates VEGF expression in tumors, no studies have reported if
VEGF directly induces TNC (74, 130). In mice, VEGF enhances
BBB permeability in normal brain as well as brain with
inflammatory diseases (74). Neutralization of VEGF
downregulated VEGF receptor-2, a major mediator of the
kinase activity effects of VEGF, in association with suppression
of TNC expression and MAPKs activation (69, 73, 131). Taken
together, TNC may be involved in VEGF-induced BBB
disruption in SAH (Figure 3) (72).

FGF-2
FGF-2 belongs to the FGF family and exhibits several isoforms
with molecular weights ranging 18–34 kDa (132–135). FGF-2 is
highly expressed in the brain and regulates a variety of cell
functions including proliferation, morphogenesis, and
suppression of apoptosis (27, 136, 137). FGF-2 is secreted by
damaged neurons, and the synergistic action with TGF-b1,
which is also upregulated in response to an injury, stimulates
the expression of TNC (138). TNC binds to FGF-2 and promotes
survival of oligodendrocyte precursor cells by enhancing FGF
receptor-mediated signaling and blocking bone morphogenic
protein signaling (139). A recent study showed that
recombinant FGF-2 activated PI3K and Akt, leading to
suppression of neuronal apoptosis after SAH (132). Thus,
administration or augmentation of FGF-2 may be a promising
therapy to reduce post-SAH neuronal apoptosis via activation of
the FGF receptor/PI3K/Akt signaling pathway (132). However,
the action of FGF-2 on TNC after stroke has not
been investigated.

Integrins
Integrins are a superfamily of cell adhesion receptors that
primarily recognize ECMs and cell-surface ligands, and are
composed of a and b subunits that form 24 known
combinations (140). Five members of the integrin family that
recognize TNC as a ligand have been identified: isoforms a2b1,
a8b1, a9b1, avb3, and avb6 (140, 141). All the integrins except
for a9b1 bind to the FN III repeat sites of TNC, while a9b1 binds
to the fibrinogen globe (20, 140). Integrin avb3 is expressed on
endothelial cells and activates the downstream signaling that
Frontiers in Immunology | www.frontiersin.org 982
involves MAPKs, proinflammatory mediators such as ILs, and
MMP-9; however, the role of the integrin avb3 signaling
pathway in stroke has not been investigated (19, 37, 83, 106,
140, 142–145). Activated integrin avb3 induces internalization
of ZO-1 and occludin, disrupts vascular endothelial-cadherin
localization, and increases expression of MMP-9 (146).
Therefore, activation of integrin avb3 may be involved in BBB
disruption. In contrast, b1 integrins form laminin-binding,
collagen-binding (a2b1), RGD-binding (a8b1), or ECMs-
binding (a9b1) heterodimers (147–150). The b1 integrins are
increased in cerebral blood vessels in ischemic cortex, and induce
angiogenesis as well as leukocyte adhesion and migration
following ischemic stroke (147, 151). In addition, increased b1
integrins in neuronal cells were associated with neuronal
adhesion, and neurite outreach and regeneration (151). Thus,
it has been demonstrated that b1 integrin signaling is required
for neurovascular formation and recovery as well as endothelial
cell migration, proliferation and blood vessel formation
following transient ischemic stroke in mice (152). Therefore,
b1 integrin may be a therapeutic target for ischemic stroke and
other pathological conditions through modulating angiogenesis
(152). On the other hand, a2 integrins have been reported to be
associated with an increased risk for ischemic stroke (151).
Activation of a2b1 integrin prevents endothelial cells from
proliferating through binding to laminin (153). In addition,
overexpression of integrin a2b1 was associated with ischemic
stroke and myocardial infarction by clot formation, while its
absence results in a prolonged bleeding time within safe limits
(154). Therefore, inhibition of integrin a2b1 may be a potential
therapy for ischemic stroke. The expression and the role of
integrins a8b1, a9b1, and avb6 have not yet been elucidated
following stroke (147). At present, it is unknown if integrins
influence TNC expression.
OTHER THERAPEUTIC CANDIDATES FOR
TNC-INDUCED BRAIN INJURY
FOLLOWING STROKE

TNC expression can be reduced by several medications,
including cilostazol, steroids, and non-steroidal anti-
inflammatory drugs (NSAIDs) (Figure 3) (32, 103, 155). An in
vitro study found that cilostazol, an anti-platelet and peripheral
arterial vasodilating agent, is a selective inhibitor of
phosphodiesterase type III with pleiotropic actions that include
the inhibition of inflammatory reactions (18, 155). Blockage of
phosphodiesterase type III can inhibit induction of TNC at the
transcriptional level by activating the cyclic adenosine
monophosphate–protein kinase A signaling pathway (103,
155). In patients with aneurysmal SAH, 300 mg/day cilostazol
treatment almost completely suppressed the elevation of plasma
levels of TNC variants containing alternatively spliced FN III B
and C domains at days 1–12 after SAH onset, and prevented the
development of DCI and chronic shunt-dependent
hydrocephalus, resulting in improved clinical outcomes (103,
156). TNC is induced by inflammation, and TNC itself can
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induce inflammatory reactions (58, 66, 157). Therefore, some
anti-inflammatory medications are also associated with reduced
TNC expression. For example, steroids and NSAIDs suppressed
TNC expression in macrophages and human vascular smooth
muscle cells in vitro and in arterial smooth muscle cells in vivo
(32). With respect to inflammatory signaling, in a rat model of
SAH, a MAPK JNK inhibitor SP600125 reversed the
vasoconstrictive effects of TNC, and a MAPK p38 inhibitor
SB203580 abolished TNC-induced TLR4 upregulation and
TNC’s vasoconstrictive effects (73).

Angiotensin II is a well-known potent inducer of TNC but the
potential mechanisms have not been identified (158). Drugs that
inhibit the effects of angiotensin II such as angiotensin II receptor
blockers (ARBs) may block vascular TNC expression (159). In a
model of carotid artery stent implantation in hypercholesterolemic
rabbits, an ARB candesartan cilexetil prevented in-stent neointimal
hyperplasia, which was associated with a decrease in macrophage
infiltration and TNC expression in the arterial wall: the
immunostaining study showed that TNC was induced in a
limited area around the stent struts, but the expression
disappeared by the ARB treatment (109). ARBs may suppress in-
stent restenosis after carotid artery stenting via anti-inflammatory
effects through TNC inhibition (109). Eplenerone, an aldosterone
receptor antagonist, also inhibited the development of inflammation
and fibrosis associated with reduced TNC expression in an
angiotensin II-induced hypertension model in mice (160).

Inhibition of Rho-kinase also suppressed expression of TNC
in smooth muscle cells in hypertensive rat pulmonary arteries
(161). In a clinical setting, a Rho-kinase inhibitor hydroxyfasudil
is commonly used to prevent CVS after SAH in Japan, although
the levels of TNC have not been measured (20).

Currently, Neuradiab® (81C6 anti-TNC antibody; Bradmer
Pharmaceuticals, Inc.) and double-stranded RNA directed
Frontiers in Immunology | www.frontiersin.org 1083
against TNC have been reported as candidates for anti-TNC
directed therapy (126). Further evidence would facilitate the
development of therapeutic agents targeting TNC.
CONCLUSIONS

TNC potentially plays a key role in pathophysiological changes
via neuroinflammation and appears to be a future therapeutic
target in patients with stroke. However, the protective and
detrimental roles of TNC with respect to each disease and the
stage have not been completely unveiled. If TNC is set as a
therapeutic molecular target, the therapeutic (time) window
should also be addressed. Current evidence shows that TNC
can be a biomarker to predict secondary injuries following
stroke. Further studies to determine the underlying molecular
mechanisms of TNC-induced pathophysiological changes and
the regulation of TNC expression are warranted.
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The continuously growing mouse incisor provides a fascinating model for studying stem
cell regulation and organ renewal. In the incisor, epithelial and mesenchymal stem cells
assure lifelong tooth growth. The epithelial stem cells reside in a niche known as the
cervical loop. Mesenchymal stem cells are located in the nearby apical neurovascular
bundle and in the neural plexus. So far, little is known about extracellular cues that are
controlling incisor stem cell renewal and guidance. The extracellular matrix protein
tenascin-W, also known as tenascin-N (TNN), is expressed in the mesenchyme of the
pulp and of the periodontal ligament of the incisor, and is closely associated with collagen
3 fibers. Here, we report for the first time the phenotype of tenascin-W/TNN deficient mice,
which in a C57BL/6N background exhibit a reduced body weight and lifespan. We found
major defects in the alveolar bone and periodontal ligament of the growing rodent incisors,
whereas molars were not affected. The alveolar bone around the incisor was replaced by a
dense scar-like connective tissue, enriched with newly formed nerve fibers likely leading to
periodontal pain, less food intake and reduced body weight. Using soft food to reduce
mechanical load on the incisor partially rescued the phenotype. In situ hybridization and Gli1
reporter mouse experiments revealed decreased hedgehog signaling in the incisor
mesenchymal stem cell compartment, which coordinates the development of
mesenchymal stem cell niche. These results indicate that TNN deficiency in mice affects
periodontal remodeling and increases nerve fiber branching. Through periodontal pain the
food intake is reduced and the incisor renewal and the neurovascular sonic hedgehog
secretion rate are reduced. In conclusion, tenascin-W/TNN seems to have a primary function
in rapid periodontal tissue remodeling and a secondary function in mechanosensation.
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INTRODUCTION

Rodent incisors, unlike human teeth, grow continuously
throughout life. In young animals the entire length of the
lower incisor renews every month (1). The incisor tip self-
sharpens due to the asymmetrical distribution of the enamel,
which covers only the labial surface of the tooth enabling
abrasion of the softer dentin on the lingual surface resulting in
a sharp labial enamel edge. Though the lower incisors are only
visible at the most ventral aspect of the mandible, within the jaw
itself the incisors occupy almost the entire length of the body of
the mandible (Figure 1A). In the dorsal mandible, epithelial and
mesenchymal stem cells reside in the incisor and they provide a
continuous supply of hard tissue forming cells. The epithelial
stem cell niche is morphologically clearly defined; it is localized
in a loop-shaped ending of the epithelial layer called cervical loop
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(Figure 1B). Cervical loop is composed of outer and inner
epithelia, which enclose loosely arranged stellate reticulum
cells, including stem cells. The epithelial stem cells differentiate
into enamel secreting ameloblasts. On the other hand, dentin is
produced by odontoblasts, which derive from the incisor specific
mesenchymal stem cells (MSCs) just recently discovered (2–4).
Lineage tracing experiments showed that Schwann cell
precursors, which express Sox10 and PLP1, generate a major
population of dentin producing odontoblasts (3). A second,
vasculature associated mesenchymal stem cell population
includes slowly dividing population expressing Gli1, as well as
aSMA and NG2 expressing cells (2, 4, 5). Gli1 expressing
population is regulated by Hedgehog signaling which is
transduced through two Hedgehog ligands; Shh and Dhh (4,
6). Proliferation and differentiation of tooth stem cells is directed
toward the tip of the tooth and is controlled through epithelial-
mesenchymal crosstalk (7). In recent years it became clear that
extracellular matrix proteins have a key role in controlling the
organization of cell compartments: they provide cell attachment
sites, form barriers, present growth factors and control the
mechanical properties of the tissue (8). Each tissue has an
unique composition and topology of its extracellular matrix (9).
The structure and function of enamel and dentin matrix proteins
such as ameloblastin, amelogenin, dentin matrix protein, and
dentin sialophosphoprotein are well studied. However, the
microenvironmental factors that control pulp stem cell fate are
less well known. In this context, tenascins are highly interesting as
they are expressed in embryonic mesenchyme and stem cell niches
(10). Tenascins are large multifunctional proteins, which have a
common domain structure: an N-terminal assembly domain,
epidermal growth factor (EGF)—like repeats, fibronectin type III
domains, and a C-terminal fibrinogen-like globular domain. In
mammals four tenascins are expressed: Tenascin-C, -R, -W/(-N),
and –X. One well known function of tenascins is their ability to
modulate cell adhesion and migration in vitro (11). Tenascin-C
and -R bind to neural cell adhesion receptors and co-receptors
such as contactin (12, 13), syndecan (14), and integrins (11).
Tenascin-C is expressed in the central nervous system and in
embryonic connective tissues. Mice deficient for tenascin-C were
originally reported to develop normally (15), but more recently
behavioral phenotypes and abnormal central nervous system
development were described (16). The expression of tenascin-R
is limited to the central nervous system (17) and the knockout
mice show cognitive defects, reduced coordination and increased
anxiety (18). In contrast, tenascin-X is widely expressed in loose
connective tissues (19), and tenascin-X deficient mice show an
Ehlers-Danlos syndrome-like phenotype with altered fibrillar
collagen density and hyperextensible skin (20).

Tenascin-W, also known as tenascin-N, is widely expressed
during embryonal development (21), but in adult mammals its
expression is mainly restricted to the periodontal ligament (22),
periosteum (21), and stem cell niches (10). In cancer, TNN
expression is strongly induced and for breast cancer a role in
migration and metastasis has been proposed (23, 24). In vitro
experiments show that tenascin-W/TNN promotes migration of
several cell types, including breast cancer cells, osteoblasts, and
endothelial cells (23, 25, 26). Hence, TNNmay play an important
A

B

FIGURE 1 | Graphical overview of the mandibular incisor anatomy. (A) A large
fraction of the mouse incisor is embedded in the mandible. Enamel covers
(magenta) only the labial surface of the tooth. Mesenchymal stem cells (MSC)
and epithelial stem cells are found in the dorsal mandible. (B) Mesenchymal
stem cells are regulated by sonic hedgehog (Shh) released from the
neurovascular bundle and express Gli1, which is a hedgehog signaling
effector. Those stem cells eventually proliferate in the transient amplifying cell
(TAC) zone and are regulated by epithelial-derived Wnt. Axin2, a signaling
molecule from the Wnt pathway, is a marker for those highly proliferative cells.
The mesenchymal TAC cells then differentiate into odontoblasts and form
dentin or are differentiating into pulp stroma cells. The epithelial stem cells are
found in the labial cervical loop and they differentiate into ameloblasts and form
enamel.
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role in cell migration and differentiation in the continuously
growing incisor tooth.

In this study, we have analyzed the role of tenascin-W/TNN
using a global tenascin-W/TNN deficient mouse. This first
analysis of tenascin-W/TNN deficient animals showed that
tenascin-W/TNN has a function in incisor periodontal
ligament remodeling, in incisor eruption and in tooth renewal.
Tenascin-W/TNN deficient mice show under hard pellet diet
weight loss and reduced food uptake.
MATERIALS AND METHODS

Mouse Model
For the generation of tenascin-W/TNN knockout mice, the
construct Tnntm1a(KOMP)Wtsi was purchased from the KOMP
consortium. The mice were generated and the neo-cassette has
been removed by crossing with a CMV-Cre mouse line.
Heterozygous mice were backcrossed 12 times with C57BL/6N
wildtype animals in a specific-pathogen-free animal facility.
Genotyping was performed by PCR with the following primers:
TNN(-/-) fw: 5´ ttcactgcattctagttgtgg 3´, TNN(-/-) rev: 5´
caggaagatcgaggatctggc 3´, TNN WT fw: 5´ catactcccatgcacacttcc
3´, TNN WT rev: 5´ ctttgcctctagaagtatggacc 3´. The animals were
fed with g-irradiated pellet or powder form diet (1310-recipe,
Altromin) and wooden gnaw sticks were placed in all cages.
Gli1CreERT2 x R26mTmG x TNN(-/-) mice were generated by
crossing heterozygous Gli1CreERT2 mice (27), heterozygous
R26mTmG mice (28), and TNN(-/-) and control mice without
neo-cassette. Genotyping was performed by PCR. For
Gli1CreERT2 the primers fw: 5´ acctgaagatgttcgcgattatct 3´, rev:
5´ accgtcagtacgtgagatatctt 3´; and for R26mTmG the primers fw:
5´ gtgagcaagggcgaggagctg 3´, rev: 5´ ttacttgtacagctcgtccatgc 3´
were used. TNN(-/-) and WT animals of both sexes were
sacrificed by cervical dislocation (1mt, 3mt, 6mt, and 12mt) or
decapitation (P0 and P7 old mice). 3 month old Gli1CreERT2 x
R26mTmG x TNN(-/-) and Gli1CreERT2 x R26mTmG x control
mice of both sexes (mice, n = 6) were treated twice every 24 h per
i.p. injection with 10 mg of tamoxifen (T5648, Sigma) dissolved in
corn oil (C8267, Sigma). The lineage traced animals were
sacrificed by cervical dislocation 72 h after the first injection. All
experimental procedures were approved by the State Office of
North-Rhine Westfalia (AZ 84-02.04.2015.A454 and AZ
81-02.04.2018.A367).

Histology
Hematoxylin-eosin (H&E) stainings, detection of endogenous
alkaline phosphatase and Sirius red stainings were performed on
5 µm thick paraffin sections (mice, n = 6) as previously described
(29, 30). For immunofluorescence staining tissues were dissected
from animals (mice, n = 6), fixed with 4% paraformaldehyde
(PFA) in PBS at 4°C overnight. After extensive washes in PBS,
the samples were decalcified with 10% EDTA for 14 days under
constant agitation, and with daily changes of the decalcification
solution. The decalcified samples were then washed with PBS for
at least 4 h, infiltrated with 30% sucrose/PBS, and embedded in
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OCT Compound (TissueTek, Sakura). From each animal (mice,
n = 6) a comparable section was chosen for individual staining.
Due the small size of this tissue, often only one perfect
cryosection per mandible was obtained. Cryosections (40 µm)
were permeabilized with 0.3% Triton/PBS for 2 h and blocked
with 10% normal goat or donkey serum overnight at 4°C.
Primary antibodies were diluted in 1% BSA/0.1% Tween/PBS
and applied to the sections for 30 h at 4°C. They were: Tuj1
(ab18207, 1:1000, Abcam), CD31 (1 µg/ml, polyclonal from
rabbit, own production), collagen 3 (1330-01, 1:400, Southern
Biotech), Ki67 (ab16667, 1:500, Abcam), Sox10 (sc-17342, 1:500,
Santa Cruz), ameloblastin (Ambn) (1 µg/ml, polyclonal from
rabbit, own production), tenascin-W/TNN [1 µg/ml, polyclonal
from rabbit (21)], GFP (SP3005P 3 µg/ml, Origene), and smooth
muscle actin (C6198, 1:500, Sigma). Alexa dye conjugated
secondary goat or donkey antibodies (Thermo Fisher
Scientific) were used to detect the specific binding. Confocal
images were obtained on a Leica SP8 microscope, using a 25x
water objective or a 20x air objective. The images were processed
with ImageJ 1.51r software (31) and brightness and contrast
were adjusted.

In Situ Hybridization
Radioactive in situ hybridization was done on 5 µm sagittal
sections (32). 35S (Amersham)-labeled RNA probes were used to
detect the expression of Sonic hedgehog (Shh), Dentin
Sialophosphoprotein (Dspp), Ameloblastin (Ambn), Axin2,
Fibroblast growth factor 10 (Fgf10) (33) and Gli1 (mice, n = 3).

Micro-Computed Tomography
Micro-computed tomography (mCT) was performed using a mCT
35 Scanner (Scanco Medical). Complete mandibular bones (mice,
n = 6) were scanned with an isotropic voxel size of 12 mm using 70
kVp tube voltage, 114 mA tube current, 400 ms integration time,
segmentation support of 1, and a sigma correction of 0.8. For the
enamel reconstruction of 6 and 12 month old mice a threshold of
27% for dentin and 60% for enamel was chosen. In 1 month old
animals the threshold for dentin was selected at 23% for dentin
and 60% for enamel, respectively.

Flow Cytometry
Isolated pulp tissue from 1 month old mice (mice, n = 6) was
digested with 2 mg Collagenase type 1 (Worthington) and 4 mg
Dispase II (Roche) in DMEM/F12 10% FCS for 1h at 37°C and
constant rotation. The cells were pelleted at 2000 rpm (400g) for
5 min, resuspended in FACS staining buffer (5% FCS in PBS),
incubated with the following prediluted antibodies at 1:100:
CD45.2, Sca-1, CD90.2 (all Biolegend), and stained with Sytox
Blue (Thermo Fisher Scientific). Data were collected on a
FACScanto instrument (BD Biosciences) and analyzed using
FlowJo software (TreeStar).

Statistics
The data are shown as mean ± SD. Statistical analysis was
performed using GraphPad Prism 5 software. Two-tailed,
paired t-test was used for experiments involving two groups; p
values lower than 0.05 were considered significant.
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RESULTS

First, we analyzed the expression of tenascin-W/TNN in the
incisor pulp mesenchyme during tooth development, using
immunofluorescence. The expression started at the bell stage of
tooth development, marked by ameloblast and odontoblast
differentiation (34) (Supplementary Figures 1A, B). Tenascin-
W/TNN is mainly found in the distal part of the dental papilla
and colocalizes with thick spiral fibers (Figure 2A), while it is not
detected in the apical part. Co-immunostainings showed that
the tenascin-W/TNN labeled fibers contain collagen 3
(Figures 2B, B´, B´´). In newborn mice, tenascin-W/TNN
specific immunostaining is concentrated in the area of pre-
odontoblasts and mature odontoblasts (Supplementary Figure
1C). In adult mice, only a weak signal for tenascin-W/TNN is
persistent in the distal pulp (Figure 2C); in contrast however
tenascin-W/TNN is strongly expressed in the periodontal
ligament of incisors and molars (Figures 2C, D).

To study the in vivo function of tenascin-W/TNN, we
generated a global tenascin-W/TNN knockout mouse line.
These mice are vital and fertile, but show an increased death
rate and stress intolerance. Otherwise, tenascin-W/TNN mice
develop and grow normally, with the exception of visible enamel
defects in the upper incisors at 12 months (Figures 3A, B). To
determine whether the lower incisors are affected as well, we
analyzed lower jaws by micro-computed tomography (µCT).
There were no obvious macroscopic differences in 1 month old
animals, but 6 and 12 month old tenascin-W/TNN deficient
mice showed a flattening of the incisor tip, suggesting a defect in
abrasion and self-sharpening and/or altered occlusion. In
addition, the mandibular bone is fenestrated in 12 month old
TNN(-/-) mice in the area of the apical region of the incisor
(Figures 3C, D, upper panel, gray arrow). By 3D reconstruction
of the opaque enamel (Figures 3C, D, lower panel), we could
observe that in tenascin-W/TNN deficient animals the enamel
mineralization is shifted to the apical part of the incisor.
Furthermore the apical enamel layer of 6 and 12 month old
TNN(-/-) animals is fragmented (Figures 3C, D, lower panel).

mCT of lower incisors on the height of the first molar showed
that the width of the dentin was increased in 1 month old TNN
(-/-) animals (Figures 4A, D, asterisk), and in 6 and 12 month
old animals the pulp space was completely obliterated (Figures
4B, E and C, F, asterisk). In addition, the periodontal space of the
6 and 12 month old tenascin-W/TNN knockout incisors was
much wider (Figures 4B, E, and C, F arrow), while it was
unchanged in the first molars (Figures 4B, E, and C, F).
Histological analyses has shown a dense connective tissue of
the periodontal ligament within a wider periodontal space of the
mutant incisors (Figures 4G, H, pdl). Immunofluorescence
stainings for nerve fibers (Tuj1), perivascular smooth muscle
cells (smooth muscle actin), and endothelial cells (CD31)
revealed that blood vessels and nerve fibers disappear in the
distal pulp of tenascin-W/TNN knockout mice and that there is
major loss in cellularity (Figures 4I, J, I´, J´). Furthermore, we
have found a thick nerve fiber network within the periodontal
ligament (Figures 4I, J, I´´, J´´).
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The absence of tenascin-W/TNN expression at the level of the
first molar in month old TNN-/- incisors (Supplementary
Figure 1E) indicates that the changes in dentin thickness
observed at this stage must be due to a secondary effect. Next,
we analyzed the morphology of the stem cell niches and no
morphological changes were observed in 1 month old mice
(Figure 5A). In 3 month old TNN(-/-) mice both the dentin
and enamel formation have increased and the enamel epithelium
contains cyst-like structures (Figure 5B). Immunohistochemical
staining for ameloblastin revealed that those epithelial inclusions
are composed of enamel matrix (Figure 5B). Next, we analyzed
the position of pre-ameloblasts and mature ameloblasts, and of
odontoblasts in lower incisors. In 1 month old TNN(-/-) mice
dentin sialophosphoprotein (Dspp), sonic hedgehog (Shh), and
ameloblastin (Ambn) were expressed normally as determined by
in situ hybridization. In 3 month old mice the differentiation of
both ameloblasts (Ambn probe) and odontoblasts (Dspp probe)
was shifted to the apex (Supplementary Figure 2). Stainings for
endogenous alkaline phosphatase further confirmed this shift in
differentiation (Supplementary Figure 5), and revealed that
alkaline phosphatase activity is high in 1 year old TNN(-/-)
mice (Supplementary Figure 3).

These findings indicate either a defect in growth factor
signaling or a reduced number of stem cells in TNN-deficient
incisors. We therefore performed in situ hybridizations with
Axin2, Fgf10, and Gli1 probes (Supplementary Figure 4).
Expression of Axin2, a target and negative regulator of Wnt
signaling, was chosen to analyze Wnt pathway activity, which
controls dentin formation. FGF10 is produced in the pulp
mesenchyme and maintains epithelial stem cells. Gli1 is a
transcription factor that is expressed at sites of highly active
hedgehog signaling (27). We found that tenascin-W/TNN
deficiency leads to reduced expression of these three factors,
indicating compromised Wnt, FGF, and hedgehog signaling in
the region of the mesenchymal stem cell niche of the incisors, or,
alternatively, loss of specific cell stem cell populations.

We next performed lineage tracing experiments in
Gli1CreERT2 x R26mTmG x TNN(-/-) and Gli1CreERT2 x
R26mTmG control mice. 72 hour chase experiments showed
that the pulp mesenchyme of 3 month old tenascin-W/TNN
knockout mice contained only few Gli1 expressing GFP positive
cel ls (Figures 6A, B) compared to controls . Ki67
immunostainings showed that the proliferation rate of putative
mesenchymal stem cells was reduced in the incisors of 3 month
old TNN(-/-) mice (Figures 6C, D).

These findings led to the question whether the mesenchymal
stem cell themselves were affected or not. To resolve this issue,
we performed a flow cytometry analysis of isolated apical pulp
cells with CD45.2 [a general immune cell marker (35)], CD90.2
(Thy1) [a marker for immune cells and incisor mesenchymal
progenitor cells (3)], and Sca1 [a general stem and progenitor cell
marker (36)] antibodies. CD45.2 was used to subtract the
CD45.2/CD90.2 double positive immune cells, as described in
Balic and Mina (37). This experiment showed no differences in
the number of CD90.2 or Sca1 positive progenitor cells in 1 month
old control or knockout animals (Supplementary Figure 5).
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Furthermore, we performed immunostainings with a CD90.2 and
Sox10antibodies. Sox10 is amarker forpluripotentneural crest cells
and glia cells (38) and was used to identify nerve-derived
mesenchymal stem cells in the incisor (3). The stainings showed
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an accumulation of Sox10 positive cells in the apical pulp
mesenchyme of 3 mt old tenascin-W/TNN deficient animals;
however, CD90.2 immunolocalization was not altered. This
indicates that the nerve-derived mesenchymal stem cells of TNN
FIGURE 2 | Expression of tenascin-W/TNN in the lower incisor pulp and periodontal ligament. (A) In longitudinal sections, tenascin-W/TNN staining (tenascin-W/
TNN in green, collagen 3 (Col3) in red) is found in the distal pulp mesenchyme and in the periodontal ligament of one week old mice. However, no expression is
detected in the most apical pulp, which represents the mesenchymal stem cell niche. (B) In the pulp tenascin-W/TNN (B TNN in grayscale and B″ TNN in green)
immunostaining co-localizes with a thick parallel fiber network, which consists of collagen 3 containing fibers (B´ Col3 in grayscale and B″ Col3 in red). In adult molars
(C) and incisors (D) tenascin-W/TNN is predominantly found in the periodontal ligament, in the incisor pulp the signal intensities for both collagen 3 and tenascin-W/
TNN were decreased compared to perinatal incisors (laC labial cervical loop, liC lingual cervical loop, pdl periodontal ligament, mice, n = 3, scale bar 100 mm,
magnified inlet 10 µm).
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knockout incisors become blocked in their differentiation pathway
and accumulate (Supplementary Figure 6).

Interestingly, aged TNN(-/-) mice never develop obesity. The
body weight of 1 year old knockout animals was in both sexes
significantly reduced (Figure 7A). We hypothesized that TNN
(-/-) induced damage and tooth pain prevent proper food intake.
To test this hypothesis we fed our mice with a soft food diet,
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which showed that the physical form of the diet was sufficient to
rescue the body weight. Hence, the malformed teeth are the cause
for the observed weight differences (Figures 7A, B). The weight
of the wild type mice did not change with a soft diet. Soft food
also ameliorated the incisor phenotype of knockout mice: mCT
reconstructions of the enamel layer showed that the enamel layer
remained continuous (Figure 7C), and histological sections of
FIGURE 3 | Macroscopic phenotype (A, B) and µCT analysis (C, D) of tenascin-W/TNN deficient mouse incisors. tenascin-W/TNN knockout mice develop normally,
but show enamel defects in the upper incisor at the age of 6 months. The enamel of rodents contains iron ions and is therefore yellowish. Whereas in the wildtype
(A) the entire buccal incisor surface is covered by enamel, in TNN(-/-) animals (B) only few enamel spots remain (asterisk). (C, D) Bone and dentin (upper panels) or
dentin alone (lower panels) were imaged in the lower jaw by µCT. Compared to wildtype (C), aged TNN(-/-) mice (D) are showing flatter lower incisor tips and a
lingual bone fenestration in the incisor apical region (gray arrow). The 3D reconstruction of the enamel (C, D; lower panels) shows a dorsal shift of enamel
mineralization toward the cervical loop (shown by an arrow) and a fragmented dorsal enamel layer (mice, n = 6, scale bar mCT: 2 mm).
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the incisor apical region showed improved epithelial and
mesenchymal differentiation (Figure 7D). Next, we analyzed
mCT cross sections of soft food fed 6 month old mice (Figures
8A, B). The pulp was now obliterated both in wild type and TNN
deficient mice, indicating a slower tooth growth rate under soft
food diet. Interestingly, the alveolar bone loss of TNN deficient
mice persisted as well as the increased nerve branching under
soft food diet (Figures 8C, D). This finding demonstrates that
Frontiers in Immunology | www.frontiersin.org 794
the periodontal ligament defect is the primary cause of the
incisor eruption phenotype.
DISCUSSION

Our data reveal that tenascin-W/TNN is distinctly localized in
the extracellular matrix and partially co-localizes with collagen 3
FIGURE 4 | Analysis of lower incisor cross-sections (A–F) mCT scans at the heights of the first molar showed that compared to wildtype (A–C) the incisor dentin
layer is much thicker in 1 month old tenascin-W/TNN deficient mice (D, asterisk), in 6 and 12 month old mice the incisor pulp is completely obliterated (E, F,
asterisk). A second phenotypic change in the mutant is the wider incisor periodontal space, indicated by an arrow (D–F). However, the periodontal space of the
molars seems normal. (G, H) Sirius red stainings showed a significant alveolar bone loss and a replacement by a dense connective tissue in the mutant compared to
wildtype. (I, J) An analysis of blood vessels (CD31 in red, smooth muscle actin (SMA) in white, Tuj1 in green) and nerve fibers revealed that in TNN-deficient mice,
the remaining pulp tissue does not containing any projections (I´, J´); in contrast the bone replacement tissue contains a well developed network of nerve fibers
(I´´,J´´) (a ameloblasts; pdl periodontal ligament; mice, n = 6, scale bar mCT: 0.5 mm, histology: 100 mm).
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fibers. In teeth, this distribution pattern is different from
tenascin-C, which is more diffusely distributed in the
connective tissues. Earlier studies on tenascin-W/TNN have
mostly focused on the in vitro function or tissue expression in
cancer (23, 24). Here, we report the first tenascin-W/TNN
deficient mouse for functional studies.

The most striking phenotype of tenascin-W/TNN deficient
mice is found in the incisors, which show irregular dentin and
enamel formation, while no phenotype changes are seen in
molars. Furthermore, we have observed alveolar bone loss and
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increased nerve branching in the significantly wider periodontal
ligament of TNN deficient mice. Changes in the periodontal
ligament observed in the TNN-/- mice suggest that connective
tissue remodeling and continuous eruption are disturbed.
Initial tooth eruption in rodents relies heavily on monocyte/
macrophage lineage cells as demonstrated by toothless rats (39)
and in Csf1 deficient mice neither molar nor incisors erupt (40).
However, little is known about the role of monocyte/macrophage
lineage cells in continuous incisor eruption. The periodontal
ligament is very different from the dental sac which is responsible
A

B

FIGURE 5 | H&E and ameloblastin stainings of the apical region of the lower incisor The pulp was longitudinally sectioned at the height of the central arterioles.
(A) In 1 month old tenascin-W/TNN deficient mice the width of the dentin layer is increased. (B) Severe epithelial and mesenchymal differentiation defects are visible
in the apical region of 3 month old TNN(-/-) mice. Dense eosinophilic inclusions are found in the enamel epithelium. Immunohistochemical stainings with ameloblastin
antibodies (black staining) showed that those inclusions contain enamel matrix proteins (a ameloblast, laC labial cervical loop, d dentin, e enamel, o odontoblasts,
mice, n = 6, scale bar 200 mm).
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for initial tooth eruption. Tenascins are known to support cell
migration in vitro (23) and to modulate macrophage activity by
TLR4 binding (41). These known functions are suggesting that in
TNN-deficient mice remodeling of the periodontal ligament
might be affected through altered macrophage migration or
activity. Another hypothesis is that tenascin-W/TNN affects
the mechanical properties of the periodontal ligament and
periodontal fibroblasts are differently regulated. Changes in the
connective tissue stiffness are known to modulate extracellular
matrix remodeling (42). Tenascin-X knockout mice have altered
collagen fibers mimicking Ehlers-Danlos syndrome (20).
However, in tenascin-W/TNN deficient mice ultrastructural
analysis of the periodontal ligament showed normal collagen
fibers (data not shown). Furthermore, we have observed alveolar
bone loss and increased nerve branching in the periodontal
ligament of TNN deficient mice. Since the rodent incisor
periodontal ligament is rich in Ruffini- and free nerve endings
(43), it is likely that this defect leads to pain or discomfort. In
agreement with this assumption we found in aged tenascin-
Frontiers in Immunology | www.frontiersin.org 996
W/TNN deficient mice a significant reduction of the
body weight.

Since the eruption rate of incisors is under neural and
mechanical control (44) we wondered whether soft food diet
accompanied with wooden gnaw sticks would rescue the body
weight defect. We found that the TNN deficient mice gained
weight comparably to control mice under these conditions, and
the irregular dentin and enamel formation of the incisor
disappeared. However, the periodontal defect including
alveolar bone loss remained in the soft food treated TNN
deficient animals. This important finding indicates that the
odontoblast and ameloblast anomalies observed in TNN
deficient incisors under standard hard food diet are secondary
to a primary defect in the periodontium, and might be caused by
mechanical damage to the pulp and/or pain-related processes.

Next, we examined the impact of tenascin-W/TNN deficiency
on the incisor stem cell niche under standard food diet. The
decreased Gli1 expression and cell proliferation suggests reduced
hedgehog activity (4), and again indicate that the irregular tooth
FIGURE 6 | Differentiation and proliferation defects in the TNN-/- incisor stem cell compartment (A, B) Gli1 lineage tracing experiments in 3mt old animals.
Gli1CreERT2 x R26mTmG x TNN(-/-) and Gli1CreERT2 x R26mTmG control mice were i.p. injected twice with 10 mg tamoxifen. The animals were sacrified 72 h after
the first injection. (A, B) Sagittal sections of the incisor pulp reveal that the GFP marked Gli1 (in green) expressing cells are reduced in number and in area. The
number of CD90.2 (in red) stem cell was not affected by tenascin-W/TNN deficiency. (C, D) tenascin-W/TNN deficient mice have less proliferative cells (Ki67 in green)
in the stem cell compartment. The blood vessels (CD31 in green, smooth muscle actin (SMA) in white) are not affected by tenascin deficiency. (a ameloblasts, laC
labial cervical loop, liC lingual cervical loop, o odontoblasts, pdl periodontal ligament, mice, n = 6, scale bar 200 mm).
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formation is of secondary nature, as tenascin-W/TNN is not
expressed in the stem cell niche and the percentage of progenitor
cells is not altered. Hendaoui et al. (45) proposed that tenascin-C
and –W/N modulate Wnt signaling by sequestering the growth
factor. However, tenascin-W/TNN is not expressed in the incisor
stem cell niche itself and therefore cannot modulate growth
factor signaling directly. Hence, axin2 and Gli1 expression and
cell proliferation are clearly due to secondary effects. Since it is
very difficult obtaining comparable sections, we decided to
include only unquantified data.

Similar phenotypes in the incisors have been observed in
periostin or integrin a11 deficient mouse lines; both proteins
play central roles in periodontal ligament remodeling and
mechanosignaling. One of them, periostin, is a characteristic
extracellular matrix component of the periodontal ligament, and
periostin deficiency in mice leads to periodontal defects in
incisors and molars. Periostin has a known function in
collagen 1 fibrillogenesis (46) by supporting proteolytic
activation of lysyl oxidase (47). Furthermore, periostin plays a
Frontiers in Immunology | www.frontiersin.org 1097
role in vascular smooth muscle cell migration (48) and in the
migration of bone lining cells (49). Interestingly, soft chow also
ameliorates the phenotype observed in periostin deficient
animals (50). One major difference to the phenotype observed
in TNN knockout mice is that periostin deficiency affects also the
molar periodontal ligament (50), not just that of the
continuously erupting incisor. The only other extracellular
matrix related knockout where the incisors are affected is that
of integrin a11 (51). Integrin a11b1 functions as a collagen
receptor and it has been suggested that it plays a role in
mechanotransduction. Interestingly, soft food diet ameliorates
also the integrin a11 phenotype (51). Both periostin and integrin
a11 play a role in the remodeling of collagen 1 fibers. The
irregular tooth formation observed in periostin deficient mice
might be due to a periodontal ligament—neurosecretory
feedback mechanism. Based on published data (41), we
hypothesize that tenascin-W/TNN acts on macrophages or
fibroblasts directly, and that the underlying mechanism of the
remodeling defect is different.
A B

DC

FIGURE 7 | Soft food diet ameliorates the TNN-/- incisor phenotype (A) Soft food diet decreases the weight loss observed in aged tenascin-W/TNN knockout mice.
(B) tenascin-W/TNN knockout mice fed with hard food diet have significantly less white adipose tissue, soft food diet equilibrates the amount of epigonadal white
adipose tissue. (C) The enamel layer of soft food diet fed TNN(-/-) mice is continuous. (D) Histological analysis of the apical region shows a significant rescue on the
cellular level. (a ameloblasts, laC labial cervical loop, d dentin, e enamel, o odontoblasts, mice, n = 6, scale bar mCT: 2 mm, histology: 100 mm).
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In conclusion, our data show that tenascin-W/TNN co-
localizes with collagen 3 fibers in the pulp and the periodontal
ligament. Here, we present the first characterization of tenascin-
W/TNN deficient mice and we conclude that tenascin-W/TNN
plays a pivotal role in incisor periodontal remodeling and diet
uptake. The periodontal remodeling phenotype is furthermore
connected with nerve branching. Since soft food diet results in
equal body weights, but the periodontal defect persists in these
mice, we assume that nerve branching might lead to pain. Since
tenascin-W/TNN itself is not expressed in the stem cell
compartment nor in the proliferation zone, we hypothesize
that the effect in the pulp is of secondary nature, most
probably due to reduced neural input. The diminished Gli1
expression in the pulp supports this assumption. Neuro-
vascular secreted sonic hedgehog is a known regulator in this
stem cell niche and Gli1 is the main effector of activated
hedgehog signaling. In summary, we report for the first time
about the in vivo function of tenascin-W/TNN and we show that
this extracellular matrix protein plays a crucial role in
periodontal remodeling.
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SUPPLEMENTARY FIGURE 1 | (A, B) Late expression of tenascin-W/TNN in
the incisor pulp and tenascin-W/TNN expression in cross-sections Until the early
bell stage (A; E16) no tenascin-W/TNN (TNN in green) is expressed in the incisor
FIGURE 8 | Soft food diet does not revert the TNN-/- periodontal defect mCT cross-sectional scans at the height of the first molar showed incisor pulp obliteration in
both 6 month old wildtype and tenascin-W/TNN deficient mice (A, B, asterisk). The wider periodontal space, indicated by an arrow (A and B, arrow) is still found in
soft diet fed 6 month old tenascin-W/TNN deficient mice. Immunofluorescence stainings (C´, D´) confirmed the presence of branched nerve fibers (CD31 in red,
smooth muscle actin (SMA) in white, Tuj1 in green) in tenascin-W/TNN deficient periodontal space. (scale bar mCT: 1 mm, mice, n = 6, histology: (C, D) 200 mm,
(C´, D´) 50 mm).
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pulp. Blood vessels (CD31 in red) were stained to easily distinguish the
mesenchyme from the epithelium. At the late bell stage almost the entire distal pulp
mesenchyme stains for tenascin-W/TNN (B; E19). However, tenascin-W/TNN is not
expressed in the mesenchymal stem cell niche. (C) tenascin-W/TNN (TNN in green,
CD31 in red) is strongly detected in the odontoblast layer of newborn mice.
tenascin-W/TNN stains a thick spiral-shaped fiber network. (D) The immunostaining
for tenascin-W/TNN is highly specific, in TNN(-/-) mice no signal for tenascin-W/
TNN is found. (E,E’) tenascin-W/TNN (TNN in green) is not detected in the distal
incisor pulp of 1 month old mice. In the periodontal ligament tenascin-W/TNN
colocalizes with collagen 3 (Collagen (Col3) in red) (liC lingual cervical loop, laC labial
cervical loop, mice, n = 3, scale bar (A, B) 200 mm).

SUPPLEMENTARY FIGURE 2 | In situ hybridization for differentiation markers
Differentiation of ameloblasts and odontoblasts was further analyzed by in situ
hybridization experiments with probes for ameloblastin (Ambn), dentin
sialophosphoprotein (Dspp), and sonic hedgehog (Shh). (A) Schematic overview of
the incisor epithelial cell layers. Ameloblastin is expressed in pre-odontoblasts, pre-
ameloblasts, and ameloblasts. Dentin sialophosphoprotein is expressed in pre-
odontoblasts and odontoblasts, sonic hedgehog is expressed in pre-ameloblasts
and in the stratum intermedium of the enamel organ. (B, C) In 1 month old mice we
found no differences in the expression of differentiation markers. In 3 month old
TNN-deficient mice the cells differentiate closer to the cervical loop (C, D arrow) and
the cervical loop seems smaller (Ambn ameloblastin, Shh sonic hedgehog, Dspp
dentin sialophosphoprotein, a ameloblasts, laC labial cervical loop, o odontoblasts,
mice, n = 3, scale bar 100 mm).

SUPPLEMENTARY FIGURE 3 | Alkaline phosphatase staining. The epithelial
and mesenchymal differentiation was analyzed by staining for endogenous alkaline
Frontiers in Immunology | www.frontiersin.org 1299
phosphatase. Differentiating odontoblasts are detected in the pulp of 1 year old
TNN(-/-) mice. The signal in the pre-odontoblast layer is shifted to the cervical loop
region (arrow) indicating earlier differentiation. (a ameloblasts, laC labial cervical
loop, o odontoblasts, mice, n = 6, scale bar 200 mm).

SUPPLEMENTARY FIGURE 4 | Defective FGF, Wnt, and Shh signaling in TNN
(-/-) mice (A–F) In situ hybridization experiments for Axin2 (A, D), Fgf10 (B, E), and
Gli1 (C, F) showed reduced expression of these markers in the mesenchymal stem
cell niche in 1 month old TNN-deficient (D–F) compared to wildtype (A–C) mice. (a
ameloblasts, laC labial cervical loop, liC lingual cervical loop, o odontoblasts, pdl
periodontal ligament, mice, n = 3, scale bar 200 mm).

SUPPLEMENTARY FIGURE 5 | (A) Representative FACS analysis of isolated
incisor pulp cells from wildtype (A) and TNN(-/-) (B)mice. Sytox Blue dead cell stain
negative and CD45 negative cells were analyzed with Sca-1 and CD90.2 markers.
(C) FACS analysis of 1 month old mice showed that the number of CD90.2 and
Sca1 positive progenitor cells is unchanged (SSC-A Side Scatter A, FSC-A Forward
Scatter A, mice, n = 6).

SUPPLEMENTARY FIGURE 6 | Sox10 positive cells accumulate in the region of
the neurovascular bundle (A–H) Cross sections of the apical region showed an
accumulation of Sox10 (Sox10 in red, CD90 in white, Tuj1 in green) positive cells in
the pulp of 3 month old tenascin-W/TNN knockout mice. In the knockout mice the
number of Sox10 positive cells increased with ageing. (I, J) Sagittal sections
showed that the pulp of 1 year old tenascin-W/TNN mice is full of Sox10 positive
cells. CD90.2 positive cells are found in the most apical mesenchyme (a
ameloblasts, laC labial cervical loop, liC lingual cervical loop, mice, n = 6, scale bar
200 mm).
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Of the four tenascins found in bony fish and tetrapods, tenascin-W is the least
understood. It was first discovered in the zebrafish and later in mouse, where it was
mistakenly named tenascin-N. Tenascin-W is expressed primarily in developing and
mature bone, in a subset of stem cell niches, and in the stroma of many solid tumors.
Phylogenetic studies show that it is the most recent tenascin to evolve, appearing first in
bony fishes. Its expression in bone and the timing of its evolutionary appearance should
direct future studies to its role in bone formation, in stem cell niches, and in the treatment
and detection of cancer.

Keywords: extracellular matrix, cell adhesion, cell migration, cell differentiation, phylogeny
INTRODUCTION

Tenascins are a family of extracellular matrix glycoproteins with a distinctive domain architecture (1).
There are four family members: tenascin-C, tenascin-R, tenascin-X, and tenascin-W. All monomeric
tenascins share a similar N-terminus comprised of heptad repeats flanked by cysteine residues. One or
more epidermal growth factor (EGF)-like repeats are present near N-terminus, followed by variable
numbers of fibronectin-type III (FNIII) domains. At the C-terminus is a large fibrinogen-related
domain. Most tenascins form trimers via coiled-coil interactions within their N-terminal
oligomerization domain, and some (tenascin-C and tenascin-W) can form hexamers through
cysteine cross bridges. The original tenascin, and the best studied member of the family, is
tenascin-C (1). The C in tenascin-C stands for cytotactin, which was one of the early names used
for this protein. The second tenascin to be discovered was originally named restrictin since its
expression is largely “restricted” to the nervous system.When it became clear that restrictin was closely
related to tenascin-C, it was renamed tenascin-R. Tenascin-X received its name because it was encoded
by the unknown “gene X”, which partly overlaps the human CYP21B gene. The domain architecture of
tenascin-X is highly variable in different taxonomic groups, so its homolog in the chicken was initially
named tenascin-Y until its true identity was discovered by phylogenetic analysis (2). The fourth and
final member of the tenascin gene family is tenascin-W, which is the topic of this perspective article.
THE DISCOVERY AND EXPRESSION OF TENASCIN-W

In the decades prior to genomic sequencing, many researchers attempted to discover novel
members of a gene family of interest by low-stringency hybridization screening of cDNA
org February 2021 | Volume 11 | Article 6233051101
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libraries with probes that corresponded to sequences likely to be
conserved between members within the family. This approach
was used by Philipp Weber and colleagues (3) to obtain the first
tenascin-W sequence. In their study, a zebrafish cDNA library
was screened for tenascin-related molecules using a radioactively
labeled 444-bp sequence probe encoding the EGF repeats of rat
tenascin-R. The 4 positive clones with sequences related to
tenascins were amplified, subcloned and sequenced, and the
missing 5’ sequence was determined by rapid amplification.
While the experimental design seemed more likely to result in
the cloning of tenascin-R from zebrafish, the resulting sequence
appeared novel based on low sequence homologies with known
tenascins. Weber and colleagues chose the name tenascin-W,
presumably after the name of the discoverer. The cDNA
sequence revealed a tenascin-type domain structure: an N-
terminal signal peptide, a cysteine-rich domain likely to permit
oligomerization, three EGF-like repeats, five FNIII domains, and
a C-terminal fibrinogen-related domain.

The presence of a novel tenascin in zebrafish led to a race to
find its mammalian homologue. The first of two papers describing
the discovery of murine tenascin-W was published by John
Neidhardt and colleagues (4). This group used BLAST to screen
mouse expressed sequence tags (ESTs) for novel sequences
encoding EGF repeats and FNIII domains, and found two
overlapping sequences that did not correspond to the known
sequences of murine tenascin-C and tenascin-R. The complete
coding sequence was then found using rapid amplification and
RT-PCR, revealing a tenascin with three EGF-like repeats, 12
FNIII domains and a C-terminal fibrinogen-related domain.
Phylogenetic relationships between their novel tenascin and
known tenascins placed the new murine tenascin in the
tenascin-W clade. However, since it had 12 FNIII domains and
not five as reported in zebrafish, they concluded that they had
found a new tenascin and named it tenascin-N after the paper’s
first author. The authors noted that many of the FNIII domains
were very similar to each other, so much so that the amino acid
sequences 6th and 8th FNIII domains were identical. They also
reported that tenascin-N mRNA was abundant in brain, kidney
and spleen, and less so in the developing embryo than in the adult
mouse. The authors confirmed protein expression in the brain by
immunohistochemistry.

The second paper describing tenascin-W in the mouse (5),
submitted prior to the appearance of the paper by Neidhardt
et al. (4), described the cloning of the homologue using PCR
primers based on a human EST reported to be “similar to
tenascin-R” (accession number AL049689). Overlapping
cDNAs were assembled into a presumptive full-length coding
sequence encoding 3 EGF-like repeats, 9 FNIII domains and a
fibrinogen-related domain. The authors concluded that they
found the murine homologue of tenascin-W as both the
domain organization and sequence were most similar to
zebrafish tenascin-W. They also noted that the similar FNIII
domains (domains 3–8) corresponded to the 3rd and 4th FNIII
domains of zebrafish tenascin-W, and they hypothesized that
murine tenascin-W was larger than zebrafish tenascin-W due to
the repetitive duplication of these domains over time.
Frontiers in Immunology | www.frontiersin.org 2102
Immunohistochemistry revealed tenascin-W in developing
smooth muscle and periosteum, in certain stem cell niches, as
well as in the adult kidney. They did not report expression in the
developing or adult central nervous system.

Why did the authors of these papers come to such different
conclusions? We now know that the number of repeats or
domains found in tenascins are very poor predictors of
homology (1). Human tenascin-C has up to 17 FNIII domains,
whereas its homologue in zebrafish (NP_570982) has nine. The
human tenascin-X gene encodes 32 FNIII domains, whereas
tenascin-X in some bony fish has only three. The numbers of
EGF-like repeats are more similar across species, but even those
repeats are highly variable in number in tenascin-X (2). The
variable numbers of FNIII domains in tenascin-W (five in
zebrafish and 12 in mouse) is likely to be the result of a
duplication of the 3rd FNIII domain, which is encoded on a
single exon (2). In the pufferfish tenascin-W has only four FNIII
domains, but the 3rd domain duplicated twice in the zebrafish to
give it six potential FNIII domains, one more than was
sequenced by Weber et al. (3). Three copies of this domain are
found in chicken tenascin-W, six in human, and nine in
mouse. An exposed loop in this domain contains a potential
integrin binding site, but this has yet to be demonstrated
experimentally (2).

Phylogenetic tree construction is a more reliable way to identify
homologues. When the fibrinogen-related domains of tenascins
(the single large domain is easier to align than multiple—and
variable—smaller domains) from zebrafish, chicken, mouse and
human are used to establish their relationships using the
phylogenetic tree-making program NGPhylogeny.fr (5), the
mouse “tenascin-N” sequence clearly falls in the tenascin-W
clade (Figure 1A). Similar results have been published by others
(see below).

To date, the only evidence of tenascin-W expression in the
central nervous system comes from Neidhardt et al. (4). Others
found that the primary sites of expression are developing palate,
bone and smooth muscle, certain stem cell niches, and in adult
kidney, spleen, and periosteum (7–12). The absence of significant
tenascin-W expression in brain parenchyme was confirmed by
the tissue-based map of the human proteome published by
Uhlén at el. (13).

Tenascin-W is also highly expressed in solid tumors (14–18).
Details of tenascin-W expression in cancer can be found in a
recent review (19).

How is tenascin-W expression regulated? Most of the work
published to date on this subject has been done using C2C12 cells,
or preosteoblast or osteo-chondroprogenitors, and these studies
indicate that BMP-2 can upregulate tenascin-W expression, either
directly or indirectly, through a p38-dependent signaling pathway
(12, 14, 20). TNF-alpha can upregulate tenascin-W in mouse
embryo fibroblasts (14), and Wnt3a, Wnt5a, and shear stress can
upregulate tenascin-W expression in pre-osteoblastic MCT3T3-
E1 cells (12). The regulation by Wnts is p38 dependent, but
regulation by shear stress is JNK dependent. Tenascin-W
expression accompanies osteoblastic differentiation in primary
cultures (9), in Kusa-A1 cells (21) and in C2C12 cells (7), but not
February 2021 | Volume 11 | Article 623305
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in MCT3T3-E1 cells. In MCT3T3-E1 cells, tenascin-W
expression dramatically decreases during osteogenic
differentiation (12), and addition of exogenous tenascin-W to
MCT3T3-E1 cells can inhibit their differentiation as well (20).
THE EVOLUTION OF TENASCIN-W

Tenascins are relatively modern additions to the extracellular
matrix. Tenascins or tenascin-like proteins are limited to the
Phylum Chordata (2, 6, 22, 23), suggesting that tenascins co-
evolved with a dorsal hollow nerve cord and pharyngeal
apparatus. In amphioxus and tunicates there are single
tenascin genes, and phylogenetic trees constructed using the
sequences of the fibrinogen-related domains do not place these
tenascins from invertebrate chordates in any particular clade.
Two tenascins are found in the lamprey, and in cartilaginous fish
(the elephant shark Callorhinchus milii) there are three: tenascin-
C, tenascin-R, and tenascin-X (6). Tenascin-W is present in all
Euteleostomi (i.e., all chordates with bones). Since that report,
the genomes of the thorny skate Amblyraja radiata and the
whale shark Rhincodon typus have been reported. As with the
elephant shark, these cartilaginous fish have tenascin-C
(XM_033049212.1; XM_020527269.1) and tenascin-R
(XM_033029137.1; XM_020515183.1), but they do not appear
to have a tenascin-W.

Did tenascin-W evolve from tenascin-C or tenascin-R?
Phylogenetic trees based on the amino acid sequences of the
fibrinogen-related domains from bony chordates have been
inconclusive (6). The addition of the skate and whale shark
sequences to the analysis does suggest a closer, but still tenuous,
Frontiers in Immunology | www.frontiersin.org 3103
relationship to tenascin-R of ancient Actinopterygii
Erpetoichthys calabaricus (the reedfish) and the ancient teleost
arowana Scleropages formosus (Figure 1B). The best evidence of
the origin of tenascin-W is the observation that in all genomes
examined tenascin-W is found adjacent to tenascin-R encoded in
the opposite orientation (2). For example, in the zebrafish
tenascin-W and tenascin-R are found adjacent to each other
on chromosome 2, with tenascin-W on the negative strand and
tenascin-R on the positive strand. In the mouse, these genes are
adjacent to each other on chromosome 1, and once again
tenascin-W is on the negative strand and tenascin-R is on the
positive strand. This indicates that tenascin-W likely evolved
from an isolated reverse tandem duplication event, and not from
whole genome duplication. The latter probably resulted in the
duplication of tenascin-X in the zebrafish, as tenascin-XB
(XP_021323869.1) is on chromosome 19 and tenascin-XBA
(XP_02132258.1) is on chromosome 16; chromosomes 19 and
16 in the zebrafish share a large number of paralogous genes (24).
Interestingly, many of the genes that were duplicated in zebrafish
by tandem duplication events have been linked to immune
pathways (24).
FUTURE DIRECTIONS

Unlike tenascin-C, we still know very little about the basic
biology of tenascin-W. It is typically abundant in solid tumors
and can affect cancer cell behavior (19), but the significance of
these observations is still unknown. It is possible that tenascin-W
plays a role similar to tenascin-C in the creation of an immune-
suppressive environment in tumor stroma (25), though this
A B

FIGURE 1 | (A) A dendrogram constructed using the fibrinogen-related domain amino acid sequences of zebrafish, chicken, mouse and human tenascins. The tree
was constructed using the default tools and parameters at NGPhylogeny.fr (5). The murine tenascin-W (TNW), originally named tenascin-N (TNN), segregates to the
TNW clade. (B) A phylogenetic tree constructed using the fibrinogen-related domain amino-acid sequences of tenascin-C (TNC) and tenascin-R (TNR) from the
cartilaginous thorny skate and whale shark, as well as the ancient bony reedfish and arowana, and from the fibrinogen-related domains of reedfish and arowana
tenascin-X (TNX) and TNW. The tree was constructed using the same parameters as Adams et al. (6) and branch support is indicated. TNW co-evolved with the
bony fishes, most likely from a duplication of the TNR gene. See text for details.
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hypothesis needs to be tested. The fibrinogen-related domain of
tenascin-W, like that of tenascin-C, can bind and activate TLR4,
which indicates tenascin-W may play a role in inflammation and
inflammatory diseases (26). In addition, its prominent
expression in the periosteum, a dense connective tissue around
the bones containing progenitor cells that develop into
osteoblasts, and at sites of osteogenesis, suggests a role for
tenascin-W in bone repair and remodeling. The stimulating
effect of tenascin-W on osteoblastic progenitors’ differentiation
and migration (9) seems to confirm this hypothesis, but contrary
observations have also been published (20). It is likely that future
studies of the role of tenascin-W in bone will not only clarify the
role for this extracellular matrix in normal bone development
and remodeling, but also after bone injury and in diseases. Such a
function of tenascin-W remains to be demonstrated in animal
models of bone fracture repair and of osteoporosis. The highly
specific expression of tenascin-W in other (non-osteogenic) stem
cell niches, like in the corneal limbus or cuspid niche of the aortic
valve, strongly suggests a role in tissue homeostasis and repair
after injury, which still requires experimental confirmation.

The authors of this perspective would also like to encourage
those who study tenascin-W to use that name instead of
tenascin-N, or at least include both in their descriptions. It
seems more appropriate to recognize the original discover of
the protein in zebrafish than to use the name that was attributed,
Frontiers in Immunology | www.frontiersin.org 4104
incorrectly, by one of the first to find this protein in mouse
almost 5 years later.
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INTRODUCTION

In 1924, Hans Spemann and Hilde Mangold established the concept of embryonic induction (1).
They transplanted the dorsal grey crescent region of one newt gastrula to the ventral part of another
newt gastrula and found that a piece of the transplant induced the host tissue into the formation of a
secondary embryo. With this as a starting point, the interactions among various tissues became the
subject of follow up research during the next decade. In the 1950s, Clifford Grobstein discovered that
organogenesis of glandular tissues in prenatal mice required morphogenetic interactions between
epithelium and mesenchyme (2). Consequently, epithelial-mesenchymal interactions became a hot
topic for developmental biologists worldwide. From 1967 to 1981, similar experiments were done on
various organs such as salivary glands, kidney, pancreas, digestive tract, prostate, tooth, lung and
mammary gland, etc.

In 1969, Klaus Kratochwil observed typical mammary gland morphogenesis by monopodial
branching pattern in recombinant cultures of embryonic mammary epithelium with mammary
mesenchyme. By contrast, mammary epithelium cultured in contact with salivary gland
mesenchyme showed salivary gland like morphogenesis by dichotomous branching pattern (3).
Prompted by this observation, Teruyo Sakakura and her colleagues conducted further analysis using
in vivo system in 1976. They transplanted embryonic mammary epithelium combined with
mammary or salivary mesenchyme under the kidney capsule and made the host female mice
pregnant and lactating. The results were clear cut. Both grafted tissues produced milk (4). That is,
mammary gland morphogenesis is mesenchyme-dependent, and cytodifferentiation is epithelium-
specific. The ability to recapitulate morphogenesis persists in adult mammary epithelium. When
embryonic mammary or salivary mesenchyme is transplanted into adult mammary gland, the
epithelial cells in contact with the mesenchymal graft proliferate in multiple layers, forming duct-
alveolar hyperplasia with nodular structure rapidly becoming cancerous (5, 6). Based upon these
results, she built up a hypothesis that embryonic changes in the stroma must occur during
cancer development.
DISCOVERY OF TENASCIN AS AN ONCOFETAL ECM PROTEIN

In 1984, Sakakura was invited by the director Edward Reich of the Friedrich-Miescher Institute in
Basel asking her to organize a new group of breast cancer research. Ruth Chiquet-Ehrismann (Swiss),
Eleanor J Mackie (Australian) and Caroline A Pearson (American) were the members of the new
group. The research project was to identify stromal markers common in embryonic and malignant
mammary glands. Extracellular matrix (ECM) proteins were hopeful, because the interactions
org February 2021 | Volume 11 | Article 6201821106
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between epithelium and mesenchyme are not by diffusible factors
but by matrix-bound morphogens. They had collected various
antibodies against ECM substances. Sprague-Dawley rats were
used in the experiments. Mammary tumors were induced by
intravenous injection of N-methyl-N-nitrosourea. By fluorescent
antibody method they stained embryonic mammary glands and
cancers. Among them, an antibody against an ECM protein
already reported as “myotendinous antigen” (7) was found to be
suitable molecule and the molecule was renamed “tenascin”. Ruth
and her husband Matthias Chiquet (Univresity of Basel) were the
godparents. Thus, the discovery of tenascin-C as an oncofetal
ECM protein was indeed by serendipity. The photographs of
mammary tumors stained with anti-tenascin antibody were
chosen as the cover of the Cell journal (8). As for the function
of tenascin, growth stimulation of tumor cells was suggested.
When rat mammary tumor cells were cultured on the plates
coated with several ECM proteins (tenascin, fibronectin, collagen
I, collagen IV, and laminin), tenascin was a poor adhesive
substrate but nevertheless the most effective in promoting cell
growth after serum was removed from the culture medium (8).

In the period of 1983 to 1985, several other ECM
glycoproteins had been reported independently from different
laboratories: glioma-mesenchymal extracellular matrix (GMEM)
(9), hexabrachion (10), J1 (11), and cytotactin (12). In terms of
their gene structures and electron microscopy images, all of these
molecules were considered to be identical to tenascin. The
protein was renamed tenascin C (TN-C) later.
Frontiers in Immunology | www.frontiersin.org 2107
After Sakakura returned to Japan, she organized several
groups at the Aichi Cancer Center Research Institute, then　
RIKEN and Mie University School of Medicine. These groups
carried out establishment of the purification method of human
TN-C and production of monoclonal antibodies against human
TN-C (13), cDNA cloning of mouse TN-C (14), and generation
of lines of TN-C knockout mice (15). TN-C knockout mice were
initially found to be viable and fertile, but that further studies
clearly showed the importance of TN-C as a disease-associated
stress protein later in life.

We happened to meet tenascin by sheer serendipity. TN-C is
always detected in the stroma when the tissue is under
reconstruction, such as developmental morphogenesis,
inflammatory process, cancer cell growth and invasion. It is
just like an ambulance to appear in an accident.
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Different Functions of Recombinantly
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in Glial Scar Formation
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3 Keck Center for Collaborative Neuroscience and Department of Cell Biology and Neuroscience, Rutgers University,
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Extracellular matrix glycoprotein tenascin-C (TnC) is highly expressed in vertebrates during
embryonic development and thereafter transiently in tissue niches undergoing extensive
remodeling during regeneration after injury. TnC’s different functions can be attributed to
its multimodular structure represented by distinct domains and alternatively spliced
isoforms. Upon central nervous system injury, TnC is upregulated and secreted into the
extracellular matrix mainly by astrocytes. The goal of the present study was to elucidate
the role of different TnC domains in events that take place after spinal cord injury (SCI).
Astrocyte cultures prepared from TnC-deficient (TnC-/-) and wild-type (TnC+/+) mice
were scratched and treated with different recombinantly generated TnC fragments. Gap
closure, cell proliferation and expression of GFAP and cytokines were determined in these
cultures. Gap closure in vitro was found to be delayed by TnC fragments, an effect mainly
mediated by decreasing proliferation of astrocytes. The most potent effects were
observed with fragments FnD, FnA and their combination. TnC-/- astrocyte cultures
exhibited higher GFAP protein and mRNA expression levels, regardless of the type of
fragment used for treatment. Application of TnC fragments induced also pro-inflammatory
cytokine production by astrocytes in vitro. In vivo, however, the addition of FnD or Fn(D+A)
led to a difference between the two genotypes, with higher levels of GFAP expression in
TnC+/+ mice. FnD treatment of injured TnC-/- mice increased the density of activated
microglia/macrophages in the injury region, while overall cell proliferation in the injury site
was not affected. We suggest that altogether these results may explain how the reaction of
astrocytes is delayed while their localization is restricted to the border of the injury site to
allow microglia/macrophages to form a lesion core during the first stages of glial scar
formation, as mediated by TnC and, in particular, the alternatively spliced FnD domain.

Keywords: astrocyte, glial scar, microglia/macrophages, spinal cord injury, tenascin-C
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INTRODUCTION

Spinal cord injury (SCI) is a severe neurological disorder with a
limited hope for recovery, thus presenting a health care and
socioeconomic problem. SCI is a two-step process, primary
mechanical injury is followed by secondary inflammation and
apoptosis through which existing injury spreads further into the
surrounding tissue (1). The hallmark of these events is the
formation of the glial scar with two distinct parts. The lesion
core is formed by stromal fibroblasts and inflammatory immune
cells, while hypertrophic astrocytes demarcate the lesion border
(2). The role of the glial scar has been often discussed, once seen
as a barrier to complete regeneration (3), but often regarded as
important for axonal regrowth and as the source of growth
factors and other permissive molecules (4). A majority of cellular
functions, signal transduction, and tissue homeostasis are
maintained by extracellular matrix components (ECM) making
the ECM an interesting target for modulation of the outcome of
injury. It is noteworthy in this context that the ECM glycoprotein
tenascin-C (TnC) is strongly upregulated after injury of central
nervous system (5).

Tenascin-C (TnC) is a large multimodular glycoprotein with a
hexabrahion structure (6). Each arm contains four distinct
domains: amino-terminal tenascin assembly (TA) domain,
epidermal growth factor-like (EGFL) repeats, fibronectin type III
(FnIII) domains, and a globular fibrinogen-homology domain (FG)
located at the distal end. Among FnIII repeats, eight domains are
constitutively expressed (Fn1-8), while nine are alternatively spliced
(FnA1, FnA2, FnA3, FnA4, FnB, FnAD2, FnAD1, FnC, and FnD).
Alternative RNA splicing yields various isoforms of TnC with
different numbers of domains (7, 8). Via its structurally distinct
domains and by variations in domains resulting from alternative
splicing, TnC is predisposed to interact with different types of
cellular receptors or components of the extracellular matrix, thereby
generating an impressive functional diversity (9). In the central
nervous system, TnC is widely expressed at early developmental
stages (10), being mainly synthesized by immature astrocytes and
radial glia during neuronal migration and differentiation (11). TnC
stimulates astrocyte proliferation in vitro (12) and contributes to
regenerative processes, such as peripheral nerve regeneration and
wound healing in the brain (13–15). It also regulates the phenotype
of cultured astrocytes in vitro, thus possibly contributing to
astrocytic scar formation after spinal cord injury (16). TnC is also
known to interact with other extracellular matrix components,
including fibronectin (17, 18) and chondroitin sulfate
proteoglycans (19, 20), relevant for regeneration after injury.

Recovery of locomotor functions after spinal cord injury in
constitutively TnC-deficient (TnC-/-) mice was found to be
reduced when compared with their wild-type (TnC+/+)
littermates. Overexpression of the FnD domain of TnC in
injured spinal cords improved regeneration (21). In TnC-/-
mice synaptic rearrangements in the lumbar spinal cord and
the H-reflex response were both attenuated after injury when
compared with wild-type littermates. It is thus conceivable that
TnC exerts its beneficial effects by modifying synaptic responses
to injury (21). These findings are in agreement with previous
Frontiers in Immunology | www.frontiersin.org 2109
observations that TnC enhances neurite outgrowth and supports
neuronal survival (22, 23).

TnC is transiently expressed in acute inflammation and may
contribute to chronic inflammation in pathological conditions
(24). TnC also plays a role in temporal and spatial modulation of
inflammation after SCI (25). Since TnC may promote axonal
regrowth during acute inflammation, but also contribute to
further damage during the chronic phase, investigation of
individual TnC domains at specific times and in specific cell
types is much needed. Since after SCI TnC is secreted mainly by
astrocytes, we examined the impact of individual TnC fragments
on astrocytic physiology in vitro and in vivo.

TNC-null mice were crucial for discovering the significance of
heterophilic and homophilic TNC interactions in glial scar
formation. The same mice were instrumental in the initial
discovery of positive effects of TNC on regeneration after
spinal cord injury (21). We now report on the dissection of
functional TNC domains which may allow designing structures
of therapeutic value. Results of our present study indicate that
gap closure in vitro in an astrocyte scratch assay is delayed by
TnC fibronectin-like fragments, mainly due to decreasing
astrocyte proliferation. Fragments also upregulated mRNA
levels of pro-inflammatory cytokines in astrocyte cell cultures.
In spinal cord tissue, addition of TnC fragments immediately
after SCI did not alter total cell proliferation rate. TnC, and in
particular fragment FnD increased the numbers of activated
microglia/macrophages 7 days after injury. Altogether results
may explain how astrocyte functions are restricted to the border
of the injury site to allow microglia/macrophages to form a lesion
core during the first stages of glial scar formation through TnC,
and in particular FnD.
MATERIALS AND METHODS

Animals
Animals used in experiments were wild-type C57BL/6 (TnC+/+)
mice and constitutively tenascin-C deficient (TnC-/-) mice
inbred on the C57BL/6 background for more than 10
generations, and maintained in the Animal Facility of the
Faculty of Biology, University of Belgrade. Animals were
housed under standard conditions (21 ± 1°C, 50% humidity,
12:12 h light/dark cycle, water and food ad libitum). TnC-/- mice
were derived from the original colony (26). All experimental
procedures complied with the NIH Guide for Care and Use of
Laboratory Animals (1985) and the European Communities
Council Directive (86/609/EEC) and were approved by the
Ethics Committee of the Faculty of Biology, University
of Belgrade.

Treatments
Five recombinantly expressed proteins representing different
domains of TnC were studied. We used all alternatively spliced
fragments and some of these that are present in all variants of the
tenascin-C molecule. For injury experiments, we used the
alternatively spliced FnD and FnA fragments, as they were
February 2021 | Volume 11 | Article 624612
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shown to be the most promising ones in the in vitro experiments
(23) and in a previous in vivo study (21). Alternatively spliced
fragments are of special interest as they are upregulated upon
injury (27).

Fibronectin type III-like repeats 6-8 (Fn 6-8) and epidermal
growth factor-like repeats (EGFL) are constitutively expressed,
whereas fibronectin type III-like repeats A, D, and C (FnA, FnD,
FnC) are generated by alternative splicing. Fragments were
generated as described (28). For in vitro experiments,
treatment groups were labelled as follows: “SW” for the control
group with only scratch wounding performed, “no SW” for non-
injured cells, “EGFL”, “FnA”, “FnC”, “FnD”, “Fn6-8”, for groups
in which the fragments were individually added after SW, and
“Fn(D+A)”, “Fn(D+A+C)” for groups in which a combination of
fragments was added. For in vivo experiments, all labels were the
same except for the control group, which was named “Injury”,
indicating that only compression spinal cord injury (SCI)
was performed.

Chemicals, Reagents, and Solutions
Acrylamide/Bis-acrylamide, ammonium persulfate (APS),
bovine serum albumin (BSA), diethyl pyrocarbonate (DEPC),
chloroform, EDTA, glucose, glycerol, Mowiol embedding
medium, NP 40, paraformaldehyde (PFA), poly-L-lysine (PLL),
sodium dodecyl sulphate (SDS), tetramethyl ethylenediamine
(TEMED), Tris base, Triton™ X-100, trypsin, Tween 20, b-
mercaptoethanol, NaCl, Na2HPO4, NaHCO3, NaOH, HCl,
KH2PO4, KCl were from Sigma-Aldrich (St. Louis, Missouri,
USA). Leibovitz’s L-15 medium, penicillin/streptomycin, foetal
bovine serum (FBS), Dulbecco’s modified Eagle’s medium
(DMEM) were from Gibco (Thermo Fisher Scientific, USA).
TRIzol reagent, H2O, Power SYBR™ Green PCR Master Mix
were from Invitrogen (Thermo Fisher Scientific, USA). High
Capacity cDNA Reverse Transcription Kit was from Applied
Biosystems (Thermo Fisher Scientific, USA). 4,6-Diamidino-2-
phenylindole (DAPI) was from Molecular Probes (Thermo
Fisher Scientific, USA). Protease/phosphatase inhibitor
cocktail, Pierce micro BCA Protein Assay Kit, and PAGE ruler
were from Thermo Fisher Scientific, USA. Clarity ECL Substrate
was from BioRad Laboratories (Hercules, CA, USA). Ethanol,
isopropanol, and methanol were from Zorka Pharma
(Šabac, Serbia).

Cortical Astrocyte Culture
Primary cell cultures were prepared as described (29). Briefly, for
each genotype cortices from three mice, 0 to 2 days old, of both
sexes were pooled. Tissue was mechanically dissociated and then
centrifuged twice at 500xg for 5 min. Before the third centrifugation,
the cell suspension was passed successively 3–5 times through 21G (ø
0.8 mm) and 23G (ø 0.6 mm) needles. All steps were performed in
Leibowitz L-15 isolating medium supplemented with 100 IU/ml
penicillin, 0.1 mg/ml streptomycin, and 0.1% BSA. Finally, cells were
resuspended in growth medium (Dulbecco’s modified Eagle
medium-low glucose, DMEM, supplemented with 10% foetal
bovine serum, D-glucose to a final concentration of 25 mmol/L,
100 IU/ml penicillin, and 100 μg/ml streptomycin), seeded in a
60 mm Petri dish and maintained in a humidified atmosphere of 5%
Frontiers in Immunology | www.frontiersin.org 3110
CO2/95% air at 37°C. The culture medium was replaced every 2 to 3
days. Upon reaching confluency, cells were trypsinized (0.25%
trypsin and 0.02% EDTA) and seeded in new Petri dishes. Once
confluence was reached again, cells were seeded according to the
particular experimental design. Three cell cultures per genotype were
prepared for all in vitro experiments.
Scratch Wound Assay
For the scratch wound assay (SW), astrocytes were seeded in
35 mm Petri dishes at a density of 2×104 cells/cm2 and
maintained until complete confluency as described (30, 31).
Monolayers were scratched with a sterile 200 μl pipette tip,
followed by addition of fresh culture medium containing 10 μg/ml
per TnC fragments. Three to four scratches were made per Petri
dish. To ensure imaging of the same fields at different times, a
straight line was drawn in the middle of the Petri dish bottom. For
each SW, two areas, just above and below the line, were imaged
using the AxioObserver A1 inverted microscope (Carl Zeiss
GmbH, Germany), EM512 CCD (Digital Camera System,
Evolve, Photometrics), and 10× (A-Plan) objective. Cells were
imaged immediately after scratching and addition of fragments
(0 h), and later at 6, 12, 24, and 48 h. For each image a gap border
was selected and the gap area (μm2) was determined using the
ImageJ software package. Relative wound closure was calculated
with the formula:

Relative  woundclosure = A t0ð Þ − A tð Þ½ �=A t0ð Þ
where A represents wound area determined at a given time point t.

Immunocytochemistry
For immunolabeling, cells were maintained on PLL-coated glass
coverslips (ø 15 mm). Twenty-four h after scratching and
treatment with TnC fragments, cells were fixed in 4%
formaldehyde for 20 min at room temperature (RT). After
several washes with phosphate-buffered saline (PBS), cells were
permeabilized with 0.1% Triton in PBS for 15 min and blocked
with a solution containing 5% BSA in PBS for 1 h, at RT.
Following the overnight incubation with primary rabbit anti-
Ki67 (1:500, Abcam, ab15580, RRID: AB_443209) or rabbit anti-
GFAP (1:500, DAKO, Z0334, RRID: AB_10013382) antibodies
in 1% BSA in PBS at 4°C, cells were washed and incubated with
secondary donkey anti-rabbit AlexaFluor-555 antibodies for 2 h,
at RT and in the dark (1:200, Invitrogen A-31572, RRID:
AB_162543). Nuclei were stained with DAPI (1:4,000, for
15 min, at RT), and the glass coverslips were mounted on
microscope slides with MOWIOL solution. Micrographs along
the SW were acquired using AxioObserver A1 inverted
microscope (Carl Zeiss GmbH, Germany), EM512 CCD
(Digital Camera System, Evolve, Photometrics), and 10× (A-
Plan) objective. Omission of primary antibodies did not show
immunoreactivity. Images were quantified using ImageJ
software. Proliferation rate was defined as the proportion of
Ki67+ nuclei within the total number of DAPI+ nuclei. GFAP
immunoreactivity was quantified and presented as the corrected
total cell fluorescence (CTCF) of integrated density, calculated
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for each frame after using the “Rolling ball” background
subtraction method in ImageJ software.

Western Blot Analysis
Astrocytes seeded in 60 mm Petri dishes were scratched and
treated with TnC fragments. Twenty-four h later, cultures were
washed with pre-heated PBS, mechanically detached by scraping,
collected in ice-cold PBS, and centrifuged for 5 min at 500×g.
The pellet was resuspended in 500 μl of ice-cold RIPA lysis
buffer, supplemented with 0.5% w/v protease inhibitor cocktail.
Subsequently, lysates were centrifuged for 10 min at 10,000×g and
4°C. The supernatant was collected and the protein concentration
was determined using the BCA protein assay kit, according to the
manufacturer’s instruction. Samples (5 μg protein) were mixed
with 6× Laemmle sample buffer (375 mM Tris-HCl, pH 6.8, 12%
SDS, 60% w/v glycerol, and 0.03% bromophenol blue). Proteins
were resolved on 12% SDS-PAGE gels and electrotransferred to a
PVDF support membrane (Immobilon-P transfer membrane,
Millipore, Merck, Germany). Membranes were blocked with 5%
BSA in Tris buffered saline/Tween 20 (TBST) and incubated
overnight at 4°C with primary rabbit anti-GFAP antibodies
(1:7,000, DAKO, Z0334, RRID: AB_10013382), followed by a
2 h incubation with secondary HRP-conjugated donkey anti-
rabbit antibody (1:10,000, Santa Cruz, sc-2305, AB_641180).
Bands were visualized with ECL solution and Chemi Doc-It
imaging system (UVP, Upland, CA, USA). Membranes were
then subjected to Abcam mild stripping protocol: two times in
stripping buffer for 10 min, two times in PBS for 10 min, and two
times in TBST for 5 min. Membranes were blocked as above-
mentioned, incubated with mouse anti-b-actin (1:1,000, Santa
Cruz, sc-47778, RRID: AB_2714189) overnight at 4°C, followed
by secondary HRP-conjugated donkey anti-mouse antibody
(1:10,000, Santa Cruz, sc-2096, RRID: AB_641168). Bands were
visualized as stated above, and quantified using ImageJ software.
The measured optical density of GFAP immunoreactivity was
normalized to the corresponding optical density of b-actin bands
serving as a loading control.

mRNA Isolation and Real-Time PCR
Astrocytes were seeded in 6-well plates at 2×104 cells/cm2

density. After reaching confluence, the cultures were subjected
to SW and treated with TnC fragments. Six hours later, sample
lysates were collected using TRIzol reagent and the total RNA
was subjected to phenol/chloroform extraction and ethanol
precipitation (32). Since it has been shown that the median
half-life of mRNA for all genes in mammals is up to 7 h, after
which time mRNA is less stable/decays (33), we decided that 6 h
would be the most appropriate time point to analyze the effects of
fragments and also to not lose the information due to various
signaling convergence and mRNA decay. The 6 h mRNA
expression usually correlates with the protein abundance peak
occurring 12–24 h later, which was confirmed in the present case.
RNA concentrations were determined by measuring the
absorbance at 260 nm and the purity was estimated from 260/
280 nm and 260/230 nm ratios. For the synthesis of cDNA, 1 μg
of total RNA was used. The real-time PCR reaction mixture
contained 2 ml cDNA, 5 ml QTM SYBR Green PCR Master Mix,
Frontiers in Immunology | www.frontiersin.org 4111
0.5 ml of both reverse and forward primers (100 pmol/ml), and
2 ml RNase-free water. Amplification was carried out under the
following conditions: 10 min of enzyme activation at 95°C, 40
cycles of 15 s denaturation at 95°C, 30 s annealing at 64°C, 30 s
amplification at 72°C, and 5 s fluorescence measurements at 72°C.
The amplification and product detection were carried out with
QuantStudioTM 3 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA). Relative gene expression is presented as a
log2-fold change of mRNA expression. b-actin was used as a
housekeeping molecule. Primer sequences are listed in Table 1.

Spinal Cord Injury
Compression spinal cord injury (SCI) was performed on 10- to
12-week-old mice as described (21). In short, before surgery,
animals were anesthetized by intraperitoneal injections of ketamine
and xylazine (100 and 5 mg/kg body weight, respectively, both
from Sigma-Aldrich). Laminectomy was carried out at the T7–T9
level using mouse laminectomy forceps (Fine Science Tools, Foster
City, California, USA). Then, the exposed spinal cord was
compressed for 1 s using a custom-made device that consisted of
watchmaker forceps mounted on a stereotaxic frame and driven by
an electromagnetic device. Immediately after the injury, fragments
FnD, FnA, their combination (300 μg/ml per treatment), or the
vehicle control (0.9% NaCl in water) were injected into the lesion
site. Injections into areas surrounding the injury site were also
carried out 1 mm rostrally and caudally to the lesion site. Next, the
skin was closed with a 3-0 silk suture (Ethicon, Somerville, New
Jersey, USA). Mice were then kept on heating pads at 35°C for 24 h
to prevent hypothermia and caged individually in a temperature-
controlled room (22°C) on soft bedding with softened rodent chow
and water within reach ad libitum. Bladders were manually voided
twice a day. Animals were sacrificed 7 days later.

Four animals per group [vehicle control, FnA, FnD, Fn(D+A)]
per each genotype (32 mice in total) underwent spinal cord
injury. Criteria for the exclusion of mice from the study were,
per ethical permit, weight loss of more than 20% over 24 h,
passive position of animal in the cage, the lack of reaction to the
experimenter, overall poor general condition as seen by the
animal being immobile, cold with wet hair, and signs of severe
urinary infection. Three animals were excluded for these reasons.

Tissue Preparation and
Immunohistochemistry
Mice were perfused transcardially under anesthesia with saline
(0.9% NaCl) for 30 s, followed by perfusion with 4%
formaldehyde in 0.1 M phosphate buffer for 10 min. The
spinal cord was then removed through double laminectomy
TABLE 1 | List of primer pairs for real-time PCR.

Target
gene

Forward Reverse

GFAP CGGAGACGCATCACCTCTG TGGAGGAGTCATTCGAGACAA
TNF-a CTGAACTTCGGGGTGATCGG GGCTTGTCACTCGAATTTTGAGA
Il-1b AAAAGCCTCGTGCTGTCGGACC TTGAGGCCCAAGGCCACAGGT
b-actin GGGCTATGCTCTCCCTCAC GATGTCACGCACGATTTCC
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and placed in 4% formaldehyde for 2 h at 4°C. After post-
fixation, tissue was cryoprotected in 0.1 M phosphate buffer
supplemented with 30% sucrose at 4°C overnight and then
frozen at -80°C until further use. Sagittal serial sections (25 mm
thick) were cut using a LeicaCM 1850 cryostat (Leica
Microsystems, Wetzlar, Germany), and sections were collected
on SuperFrost®Plus slides (Menzel-Gläser, Braunschweig,
Germany). After rehydration in PBS, sagittal spinal cord
sections were covered with 0.1% glycine in PBS for 10 min at
RT. Blocking with 10% bovine serum albumin (BSA) and 0.1%
Triton X-100 was performed for 45 min at RT. Primary
antibodies were diluted in 2% BSA in PBS and kept on the
tissue sections overnight at 4°C. The following primary
antibodies were used: mouse anti-GFAP (1:400, DAKO,
Z0334), goat anti-Iba1 (1:300, Abcam) and rabbit anti-Ki67
(1:200, Abcam). After several washes in PBS, secondary
antibodies diluted in PBS with 2% BSA were incubated for 2 h
in the dark at RT. Secondary antibodies were donkey anti-mouse
Alexa 488 (1:200, Invitrogen), donkey anti-goat Alexa 488 (1:200,
Invitrogen), and donkey anti-rabbit Alexa 555 (1:200,
Invitrogen). After washing with PBS, slides were incubated
with TO-PRO 3 (1:40,000; Thermo Ficher Scientific T3605) to
counterstain nuclei. Sections were rinsed with PBS and mounted
in MOWIOL medium (Sigma Aldrich).

Confocal Imaging, Analysis of Proliferation
and GFAP Immunoreactivity in Tissue
Sections
Cell proliferation and GFAP immunoreactivity at the injury site
were analyzed in spinal cords of three animals per group [Injury
only, Injury plus FnA, FnD, or Fn(D+A)] in both genotypes. Five
sections per spinal cord were examined. A confocal laser
microscope (LSM 510, Carl Zeiss, Jena, Germany) equipped
with 488 nm Argon, 555 and 633 nm HeNe lasers was used for
obtaining images. Z-stacks were obtained in the visible zone of
the injury using oil-immersion Plan Neofluar 40x 1.3 NA
objective. For proliferation rates, results were expressed as the
portion of Ki67+ nuclei in total DAPI+ numbers in cell cultures
or TO-PRO-3 stained nuclei in tissue sections using ImageJ
(Rasband, W.S., ImageJ, National Institutes of Health, Bethesda,
Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018.). GFAP
immunoreactivity was quantified and is presented as the
corrected total cell fluorescence (CTCF) of integrated density,
calculated for each frame after using the “Rolling ball”
background subtraction method in ImageJ software.

Stereological Analysis
The density of microglial cells in spinal cord tissue sections was
obtained by stereological analysis as described (34). Counting
was carried out with an Axio Imager. M1 microscope (Carl Zeiss)
equipped with a motorized stage and a Stereo Investigator 9
software-controlled microscope system (MicroBrightField).
First, a low-power magnification (10× objective) was used to
outline the injury region and equally sized rostral and caudal
regions next to it which extended for ≤1,500 mm on both sides of
the injury site. In both genotypes, spinal cords from three
Frontiers in Immunology | www.frontiersin.org 5112
animals were analyzed for each group (Injury, FnD). Six
sections (25 mm, every 10 serial section) per spinal cord were
investigated. Cells were counted based on Iba1 immunoreactivity
and DAPI fluorescence and classified as activated microglia if
they exhibited a polygonal shape or as resting if they showed a
branched morphology. The following parameters were set: guard
space depth, 2 mm, base and height of the dissector, 60x60 mm,
and 10 mm; distance between the optical dissectors, 180 mm;
objective 20× Plan-Neofluar 20×/0.50.

Statistical Analysis
Two-way ANOVA was used to determine the effects of treatment
and genotype regarding the examined parameters in cultures or
tissue sections. Three-way ANOVA was used to analyze the effect
of treatment, genotype and sampling position (injury, rostral or
caudal) on the density of microglia. Statistically significant
interactions, simple main effects, and pairwise comparisons
were determined. All pairwise comparisons were run for each
simple main effect with 95% confidence intervals and p-values
Bonferroni-adjusted within each simple main effect. All
computations were performed using the SPSS 20 software
package (SPSS Inc., Chicago, IL, USA). Data from each
experiment are summarized as a box and whisker plot and
shown as mean ± SD throughout the Results section. Values for
p within the range of 0.001–0.05 are given as precise numbers,
whereas values lower than 0.001 are presented as <0.001.
RESULTS

Tenascin-C Fragments Attenuate Gap
Closure In Vitro
A scratch wound assay was performed in TnC+/+ and TnC-/-
cortical astrocyte cultures to measure the response to mechanical
injury (30). It is worth mentioning that mechanical stretching of
an astrocyte monolayer is not the most adequate model for
assaying glial scar formation since it lacks many components of
in vivo injury (35). Unlike in tissues where astrocytes are
confined to the lesion border, they are the only cell type
in cultures.

First, we assessed whether the rate of gap closure differs
between the two genotypes upon the addition of different TnC
fragments. Cells were monitored at 0, 6, 12, 24, and 48 h after
scratching (see an example of ImageJ measurements in Figure 1A).
Zero h served as a reference for closure calculation, and by 48 h all
gaps were closed regardless of treatment. As described (36) and
observed in our present study, the most informative time point is
24 h after scratching, allowing for evaluation of fragment
application, astrocytic activation, and stable progression of the
astrocytic front (Figure 1B). Quantifications of other time points
with the exception of 0 and 48 h are given as stacked bar charts
(Supplementary Figure 1). Representative images of the gap area
of the same frame taken at 0 and 24 h in control group (SW) and
groups treated with FnA, FnD, and Fn(D+A) are shown in
Figure 1C.
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FIGURE 1 | TnC fragments attenuate wound closure in cultured astrocytes. (A) Representative brightfield images of five time points of the gap area measured in the
ImageJ program. (B) Relative wound closure is presented in a box-and-whisker plot indicating the impact of TnC fragments on gap closure in TnC+/+ and TnC-/-
cortical astrocyte cultures after 24 h. Two-way ANOVA analysis shows no interaction between genotype and treatment, but both the effects of treatment and
genotype were significantly different (p < 0.001). The most potent effect was produced by FnA, FnD, and combinations Fn(D+A) and Fn(D+A+C) in both genotypes.
All pairwise significance comparisons are given in the table below the box-and-whisker plot. n = 3 independent astrocyte culture preparations. (C) Representative
images of the gap at 0 and 24 h after scratching in the control group (SW) and groups treated with FnA, FnD, and Fn(D+A).
Frontiers in Immunology | www.frontiersin.org February 2021 | Volume 11 | Article 6246126113

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
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Both the effects of treatment and genotype were significant
(p < 0.001). The rate of injury closure reached the highest values in
the control TnC+/+ group, with application of fragments
retarding this process. Compared to the control group (SW),
addition of FnA, FnD, Fn6-8, EGFL, Fn(D+A), and Fn(D+A+C)
decreased the gap closure [p < 0.001 for FnA, FnD, Fn6-8,
Fn(D+A); p = 0.027 for EGFL; p = 0.010 for Fn(D+A+C)].
Fragments FnC and EGFL did not affect gap closure. FnD
decreased gap closure compared to FnC (p = 0.006).
Combination Fn(D+A) slowed down the gap closure compared
to FnC (p < 0.001) and EGFL (p < 0.001). Similarly, Fn(D+A+C)
decreased gap closure compared to FnC (p = 0.041). In cultures of
TnC-/- mice, where gap closure was most pronounced in the
control group, fragments FnA, FnD, Fn6-8, Fn(D+A), and Fn
(D+A+C) reduced gap closure [p < 0.001 for FnA, FnD, Fn(D+A),
Fn(D+A+C); p = 0.010 for Fn6-8], while FnC and EGFL did not
affect gap closure. The combined fragments Fn(D+A) also
reduced gap closure when compared to FnC, Fn6-8, and EGFL
(p < 0.001, p = 0.027, p < 0.001, respectively), while combination
Fn(D+A+C) showed lower closure rates than FnC (p < 0.001) and
EGFL (p = 0.004). In TnC+/+ cultures, gap closure was more
pronounced than in TnC-/- cultures (p < 0.001). FnD and Fn6-8
attenuated gap closure in both genotypes, while FnA, FnC, Fn
(D+A+C) attenuated gap closure in TnC-/- genotype (FnA: p =
0.009; FnC: p = 0.016; D+A+C: p = 0.013). Mean values ± standard
deviations for each treatment and genotype are shown in Table 2.

Tenascin-C Fragments Reduce
Proliferation Rate In Vitro
Migration and proliferation are two main processes that
contribute to gap closure after scratching. Previous data show
that the rate of astrocyte migration after scratching is the same as
in non-injured, low density cultures used as a control group,
whereas proliferation increases, making only proliferation an
injury-specific response (30). On the basis of these observations,
we assessed the proliferation rate (Ki67+/DAPI+ numbers) 24 h
after scratching and application of fragments (Figures 2A, B). In this
experiment another treatment group was added with no scratching
and addition of fragments (no SW). There was a significant
interaction between the effects of genotype and treatment on cell
proliferation rate (p = 0.005) with both the effects of genotype and
treatment being significant (p = 0.040, p < 0.001).

In TnC+/+ cultures the highest rate of proliferation was
observed in the control SW group, while the addition of all
fragments or their combinations decreased it [p < 0.001 for
EGFL, FnA, FnC, FnD, Fn6-8, Fn(D+A), Fn(D+A+C)]. EGFL,
FnA, FnD, Fn6-8, Fn(D+A), Fn(D+A+C) reduced proliferation
compared to FnC [p < 0.001, except for Fn(D+A+C), p = 0.004].
Fn(D+A+C) led to a higher proliferation rate compared to
Frontiers in Immunology | www.frontiersin.org 7114
FnD (p = 0.012), FnA (p = 0.001), Fn6-8 (p < 0.001), and
EGFL (p = 0.001). The no SW group exhibited a higher
proliferation rate than other treatments (p < 0.001), but was
not different from the SW group.

Similarly, in the TnC-/- group the highest rate of proliferation
was observed in the SW group, while the addition of all
fragments or their combinations reduced it [p < 0.001 for
EGFL, FnA, FnC, FnD, Fn6-8, Fn(D+A), Fn(D+A+C)].
Compared to FnC, the other treatments reduced the proliferation
rate [EGFL, FnA, FnD, Fn6-8, Fn(D+A) and Fn(D+A+C), p <
0.001 for all]. Fragment FnA additionally reduced the proliferation
rate compared to EGFL (p = 0.039). No SW group had a lower
proliferation rate than the SW group (p < 0.001), but a higher
proliferation rate than all other treatment groups (p < 0.001 for all)
except for FnC. Comparisons within each treatment, between the
two genotypes, showed a significant difference only in SW (p =
0.007), FnC (p = 0.020), Fn6-8 (p = 0.052), EGFL (p < 0.001)
groups, where higher proliferation rates were observed in TnC-/-
cultures. Mean values ± standard deviations for each treatment and
genotype are shown in Table 3.

GFAP Expression is Upregulated
in Tenascin-C-/- Astrocyte Cultures
Regardless of Fragment Addition
GFAP, as a cytoskeletal marker protein of astrocytes, is
upregulated after scratching (37). TnC also affects the levels of
GFAP in lesion-activated astrocytes in vitro (38). Therefore, we
examined Gfap mRNA (Figure 3A) and protein levels (Figures
3B–D) upon SW and treatment with TnC fragments (6 and
24 h, respectively).

Only the genotype`s effect on Gfap mRNA levels was
significant (p < 0.001). Gfap mRNA expression levels in TnC -/-
showed a log2-fold increase versus the TnC+/+ in the SW group.
Compared to TnC+/+ cultures, upregulation of TnC-/- Gfap
mRNA levels was most pronounced in the no SW group
(TnC+/+ vs TnC-/-: 1.061 log2-fold change, p = 0.041) and in
the FnC treatment group (TnC+/+ vs TnC-/-: 1.180 log2-fold
change), while Fn(D+A) only tended to show upregulation
(TnC+/+ vs TnC-/-: 0.680 log2-fold change, not significant).

GFAP protein expression was measured by Western blot
analysis 24 h after SW and application of fragments (Figure
3B). Representative images of GFAP (48 kDa) and b‐actin (42
kDa) are in Figure 3C. Only the genotype`s effect on protein
levels was significant (p < 0.001). GFAP was more expressed in
the no SW group in TnC-/- cultures compared to TnC+/+
cultures (no SW: 2.15 ± 1.14; no SW: 0.97 ± 0.30, p < 0.001).
Scratch wounding and treatments resulted in GFAP protein
upregulation in TnC-/- cultures compared to the TnC+/+ cultures
in the SW, FnD, FnA, and FnC groups (p < 0.001; p = 0.003;
TABLE 2 | Mean value ± standard deviation for relative gap closure.

SW +EGFL +FnA +FnC +FnD +Fn6-8 +Fn(D+A) +Fn(D+A+C)

TnC +/+ 0.74 ± 0.19 0.64 ± 0.12 0.59 ± 0.19 0.66 ± 0.16 0.53 ± 0.19 0.57 ± 0.11 0.48 ± 0.11 0.54 ± 0.20
TnC -/- 0.64 ± 0.12 0.57 ± 0.13 0.50 ± .12 0.58 ± 0.11 0.47 ± 0.11 0.53 ± 0.11 0.40 ± 0.10 0.42 ± 0.09
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p = 0.002; p = 0.001, respectively). Immunostaining was performed
to visually confirm Western blot GFAP protein expression levels
(Figure 3D).

Pro-Inflammatory Tnf-a and IL-1b Levels
are Upregulated by FnD, FnA, Fn6-8, and
EGFL in Both Genotypes
It has been reported that TnC upregulates pro-inflammatory
cytokine production in different cell types although there are no
data available for astrocytes (39). Cytokine production in
astrocyte cultures after scratching and addition of TnC
fragments was tested in terms of mRNA levels of Tnf-a, Il-1b,
Il-6, and Il-10, with Il-6 and Il-10 not being detectable. rtPCR
results for Tnf-a mRNA levels showed that the treatment effect
was significant (p < 0.001) (Figure 4A). In TnC+/+ cultures,
addition of EGFL, FnA, FnD, and Fn6-8 fragments upregulated
Tnf-a mRNA expression compared to SW, compared to the no
Frontiers in Immunology | www.frontiersin.org 8115
SW group and compared to the FnC group. Similarly, in TnC-/-
cultures, EGFL, FnA, FnD and Fn6-8 fragments increased Tnf-a
mRNA levels compared to SW, no SW and FnC treatment group.
In the case of IL-1b mRNA expression (Figure 4B) the effect of
the treatment was significant (p < 0.001). Application of
fragments EGFL, FnA, FnD and Fn6-8 upregulated Il-1b
mRNA levels in TnC+/+ cultures compared to the SW group
(p < 0.001 for FnA and FnD; p = 0.001 for EGFL and Fn6-8), no
SW (p < 0.001 for EGFL, FnA, FnD, Fn6-8) and FnC (p = 0.001
for FnA and FnD; p = 0.003 for EGFL and Fn6-8). Similarly, in
TnC-/- cultures, EGFL, FnA, FnD and Fn6-8 increased Il-1b
mRNA expression when compared to SW (p = 0.001 for EGFL
and FnA; p < 0.001 for FnD and Fn6-8), no SW (p < 0.001 for
EGFL, FnA, FnD, Fn6-8) and FnC; (p < 0.001 for EGFL, FnA,
FnD, Fn6-8). Mean values ± standard deviations for levels of
proinflammatory cytokines TNF-a and IL-1b in astrocyte
culture are presented in Tables 4 and 5, respectively.
TABLE 3 | Mean values ± standard deviations of proliferation rate in the astrocyte scratch wound assay.

no SW SW +EGFL +FnA +FnC +FnD +Fn6-8 +Fn(D+A) +Fn(D+A+C)

TnC +/+ 0.079 ± 0.015 0.087 ± 0.026 0.018 ± 0.008 0.019 ± 0.010 0.062 ± 0.016 0.022 ± 0.010 0.017 ± 0.012 0.026 ± 0.013 0.042 ± 0.017
TnC-/- 0.078 ± 0.032 0.098 ± 0.032 0.032 ± 0.020 0.019 ± 0.007 0.071 ± 0.023 0.027 ± 0.011 0.025 ± 0.011 0.020 ± 0.008 0.029 ± 0.004
February 202
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FIGURE 2 | TnC fragments reduce proliferation in the astrocyte scratch wound assay. (A) Representative micrographs of Ki67+/DAPI+ immunofluorescence at 24 h
after scratching in the control group and groups treated with FnA, FnD, and Fn(D+A); bar: 200 mm. (B) Proliferation was calculated as the number of Ki67+ nuclei
compared to total DAPI+ nuclei. Results are presented as a box-and-whisker plot. Two-way ANOVA analysis shows a statistically significant interaction between the
effects of genotype and treatment on cell proliferation rate (p = 0.005) with both the effects of genotype and treatment being significant (p = 0.040, p < 0.001,
respectively). A statistically significant decrease in proliferation is seen in the presence of FnA, FnD, and Fn(D+A). All statistically significant pairwise comparisons are
displayed below the box-and-whisker plot. n = 3 independent astrocyte cultures.
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FIGURE 3 | GFAP expression is upregulated in TnC-/- astrocyte cultures both in the absence and presence of fragments. (A) Relative log2-fold change of Gfap
mRNA expression 6 h after scratching and fragment addition is shown in a box-and-whisker plot. Two-way ANOVA shows a genotype effect (p < 0.001). Gfap
mRNA was significantly upregulated in TnC-/- no SW group compared to its TnC+/+ counterpart (p = 0.041). n = 4 independent astrocyte culture preparations.
(B) Relative GFAP protein expression as estimated by Western blot analysis 24 h after scratching and application of fragments. Results are presented as box-and-
whisker plot. Two-way ANOVA shows statistical significance of genotype (p < 0.001). GFAP is more expressed in the no SW group of TnC-/- versus TnC+/+
cultures (p < 0.001). Scratching alone and FnA, FnC, and FnD application lead to upregulation of GFAP protein levels in TnC-/- versus TnC+/+ astrocytes (p < 0.001;
p = 0.003; p = 0.002: p = 0.001, respectively). n = 3 independent astrocyte culture preparations. (C) Representative images of Western blots for GFAP (48 kDa) and
b‐actin (42 kDa). (D) GFAP immunoreactivity is presented as Integrated density box-and-whisker plot. n = 1 astrocyte culture.
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Tenascin-C Affects Astrocytes and
Microglia/Macrophages in Injured
Spinal Cords

In vivo glial scar formation was induced by compression SCI.
Evaluation was performed 7 days after the injury when
Frontiers in Immunology | www.frontiersin.org 10117
inflammation is in its early phase and thus can be modulated
via different mechanisms (40).

Proliferation in vivo was estimated in the same way as in vitro
and in reference to all cell types in the injury region (Figures 5A,
B). Ki67 immunolabeling indicated higher levels of proliferating
cells within the region of injury and a decrease of such cells
A

B

FIGURE 4 | Pro-inflammatory cytokines TNF-a and IL-1b are upregulated by FnD, FnA, Fn6-8, and EGFL fragments in astrocyte cultures of both genotypes.
(A) Relative log2-fold change of Tnf-a mRNA expression 6 h after scratching and fragment addition is presented in a box-and-whisker plot. Two-way ANOVA shows
that only the treatment effect was significantly different (p < 0.001). In both TnC+/+ and TnC-/- genotypes, FnD, FnA, Fn6-8, and EGFL upregulate Tnf-a mRNA
levels (~ 2 log2-fold change for all conditions) versus the no SW, SW, and FnC groups. Only the FnD fragment statistically upregulates Tnf-a mRNA levels versus the
no SW in TnC+/+ cultures (p = 0.039). n = 3 independent astrocyte culture preparation. (B) Relative log2-fold change of Il-1b mRNA levels 6 h after scratching and
fragment addition as presented in the box-and-whisker plot. Two-way ANOVA shows that only the treatment was statistically significant (p < 0.001). In TnC+/+ and
TnC-/- cultures, addition of EGFL, FnA, FnD, and Fn6-8 upregulates Il-1b mRNA levels (~ 7 log2-fold change, p ≤ 0.001 for all conditions) versus levels of no SW,
SW, and FnC. n = 3 independent astrocyte cultures.
TABLE 4 | Mean values ± standard deviations of proinflammatory cytokine TNF-a in astrocyte cultures.

no SW SW +EGFL +FnA +FnC +FnD +Fn6-8

TnC +/+ -0.33 ± 0.32 0.00 ± 1.16 2.29 ± 1.04 2.24 ± 0.92 0.29 ± 1.15 2.85 ± 1.30 1.84 ± 1.22
TnC-/- 0.68 ± 0.88 -0.08 ± 1.30 2.28 ± 1.60 2.63 ± 0.91 0.36 ± 1.79 2.13 ± 0.56 2.72 ± 0.88
February 2
021 | Volume 11 | Ar
ticle 624612

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
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further away, in all groups (Figure 5A). Even though two-way
ANOVA showed that the overall effect of fragment application
was significant (p = 0.043), pairwise comparisons revealed no
significant difference (Figure 5B).
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Quantification of GFAP immunoreactivity (Figure 5C) in the
injury region revealed a statistically significant effect of genotype
(p < 0.001), as well as a statistically significant interaction of
genotype and treatment effects (p = 0.034). Addition of fragment
TABLE 5 | Mean values ± standard deviations of proinflammatory cytokine IL-1b levels in astrocyte cultures.

no SW SW +EGFL +FnA +FnC +FnD +Fn6-8

TnC +/+ -0.73 ± 1.05 0.00 ± 0.99 6.09 ± 1.61 6.81 ± 0.61 0.37± 2.37 6.73 ± 1.78 6.12 ± 1.70
TnC-/- -0.25 ± 1.02 -2.01 ± 2.27 5.84 ± 1.13 6.30 ± 0.68 -1.12 ± 2.81 5.92 ± 0.79 6.43 ± 1.35
February 2
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FIGURE 5 | Proliferation and GFAP expression after spinal cord injury and TnC fragment application in TnC+/+ and TnC -/- mice. (A) Representative images of Ki67 and
TO-PRO-3 immunostainings. More proliferating cells are present at the injury region, whereas a decrease in Ki67+ cells is observed further away from the injury site.
Calibration bar for all panels: 50 mm. (B) Proliferation is calculated as the number of Ki67+ nuclei compared to TOPRO-3+ nuclei 7 days after injury. Results are presented
as box-and-whisker plots. Even though the two-way ANOVA shows that the treatments’ overall effect was significant (p = 0.043), pairwise comparisons do not show
significant differences. n = 3 animals per group for each genotype. (C) GFAP immunoreactivity at the injury region is presented as Integrated density in the box-and-whisker
plot. Two-way ANOVA reveals a significant effect of genotype (p < 0.001) and significant interaction of genotype and treatment (p = 0.034). GFAP immunoreactivity is lower
at 7 days after injury and application of FnD and Fn(D+A) in TnC-/- versus TnC+/+ mice. n = 3 animals per group for each genotype. (D) Representative images of GFAP
and DAPI immunostaining reveal a change in the morphology of GFAP+ astrocytes at the injury region versus more caudal sites. Calibration bar for all panels: 50 mm.
(E) GFAP and DAPI immunofluorescence at and around the injury site in the spinal cord of TnC+/+ and TnC-/- mice treated with FnD and Fn(D+A).
ticle 624612

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
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FnD to TnC-/- mice decreased GFAP immunoreactivity
compared to FnD in TnC+/+ animals (p < 0.001). This effect
was also observed with combined Fn(D+A) treatment (p =
0.002). Representative images of GFAP immunofluorescence at
the injury site of spinal cord treated with FnD and Fn(D+A)
fragments in both genotypes are presented in Figure 5E. In
TnC-/- mice, although FnD reduced GFAP immunoreactivity
compared to FnA, only a trend was observed (p = 0.061). Change
in the morphology of GFAP positive astrocytes in the injury
region compared to the more rostral or caudal regions in the
spinal cord was also observed (Figure 5D). Astrocytes within the
injury region formed a honeycomb-like structure, characteristic
of the glial scar (41), whereas more distally they exhibited the
fibrous quiescent phenotype (Figure 5D). Mean values ±
standard deviations of GFAP immunoreactivity at the injury
region are presented in Table 6.

Another typical glial scar element, especially within the first
week after injury, are microglia/macrophages (40, 42). Whereas
astrocyte processes overlap at the site of injury and cell bodies are
Frontiers in Immunology | www.frontiersin.org 12119
difficult to distinguish individually, activated microglia/
macrophages are recognized as distinct polygonal cells, being
framed by astrocytes (Figures 6A). Thus, the density of activated
and resting microglia/macrophages could be quantified
throughout the injury region and surrounding rostral and
caudal regions. The overall effects of genotype and sampling
position on the density of activated microglia were significant
(p < 0.001), as well as their interaction in the injury group (p =
0.032) (Figure 6B). The density of activated microglia/
macrophages within the injury site was higher in TnC+/+ mice
in both injury and FnD groups compared to other regions (p <
0.001). In FnD- treated TnC-/- mice, the density of activated
microglia/macrophages in the injury region was higher than in
rostral (p = 0.003) or caudal (p < 0.001) regions. When
normalized to the total microglia/macrophage number, the
proportion of activated microglia was higher in the injury site
compared to rostral and to caudal positions in all of the
conditions (p < 0.001) reaching the highest value in the TnC+/+
injury group (Figure 6C). Total microglial cell numbers were
TABLE 6 | Mean values ± standard deviations of GFAP immunoreactivity at the injury site of the spinal cord.

Injury +FnA +FnD +Fn(D+A)

TnC +/+ 1.16E+06 ± 7.67E+05 1.41E+06 ± 9.47E+05 1.61E+06 ± 8.03E+05 1.67E+06 ± 8.79E+05

TnC -/- 1.06E+06 ± 5.95E+05 1.19E+06 ± 7.01E+05 5.87E+05 ± 5.42E+05 8.21E+05 ± 4.46E+05
February 2021 | Volume
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FIGURE 6 | TnC affects activation of microglia in the injury region. (A) Representative images of Iba1+ and DAPI immunostaining show activated, polygonal microglia
framed by astrocytes, at the injury site, and a more quiescent microglia phenotype further away. Calibration bar for all panels: 50 mm. (B) Density of activated
microglia by stereo-investigator analysis at the injury region and surrounding rostral and caudal regions of equal size 7 days after injury. Results are shown as a box-
and-whisker plot. The effects of genotype and sampling position on the density of activated microglia are significant (p < 0.001), as well as their interaction in the
Injury group (p = 0.032) as analyzed by three-way ANOVA. The density of activated microglia in TnC+/+ mice in the injury region is higher in TnC+/+ mice in both
Injury and FnD groups compared to the other sampling positions (p < 0.001). FnD application in TnC-/- mice increases the density of activated microglia at the injury
region more so than rostrally (p = 0.003) or caudally (p < 0.001. (C) A box-and-whisker plot showing Activated/(Activated + Resting) microglia numbers per region.
The proportion of activated microglia is higher at the injury site than rostrally and caudally in the injury and FnD groups of both genotypes (p < 0.001). n = 3 animals
per group for each genotype.
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calculated as the sum of activated and resting microglia. Resting
microglia density was a complementary image of activated
microglia density (Supplementary Figure S2). Average numbers
± standard deviations of activated microglia in the spinal cord
injury site of TnC +/+ and TnC -/- mice are presented in Table 7,
and mean values ± standard deviations of the portion of activated
microglia out of total microglia numbers is presented in Table 8.
DISCUSSION

We studied the effects of TnC and its fragments on the glial
reaction to injury in vitro and in vivo. In the context of an
astrocyte scratch assay, we found that, independent of the
genotype, TnC fragments attenuated gap closure. FnD and its
combination with the fragment FnA were the most effective.
Proliferation of astrocytes in vitro was decreased upon application
of alternatively spliced FnD, FnA, FnC, their combinations and
constitutively expressed Fn6-8 and EGFL fragments. These results
suggest that fragments delay gap closure through decreased
astrocyte proliferation.

Previous observations indicate that astrocyte proliferation is
enhanced in a scratch wound assay (30), while TnC is known to
reduce proliferation of adult human astrocytes in vitro (16).
Alternatively spliced region encompassing FnIII repeats from A
to D binds to the cell surface annexin II receptor (43), which
inhibits cell migration in the process of gap closure (44). A
smaller, 190 kDa isoform of TnC, comprising only the
constitutively expressed domains, binds to contactin/F11
through FnIII repeats (45) and promotes cell adhesion (46).
FnIII domain can also bind to the b subunit of integrin receptors
(47, 48) and affect both cell migration and proliferation through
reorganization of the actin cytoskeleton. (39, 49)

A scratch wound assay elicits in vitro a response of a single
cell type, such as astrocytes, to mechanical injury only, with
astrocytes tending to close the gap through migration and
proliferation. On the other hand, in vivo, injury includes
mechanical and chemical stages, as well as heterogenous cell
types, disruption of the blood brain barrier and inflammation, all
contributing to a more complex reaction during glial scar
Frontiers in Immunology | www.frontiersin.org 13120
formation. Seven days after SCI, pro-inflammatory cells form
the lesion core, while astrocytes reside on the border of the lesion
site, initially providing protection of the surroundings, and
eventually forming the scar tissue (40).

Levels of pro-inflammatory cytokines Tnf-a and Il-1b were
increased in vitro in astrocytes upon addition of EGFL, FnA,
FnD, and Fn6-8 fragments, regardless of the genotype. TnC has
three main binding partners in inflammatory signalling: Toll-like
receptor 4 (TLR4), integrins a9b1 and aVb3. When TLR4 is
activated by TnC, the most frequent outcome is the production
of soluble pro-inflammatory mediators, such as IL-6, TNF-a and
IL-1b by various cell types (39). These cytokines are upregulated
also in peritoneal macrophages via activation by TnC of integrin
aVb3 and NFkB signaling pathways (49).

In our experiments, TnC-/- astrocyte cultures exhibited
consistently higher GFAP protein and mRNA expression
levels, regardless of the type of fragment used for treatment. As
already reported, the GFAP expression level was higher in spinal
cords of TnC-/- embryos, which is not seen thereafter in adult
spinal cords of non-injured mice (38). In our study, in vivo, 7
days after SCI, GFAP immunoreactivity was the same in TnC+/+
and TnC-/- mice treated with vehicle or FnA after injury.
Injection of FnD or Fn(D+A) led to a difference between the
two genotypes, with higher levels in TnC+/+ than in TnC-/-
mice (40).

In vivo proliferation at the injury site of the spinal cord was
the same in TnC+/+ and TnC-/- mice 7 days after SCI. Since in
vitro proliferation of astrocytes decreased upon fragment
application, regardless of the genotype, it is thus possible that
FnD and FnA induce proliferation of cell types other than
astrocytes or that TnC does not affect cell proliferation in the
tissue during this time frame after injury. We propose that this
difference is due to different binding partners on the surface of
different cell types.

TnC had been implicated in regulating production of pro-
inflammatory cytokines/chemokines, chemotaxis and
phagocytosis through the interaction with TLR4 in cultures of
microglia (50). Our results on the microglia/macrophage
response to injury showed that the FnD fragment increases the
number of activated microglia/macrophages at the injury site.
TABLE 7 | Average numbers ± standard deviations of activated out of total microglia in the injured spinal cord of TnC +/+ and TnC −/− mice (cell number x 103 x mm−3).

Injury +FnD

Rostral Injury Caudal Rostral Injury Caudal

TnC +/+ 92.35 ± 42.79 179.70 ± 55.40 71.16 ± 39.33 101.69 ± 61.12 195.49 ± 80.70 114.49 ± 90.27
TnC-/- 91.44 ± 16.33 108.94 ± 30.62 67.95 ± 45.39 84.31 ± 47.43 158.27 ± 63.73 46.56 ± 23.80
Fe
bruary 2021 | Volume 11 |
TABLE 8 | Mean values ± standard deviations of the portion of activated microglia numbers in the injured spinal cord of TnC +/+ and TnC −/− mice.

Injury +FnD

Rostral Injury Caudal Rostral Injury Caudal

TnC +/+ 0.68 ± 0.14 0.97 ± 0.05 0.55 ± 0.23 0.54 ± 0.27 0.84 ± 0.24 0.53 ± 19
TnC-/- 0.71 ± 0.15 0.86 ± 0.13 0.43 ± 0.28 0.54 ± 0.24 0.86 ± 0.14 0.32 ± 0.17
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Matrix metalloproteases (MMP) induce TnC turnover (46)
cleaving it mostly within the alternatively spliced domains, a
process through which they also generate soluble fragments
which might have different functions than the whole TnC
protein. In the present study, the FnD fragment was singled
out as the most potent domain in mediating TnC effects on glial
cells within the first week after SCI. Our results may explain how
the astrocyte reaction is delayed and restricted to the border of
the injury site to allow microglia/macrophages to form a lesion
core during the first stages of glial scar formation through action
of TnC and, in particular, FnD. Since this stage is generally
regarded as a potential window for therapeutical approaches,
modulation of TnC isoforms and their interaction partners could
be considered to be valuable targets. Further research is needed
to dissect the heterophilic interaction partners which mediate the
effects of TnC fragments on astrocytes and microglia/
macrophages upon injury.
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PCR experiments, Dr Jelena Katić for help with the Stereo
Investigator and Dr. Gabriele Loers for help with the
production of fragments.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2020.624612/
full#supplementary-material

Supplementary Figure 1 | Gap closure in astrocyte cultures of TnC+/+ and TnC-/-
mice in the presence of different TnC fragments. Combined clustered stacked column
chart displaying the relative wound closure at different time points after scratching and
application of TnC fragments. Stacked columns represent the mean values of relative
wound closure ± SD. n = 3 independent astrocyte culture preparations.

Supplementary Figure 2 | Density of resting microglia within the spinal cord
injury region in TnC+/+ and TnC-/- mice. Box plots show the density of resting
microglia within the injury region, as well as in the surrounding rostral and caudal
areas obtained 7 days after the spinal cord injury. Iba1 immunolabeling was
assessed by stereological analysis. n = 3 animals per group for each genotype.
REFERENCES
1. Oyinbo CA. Secondary injury mechanisms in traumatic spinal cord injury: a

nugget of this multiply cascade. Acta Neurobiol Experimentalis (2011) 71
(2):281–99.

2. Bradbury EJ, Burnside ER. Moving beyond the glial scar for spinal cord repair.
Nat Commun (2019) 10(1):3879. doi: 10.1038/s41467-019-11707-7

3. Windle WF, Clemente CD, Chambers WW. Inhibition of formation of a glial
barrier as a means of permitting a peripheral nerve to grow into the brain.
J Comp Neurol (1952) 96(2):359–69. doi: 10.1002/cne.900960207

4. Anderson MA, Burda JE, Ren Y, Ao Y, O’Shea TM, Kawaguchi R, et al.
Astrocyte scar formation aids central nervous system axon regeneration.
Nature (2016) 532(7598):195–200. doi: 10.1038/nature17623

5. Zhang Y, Winterbottom JK, Schachner M, Lieberman AR, Anderson PN.
Tenascin-C expression and axonal sprouting following injury to the spinal
dorsal columns in the adult rat. J Neurosci Res (1997) 49(4):433–50. doi:
10.1002/(SICI)1097-4547(19970815)49:4<433::AID-JNR5>3.0.CO;2-9
6. Taylor HC, Lightner VA, Beyer WFJr., McCaslin D, Briscoe G, Erickson HP.
Biochemical and structural studies of tenascin/hexabrachion proteins. J Cell
Biochem (1989) 41(2):71–90. doi: 10.1002/jcb.240410204

7. Nies DE, Hemesath TJ, Kim JH, Gulcher JR, Stefansson K. The complete
cDNA sequence of human hexabrachion (Tenascin). A multidomain protein
containing unique epidermal growth factor repeats. J Biol Chem (1991) 266
(5):2818–23. doi: 10.1016/S0021-9258(18)49920-6

8. Spring J, Beck K, Chiquet-Ehrismann R. Two contrary functions of tenascin:
dissection of the active sites by recombinant tenascin fragments. Cell (1989)
59(2):325–34. doi: 10.1016/0092-8674(89)90294-8

9. Jones FS, Jones PL. The tenascin family of ECM glycoproteins: structure,
function, and regulation during embryonic development and tissue
remodeling. Dev Dynamics Off Publ Am Assoc Anatomists (2000) 218
(2):235–59. doi: 10.1002/(SICI)1097-0177(200006)218:2<235::AID-
DVDY2>3.0.CO;2-G

10. Bartsch S, Bartsch U, Dörries U, Faissner A, Weller A, Ekblom P, et al.
Expression of tenascin in the developing and adult cerebellar cortex. J Neurosci
February 2021 | Volume 11 | Article 624612

https://www.frontiersin.org/articles/10.3389/fimmu.2020.624612/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.624612/full#supplementary-material
https://doi.org/10.1038/s41467-019-11707-7
https://doi.org/10.1002/cne.900960207
https://doi.org/10.1038/nature17623
https://doi.org/10.1002/(SICI)1097-4547(19970815)49:43.0.CO;2-9
https://doi.org/10.1002/jcb.240410204
https://doi.org/10.1016/S0021-9258(18)49920-6
https://doi.org/10.1016/0092-8674(89)90294-8
https://doi.org/10.1002/(SICI)1097-0177(200006)218:23.0.CO;2-G
https://doi.org/10.1002/(SICI)1097-0177(200006)218:23.0.CO;2-G
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bijelić et al. TnC Fragments and Glial Scar
Off J Soc Neurosci (1992) 12(3):736–49. doi: 10.1523/JNEUROSCI.12-03-
00736.1992

11. Götz M, Bolz J, Joester A, Faissner A. Tenascin-C synthesis and influence on
axonal growth during rat cortical development. Eur J Neurosci (1997) 9
(3):496–506. doi: 10.1111/j.1460-9568.1997.tb01627.x

12. Ikeshima-Kataoka H, Saito S, Yuasa S. Tenascin-C is required for proliferation
of astrocytes in primary culture. Vivo (Athens Greece) (2007) 21(4):629–33.

13. Brodkey JA, Laywell ED, O’Brien TF, Faissner A, Stefansson K, Dörries HU,
et al. Focal brain injury and upregulation of a developmentally regulated
extracellular matrix protein. J Neurosurg (1995) 82(1):106–12. doi: 10.3171/
jns.1995.82.1.0106

14. Irintchev A, Salvini TF, Faissner A, Wernig A. Differential expression of
tenascin after denervation, damage or paralysis of mouse soleus muscle.
J Neurocytol (1993) 22(11):955–65. doi: 10.1007/BF01218353

15. Martini R. Expression and functional roles of neural cell surface
molecules and extracellular matrix components during development and
regeneration of peripheral nerves. J Neurocytol (1994) 23(1):1–28. doi:
10.1007/BF01189813

16. Holley JE, Gveric D, Whatmore JL, Gutowski NJ. Tenascin C induces a
quiescent phenotype in cultured adult human astrocytes. Glia (2005) 52
(1):53–8. doi: 10.1002/glia.20231

17. Chiquet-Ehrismann R. Anti-adhesive molecules of the extracellular matrix.
Curr Opin Cell Biol (1991) 3(5):800–4. doi: 10.1016/0955-0674(91)90053-2

18. Chung CY, Zardi L, Erickson HP. Binding of tenascin-C to soluble fibronectin
and matrix fibrils. J Biol Chem (1995) 270(48):29012–7. doi: 10.1074/
jbc.270.48.29012

19. Chiquet M, Fambrough DM. Chick myotendinous antigen. II. A novel
extracellular glycoprotein complex consisting of large disulfide-linked
subunits. J Cell Biol (1984) 98(6):1937–46. doi: 10.1083/jcb.98.6.1937

20. Vaughan L, Huber S, Chiquet M. Winterhalter KH. A major, six-armed
glycoprotein from embryonic cartilage. EMBO J (1987) 6(2):349–53. doi:
10.1002/j.1460-2075.1987.tb04761.x

21. Chen J, Joon Lee H, Jakovcevski I, Shah R, Bhagat N, Loers G, et al. The
extracellular matrix glycoprotein tenascin-C is beneficial for spinal cord
regeneration. Mol Ther J Am Soc Gene Ther (2010) 18(10):1769–77. doi:
10.1038/mt.2010.133

22. Lochter A, Schachner M. Tenascin and extracellular matrix glycoproteins:
from promotion to polarization of neurite growth in vitro. J Neurosci Off
J Soc Neurosci (1993) 13(9):3986–4000. doi: 10.1523/JNEUROSCI.13-09-
03986.1993

23. Meiners S, Nur-e-Kamal MS, Mercado ML. Identification of a neurite
outgrowth-promoting motif within the alternatively spliced region of
human tenascin-C. J Neurosci Off J Soc Neurosci (2001) 21(18):7215–25.
doi: 10.1523/JNEUROSCI.21-18-07215.2001

24. Goh FG, Piccinini AM, Krausgruber T, Udalova IA, Midwood KS.
Transcriptional regulation of the endogenous danger signal tenascin-C: a
novel autocrine loop in inflammation. J Immunol (Baltimore Md 1950) (2010)
184(5):2655–62. doi: 10.4049/jimmunol.0903359

25. Gaudet AD, Popovich PG. Extracellular matrix regulation of inflammation in
the healthy and injured spinal cord. Exp Neurol (2014) 258:24–34. doi:
10.1016/j.expneurol.2013.11.020

26. Evers MR, Salmen B, Bukalo O, Rollenhagen A, Bösl MR, Morellini F, et al.
Impairment of L-type Ca2+ channel-dependent forms of hippocampal
synaptic plasticity in mice deficient in the extracellular matrix glycoprotein
tenascin-C. J Neurosci Off J Soc Neurosci (2002) 22(16):7177–94. doi: 10.1523/
JNEUROSCI.22-16-07177.2002

27. Jakovcevski I, Miljkovic D, Schachner M, Andjus PR. Tenascins and
inflammation in disorders of the nervous system. Amino Acids (2013) 44
(4):1115–27. doi: 10.1007/s00726-012-1446-0

28. Dörries U, Taylor J, Xiao Z, Lochter A, Montag D, Schachner M.
Distinct effects of recombinant tenascin-C domains on neuronal cell
adhesion, growth cone guidance, and neuronal polarity. J Neurosci Res
(1996) 43(4):420–38. doi: 10.1002/(SICI)1097-4547(19960215)43:4<420::
AID-JNR4>3.0.CO;2-H
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JJ, Savić DZ, et al. Central nervous system-infiltrated immune cells induce
calcium increase in astrocytes via astroglial purinergic signaling. J Neurosci
Res (2020) 98(11):2317–32. doi: 10.1002/jnr.24699
Frontiers in Immunology | www.frontiersin.org 15122
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A Corrigendum on

Different Functions of Recombinantly Expressed Domains of Tenascin-C in Glial Scar
Formation
Bijelić, D., Adžić, M., Perić, M., Jakovc ̌evski, I., Förster, E., Schachner, M., and Andjus, P. R. (2021).
Front. Immunol. 11(3944). doi: 10.3389/fimmu.2020.624612

In the original article, there was a mistake in Figure 2 as published. Instead of micrograph “+ FnA”,
the micrograph for “+ Fn(D+A)” treatment in TnC +/+ genotype was duplicated by mistake. We
have inserted the correct micrograph for “+ FnA”. The corrected Figure 2 appears below.

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.
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FIGURE 2 | TnC fragments reduce proliferation in the astrocyte scratch wound assay. (A) Representative micrographs of Ki67+/DAPI+ immunofluorescence at 24 h
after scratching in the control group and groups treated with FnA, FnD, and Fn(D+A); bar: 200 µm. (B) Proliferation was calculated as the number of Ki67+ nuclei
compared to total DAPI+ nuclei. Results are presented as a box-and-whisker plot. Two-way ANOVA analysis shows a statistically significant interaction between the
effects of genotype and treatment on cell proliferation rate (p = 0.005) with both the effects of genotype and treatment being significant (p = 0.040, p < 0.001,
respectively). A statistically significant decrease in proliferation is seen in the presence of FnA, FnD, and Fn(D+A). All statistically significant pairwise comparisons are
displayed below the box-and-whisker plot. n=3 independent astrocyte cultures.
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Immunomodulatory Role of
Tenascin-C in Myocarditis and
Inflammatory Cardiomyopathy
Kazuko Tajiri*, Saori Yonebayashi , Siqi Li and Masaki Ieda

Department of Cardiology, Faculty of Medicine, University of Tsukuba, Tsukuba, Japan

Accumulating evidence suggests that the breakdown of immune tolerance plays an
important role in the development of myocarditis triggered by cardiotropic microbial
infections. Genetic deletion of immune checkpoint molecules that are crucial for
maintaining self-tolerance causes spontaneous myocarditis in mice, and cancer
treatment with immune checkpoint inhibitors can induce myocarditis in humans. These
results suggest that the loss of immune tolerance results in myocarditis. The tissue
microenvironment influences the local immune dysregulation in autoimmunity. Recently,
tenascin-C (TN-C) has been found to play a role as a local regulator of inflammation
through various molecular mechanisms. TN-C is a nonstructural extracellular matrix
glycoprotein expressed in the heart during early embryonic development, as well as
during tissue injury or active tissue remodeling, in a spatiotemporally restricted manner. In
a mouse model of autoimmune myocarditis, TN-C was detectable before inflammatory
cell infiltration and myocytolysis became histologically evident; it was strongly expressed
during active inflammation and disappeared with healing. TN-C activates dendritic cells to
generate pathogenic autoreactive T cells and forms an important link between innate and
acquired immunity.

Keywords: tenascin-C, myocarditis, inflammatory cardiomyopathy, autoimmunity, extracellular matrix
INTRODUCTION

Myocarditis is an inflammatory disease of the myocardium. It represents a public health challenge
worldwide, as it is one of the leading causes of dilated cardiomyopathy, particularly in young,
previously healthy individuals (1). Myocarditis can be triggered by a variety of infectious and non-
infectious agents (2, 3), and the subsequent autoimmune response is thought to contribute to the
disease progression to inflammatory cardiomyopathy (4, 5).

Tenascin-C (TN-C) is a non-structural extracellular matrix (ECM) expressed during embryonic
development in the heart, but is not present in the normal adult heart (6). In tissue injury,
inflammation, or active remodeling, TN-C is re-expressed in a spatiotemporally restricted manner
(6). Recently, TN-C has gained attention as a local regulator of inflammation through various
molecular mechanisms (7). Several animal studies have revealed that TN-C is involved in autoimmune
disorders, including myocarditis, arthritis, glaucoma, and encephalomyelitis (8–11). In autoimmune
myocarditis, TN-C activates dendritic cells (DCs) to generate pathogenic autoreactive T cells and
forms an important link between innate and acquired immunity (9). In this mini review, we discuss
org February 2021 | Volume 12 | Article 6247031126
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the mechanistic insights into the development of myocarditis and
its progression to inflammatory cardiomyopathy and focus on the
role of TN-C in their pathology.
TRIGGERS OF MYOCARDITIS

Myocarditis can occur in association with a wide spectrum of
infectious agents (such as viruses, bacteria, and protozoans),
systemic immune-mediated diseases, toxic substances, and drugs
(such as immune checkpoint inhibitors) (2, 3, 12, 13). Viruses
have been implicated as the leading trigger of myocarditis, with
cardiotropic viruses (such as coxsackievirus B3 [CVB3] and
adenoviruses), vasculotropic viruses (such as parvovirus B19),
and lymphotropic viruses (such as human herpesvirus 6), which
are common agents identified in the myocardium of patients
with myocarditis/dilated cardiomyopathy (DCM) (14–16).
However, the etiologic role of the viruses detected in
myocarditis patients is not evident (17). For example, a high
prevalence of parvovirus B19 has been observed in hearts both
with (18) and without myocarditis (19). Thus, the causative or
associative link between individual viral infections and the
pathogenesis of myocarditis is still under investigation (17). In
Latin America, infection by the protozoan parasite Trypanosoma
cruzi is the most common cause of inflammatory heart
disease (17).

Animal models of virus-induced myocarditis with CVB3
infection have been used to study how viruses trigger
myocarditis. The pathogenesis of CVB3-induced myocarditis
involves both viral cytotoxicity and subsequent host immune
responses (2). Initially, CVB3 enters cardiomyocytes by binding
to the coxsackievirus-adenovirus receptor, and causes direct
cytotoxicity to the myocardium within three to four days post-
infection (16). During the early stage of CVB3 infection, innate
immune cells are activated through pattern recognition
receptors, such as toll-like receptors (TLRs), and produce pro-
inflammatory cytokines, such as interferons (IFNs), interleukin
(IL)-1b, IL-6, IL-8, and tumor necrosis factor-a (16, 20).
Subsequently, antigen-specific responses in adaptive immune
cells are induced, eliminating the virus by up to 14 days post-
infection (16, 20). However, even after viral clearance, a subset of
individuals may develop chronic myocardial inflammation with
virus-triggered uncontrolled immune response and the
expansion of cardiac-autoreactive T cells, leading to
inflammatory cardiomyopathy.

Infection with the novel pathogen severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) may trigger myocarditis
both directly and indirectly (14, 21). Several studies have
suggested that the immune response triggered by the virus is
the major cause of cardiomyocyte injury, rather than direct
virus-mediated cytotoxicity (15, 22). In a recent series of
hospitalized coronavirus disease 2019 (COVID-19) cases
caused by SARS-CoV-2 infection, acute cardiac injury with
serum troponin elevation occurred in 7% to 27% of patients,
and elevated troponin levels were associated with increased
mortality in patients with COVID-19 (23–25). However,
Frontiers in Immunology | www.frontiersin.org 2127
elevated troponin can be caused not only by myocarditis but
also by other heart diseases, such as ischemic heart disease,
Takotsubo syndrome, or secondary cardiac injury due to
systemic inflammation and hypoxemia due to respiratory
dysfunction (14, 26). Recently, autopsies of 21 patients who
died from COVID-19 identified multifocal lymphocytic
myocarditis in three cases (14%) (26). Viral entry to cardiac
cells using angiotensin converting enzyme 2 may directly induce
myocarditis (27). However, the exact mechanism of SARS-CoV-
2-induced myocarditis is currently unknown, and further
investigations are required.
AUTOIMMUNE MYOCARDITIS AND
INFLAMMATORY CARDIOMYOPATHY

Myosin heavy chain a isoform (MyHC-a) represents a major
cardiac autoantigen. MyHC-a immunization with immune
adjuvants or the injection of MyHC-a-loaded DCs can induce
autoimmune myocarditis in mice (28, 29). MyHC-a reactive T
cells have been found in patients with myocarditis and,
interestingly, in healthy subjects (30), suggesting that this may
be due to impaired T cell tolerance mechanisms. In the thymus,
most autoreactive T cells are eliminated through central immune
tolerance or negative selection. In this process, the presentation
of self-peptides by antigen-presenting medullary thymic
epithelial cells is crucial for determining the fate of developing
T cells. Importantly, unlike other cardiac antigens, MyHC-a is
not expressed in thymic cells in either mice or humans.
Therefore, a lack of central T cell tolerance to this protein
allows MyHC-a-reactive T cells to escape negative selection
and enter the peripheral circulation (30). MyHC-a-reactive T
cells were markedly increased in myocarditis, and adoptive
transfer of these cells induced myocarditis in the recipients,
demonstrating the effector function of MyHC-a-reactive T
cells (30). Although frequency is low, MyHC-a-reactive T cells
are present in the periphery of healthy individuals (30),
suggesting that peripheral immune tolerance is crucial to
prevent these self-reactive T cells from inducing autoimmune
myocarditis (5, 31, 32). The mechanism of peripheral immune
tolerance is complicated, and immune checkpoints, including
cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed
cell death protein 1 (PD-1)/PD ligand 1 (PD-L1), play important
roles in maintaining peripheral tolerance to cardiac antigens
(33). After viral infection, MyHC-a-specific CD4+ T cells
expand, likely because of molecular mimicry (epitope cross-
reactivity) or epitope spreading (self-antigen exposure from
cardiomyocytes upon viral damage), and contribute to post-
infectious myocarditis (34).

Until now, the role of gut bacteria in cardiac autoimmunity
was unclear. However, recently, Gil-Cruz et al. (35)
demonstrated that the commensal gut microbe Bacteroides
thetaiotaomicron (B. theta) triggers a cross-immune response
against the bacterial protein b-galactosidase and MyHC-a,
causing inflammatory cardiomyopathy. B-galactosidase
produced by B. theta has sequence homology to MyHC-a and
February 2021 | Volume 12 | Article 624703
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induces proliferation and T helper 17 (Th17) polarization of
MyHC-a-specific CD4+ T cells. Additionally, antibiotic therapy
prevents lethal consequences. Patients with myocarditis have
higher anti-B. theta antibody and circulating T cells from the
patients show significantly higher IFN-g production capacity
against both MyHC-a and b-galactosidase than healthy
subjects. These results suggest that targeting the microbiome
could become a new therapeutic strategy.

In contrast to the well-defined cardiac antigen-specific T-cell
responses, our understanding of the role of heart non-specific
CD4+ T cells in myocarditis is limited. Recently, Zarak-Crnkovic
et al. (36) demonstrated in a proof-of-concept study that heart
non-specific effector T cells did not affect the severity of
myocarditis, but protected the heart from adverse post-
inflammatory fibrotic remodeling and cardiac dysfunction in
the chronic stage. Moreover, bystander activation of effector T
cells suppressed the myofibroblast phenotype of mouse and
human cardiac fibroblasts (36), suggesting a dynamic and
complex role of effector T cells and the interplay between T
cells and fibroblasts in autoimmune myocarditis.
TN-C IN MYOCARDITIS AND
INFLAMMATORY CARDIOMYOPATHY

In the heart, TN-C is transiently expressed at several important
stages during embryonic development, but TN-C-deficient mice
do not show a clear phenotype (37). TN-C is rarely expressed in
normal adult hearts but is upregulated under pathological
conditions with tissue injury, tissue repair/regeneration, and
inflammation (38, 39), including myocarditis (40, 41), DCM
(42), rheumatic heart disease (43), myocardial infarction (44, 45),
hypertensive heart disease (46), and Kawasaki disease (47).
Serum TN-C levels appear to be useful biomarkers for
assessing disease activity and predicting disease prognosis.
High serum TN-C levels are a significant independent
predictor for cardiac events and have an incremental predictive
power with brain natriuretic peptide (BNP) in both myocardial
infarctions and DCM (48, 49). BNP is secreted from
cardiomyocytes in the ventricles in response to stretching
caused by increased wall tension and is broadly used as a
marker for the diagnosis and treatment of heart failure (50,
51). On the other hand, fibroblasts are a major source of TN-C in
the pathological heart (40, 52, 53). The combination of the two
biomarkers may more accurately reflect the pathological
condition of the entire heart than a single biomarker (54).

The expression of TN-C is detectable in the heart before
inflammatory cell infiltration and myocytolysis become
histologically apparent, persists during active inflammation, and
is no longer present prior to mature collagen deposition in the
healing phase in a mouse model of experimental autoimmune
myocarditis (5). A major source of TN-C in the pathological
heart consists of residential interstitial cells, primarily fibroblasts;
however, precardiac mesodermal cells, a special population of
cardiomyocytes in embryonic hearts, and several cell lines of
cardiomyocytes also have the potential to produce TN-C (54). Its
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expression level reflects the activity of myocardial inflammation
(40). We previously investigated the immunomodulatory effect of
TN-C in experimental autoimmune myocarditis. TN-C-deficient
mice were protected from severe myocarditis with lower Th17 cell
infiltration to the heart compared to wild-type mice (9). Th17 cells
are closely associated with autoimmunity, and IL-17-producing
Th17 cells play a major role in the initiation and development of
myocarditis (2, 55, 56). In human myocarditis/inflammatory
cardiomyopathy, the Th17 immunophenotype is characterized by
elevatedTh17 levelswith increases in theTh17-related cytokines IL-
6, IL-1b, transforming growth factor-b1, IL-23, and granulocyte-
macrophage colony-stimulating factor (GM-CSF) (57). Moreover,
patients with severe heart failure have greater proportions of Th17
than those with low severity heart failure (57). IL-6 is a key cytokine
that differentiates naïve CD4+ T cells into Th17 cells (58). The
stimulation of DCs with exogenous TN-C produces high levels of
IL-6 (9). Naive CD4+ T cells co-cultured with TN-C-stimulated
DCs differentiate into Th17 cells, and the IL-6 blockade inhibits
Th17 polarization (9). In addition, TN-C-stimulated DCs produce
high levels of IL-1b and GM-CSF, which facilitate Th17 generation
and maintenance (59, 60). Taken together, TN-C may promote
Th17 expansion through its ability to induce Th17-inducing
cytokine production from DCs and form an important link from
innate to adaptive immunity.

DCs are antigen-presenting cells essential for priming T cell
responses (61).Resting tolerogenicDCs that display cardiacmyosin
peptides in complexwith class IImajor histocompatibility complex
(MHC) are present in a healthy heart and are trafficked to the
cardiac draining lymph nodes. In the lymph nodes, DCs present
cardiac myosin peptides to naïve CD4+ T cells specific to those
peptides, leading to deletion, anergy, or Treg induction (32). If a
heart is damaged by tissue injury or inflammation, TN-C is
produced by fibroblasts and stimulates myocardial DCs to
migrate to the cardiac draining lymph nodes and activate cardiac
myosin-specific T cells, which then differentiate into inflammatory
effectorT cells (Figure 1). In addition topresenting antigen-derived
peptides on their MHCs with costimulatory molecules for naïve T
cell activation and expansion, DCs release a cocktail of polarizing
cytokines for the differentiation of CD4+ T cells into effector cells
(30, 62). In autoimmunediseases, DCsplay an important role in the
regulation of autoreactive CD4+ T cells (30). A model of bone
marrow-derivedDC(BMDC)-induced autoimmunemyocarditis is
helpful for understanding how DCs activate autoreactive CD4+ T
cells (28). In this model, the activation of TLRs on BMDCs loaded
with a MyHC-a peptide is essential for the induction of
autoimmune myocarditis (9, 28). TLR signaling triggers innate
immunity upon stimulation with microbial products or
endogenous danger signals (danger-associated molecular patterns
[DAMPs]) (63). In sterile inflammation, DAMPs are released from
either ECM (e.g., TN-C or biglycan) or from dying cells (e.g.,
histones, highmobility group box 1, heat-shock proteins, DNAs, or
RNAs) and stimulate TLRs (64, 65). Popovic et al. reported that an
endogenous TLR2/4 ligand biglycan enhanced the priming of
autoreactive T cells and stimulated autoimmune perimyocarditis
(66). We previously showed that TN-C provides DCs to induce
myocarditis via TLR4 activation (9). The injection of MyHC-a-
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loaded BMDCs stimulated with TN-C induced myocarditis in the
recipient mice (9). Upon stimulation with TN-C, DCs produced
large amounts of proinflammatory cytokines, including the Th17-
polarizing cytokines IL-1b, IL-6, and GM-CSF (9). Naïve CD4+ T
cells co-cultured with TN-C-stimulated DCs differentiated into
Th17 cells, but IL-6 blocking antibody inhibited Th17
polarization (9). Moreover, the blocking of TLR4 signaling
reduced IL-6 secretion from DCs with less Th17 generation (9).
TN-C-stimulated BMDCs from TLR4-deficient mice failed to
induce myocarditis in the recipients, indicating that TN-C
provides myocarditis inducibility to DCs, at least in part, via
TLR4 interaction (Figure 1) (5, 9). However, this concept is based
on limited experimental findings. Therefore, further studies are
needed to fully determine the effect of TN-C on the onset and
progression of myocarditis.
CONCLUSIONS AND PERSPECTIVES

The etiology and pathogenesis of myocarditis are not yet fully
understood. TN-C may be a key extracellular modulator that
controls immune responses in myocarditis and inflammatory
cardiomyopathy. To date, no attempt has been made to suppress
the function of TN-C during myocarditis; however, it has been
reported that the administration of an antibody against a domain of
TN-C to a rheumatoid arthritis model ameliorated disease severity.
Thus, blocking TN-C-dependent inflammatory signals may be a
potential novel therapeutic strategy for treating autoimmune
Frontiers in Immunology | www.frontiersin.org 4129
myocarditis. Studies involving various animal models have
provided a plethora of information, but there remains a gap in
knowledge regarding howmyocarditis in animalmodels may differ
from that in humans. The prevalence of myocarditis will increase
together with the expanding use of immune checkpoint inhibitors
and the progression of the COVID-19 pandemic (67). As a result,
sophisticated technologies, computational models, and insights
are needed.
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FIGURE 1 | Schematic illustration showing a hypothetical mechanism by which tenascin-C (TN-C)-stimulated dendritic cells (DCs) induce Th17 differentiation. TN-C
is upregulated in the heart under pathological conditions such as tissue injury and inflammation, and stimulates myocardial dendritic cells (DCs) via toll-like receptor 4
(TLR4) activation in the heart. Activated DCs migrate to the cardiac draining lymph nodes where they activate cardiac myosin-specific T cells. DCs produce Th17-
polarizing cytokines (IL-6, IL-1, and GM-CSF) that contribute to the generation of Th17 cells. In turn, CD4+ T cells migrate back to the heart and cause autoimmune
myocarditis.
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Extrahepatic cancers of the biliary system are typically asymptomatic until after
metastasis, which contributes to their poor prognosis. Here we examined intrahepatic
cholangiocarcinomas (n = 8), carcinomas of perihilar bile ducts (n = 7), carcinomas of the
gallbladder (n = 11) and hepatic metastasis from carcinomas of the gallbladder (n = 4) for
the expression of the extracellular matrix glycoproteins tenascin-C and tenascin-W. Anti-
tenascin-C and anti-tenascin-W immunoreactivity was found in all biliary tract tumors
examined. Unlike tenascin-C, tenascin-W was not detected in normal hepatobiliary tissue.
Tenascin-W was also expressed by the cholangiocarcinoma-derived cell line Huh-28.
However, co-culture of Huh-28 cells with immortalized bone marrow-derived stromal cells
was necessary for the formation and organization of tenascin-W fibrils in vitro. Our results
indicate that tenascin-W may be a novel marker of hepatobiliary tumor stroma, and its
absence from many normal tissues suggests that it may be a potential target
for biotherapies.

Keywords: tenascin-W, tenascin-N, tenascin-C, gallbladder cancer, extracellular matrix, tumor stroma
INTRODUCTION

Cancers originating in the epithelia of the biliary system are typically categorized as intrahepatic
cholangiocarcinoma (ICC), carcinoma of perihilar bile ducts (CPHBD) or carcinoma of the
gallbladder (CGB). While some early intrahepatic biliary system tumors have the potential to be
treated effectively by radiotherapy, chemotherapy, local resection or liver transplantation, cancers of
the extrahepatic biliary system have a particularly poor prognosis and limited options for therapy
(1). In CGB the best outcomes require early diagnosis and resection, but extrahepatic lesions
typically have asymptomatic development and most patients have metastatic disease by the time of
surgery (2). The mean survival rate following CGB diagnosis is 6 months, and the 5-year survival
rate is only 5% (3). CGB is more common in women than in men (4, 5) and while world-wide it is a
org February 2021 | Volume 11 | Article 6301391132
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rare cancer, it is relatively common in certain populations (2, 6–
9). Some of these variations are likely related to regional rates of
cholelithiasis, as 74–92% of patients with CGB have
gallstones (10).

Tenascins are a family of extracellular matrix glycoproteins
that share a common domain architecture (11). The best studied
tenascin is the hexabrachion tenascin-C, which is required for
normal embryonic development and reappears in the stroma of
solid tumors (12, 13). Tenascin-C is abundant in the extracellular
matrix of cancers of the breast, colon, pancreas, prostate, uterus,
lung, skin, and brain, to name a few (14–16). In vitro, tenascin-C
promotes the proliferation and migration of many tumor-
derived cell lines (17) and there are reduced metastases in
tenascin-C knockout mice and in mice lacking factors that
promote the expression of tenascin-C (16). Tenascin-C may
also play a role in creating an immune suppressive tumor
stroma, thus contributing to tumor growth and metastasis (18).
Tenascin-C has been proposed as a marker, immunotherapy
target and indicator of prognosis in many kinds of cancer (16),
but its use has been limited by its presence, albeit at lower levels,
in many normal adult tissues (19).

Much less is known about tenascin-W, which is also known as
tenascin-N (20, 21). It is particularly abundant in the embryo,
especially at sites of osteogenesis (22). In the adult, it is found in
certain stem cell niches together with tenascin-C (23) but except
for the kidney and spleen its expression elsewhere in the adult is
sparse (24, 25). Like tenascin-C, tenascin-W can promote cell
migration in vitro, but it typically has little or no effect on cell
proliferation (21). Tenascin-W is also found in the stroma of
certain solid tumors. This was first reported in murine breast
carcinomas (26) and later in human breast and colon cancer (27,
28), and glioblastomas (29). Studies with normal human tissue
samples suggest that the expression of tenascin-W may be more
restricted in the adult than tenascin-C and may therefore be a
better marker of tumor stroma and a more appropriate target for
biotherapies (19).

Here we used immunohistochemistry to study the expression
of tenascin-C and tenascin-W in the stroma of ICC, CPHBD and
CGB, and we characterized biliary tract cancer-derived cell lines
for tenascin-W expression. We also studied the expression of
tenascin-W in a wide array of normal human tissues. Our goals
were to determine if tenascin-W represents a novel candidate for
use as a biliary tract cancer stromal marker and if tenascin-W is a
potential target for adjuvant therapy to fight cancers of the
biliary system.
MATERIAL AND METHODS

Cases
This study was approved by the Mongi Slim University Hospital
(MSUH) Committee on Medical Ethics (La Marsa, Tunisia) and
the Ethikkommission Nordwest- und Zentralschweiz
(Switzerland). All methods were performed according to these
approved guidelines and regulations and are consistent with the
editorial and publication policies of this journal. Only MSUH
Frontiers in Immunology | www.frontiersin.org 2133
patients who underwent biopsy or surgery for diagnosis or
treatment purposes were asked to participate by signing an
informed consent form. None of the patients received radio
and/or chemotherapy before biopsy or surgery. 17/18G
percutaneous needle biopsies or surgical resection were fixed in
Shandon™ Formal-Fixx™ 10% Neutral Buffered Formalin
(Thermo Fisher Scientific, Runcorn, UK) for 24 h and then
shipped in phosphate buffered saline (PBS) at 4°C to the
Friedrich Miescher Institute for Biomedical Research (Basel,
Switzerland) for processing. Upon reception, samples were
incubated overnight in PBS with 30% sucrose for
cryoprotection before being frozen at -80°C in Tissue-Tek
OCT Compound (Sakura Finetek USA, Torrance, CA, USA)
using acetone precooled with dry-ice. Histological diagnosis of
each biopsy/resection was performed by at least one of two
pathologists (A. L. and N. K.) according to the World Health
Organization classification of tumors (30). Tumors were staged
according to the Union for International Cancer Control 8th

TNM Classification of Malignant Tumors. Formalin-fixed and
paraffin-embedded tissue samples were obtained from the
Institute of Pathology of the University Hospital of Basel
(Basel, Switzerland) and FDA standard human adult normal
tissue frozen arrays were purchased from Biochain (Hayward,
CA, USA).

Immunohistochemistry
Both monoclonal mouse anti-human tenascin-C (B28-13) and anti-
human tenascin-W (56O) antibodies were generated and characterized
as described previously (27, 31). Immunohistochemistry experiments
were performed with a Ventana Discovery Ultra instrument (Roche
Diagnostics, Manheim, Germany). For fixed-frozen material, the
procedure RUO Discovery Universal was used. Sections were first
fixed with 4% formaldehyde for 12 min on-line and anti-tenascin-C
B28-13 (1:10000) or anti-tenascin-W 56O (1:30) were applied
manually and incubated for 1 h at 37°C. For anti-tenascin-W, a
blocker (Discovery antibody block, Roche Diagnostics) was applied.
To detect bound antibodies, a monoclonal rabbit-anti-mouse IgG
(ab133469, Abcam, Cambridge, UK) was used as a linker (0.6 mg/
ml) and applied for 20min. Antibody-antigen complexes were detected
with ImmPRESS anti-rabbit Ig (peroxidase) polymer reagent (MP-
7401, Vector Laboratories, Burlingame, CA, USA) applied manually
and incubated for 32 min. The ChromoMap DAB kit (Roche
Diagnostics) was used for detection. Finally, slides were
counterstained with Hematoxylin II and Bluing Reagent (Roche
Diagnostics) for 8 min.

For formalin-fixed, paraffin-embedded material, the
procedure RUO Discovery Universal was used with 40 min
CC1 pre-treatment. Anti-tenascin-C B28-13 (1:5000) or anti-
tenascin-W 56O (1:100) were applied manually and incubated
for 1 h at 37°C or 3 h at room temperature, respectively. For anti-
tenascin-C, secondary antibody (ImmPRESS reagent kit
peroxidase anti-mouse Ig MP-7402, Vector Laboratories) was
applied manually (200 μl) and incubated for 32 min at 37°C. For
anti-tenascin-W, a blocker (Dako antibody diluent with
background reducing component, S3022, Dako Agilent
Pathology Solutions, Santa Clara, CA, USA) was applied
together with the primary antibody. Detection of bound anti-
February 2021 | Volume 11 | Article 630139
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tenascin-W antibody was achieved by incubating 20 min with
anti-mouse HQ (Roche Diagnostics) and 24 min with anti-HQ
HRP (Roche Diagnostics). Finally, for both anti-tenascin-C and
anti-tenascin-W immunostainings, ChromoMap DAB kit
(Roche Diagnostics) was used for the detection and slides were
counterstained with Hematoxylin II and Bluing Reagent (Roche
Diagnostics) for 8 min.

For controls, sections were processed as above but without
primary antibodies. In addition, mouse IgG2A (Clone # 20102,
R&D systems) and mouse IgG1 (Clone # 11711, R&D systems)
were used as isotypic controls for anti-tenascin-C and anti-
tenascin-W, respectively. Control slides were unlabeled.

Cell Lines
Twenty human biliary tract cancer cell lines were collected from
different sources. Huh-28 (ICC), HuCCT1 (ICC), OZ (CPHBD),
NOZ (CGB) and OCUG-1 (CGB) cell lines were obtained from
the Japanese Collection of Research Bioresources Cell Bank.
TKKK (ICC), TFK-1 (CPHBD), TGBC1TKB (CGB), TGBC2
(CGB), TGBC14TKB (CGB), TGBC24TKB (CGB) and G-415
(CGB) cell lines were obtained from the RIKEN BioResource
Center. SNU-1079 (ICC), SNU-245 (CPHBD), SNU-1196
(CPHBD) and SNU-308 (CGB) cell lines were obtained from
the Korean Cell Line Bank. The Egi-1 (CPHBD) cell line was
obtained from the Leibniz Institute DSMZ - German Collection
of Microorganisms and Cell Cultures. All cell lines were cultured
as recommended by their respective cell banks. SK-ChA-1
(CPHBD), Mz-ChA-1 (CGB), Mz-ChA-2 (CGB) were obtained
from Prof. Alexander Knuth (University Hospital of Zürich,
Zürich, Switzerland) (32) and cultured in RPMI 1640 with 10
mM HEPES, 2 mM L-Glutamine, 1X MEM non-essential amino
acids (Thermo Fisher Scientific), 100 U/ml penicillin, 100 μg/ml
of streptomycin, and 10% fetal bovine serum (FBS). Human
BMSCs (196hT) immortalized with the hTERT/GFP system (33)
were cultured as described previously (34). The control cell line
293/hTNW that stably expresses human tenascin-W (27) was
cultured in DMEM with 0.25 μg/ml of G418, 1.5 μg/ml of
puromycin, and 10% FBS.

Cell Culture, Immunocytochemistry,
and siRNA Transfection
For the co-culture assay, Huh-28 and 196hT cell lines were
cultured in a-MEM plus 10% FBS, either alone or together at 1:1
ratio, with a total density of 27000 cells/cm². Cells were cultured
in BD Falcon™ 8-well CultureSlides (BD Biosciences, Franklin
Lakes, NJ, USA) pre-coated with 0.01% poly-L-lysine (Cultrex,
Trevigen, Gaithersburg, MD, USA) for 2 h at 37°C. For the
transwell assay, Huh-28 and 196hT cell lines were cultured in 12-
well plates containing inserts separated by a polycarbonate
membrane with 0.4 μm pores (Costar, Corning Amsterdam,
Netherlands). Huh-28 or 196hT cells were either plated in the
upper chamber (30,000 cells in 0.5 ml medium) or on 10-mm
round glass coverslips pre-coated with fibronectin (50 μg/ml for
2 h at 37°C) and placed in the lower chamber (100,000 cells in
1.5 ml medium). Huh-28 or 196hT were cultured in the lower
chamber either alone (with only medium in the upper chamber)
Frontiers in Immunology | www.frontiersin.org 3134
or in co-culture (with 196hT or Huh-28, respectively, in the
upper chamber). Cells were cultured in a-MEM plus 10% FBS.
Only the cells from the lower chamber can be analyzed by
immunofluorescence, thanks to their culture on the pre-coated
glass coverslip. For both co-culture and transwell assays, after 4
days of culture without changing the medium, cells were fixed
with 4% formaldehyde (Electron Microscopy Sciences, Hatfield,
PA, USA) diluted in PBS for 10 min at room temperature,
permeabilized for 5 min with 0.1% Triton X-100 (Sigma-
Aldrich, St. Louis, MO, USA), washed twice with PBS, and
blocked for 15 min with 3% bovine serum albumin (Sigma-
Aldrich) in PBS. Cells were then incubated for 1 h with anti-
tenascin-W (56O) diluted at 1:100. After 3 washes with PBS, cells
were incubated for 1 h in the dark with goat anti-mouse antibody
conjugated to Alexa Fluor® 568 (Thermo Fisher Scientific) diluted
at 1:1000. Finally, cell nuclei were counterstained with DAPI
(Sigma-Aldrich) and slides were mounted with ProLong®

Diamond Antifade Mountant (Life Technologies, Waltham, MA,
USA). Images were acquired with an Axio Imager Z1 microscope
(Zeiss, Oberkochen, Germany).

For siRNA transfection, Huh-28 cells were seeded in 6-well
plates with a density of 600,000 cells/well. The day after, cells
were transfected with 25 pmol/well of different Silencer Select®

SiRNAs (Thermo Fischer Scientific) using Lipofectamine
RNAiMAX Transfection Reagent (Thermo Fisher Scientific)
following manufacturer’s instructions. SiRNA TNW 1
(sc34270), siRNA TNW 2 (sc34271) and siRNA TNW 3
(sc34272) were used to knockdown tenascin-W. SiRNA control
1 (Silencer® Negative Control #1, ref 4390843) and siRNA
control 2 (Silencer® Negative Control #2, ref 4390846) were
used as negative control. Cells were collected 3 days post-
transfection and tenascin-W expression was analyzed by
Western blot as described below.

Conditioned Media Preparation
Huh-28, 196hT and293/hTNWcells were cultured inmediumplus
FBS 10% (RPMI 1640, a-MEM and DMEM, respectively) until
reaching approximately 90% confluency. Then, cells were starved
in their respective medium without FBS and antibiotics for 6 days
(Huh-28 and 196hT cell lines) or 3 days (293/hTNW cell line)
before collecting their conditionedmedium.Finally, cell debriswere
removed by centrifugation and the conditioned medium was
concentrated 15X (for Western blots) or 30X (for mass
spectrometry) via precipitation with 10% trichloroacetic acid,
before being resuspended in 4X sample buffer (0.2M Tris-HCl,
145.56mM SDS, 20% glycerol, bromophenol blue) containing
0.1M DTT.

Western Blotting
For cell lysates, cells were lysed in RIPA buffer (50 mM Tris HCl
pH 7.4, 150 mM NaCl, 0.2% Na-deoxycholate, 25 mM Hepes, 5
mM MgCl2) containing protease inhibitors (Complete Mini,
EDTA-free, Roche Diagnostics). Protein concentration was
determined with a Bradford Assay (BradfordUltra, Expedeon,
San Diego, CA, USA). Cell lysates or conditioned media were
separated on 7% polyacrylamide gel under reducing conditions
February 2021 | Volume 11 | Article 630139
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and blotted to polyvinyl-difluoride membranes (Thermo Fisher
Scientific). Membranes were then stained with Ponceau S to
control for equal protein loading and blotting efficiency. After
blocking for 1 h at room-temperature with 5% Skim Milk
Powder (Sigma-Aldrich) in PBS-Tween-20 0.1% (PBS-T), Blots
were incubated overnight at 4°C with either anti-tenascin-W
(56O) diluted at 1:1000, or anti-GAPDH (ab9485, Abcam,
Cambridge, UK) diluted at 1:1000, as primary antibodies. After
several washing steps with PBS-T, peroxidase-conjugated anti-
mouse IgG (G21040, Life Technologies) or anti-rabbit IgG
(G21234, Life Technologies) for 1 h at room temperature to
detect anti-tenascin-W or anti-GAPDH, respectively. Signal from
immunoblots was detected by enhanced chemiluminescence using
SuperSignal™ West Dura Extended Duration Substrate (Thermo
Fisher Scientific), and exposed to Super RX films (Fujifilm,
Dielsdorf, Switzerland).

RNA Isolation and Gene Expression
Analysis by qRT-PCR
Total RNA was isolated by using QIAshredder and RNeasy Mini
Kit (QIAGEN, Hilden, Germany/Venlo, Netherlands). RNA was
reverse transcribed into cDNA using the High Capacity cDNA
Reverse Transcription Kit (Life Technologies) with oligo-p(dT)
15 (Roche) instead of the random primers provided in the kit.
Quantitative RT-PCR assay was performed with 50 ng of cDNA
from each cell line, using Platinium SYBR Green qPCR
SuperMix-UDG with ROX (Invitrogen, Life Science, Carlsbad,
CA, USA) on a StepOnePlus™ Real-Time PCR System (Life
Technologies). Relative expression of human tenascin-W was
calculated using the DDCT method, normalizing values to
human TBP (TATA-Box binding protein) within each sample.
Primers for human tenascin-W (forward primer: 5 ’-
ATGCCCTCACAGAAATTGACAG-3’ and reverse primer: 5’-
TCTCTGGTCTCTTGGTCGTC-3’) and for human TBP
(forward primer: 5’-TGCACAGGAGCCAAGAGTGAA-3’ and
reverse primer: 5’-CACATCACAGCTCCCCACCA-3’) were
tested for specificity and efficiency.

Mass Spectrometry
Mass spectroscopy was used to determine the identity of the high
molecular weight band recognized by anti-tenascin-W on
Western blots of Huh-28 cell line. For the samples, 293/hTNW
cell lysate and Huh-28 serum-free conditioned medium were
prepared as described above. To analyze the samples by
spectrometry, 50μl of 30X concentrated serum-free Huh-28
conditioned medium and 250μg of 293/hTNW cell lysate were
separated on a 7% SDS-PAGE gel and stained with InstantBlue™

(Expedeon Inc.) in order to visualize the bands of interest. The
protein bands were excised from the gel, reduced with 10mM
TCEP, alkylated with 20mM iodoacetamide and cleaved with 0.1
μg porcine sequencing grade trypsin (Promega) in 25mM
ammonium bicarbonate (pH 8.0) at 37°C for 16 h. The
extracted peptides were analyzed by capillary liquid
chromatography tandem mass spectrometry with an EASY-
nLC 1000 using the two-column set up (Thermo Scientific).
The peptides were loaded in 0.1% formic acid, 2% acetonitrile in
Frontiers in Immunology | www.frontiersin.org 4135
H2O onto a peptide trap (Acclaim PepMap 100, 75um x 2cm,
C18, 3um, 100Å) at a constant pressure of 800 bar. Then they
were separated at a flow rate of 150 nl/min with a linear gradient
of 2–6% buffer B (0.1% formic acid in acetonitrile) in buffer A
(0.1% formic acid) for 3 min followed by an linear increase from
6–22% for 40 min, 22–28% for 9 min, 28–36% for 8 min, and 36–
80% for 1 min. The column was finally washed for 12 min in 80%
buffer B on a 50μm x 15cm ES801 C18, 2μm, 100Å column
mounted on a DPV ion source (New Objective) connected to a
Orbitrap Fusion (Thermo Scientific).

The data were acquired using 120000 resolution for the
peptide measurements in the Orbitrap and a top T (3 s)
method with HCD fragmentation for each precursor and
fragment measurement in the LTQ. Mascot Distiller 2.5 and
MASCOT 2.5 (Matrix Science, London, UK) searching the
human subset of the UniProt version 2015_01 data base
combined with known contaminants was used to identify the
peptides. The enzyme specificity was set to trypsin allowing for
up to three incomplete cleavage sites. Carbamidomethylation of
cysteine (+57.0245) was set as a fixed modification, oxidation of
methionine (+15.9949 Da) and acetylation of protein N-termini
(+42.0106 Da) were set as variable modifications. Parent ion
mass tolerance was set to 10 ppm and fragment ion mass
tolerance to 0.6 Da. The decoy function in Mascot was used
and the results were validated and the false discovery rate (FDR)
was calculated with the program Scaffold Version 4.4 (Proteome
Software, Portland, USA). The peptide threshold was set to an
FDR of 0.1% and for proteins to 1%.
Cell Sorting
Huh-28 and 196hT cell lines were cultured in a-MEM plus 10%
FBS, either alone or together at a ratio of 1:1, with a total density
of 27,000 cells/cm². After 4 days of culture, using the ability of
196hT cells to express GFP, cells from both the co-culture and
the monocultures were sorted with a BD Influx cell sorter (BD
Biosciences) and BD FACS™ Sortware sorter software (Version
1.01.654). The sort was performed with a 100-mm nozzle tip, at a
sheath pressure of 19.0 psi, and a frequency of 28.90 kHz. The
following gates were set: gate 1 was forward scatter FSC-Area
against side scatter SSC-Area, gate 2 was FSC-Width against
FSC-Height, gate 3 was SSC-Width against SSC-Height, and gate
4 was 530/40 (488 nm) against 710/50 (561 nm).
RESULTS

In all, 30 tumors from patients with biliary tract cancers ranging
in age from 29–79 years old were processed for histopathological
examination as well as anti-tenascin-C and anti-tenascin-W
immunohistochemistry. The results were compared with
normal liver (all negative for HIV, hepatitis B, and hepatitis
C), non-tumoral liver from a patient with ICC, and tissue from
non-tumoral gallbladders that were removed due to cholecystitis.
The results are summarized in Supplementary Table 1 and
Table 1 and are illustrated in Figures 1–3.
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Tenascin-C immunoreactivity is seen in hepatic sinusoids and
around blood vessels (vein and artery) in the portal tract of
normal liver tissue (Figure 1A). Conversely, anti-tenascin-W
does not immunostain normal hepatic tissue (Figure 1A).
Similarly, tenascin-C immunoreactivity is seen surrounding
blood vessels in the adventitia of a non-tumoral gallbladder
removed from a patient with cholecystitis, around bundles of
smooth muscle in the muscularis externa, and in the lamina
propria of the mucosa (Figure 1B). Tenascin-W immunoreactivity
is not detected in the non-tumoral gallbladder (Figure 1B) and was
not detected in tissues isolated from 5 of the 6 non-tumoral
gallbladders examined (Table 1). The anti-tenascin-W
immunostaining observed in one non-tumoral gallbladder was
weak (+) and only present in a single focal fibrotic area (Table 1).
The presence of tenascin-C immunoreactivity in all the non-tumoral
tissues examined, and the general absence of tenascin-W
immunoreactivity in adjacent sections, led us to examine a broad
array of normal human tissues with the tenascin-W antibody
Frontiers in Immunology | www.frontiersin.org 5136
(Supplementary Figure 1). As reported by others studying
tenascin-W in mice (24, 25), the anti-tenascin-W immunostains
extracellular matrix in normal adult human spleen and kidney.
Tenascin-W immunoreactivity is also seen in the female
reproductive system (uterus, uterine tubes and ovaries) as well as in
certain glands (adrenal gland, pituitary gland, thyroid and prostate).
Tenascin-W immunoreactivity is not seen in heart, lung or central
nervous system samples, and it is absent or weak in tissues from the
gastrointestinal system (esophagus, stomach, pancreas or colon).
Consistent with our findings (Figure 1A), tenascin-W
immunoreactivity is absent from three additional normal liver
samples that were part of the array.

There is strong anti-tenascin-C immunoreactivity around
sinusoids in the non-tumoral region of a liver sample taken
from a patient with ICC (Figure 2A). As in the non-tumoral
liver, there is no tenascin-W immunoreactivity in this sample.
However, both antibodies immunostain the stroma surrounding
the ICC itself (Figure 2B). Both tenascin-C and tenascin-W
A

B

FIGURE 1 | Anti-tenascin-C (TNC) and anti-tenascin-W (TNW) immunohistochemistry of hepatobiliary tissues. (A) TNC immunostaining is observed around sinusoids
(arrowheads) and around a vein (v) and an artery (arrow) in portal tract sections of a normal adult liver. An adjacent section is not labeled with TNW immunohistochemistry
(400X). (B) TNC immunohistochemistry of a non-tumoral adult gallbladder (cholecystitis) shows labeling around vessels in the adventitia (ad), as well as around bundles of
smooth muscle in the muscularis layer (ms). There is also patchy immunoreactivity in the mucosa (mc). In contrast, TNW does not immunolabel gallbladder tissue (40X). A third
section in each series was stained with hematoxylin and eosin (H&E).
TABLE 1 | Summary of tenascin immunostaining of normal liver, non-tumoral gallbladder, and hepatobiliary cancers.

Tissue Anti-TNC Anti-TNW*

- + ++ +++ - + ++ +++

Liver (n = 13)** 0/13 5/13 7/13 1/13 13/13 0/13 0/13 0/13
Gallbladder (n = 6)† 0/6 1/6 2/6 3/6 5/6 1/6¶ 0/6 0/6
ICC (n = 8)‡ 0/8 0/8 0/8 8/8 0/8 1/8 2/8 5/8
CPHBD (n = 7)§ 0/7 0/7 1/7 6/7 0/7 2/7 2/7 3/7
CGB (n = 11)‖ 0/11 0/11 0/11 11/11 0/11 1/11 3/11 7/11
CGB liver metastasis (n = 4) 0/4 0/4 0/4 4/4 0/4 0/4 2/4 2/4
Febru
ary 2021 | Volum
e 11 | Article 63
*Intensity of anti-tenascin-C (TNC) and anti-tenascin-W (TNW) immunostaining: -, absent; +, weak; ++, moderate; +++, high.
**Histologically normal liver, negative for HIV, hepatitis B, and hepatitis C.
†From cholecystectomy due to cholecystitis.
‡Intrahepatic cholangiocarcinoma.
§Carcinoma of perihilar bile ducts.
‖Carcinoma of the gallbladder.
¶Focal positivity.
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antibodies labeled the stroma of each ICC (n = 8) and CPHBD
(n = 7) examined (Figure 2 and Supplementary Table 1). The
intensity of the anti-tenascin-W immunoreactivity in ICC and
CPHBD is variable, but no clear correlations could be made
between the intensity of the immunostaining and the tumor
grade (Supplementary Table 1). While most of the ICC and
CPHBD examined were well or moderately differentiated
adenocarcinomas (n = 13), the tenascin-W antibody also
immunolabeled the stroma of a single squamous cell carcinoma
(Supplementary Table 1) and a single adenosquamous carcinoma
(Figure 2D).
Frontiers in Immunology | www.frontiersin.org 6137
In all, 11 cases of CGB, as well as 4 independent CGB
metastases to liver, were examined with immunohistochemistry
(Figure 3 and Supplementary Table 1). Anti-tenascin-C and
anti-tenascin-W both immunolabel the stroma of poorly (n = 3),
moderately (n = 4) and well differentiated adenocarcinomas (n =
2), as well as the stroma of a single squamous cell carcinoma
(Figure 3D) and a single mucinous carcinoma (Figure 3E).
There is also tenascin-C and tenascin-W immunoreactivity in
the stroma of CGB hepatic metastases (Figure 3F). As with the
ICC and CPHBD immunostaining, anti-tenascin-W
immunolabels the stroma of various tumors with different
A

B

C

D

E

F

FIGURE 2 | Adjacent sections through needle biopsies of non-tumoral liver and various intrahepatic cholangiocarcinomas and carcinomas of perihilar bile ducts
immunostained with anti-tenascin-C (TNC) and anti-tenascin-W (TNW). (A) Non-tumoral liver (patient ID 5) is immunostained with TNC, but not TNW (200X).
(B–D) Immunohistochemical examination of intrahepatic cholangiocarcinomas (ICC). Both TNC and TNW label the stroma of a moderately differentiated
adenocarcinoma (B) strongly (patient ID 5; 200X). Antibodies to both tenascin-C and tenascin-W label the stroma of a well differentiated adenocarcinoma (Patient ID
1; C; 100X) and an adenosquamous carcinoma (Patient ID 8; D; 100X). (E, F) Immunolabeling of carcinomas of perihilar bile ducts (CPHBD) with TNC and TNW. The
stroma of a moderately differentiated adenocarcinoma (Patient ID 11; E; 100X) and a well differentiated adenocarcinoma (Patient ID 13; F; 100X) show expression of
both tenascin-C and tenascin-W. A third section in each series was stained with hematoxylin and eosin (H&E).
February 2021 | Volume 11 | Article 630139
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intensities, but no clear correlations could be made with the
intensity of the immunostaining and the tumor grade (Table 1).

To maximize anti-tenascin immunostaining, the ICC,
CPHBD and CGB samples shown here were processed using
cryopreservation and sectioning. However, following antigen
retrieval it was also possible to use the antibodies to
immunostain formalin-fixed and paraffin-embedded samples of
CPHBD, ICC and CGB (Supplementary Figure 2).

To determine the potential cellular origins of tenascin-W in
biliary tract cancers and to facilitate future studies of the role of
tenascin-W in these cancers, 20 different human biliary tract cell
lines were examined for tenascin-W RNA expression by qRT-
Frontiers in Immunology | www.frontiersin.org 7138
PCR. While many of the cell lines had low to negligible levels of
expression, ICC-derived Huh-28 cells expressed significant levels
of tenascin-W (Figure 4A). This was confirmed by western
blotting of Huh-28 cell lysates and 15X concentrated Huh-28
cell conditioned medium (Supplementary Figure 3), and by
western blotting of lysates of Huh-28 cells before and after
transfection with tenascin-W-specific siRNAs (Supplementary
Figure 4) and by mass spectrometry (Supplementary Figure 5).
Immunocytochemistry with the anti-tenascin-W shows bright
intracellular staining of cultured Huh-28 cells, but no tenascin-
W-positive fibrils were observed around cells. This leads us to
speculate that Huh-28 cells secrete soluble tenascin-W but are
A

B

C

D

E

F

FIGURE 3 | Sections through needle biopsies of carcinomas of the gallbladder and a hepatic metastasis from a carcinoma of the gallbladder stained with
hematoxylin or immunostained with anti-tenascin-C (TNC) or anti-tenascin-W (TNW). (A–E) Immunostaining of carcinomas of the gallbladder (CGB). The stroma of a
poorly differentiated adenocarcinoma (Patient ID 18; A), a moderately differentiated adenocarcinoma (Patient ID 17; B) and a well differentiated adenocarcinoma
(Patient ID 26; C) are immunolabeled with both TNC and TNW (100X). Both TNC and TNW label the stroma of a squamous carcinoma (Patient ID 19; D; 100X) and
a mucinous carcinoma (Patient ID 22; E; 100X). (F) A representative section through a needle biopsy of a hepatic metastasis from a carcinoma of the gallbladder
(Patient ID 27) shows strong TNC and TNW immunolabeling in the tumor stroma (100X). A third section in each series was stained with hematoxylin and eosin (H&E).
February 2021 | Volume 11 | Article 630139
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not able to produce and organize tenascin-W-positive fibrils in
the extracellular matrix, as observed in the tumor stroma of ICC,
CPHBD and CGB patients (Figure 4B). Since bone marrow-
derived stromal cells (BMSCs) represent a significant cellular
source of cancer-associated fibroblasts that support tumor cell
growth (35), we decided to perform co-culture between Huh-28
and the BMSC cell line 196hT in order to mimic a tumor stroma
microenvironment. While 196hT cells do not express tenascin-
W when cultured alone (Figures 4A, B), the tenascin-W labeled
by immunocytochemistry in co-cultures of Huh-28 with 196hT
cells is organized in fibrils surrounding nests of Huh-28 cells,
mimicking the appearance of tenascin-W in the stroma
surrounding nests of tumor cells in ICC. Similar results were
observed with co-cultures of 196hT cells and other biliary tract
Frontiers in Immunology | www.frontiersin.org 8139
cancer cell lines that express lower levels of tenascin-W: the
CPHBD cell line TFK-1 and the CGB cell line G-415 (not
shown). Since the 196hT cells were genetically engineered to
express GFP (36), it was possible to sort the cells after co-culture
and examine cell-type specific lysates for the expression of
tenascin-W by western blotting (Figure 4C). Huh-28 cell
lysates following co-culture had readily detectable tenascin-W,
but 196hT cells did not (Figure 4D, Supplementary Figure 6),
indicating that the source of the tenascin-W fibrils seen in the co-
cultures is the Huh-28 cells and not the 196hT cells. To
determine if physical contact between the cells or a secreted
factor leads to the appearance of the fibrillar anti-tenascin-W
immunostaining in the co-cultures, the two cells types were
cultured in transwell chambers, where upper and lower
A

B
C

D

FIGURE 4 | Expression of tenascin-W by cell lines derived from biliary tract tumors. (A) Twenty cell lines were analyzed for tenascin-W expression using qRT-PCR.
The results were plotted as expression relative to that of the housekeeping gene hTBP. Four cells lines were derived from intrahepatic cholangiocarcinomas (ICC),
6 were from carcinoma of perihilar bile ducts (CPHBD), and 10 were from carcinoma of the gallbladder (CGB). For comparison, qRT-PCR expression of tenascin-W
by a bone marrow stromal cell-derived cell line (196hT) is shown. The highest level of tenascin-W expression was seen in the ICC-derived cell line Huh-28;
(B) Immunocytochemistry with anti-tenascin-W (TNW) reveals intracellular labeling of Huh-28 cells, but not 196hT cells. The 196hT cells, but not the Huh-28 cells,
express GFP. The merged images include a DAPI nuclear counterstain. When the two cell lines are co-cultured, tenascin-W-positive fibrils surround nests of Huh-28 cells,
mimicking the arrangement of tenascin-W in the stroma of ICCs. Scale bars = 50 mm. (C) The method used for separating Huh-28 cells from GFP-positive 196hT cells
following co-culture is shown schematically. Illustration was created using Servier Medical Art Powerpoint Image Bank (Servier, https://smart.servier.com/). (D) Tenascin-W can
be detected by immunoblotting with 30µg of cell lysates of Huh-28 cells and Huh-28 cells following co-culture with 196hT cells. Tenascin-W is not detectable in the lysates of
196hT cells or 196hT cells following co-culture. Ponceau S was used as a loading control.
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chambers are separated by a porous polycarbonate membrane
that allows the diffusion of soluble factors, but not the
transmigration of cells. If 196hT cells are in the upper
chamber, tenascin-W-positive fibrils are seen around Huh-28
cells in the lower chamber, in addition to the tenascin-W
cytoplasmic local izat ion observed in Huh-28 cel ls
(Supplementary Figure 7). If Huh-28 cells are in the upper
chamber, tenascin-W-positive fibrils are seen in 196hT cells in
the lower chamber. However, no tenascin-W immunostaining is
detected in the cytoplasm of 196hT cells. Therefore, soluble
tenascin-W secreted by Huh-28 cells in the upper chamber
becomes associated with fibrils when it enters into contact in
the lower chamber with a soluble factor secreted by 196hT cells.
These results suggest that a secreted factor in the tumor
microenvironment, mimicked by co-cultures of Huh-28 and
196hT cells in vitro, is required for the production and
assembly of tenascin-W-positive fibrils in the tumor stroma,
and that the cancer cells themselves can be/are the source of
tenascin-W, at least in ICC.
DISCUSSION

In the current study, tenascin-C immunoreactivity was observed
in the stroma of all biliary tract tumors examined. Its presence in
ICC is consistent with the reports of others who studied animal
models (33) and intrahepatic tumors of biliary origin in humans
(37–39). Antibodies to tenascin-C have been used as an ICC
stromal marker in at least one animal study (40), and in an
effort to identify combinations of antibodies that could
be used for prognosis, a combination of high levels of
tenascin-C immunoreactivity and low levels of osteopontin
immunostaining was found to correlate with low post-surgery
survival rates in patients with ICC (41). Our study appears to be
the first to report tenascin-C immunoreactivity in the stroma of
CPHBD and CGB, though one report has described elevated
levels of tenascin-C in the serum of a patient with metastatic
CGB (42). Thus, CPHBD and CGB can be added to the growing
list of solid tumors in which tenascin-C expression has been well
documented (14–17). Here, we report anti-tenascin-C
immunostaining in normal liver around sinusoids, but also
around veins and arteries in the portal tract, as was shown
previously (43–45).

Tenascin-C exists in multiple isoforms, and different isoforms
are found in different tumors (12). While this complicates the
characterization of tenascin-C in tumor stroma, it has led to the
development of prospective isoform-specific tumor therapies
(12). The monoclonal antibody to tenascin-C used in this
study (B28-13) recognizes an epitope common to all tenascin-
C isoforms (19, 31). Less is known about the possible isoforms of
tenascin-W, but to date immunoblots indicate that only a single
form is expressed in human tumors (19, 29). Interestingly, the
tenascin-W made by the ICC-derived cell line Huh-28 runs
on SDS-PAGE with a higher apparent molecular weight
than expected (Supplementary Figure 4). While this may
be the result of multimerization, it may also represent a
Frontiers in Immunology | www.frontiersin.org 9140
tumor-specific form or modification of the protein. To
unambiguously identify the higher molecular weight band as
tenascin-W we analyzed the tryptic peptides from this region by
tandem mass spectrometry and compared them to the lower
molecular weight band of tenascin-W derived from 293/hTNW
cells (Supplementary Figure 5). Seven tenascin-W peptides
could be identified with good MASCOT scores and a false
discovery rate of 0.1%. They were manually evaluated and had
similar retention times to the peptides derived from 293/hTNW
cells. They are distributed over a wide range of the tenascin-
W sequence.

The anti-tenascin-W used in the current study also
immunostained the stroma of all the biliary tract tumors
examined. However, in contrast to anti-tenascin-C, anti-
tenascin-W did not immunostain normal liver, non-tumoral
liver from 3 patients with ICC, or tissues from 5 of the 6
gallbladders removed from patients with cholecystitis. This
makes tenascin-W a potential candidate for identifying stromal
areas associated with biliary tract tumors and a potential target
for biotherapies. Similar conclusions were drawn by others who
found that tenascin-W immunoreactivity was associated with
glioblastomas, astrocytomas and oligodendrogliomas, but was
absent from normal brain tissue (29). Tenascin-W is also found
in colorectal cancer, but not in normal colon tissue (28). For a
more comprehensive view of tenascin-W expression in normal
human tissues, we surveyed additional normal adult human
tissues using anti-tenascin-W-based immunohistochemistry
and found that many, but not all, lacked tenascin-W
expression. Some normal glands (e.g., prostate) and the female
reproductive system (e.g., the uterus and ovaries) displayed high
levels of tenascin-W expression. This would need to be
considered when developing systemic therapies or using
tenascin-W as a potential marker of tumor stroma in these
regions. Tenascin-W is elevated in the serum of patients with
breast and colorectal cancer (28). It would be interesting to see if
tenascin-W is a potential serum marker for biliary tract cancers
as well, as reliable serum markers for these cancers have yet to be
developed (46).

What is the origin of the tenascin-W found in the stroma of
biliary tract tumors? We were unable to perform in situ
hybridization with probes for tenascin-W transcripts on the
tumor samples, as the fixation protocol was optimized for
immunohistochemistry. However, the expression of tenascin-
W in cell lines derived from ICC (Huh-28), CGB (TGCB2) and
CPHBD (SNU245) is evidence that the cancer cells themselves
may express some of the tenascin-W found in the tumor stroma
(Figure 4A). However, our results do not rule out possible
origins from cancer associated fibroblasts or endothelial cells.
Futures studies should address this question.

Most in vitro studies of tenascin-W expression have involved
primary cultures of embryonic osteoblasts as few cell lines have
been identified that express tenascin-W (47, 48). Here, we found
that tenascin-W transcripts are relatively high in Huh-28 cells,
and tenascin-W can be detected in cell lysates and conditioned
medium of Huh-28 cells (Supplementary Figure 3). Thus, Huh-
28 cells are the first cell line identified that express tenascin-W
February 2021 | Volume 11 | Article 630139
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without the addition of exogenous factors and may prove useful
in future studies to elucidate tenascin-W function. The Huh-28
cell line was derived from an ICC removed with the left lobe of
the liver from a 37-year-old woman in 1984 (49). They are large,
spindle-shaped or polygonal cells that proliferate slowly under
typical culture conditions and fail to form tumors when injected
into nude mice (49). A future study could involve co-injection of
BMSCs with the Huh-28 cells to see if this results in tumor
formation. Because they share properties with primary cultures
of cholangiocarcinoma cells, Huh-28 cells have also been used as
an in vitro model for studying the regulation of ICC
proliferation. Like primary ICC cells, Huh-28 cells express
estrogen receptors and their serum-induced proliferation is
inhibited with tamoxifen (50). They also proliferate in response
to IGF-1 (50) and TGF-beta (51). Huh-28 cells also express
relatively high levels of miR-24, a small non-coding RNA
associated with oncogenesis (52). When co-cultured with
immortalized BMSCs, we show here that Huh-28 cells form
nests that are surrounded by fibrils that are immunostained with
anti-tenascin-W, mimicking the arrangement of ICC cells
surrounded by tenascin-W stroma in situ. This may prove to
be a good model for future studies of ICC growth and the
development of anti-ICC therapies. It is also important to note
that as we were unable to acquire phase contrast images of the
co-cultured cells, it is difficult to determine if the tenascin-W-
positive fibrils were on the cell surface or were part of a broader
fibrillar system. Future studies should also be directed at studying
the effects of exogenous tenascin-W on Huh-28 cell proliferation
and behavior, as was done with breast cancer cell lines (21).

The C-terminal fibrinogen-related domain of tenascin-W,
like that of tenascin-C, can activate Toll-like receptor 4-
mediated inflammatory responses (53). Moreover, tenascin-C
was recently shown to contribute to immune suppression in an
oral squamous cell carcinoma model (18). Future studies should
be directed to determine if tenascin-W, which shares a number of
features with tenascin-C, plays a similar role in tumor stroma, or
if the presence of tenascin-W during cholelithiasis could
contribute to tumor progression.

The extracellular matrix glycoprotein tenascin-W is found in
the stroma of ICC, CPHBD and CGB. It is not expressed in
normal liver or most cholecystitic gallbladders. Thus, tenascin-W
is potentially a novel stromal marker for biliary tract cancers and
may prove useful in the development of biotherapies.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Mongi Slim University Hospital (MSUH)
Frontiers in Immunology | www.frontiersin.org 10141
Committee on Medical Ethics (La Marsa, Tunisia) and the
Ethikkommission Nordwest- und Zentralschweiz (Switzerland).
The patients/participants provided their written informed
consent to participate in this study.
AUTHOR CONTRIBUTIONS

Study concept and design: IH, RC-E and LH. Data acquisition
and analysis: IH, AL, LC, SB, NK, DH, and SM. Data
interpretation and discussion: IH, RC-E, RT, AL, LC,
MD, LT, LH, and CR. Patient recruitment: LH and RH.
Clinical diagnosis: LH and LC-B. Taking biopsies: LH.
Manuscript writing: RT, IH, and LH. Critical revision of the
manuscript for important intellectual content: LT and MD. All
authors contributed to the article and approved the
submitted version.
FUNDING

This work was supported by funds from the Swiss National
Science Foundation (31003A_156740) to RC-E.
ACKNOWLEDGMENTS

We are grateful to Prof. Alexander Knuth (University Hospital of
Zürich, Switzerland) for generously providing cell lines. We
thank the following people from Friedrich Miescher Institute
for Biomedical Research, Basel, Switzerland: Augustyn Bogucki
for technical help with histology, Hubertus Kohler for
performing cell sorting experiments, Laurent Gelman for
assisting with imaging, and Prof. Patrick Matthias and Prof.
Nancy E. Hynes for their scientific expertise and review of the
manuscript. We thank the following people from Department
of Surgery, Medical School, University of Tunis El Manar,
Tunisia: Prof. Zoubeir Ben Safta and Prof. Mohamed Tahar
Khalfallah for their clinical expertise, and Prof. Chadli Dziri for
his review of the manuscript. We thank Aurélien Lacombe
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Tenascin-C (TNC) is an extracellular matrix glycoprotein that is expressed during

embryogenesis. It is not expressed in normal adults, but is up-regulated under

pathological conditions. Although TNC knockout mice do not show a distinct phenotype,

analyses of disease models using TNC knockout mice combined with in vitro

experiments revealed the diverse functions of TNC. Since high TNC levels often

predict a poor prognosis in various clinical settings, we developed a transgenic

mouse that overexpresses TNC through Cre recombinase-mediated activation. Genomic

walking showed that the transgene was integrated into and truncated the Atp8a2

gene. While homozygous transgenic mice showed a severe neurological phenotype,

heterozygous mice were viable, fertile, and did not exhibit any distinct abnormalities.

Breeding hemizygous mice with Nkx2.5 promoter-Cre or α-myosin heavy chain promoter

Cre mice induced the heart-specific overexpression of TNC in embryos and adults.

TNC-overexpressing mouse hearts did not have distinct histological or functional

abnormalities. However, the expression of proinflammatory cytokines/chemokines was

significantly up-regulated and mortality rates during the acute stage after myocardial

infarction were significantly higher than those of the controls. Our novel transgenic mouse

may be applied to investigations on the role of TNC overexpression in vivo in various

tissue/organ pathologies using different Cre donors.

Keywords: matricellular protein, Cre-Lox, Atp8a2, heart development, myocardial inafrction, Nkx2.5, alpha myosin

heavy chain

INTRODUCTION

Tenascin-C (TNC) is a large extracellular matrix (ECM) glycoprotein and an original member
of ‘matricellular proteins’ together with thrombosondin-1 (TSP1) and SPARC (secreted protein
acidic and rich in cysteine; osteonectin) (1). Matricellular proteins are a growing family of unique
ECM proteins that do not directly contribute to the formation of structural elements and are
strongly up-regulated and modulate cellular functions during tissue remodeling under normal and
pathological conditions (2–5). As a typical matricellular protein, TNC is transiently expressed at
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several steps during embryogenesis, is weakly expressed
in normal adults, and is up-regulated under pathological
conditions. The essential biological roles of TNC, particularly
in morphogenesis, have been suggested based on its limited
spatiotemporal expression pattern. Similar to the majority of
matricellular proteins, global TNC knockout mice do not show a
distinct phenotype (2, 6), which facilitated the misinterpretation
in the 90s that it does not have any significant role. However, with
careful analyses of TNC-deficient mice, some behavioral aspects
subsequently emerged and also correlated with the findings
of electrophysiological and morphometric analyses (7–9).
Furthermore, disease models using TNC knockout mice revealed
its important roles in tissue repair after injury, inflammation and
cancer invasion (10–16). Combined with the findings of in vitro
experiments, the administration of TNC purified from culture
supernatants or recombinant TNC and its fragments to animal
models (17–22) or the transfection of the TNC gene into cells
(16, 23) revealed multiple roles for TNC as well as its receptors
and signaling cascades. Accumulating evidence suggests that
TNC has diverse functions and may exert harmful and beneficial
effects on tissue repair in a context-dependent manner.

In the heart, proinflammatory and profibrotic-induced
dysfunctions mediated by excess TNC have attracted attention
because high serum levels of TNC have been shown to
predict a poor prognosis in various clinical settings, such as
after myocardial infarction (MI) and dilated cardiomyopathy
[reviewed in (24)].

The expression of TNC in the heart is strictly limited to
specific stages and sites during early embryonic development and
also to restricted lesions during the acute stage of tissue repair in
adult hearts, which suggest that the rapid elimination of TNC is
crucial for maintaining homeostasis in the heart.

To simulate an in vivo environment with excess TNC, we
developed a transgenic mouse that overexpresses TNC regulated
by cre-lox conditional activation. The transgene was constructed
using CAG promoter-driven mouse Tnc cDNA, in which the
loxP-tagged stuffer gene was intercalated. By breeding transgenic
mice with two types of Cre mice, we successfully induced the
heart-specific overexpression of TNC in both cases.

METHODS

Generation of the Mutant Strain
We utilized the Cre/loxP system to generate transgenic mice
that conditionally overexpress tenascin-C. The insertion of 11-
kb mouse tenascin-C cDNA into the PmeI site of pCAG-
XstopX-polyA (25). was performed as described previously (25).
Founders were made using a pronuclear injection into C57BL/6J
zygotes. Mice heterozygous for the transgene were backcrossed to
C57BL/6N for at least ten generations to produce the transgenic
mouse strain, namely, C57BL/6N-Tg (CAG-flox-Tnc)IYM1.

Genomic Walking for Chromosomal
Mapping of the Transgene
The genomic DNA of the transgenic mouse was extracted and
purified from the tail using the High Pure PCR Template
Preparation Kit (Roche Life Science). The genomic sequences

that flanked the transgenes were elucidated by genomic walking
using the Universal Genome WalkerTM kit (BD Bioscience
Clontech, Palo Alto, CA) with a slight modification. Adaptor-
ligated genomic DNA libraries of the transgenic lines were
constructed with tail DNA digested with six restriction enzymes:
Dral, ScaI, PvuIl, EcoRV, SmaI, and StuI (Takara Bio Inc.,
Tokyo, Japan). Primary PCR amplification was performed with
an outer transgene-specific primer (5′-CCA GGC GGG CCA
TTT ACC GTA AGT TAT-3′) for the CAG promoter and the
outer adaptor primer provided in the kit. All PCR amplifications
were performed using the HotStarTaq Master Mix (Qiagen,
Tokyo, Japan) in a thermal cycler (PC806, Astec). After a 15-min
incubation at 95◦C for activation, primary PCR amplification was
performed by 30 cycles at 94◦C for 2 s and 68◦C for 5min. The
primary PCR mixture diluted 100 times was used as the template
for nested PCR amplification with a nested transgene-specific
primer (5′-GGC GGG CCA TTT ACC GTA AGT TAT GT-3′)
and the nested adaptor primer provided in the kit. Nested PCR
amplification was performed at 95◦C for 15min, followed by 30
cycles at 94◦C for 2 s and 68◦C for 5min. The nested PCR product
was separated by electrophoresis on a 2% agarose gel in TAE
buffer and visualized with ethidium bromide staining. The PCR
product containing the flanking sequence was found in the Sca I
library and extracted from gels using theMinElute Gel Extraction
kit (Qiagen). Purified DNA was cloned using the TOPO PCR
cloning kit (ThermoFisher Scientific). The nucleotide sequence
of cloned DNA was elucidated by a commercial laboratory
(BioMatrix Research, Nagareyama, Chiba, Japan). The transgene
insertion sites in chromosomes were identified using a BLAST
search via the Internet (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
Genomic walking analyses that proceeded backwards from the
tails of the transgene were performed with two primers (5′-ACA
TGG TCA TTC TCC GAG CCA GCT GT-3′ and 5′-TGG GCT
GCT TCC TAA TGC AGG AGT-3′) in combination with the
adapter primers provided in the kit. The PCR product containing
the flanking sequence was detected in the PvuII library.

To detect the truncated forms of the gene products, the
3′ rapid amplification of cDNA ends (3′ RACE) method was
performed using the 3′-Full RACE Core Set (Takara Bio Inc.,
Shiga, Japan) according to the manufacturer’s instructions.

Genotyping of Transgenic Mice
Two primers were designed to detect the transgene of TNC cDNA
(Figure 1A, P1: 5′-AGG GTT GCC ACC TAT TTG C-3′ and P2:
5’-GCA TCC AGG CGG GTT GTG GTT AC-3’). Primers were
also employed to detect the wild allele (Figure 1A, P3: 5′-AGG
AGG GTC ACC AAC TGG CCT G-3′, P4: 5’ -GGA CAG TGC
TCT CAC TTG CCT GG-3’). The genotyping of the transgenic
mouse C57BL/6N-Tg (CAG-flox-Tnc)IYM1 (Tg) was conducted
using PCR analyses of tail DNA under step-down PCR conditions
for the primer pair P1 and P2 (TGmix): 95◦C for 15min, 2 cycles
of 95◦C 20 s/65◦C 20 s/72◦C 1min, 2 cycles of 95◦C 20 s/62◦C 20
s/72◦C 1min, 2 cycles of 95◦C 20 s/59◦C 20 s/72◦C 1min, and 2
cycles of 95◦C 20 s/56◦C 20 s/72◦C 1min, followed by 30 cycles
of 95◦C 20 s/55◦C 20 s/72◦C 1min. The PCR conditions used for
the pair P3 and P4(WTmix) were as follows: 95◦C for 15min, 30
cycles of 95◦C 20 s/62◦C for 1min, and 72◦C for 7 min.
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FIGURE 1 | (A) Mapping the transgene. The transgene is integrated into an intron between exons 23 and 24 of the Atp8a2 gene, encoding the murine

phosphatidylserine translocase (flippase), on chromosome 14. (B) Gel image of the PCR product of the genotyping of mice with the primer set P1/P2 (TG mix). Tg/Tg

and Tg/WT show the amplified transgene of Tnc as 298 bp. (C) Gel image of the PCR product of the genotyping of mice with the primer set P3/P4(WT mix). Tg/ WT

and WT/WT show amplified wild-type alleles as 228 bp. Tg/Tg, homozygous; Tg/WT, hemizygous; WT/WT, wild type.

Cre Mouse
Nkx2.5 Cremice (Nkx2.5-Cre mice) were described previously
(26). Tg(Myh6-cre)2182 Md/J mice (αMHC-Cre mice) (27) were
kindly gifted from Professor M. D. Schneider.

The genotypes of mice were confirmed by a PCR
analysis using the following primers: Nkx2-5 primers
(forward: 5′- CGGCATAGGACCAGAGTGATA-3′, reverse:
5′- TCCCTGAACATGTCCATCAGGTTC-3′); αMyHC
Cre primer (forward: 5′-ATGACAGACAGATCCCTCCT
ATCTCC-3′, 5′-reverse:-CTCATCACTCGTTGCATCAT
CGAC-3′).

All animal experiments were approved by the Institutional
Animal Experiment Committee of Mie University and the
University of Tsukuba and conformed to the NIH Guide for the
Care and Use of Laboratory Animals.

Western Blot Analysis
Heart, lung, kidney, and skeletal muscle tissues were
homogenized in RIPA buffer on ice using MagNA Lyser
Green Beads (Roche Diagnostics, Indianapolis, IN, USA). The
homogenate was centrifuged at 13,000 rpm at 4◦C for 30min.
The protein concentration of supernatants was measured using

the BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Samples
were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis on 7–15% polyacrylamide gradient gels and
transferred onto a polyvinylidene difluoride membrane. The
membrane was blocked with 3% skim milk in tris-buffered
saline (TBS) containing 0.1% Tween 20 (TBST), incubated
with primary antibodies (1:10,000) in TBST at 4◦C overnight,
and then reacted with a horseradish peroxidase-conjugated
goat anti-rabbit antibody (#7074, Cell Signaling Technology,
Boston, MA, USA) in TBST at 25◦C for 60min. The following
primary antibodies were used: TNC (#10337 clone 4F10TT,
IBL, Japan), Cre (#69050-3, Novagen, San Diego, CA, USA),
and tubulin (#2148, Cell Signaling Technology, Boston, MA,
USA). Blots were visualized with a chemiluminescent reagent
(ImmunoStar, Wako, Osaka, Japan) and the CCD camera system
(Light-Capture II, Atto Co., Tokyo, Japan).

Whole-Mount Immunostaining and
Histological Examinations
Whole-mount immunostaining of mouse embryos was
performed as previously described (28, 29). A polyclonal
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rabbit anti-TNC antibody (30) or monoclonal rat anti-PECAM
antibody (clone MEC 13.3 BD Pharmingen, San Jose, CA, USA)
was used at a dilution of 1:500. Regarding histological sections,
adult mouse hearts were fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS) and embedded in paraffin wax.
Three-micrometer-thick sections were cut, and hematoxylin and
eosin (H&E) staining or picrosirius red staining was performed.
Immunostaining for TNC was conducted as previously described
(31). Briefly, sections were treated with 0.4% pepsin (1:60,000;
Sigma Chemical Corp., St. Louis, MO, USA) in 0.01N HCl at
37◦C for 10min for antigen retrieval.

Evaluations of interstitial collagen fibers in picrosirius red-
stained sections were performed as previously described (32).
Mean cardiomyocyte diameters were also measured in H&E-
stained sections by tracing 100 myocytes for each heart.

RNA Extraction and Quantitative
Reverse-Transcription Polymerase Chain
Reaction
All hearts removed for qRT-PCR were snap-frozen and stored
at −80◦C. To prepare total RNA, tissue was homogenized using
a bead kit (MagNA Lyser Green Beads; Roche Diagnostics,
Indianapolis, IN, USA) according to the manufacturer’s
instructions. Total RNA samples from heart tissue and cultured
cells were prepared using an RNeasy Mini Kit (Qiagen, Hilden,
Germany). Complementary DNA was synthesized from 1 µg
total RNA with a High Capacity cDNA Reverse Transcription kit
(Applied Biosystems, Waltham, MA). The qRT-PCR analysis was
performed using the LightCycler R© 480 system (Roche Applied
Science, Penzberg, Germany) with a Universal Probe Library
(Roche Applied Science, Penzberg, Germany). Hypoxanthine-
guanine phosphoribosyltransferase (Hprt) RNA was used as an
internal control. Gene expression values were calculated using
the 2−1Ct method.

Echocardiography
Transthoracic echocardiography was performed with a Vevo
2100 instrument (Fujifilm Visual Sonics, Tokyo, Japan) equipped
with an MS-400 imaging transducer. Isoflurane induction was
performed in an induction box with 3% isoflurane in pure
medical oxygen. After the righting reflex of mice waned,
they were fixed in the supine position on a heating pad
to maintain normothermia, followed by the placement of
electrocardiographic limb electrodes. Anesthesia was maintained
using 1% isoflurane.

Induction of Myocardial Infarction
Myocardial infarction (MI) was induced using the classical
MI method (33). Briefly, 10-week-old male mice weighing at
least 25 g were anesthetized by an intraperitoneal injection of
ketamine/xylazine (100–120 mg/kg body weight for ketamine
and 7–8 mg/kg body weight for xylazine), intubated, and
connected to a ventilator (Mouse Ventilator Minivent Type
845; Harvard Apparatus, Holliston, MA). The chest cavity was
opened via left thoracotomy to expose the heart, which allowed
the left anterior descending coronary artery to be visualized by
the unaided eye or with a magnifying glass, and it was then

TABLE 1 | Histological and echocardiographic findings of the hearts of

Nkx2.5C-Cre-induced TNC-overexpressing mice and TNC knockout mice (64

weeks old).

Tnc+/+;Tg(-);

Cre(-) (Wild type)

Tnc+/+;Tg(+);Cre(+)

(excess TNC)

Tnc−/−; Tg(-);

Cre(-) (TNC

defect)

P

Male (n = 7) (n = 6) (n = 3)

BW (g) 35.4 ± 2.0 42.8 ± 1.9 38.5 ± 2.3 0.04

Heart weight

(mg)

200.0 ± 8.6 216.8 ± 9.3 205.7 ± 13.1 0.44

Body Heart

ratio (%)

5.7 ± 0.2 5.1 ± 0.2 5.1 ± 0.2 0.13

Cardiomyocyte

size (mm)

65.5 ± 1.2 66.5 ± 1.3 64.8 ± 1.7 0.74

Collagen

volume

fraction(%)

16.2 ± 1.8 19.5 ± 1.9 15.7 ± 2.7 0.38

Echocardiography (n = 3) (n = 4) (n = 4)

PWTd (mm) 1.03 ± 0.08 1.20 ± 0.07 1.13 ± 0.07 0.34

LVDd (mm) 3.67 ± 0.31 3.83 ± 0.27 3.58 ± 0.27 0.81

EF (%) 31.5 ± 5.6 37.8 ± 4.8 44.3 ± 4.8 0.28

Female (n = 6) (n = 6) (n = 4)

BW (g) 30.7 ± 1.7 30.8 ± 1.7 29.0 ± 2.1 0.76

Heart weight

(mg)

141.5 ± 10.9 172.2 ± 10.9 149.0 ± 13.3 0.15

Body Heart

ratio (%)

4.6 ± 0.2 5.6 ± 0.2 5.1 ± 0.2 0.03

Cardiomyocyte

size (mm)

65.4 ± 1.1 68.0 ± 1.1 65.0 ± 1.4 0.20

Collagen

volume

fraction(%)

13.4 ± 1.5 16.3 ± 1.5 12.0 ± 2.2 0.25

(n = 3) (n = 4) (n = 4)

Echocardiography

PWTd (mm) 0.96 ± 0.11 1.03 ± 0.10 1.08 ± 0.10 0.77

LVDd (mm) 3.53 ± 022 3.40 ± 0.19 3.30 ± 0.19 0.74

EF (%) 38.3 ± 6.6 47.8 ± 5.8 38.8 ± 5.8 0.48

Data are expressed as mean ± SEM. For multiple comparisons, one-way analysis of

variance was used. BW, body weight; PWTd, posterior wall thickness in diastole; LVDd,

left ventricular dimension in diastole; EF, ejection fraction.

permanently ligated with a 7-0 nylon suture at the site of its
emergence from the left atrium. Complete occlusion of the vessel
was confirmed by the presence of myocardial blanching in the
perfusion bed. Mice that died during recovery from anesthesia
were excluded from the analysis.

Enzyme-Linked Immunosorbent Assay
(ELISA)
Heart tissues were homogenized with RPMI-1640 containing
2.5% FBS using MagNA Lyser Green Beads (Roche Diagnostics,
Indianapolis, IN, USA). Supernatants were collected after
centrifugation and stored at −80◦C. TN-C concentrations in
the supernatants were measured using the Tenascin-C Large
(FNIII-B) Assay kit (IBL, Takasaki, Japan).
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FIGURE 2 | Heart-specific overexpression of TNC in mouse embryos induced by Nkx2.5-Cre. (A) Whole mount immunostaining for TNC in mouse embryos on ED8.5

and ED11. The intrinsic expression of TNC is observed in sinus venosus on ED8.5. The head and pericardium were removed from ED11 embryos. In the wild type

(Tnc+/+;Tg(-); Cre(-)), the intrinsic expression of TNC was observed in the outflow tract of the heart (white arrow head) and at somites (white arrows). Scale bar =

1mm. (B) Whole-mount immunostaining of the mouse heart on ED12 for TNC and PECAM. Scale bar = 1mm. (C) A western blot analysis of TNC protein expression

in 64-week-old adult hearts. (D) Histological sections of the myocardium of 64-week-old mice stained with anti-TNC, H&E, and picrosirius red. Scale bar = 50µm;

SV, sinus venosus; LV, left ventricle; RV, right ventricle; LA, left atrium; RA, right atrium.

Survival Analysis
In the survival analysis after MI, we used littermates by mating
C57BL/6N-Tg (CAG-flox-Tnc)IYM1tg/+(Tg) with αMHC-Cre
mice. Sixty-five MI mice were used in the survival analysis (-
/-, n = 19; -/Cre, n = 14; Tg/-, n = 18; Tg/Cre, n = 14).
After 14 days, all surviving mice were euthanized by a lethal
intraperitoneal injection of sodium pentobarbital (200 mg/kg) or
CO2 inhalation.

Statistical Analysis
All data are expressed as the mean ± standard error of the mean
(SEM). Normality was verified with the Shapiro-Wilk test. A
one-way analysis of variance (ANOVA) with Tukey’s post hoc
test or a Kruskal-Wallis analysis with the post-hoc Steel-Dwass
or Dunnett’s test was used for multiple comparisons. Survival
distributions were estimated by the Kaplan–Meier method and
compared using the Log-rank test. P < 0.05 was considered to
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FIGURE 3 | Heart-specific overexpression of TNC in adult mice induced by αMHC-Cre. (A) Western blot analysis of TNC protein expression in 10-week-old mice.

TNC expression is induced only in heart of Tg(+); M-Cre(+) mouse but not in lung, kidney or skeletal muscle. H, heart; L, lung; K, kidney; and M, muscle. (B)

Histological section of the myocardium stained with anti-TNC, H&E and picrosirius red. Scale bar = 50µm.

indicate significance. All statistical analyses were performed with
JMP software (SAS Institute, Cary, NC).

RESULTS

Mapping and Genotyping of Transgenic
Mice
A BLAST search with the 5′-flanking sequence revealed the
integration of the transgene into an intron between exons 23
and 24 of the Atp8a2 gene, encoding murine phosphatidylserine
translocase (flippase), on chromosome 14 (Figure 1A). Primer
sets of P1/P2 (TG mix) (Figure 1B) and P3/P4 (WT mix)
(Figure 1C) produced transgenic and wild-type alleles as
298- and 228-bp bands, respectively. PCR analyses with the
designed primers revealed the clear genotyping of three mice
as homozygous (lane 1) with a transgene band only, wild-type
(lane 2) with a wild band only, and heterozygous (lane 3) with
both bands (Figures 1B,C). Several truncated forms of the gene
product of Atp8a2 were detected by a 3′ RACE analysis (data
not shown).

Phenotypes of Transgenic Mice
Mice homozygous for Tg grew more slowly than their littermate
controls and a prominent neurological deficit was observed.
They developed body tremors, an abnormal gait, and epileptic

form attacks. Despite supplementation of dry food with a
soft moist diet that was placed on the cage floor to allow
easy access, all homo-mutant mice died by 100 days. This
phenotype is similar to that of a spontaneous mouse mutant
with a mutation in the Atp8a2 gene, which is known as
wabbler-lethal (wl) (34). Heterozygous mice were viable, fertile,
and did not show any distinct phenotype abnormalities.
Therefore, we used only heterozygous mice as TG(+) in the
present study.

Nkx2.5-Cre-Driven TNC-Overexpressing
Mice
To examine the induction of TNC expression, we bred
heterozygous C57BL/6N-Tg (CAG-flox-Tnc)IYM1tg/+ (Tg(+))
with heterozygous Nkx2.5Cre/+ (Cre(+)) driver mice. Nkx2.5-
Cre drove efficient recombination in the embryonic heart. On
embryonic day (ED) 8.5, the over-/misexpression of TNC was
observed in the whole primitive heart tube of Tg(+); Cre(+)
embryos, while the intrinsic expression of TNC was restricted
to the sinus venosus (Figure 2A). TNC expression in Tg(+);
Cre(-) and - Tg(-); Cre(+) mice was identical to that in the
wild type Tg(-); Cre(-). Furthermore, by crossing TNC knockout
mice with Tg(+); Cre(+) mice, we induced the expression of
TNC only in the whole heart with the deletion of TNC in other
tissues (Figure 2A, ED11). TNC-overexpressing embryonic mice
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TABLE 2 | Echocardiographic parameters in αMHC-Cre-induced TNC-overexpressing mice (12 weeks old).

Tg(-); M-Cre(-)

(Wild type)

Tg(-); M-Cre(+) Tg(+); M-Cre(-) Tg(+); M-Cre(+)

(excess TNC)

P-value

Male (n = 5) (n = 7) (n = 9) (n = 7)

BW (g) 25.0 ± 0.9 26.1 ± 0.8 26.1 ± 0.7 24.9 ± 0.8 0.54

HR (bpm) 459 ± 22 428 ± 19 394 ± 16 403 ± 19 0.12

LVDd (mm) 3.74 ± 0.16 3.74 ± 0.14 3.66 ± 0.12 3.86 ± 0.14 0.77

LVDs (mm) 2.47± 0.11 2.50 ± 0.09 2.37 ± 0.08 2.53 ± 0.09 0.60

IVSTd(mm) 0.77 ± 0.03 0.80 ± 0.03 0.71 ± 0.03 0.77 ± 0.03 0.17

PWTd(mm) 0.85 ± 0.05 0.86 ± 0.04 0.85 ± 0.04 0.82 ± 0.04 0.93

FS (%) 33.9 ± 2.88 32.8 ± 2.44 35.0 ± 2.15 34.1 ± 2.44 0.93

EF (%) 56.7 ± 2.23 63.4 ± 1.89 61.1 ± 1.67 58.6 ± 1.89 0.12

E (mm/s) 844 ± 69 898 ± 58 936 ± 51 935 ± 58 0.71

A (mm/s) 582 ± 55 549 ± 47 571 ± 41 649 ± 47 0.47

E/A 1.49 ± 0.10 1.68 ± 0.08 1.65 ± 0.07 1.45 ± 0.08 0.17

Data are expressed as mean ± SEM. For multiple comparisons, one-way analysis of variance was used. BW, body weight; EF, ejection fraction; FS, fractional shortening; HR, heart rate;

IVSTd, interventricular septal thickness in diastole; LVDd, left ventricular dimension in diastole; LVDs, left ventricular dimension in systole; PWTd, posterior wall thickness in diastole.

developed grossly normal hearts. The development of coronary
arteries also appeared to be normal in TNC over-/misexpressing
embryos as well as in TNC-deficient mice (Figure 2B). No
distinct difference in the coronary vasculature was found between
heterozygous TG or Nkx2.5-Cre mice and the wild type (data not
shown). Heart-specific TNC-overexpressing mice were viable at
least until 64 weeks. TNC expression was detected in the adult
heart at 64 weeks (Figure 2C) and positive immunostaining for
TNC was observed in the intercellular spaces of the myocardium
of the (Figure 2D). No significant differences were observed in
histology, fibrosis, or cardiac function to compare with those
of wild-type and TNC knockout mice even at 64 weeks old
(Table 1).

αMHC-Cre-Driven TNC-Overexpressing
Mice
We bred heterozygous Tg mice with heterozygous Tg(Myh6-
cre)2182 Md/J, a cardiomyocyte-specific α-myosin heavy chain
promoter Cre mouse(M-Cre(+)). Tg(+);M-Cre(+)mice showed
high mRNA and protein levels of myocardial TNC at 10
weeks old (Figure 3A). Tg(+);M-Cre(+) mice were born in
Mendelian ratios, appeared healthy, and had normal cardiac
function, size, and histology (Table 2). Although inflammatory
cell infiltration was not observed in any mouse groups
(Tg(+);M-Cre(+), Tg(+);M-Cre(-), Tg(-);M-Cre(+), Tg(-);M-
Cre(-), Figure 3B). Tg(+);M-Cre(+) mice showed high mRNA
expression levels of pro-inflammatory cytokines and chemokines
(e.g., IL-1β, IL-6, CCL1, CCL2, and CXCL10) in the heart
(Figure 4). Moreover, Tg(+);M-Cre(+) mice had high levels
of tissue remodeling-related genes (MMP9 and TIMP2) and
hypertrophy-related genes (ANP and BNP). Therefore, the hearts
of mice with cardiomyocyte-specific TNC overexpression did not
exhibit any morphological or functional abnormalities; however,
the mRNA expression levels of pro-inflammatory cytokines,
tissue remodeling-related genes, and hypertrophy-related genes
were elevated.

We also investigated the effects of MI in this mouse.
TNC expression levels were higher in all MI mice (Tg(+);M-
Cre(+), Tg(+);M-Cre(-), Tg(-);M-Cre(+), Tg(-);M-Cre(-)) than
in naïve mice; however, they were markedly higher in
Tg(+);M-Cre(+) mice (Figures 5A,B). In wild-type MI mice, an
immunohistochemical analysis of hearts on day 2 revealed that
TNC was expressed at the borders between intact myocardial
tissues and necrotic areas. In contrast, Tg(+);M-Cre(+) MI
mice showed high TNC expression levels in both the infarct
and normal areas of the heart (Figure 5C). Four-week survival
rates were significantly lower in Tg/Cre mice than in other
mice (Tg(+);M-Cre(+), 14.3% Tg(-);M-Cre(-), 57.9%; Tg(-);M-
Cre(+), 50.0%; Tg(+);M-Cre(-), 44.4%, P = 0.014 by the Log-
rank test, Figure 5D).

DISCUSSION

We generated a transgenic mouse that conditionally
overexpresses TNC through Cre recombinase-mediated
activation. By breeding heterozygous Tg mice with heterozygous
Nkx2.5-Cre or αMyHC-Cre mice, we induced the heart-specific
overexpression of TNC.

The Nkx2-5 transcription factor is one of the earliest
cardiogenic markers expressed in early heart mesoderm lineage
progenitors and continues to be expressed in cardiomyocytes
at later stages (35). The Nkx2.5-Cre mouse is often used to
inactivate target genes in the early cardiac crescent on ED 7.5 (35–
37).

We initially used Nkx2.5-Cre mice to examine the role of TNC
during early heart development. TNC is normally expressed in
precardiac mesodermal cells in the cardiac crescent; however,
its expression is immediately down-regulated when mesodermal
cells differentiate into cardiomyocytes, except in the outflow
tract (28). We expected the prolonged expression of TNC in
cardiomyocytes to perturbate heart morphogenesis. Although
Nkx2.5-Cre drove TNC over-/misexpression in cardiomyocytes,
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FIGURE 4 | mRNA expression in αMHC-Cre-induced TNC-overexpressing hearts. Results are shown as mean ± SEM, n = 3–6, *P < 0.05 vs. -/- by a Kruskal-Wallis

analysis with the post-hoc Dunnett’s test. -/-, Tg(-); M-Cre(-); Tg/-, Tg(+); M-Cre(-); -/Cre, Tg(-); M-Cre(+); Tg/Cre, Tg(+); M-Cre(+).

the heart tube formed and underwent looping to produce a 4-
chambered heart without any apparent abnormalities. We then
focused on coronary vasculogenesis. In the normal mouse heart
on ED 12, primitive coronary vascular networks are formed and
cover the entire heart surface, except the TNC-positive outflow
tract (24). With the shortening of the TNC-positive outflow tract,
the vascular plexus gradually reaches the base of the aorta to form

the proximal region of coronary arteries. This spatiotemporal
relationship indicates that TNC may demarcate border zones
and guide the developing vascular network. However, neither
the complete deletion nor over-/mis-expression of TNC exerted
apparent effects on the development of coronary vessels as
shown in Figure 2. Considering its pleiotropic function, excess
TNC may be compensated for by other factors, particularly
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FIGURE 5 | MI in mice with the heart-specific overexpression of TNC induced by αMHC-Cre. (A) TNC mRNA expression in naïve hearts and on day 2 after MI (n =

1–7). (B) TNC protein levels in naïve hearts and on day 2 after MI (n = 2–8). Results are shown as means ± SEM. +P < 0.05 vs Tg(-); Cre(-), *P < 0.05 vs Native (C)

Immunostaining for TNC expression in the heart. Scale bar = 50µm. (D) Kaplan–Meier survival analysis 28 days after MI. Blue line for -/- (n = 19), brown line for -/Cre

(n = 14), red line for Tg/- (n = 18), and green line for Tg/Cre (n = 14).

during development, similar to the subtle phenotype of germinal
KO mice.

The Nkx2.5-Cre-driven overexpression of TNC
persisted in the adult mouse heart. The deposition
of TNC in the extracellular spaces of the interstitium
was immunohistochemically confirmed. The TNC-
overexpressing heart did not show apparent changes in
cardiac function or the histology of the myocardium,
such as hypertrophy or fibrosis, between wild-type and
TNC knockout mice, at least at 64 weeks old, as shown in
Figure 3.

We used another Cre mouse to induce TNC in the adult heart.
The αMyHC promoter is activated in cardiomyocytes on ED9.5
and genetic recombination by the αMyHC -cre construct in the
heart is initiated by ED12.5 (38–40), which is slightly later than
that by Nkx2.5-Cre. αMyHC-Cre is one of the most frequently

used Cre donors (41) inducing heart-specific recombination in
adults (36).

In the Tg(+);M-Cre(+) mouse, αMyHC specifically drove
the overexpression of TNC in the heart, and TNC synthesized
in cardiomyocytes was deposited in the intercellular spaces
as well as in the Nkx2.5-Cre-driven TNC-overexpressing
heart. Although no apparent histological change in the
myocardium or inflammatory cell infiltration was detected in
the naïve Tg(+);M-Cre(+) heart, a gene expression analysis
revealed the significant up-regulation of proinflammatory
cytokines/chemokines and MMPs as shown in Figures 3, 4.
TNC is one of the proinflammatory molecules involved in
myocardial tissue remodeling and activates fibroblasts (42–44)
andmacrophages (20, 33, 45–47) to up-regulate proinflammatory
cytokines/chemokines andMMPs in vitro. Therefore, the present
results suggest that TNC synthesized in cardiomyocytes by
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genetic engineering activated interstitial cells in a paracrine
manner in vivo. Furthermore, TNC-overexpressing mice showed
significantly higher mortality rates during the acute phase after
MI that were associated with greater increases in TNC levels than
in the controls, which also supports TNC potentially enhancing
inflammatory responses after MI by making a positive feedback
loop (24, 44). These findings indicate that TNC-overexpressing
mice are a good model for investigating the biological role of
TNC in the microenvironment of the pathological myocardium.

However, the results obtained in TNC-overexpressing mice
need to be carefully interpreted. We used cardiomyocyte-
specific Cre to induce the overexpression of TNC in the adult
myocardium. As discussed earlier, the expression of TNC in
cardiomyocytes is limited at the very early embryonic stage, and
cardiomyocytes do not synthesize TNC but interstitial cells are
its source in the adult pathological myocardium. The forced
expression of TNC in cardiomyocytes may induce an abnormal
cellular response. In the present study, although no significant
histo/morphological changes were observed in cardiomyocytes,
ANP and BNP, hypertrophy/stress markers of cardiomyocytes,
were elevated in the TNC-overexpressing heart. Although TNC
may up-regulate ANP and BNP expression by cardiomyocytes
(48, 49), this may reflect aberrant stress in cardiomyocytes,
such as endoplasmic reticulum (ER) stress, in addition to
the extraneous autocrine stimulation by TNC. Furthermore,
several pathological phenotypes in the hearts of the heterozygous
Nkx2.5 knockout status (Cre knock-in mice) (50, 51) and the
cardiotoxicity of prolonged Cre expression in αMyHC-Cre mouse
mice (41) have been reported.

It should be also mentioned that homozygous Tgmice showed
a severe phenotype, which was prominent in the nervous system,
due to the truncation of the ATP8a2 gene by the insertion of the
transgene. Although we did not detect any significant differences,
at least in the hearts of heterozygous Tg mice, we need to
considered the effects of truncated ATP8a2 particularly in the
nervous system.

In conclusion, our novel Tg mice may be applied to
investigations on the role of TNC overexpression under a
number of tissue/organ pathologies using different Cre donors;
however, appropriate control animals, such as mice carrying the
cre transgene only, and heterozygous Tg mice are important
for comparisons.
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Tenascin C (TNC) is an extracellular matrix glycoprotein that recently emerged as an

immunomodulator. TNC-deficient (TNC−/−) mice were reported to have a reduced

inflammatory response upon systemic administration of lipopolysaccharide, the toxic

component of gram-negative bacteria. Here, we investigated the role of TNC during

gram-negative pneumonia derived sepsis. TNC+/+ and TNC−/− mice were infected

with Klebsiella pneumoniae via the airways and sacrificed 24 and 42 h thereafter for

further analysis. Pulmonary TNC protein levels were elevated 42 h after infection in

TNC+/+ mice and remained undetectable in TNC−/− mice. TNC−/− mice showed

modestly lower bacterial loads in lungs and blood, and a somewhat reduced local—but

not systemic—inflammatory response. Moreover, TNC−/− and TNC+/+ mice did not

differ with regard to neutrophil recruitment, lung pathology or plasma markers of distal

organ injury. These results suggest that while TNC shapes the immune response

during lipopolysaccharide-induced inflammation, this role may be superseded during

pneumosepsis caused by a common gram-negative pathogen.

Keywords: tenascin C, sepsis, Klebsiella pneumoniae (K. pneumoniae), pneumonia, alarmins, innate immunity,

immune system, mice

INTRODUCTION

Tenascin C (TNC) is a large multimeric extracellular matrix glycoprotein with binding sites for
many different signaling factors. It plays a major role during embryonic development, but in adult
tissues expression levels are relatively low (1, 2). However, TNC is expressed in a variety of cell
types in response to both chemical and mechanical cellular stress (1, 2). Recently, TNC has drawn
attention for its immunomodulatory properties (3–6).
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Midwood and colleagues were the first to show that in
a model of rheumatoid arthritis, inflammation could not be
maintained beyond the first 24 h when mice were TNC deficient
(3). Despite displaying a normal acute immune response, the
Tenascin C deficient (TNC−/−) mice did not develop the
chronic inflammation displayed by TNC sufficient (TNC+/+)
mice. Moreover, it was reported that TNC can act as a direct
agonist of toll-like receptor 4 (TLR4), which also serves as
the main signaling receptor for lipopolysaccharide (LPS), a
proinflammatory component of the gram-negative bacterial cell
wall (4, 7). Thus, TNC was proposed as a putative danger
associated molecular peptide (DAMP). In agreement with a role
of TNC as a pro-inflammatory signaling molecule, treatment
with TNC siRNA suppressed LPS-induced cytokine production
by mouse macrophages (8). In accordance, TNC−/− mice
became less severely ill after LPS injection, which was associated
with decreased tumor necrosis factor (TNF)-α and interleukin
(IL)-6 production (7). Together these data suggest that TNCmay
enhance acute and chronic inflammation.

We and others have previously shown that TNC plasma
levels are increased in critically ill patients, particularly in those
suffering from infection and sepsis (9, 10). Sepsis patients
represent 10% of all admissions to the intensive care unit (ICU),
and sepsis is the leading cause of disease in non-coronary ICUs
in the developed world with a mortality rate of 20–30%. Its
pathophysiology is the result of a dysregulated immune response
with concurrent hyperinflammation and immune suppression
(11). The most common cause of sepsis is bacterial pneumonia,
and the Gram-negative bacterium Klebsiella (K.) pneumoniae is
frequently isolated from septic patients (12). Host defense to
K. pneumoniae pneumonia largely depends on TLR4 (13, 14).
In the present study we therefore sought to determine if TNC
regulates the host response during pneumonia derived sepsis
caused by K. pneumoniae. To this end, we performed in vivo
experiments causing pneumonia and sepsis in TNC−/− and
TNC+/+ mice by infection with K. pneumoniae via the airways.

MATERIALS AND METHODS

Ethical Statement
The experiments were reviewed and approved by the
Institutional Animal Care and Use Committee of the Academic
Medical Center (AMC), University of Amsterdam (identification
numbers DIX21-EV-1 and DIX288-BP-1). The animal care and
use protocol adhered to European Directive of 22 September
2010 (Directive 2010/63/EU) in addition to the Directive of 6
May 2009 (Directive 2009/41/EC).

Animals
TNC+/+ and TNC−/− mice, bred on a C57BL/6 background
for 10 generations (15), were bred in parallel from heterozygous
parents. Mice were housed in individually ventilated cages
enriched with disposable homes and nesting paper, and provided
with food and water at libitum. All mice were bred and housed at
the Animal Research Institute AMC under specific pathogen free
conditions. Mice were acclimatized in the procedure room for at
least one week before commencement of the experiment. Mice

entered experiments at 8–10 weeks of age and in good health.
Both genders were used for experiments and groups were sex
matched. Mice were assessed on their welfare (including posture
and activity) throughout their stay at the facility.

Study Design
Experimental groups consisted of 8 (24-h time point) or 12 (42-
h time point) mice per genotype. This corresponds to a power
of 80%, type I error of 5%, standard deviation of 35%, and effect
sizes of 50% (24 h) or 35% (42 h). Home cages were placed in a
random order, which was then used throughout the experiment.
Pneumonia was induced by intranasal administration of 104

colony-forming units (CFU) of K. pneumoniae serotype 2
(ATCC 43816) in 50 µL sterile isotonic saline as described
(13, 16). In brief, bacteria were grown for 2–3 h to a mid-
logarithmic phase at 37◦C using Tryptic Soy broth, harvested
by centrifugation and resuspended in sterile isotonic saline so
that 50 µL corresponded to 104 CFU. Inoculation was performed
under sedation with 2–3% isoflurane in 100% O2 to ensure calm
inspiration of the inoculum. Mice were euthanized at 24 or 42 h
after inoculation by intraperitoneal injection of ketamine (125
mg/kg) and dexmedetomidine (300 µg/kg) followed by cardiac
puncture. Blood was collected into heparin tubes (Microtainer,
BD Biosciences, NJ). Lung, spleen, and liver were harvested and
homogenized in sterile saline (weight:volume, 1:5) using a tissue
homogenizer (Biospec Products, Bastlesville, OK). CFU in organ
homogenates and blood were determined from serial dilutions
plated on blood agar plates incubated at 37◦C for 14 h (13).
Unless specified otherwise, data was collected from all animals.

Cytokine Quantification
Plasma TNF-α, IL-6, and chemokine (C-C motif) ligand
2 (CCL2) were measured using Cytometric Bead Array
(Mouse Inflammation Kit; BD Biosciences, Franklin Lakes, NJ),
according tomanufacturer’s instructions on a FACSCanto II with
High Throughput Sampler (BD, Biosciences, Franklin Lakes,
NJ). Aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and lactate dehydrogenase (LDH)weremeasured by using
a c702 Roche Diagnostics (Roche Diagnostics BV, Almere, the
Netherlands) (17).

To determine levels of cytokine and neutrophil products in
lung tissue, homogenized lung samples were diluted with an
equal volume of lysis buffer (pH 7.4) containing 1% Triton X-
100, 100mM NaCl, 15mM Tris, 1mM MgCl2, 1mM CaCl2
and cOmpleteTM Protease Inhibitor Cocktail (Roche, Basel,
Switzerland), and incubated at 4◦C for 30min. Homogenates
were centrifuged at 1500×g at 4◦C for 15min, and supernatants
were stored at−20◦C until analysis. Pulmonary TNC, as well
as lung cytokines, chemokines and neutrophil products were
then measured by ELISA according to the instructions of the
manufacturers: TNC (large isoform containing FNIII-C, IBL
International, Hamburg, Germany), TNF-α (Thermo Fisher
Scientific, Waltham, MA), IL-1β, IL-6, chemokine (C-X-C
motif) ligand (CXCL)1, CXCL2, myeloperoxidase (MPO) and
neutrophil elastase (R&D Systems, Minneapolis, MN).

In addition to protein measurements, the mRNA expression
levels of 5 cytokines were determined through quantitative
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polymerase chain reaction (qPCR). RNA was isolated from long
homogenate using the Nucleospin RNA isolation kit according
to manufacturer’s protocol (Macherey-Nagel, Düren, Germany).
cDNA was synthesized using M-MLV Reverse Transcriptase
with oligo(dT) primers according to manufacturer’s protocol
(Promega, Madigon, WI). mRNA levels were determined
through quantitative polymerase chain reaction using the
SensiFastTM No-ROX Kit (Bioline, London, UK) measured
on a LightCycler 480 (Roche, Basel, Switzerland) using the
following primers: TNF-α forward: CGAGTGACAAGCCT
GTAGCC, TNF-α reverse: CCTTGAAGAGAACCTGGGAGT,
IL-1β forward: GGGGAACTCTGCAGACTCAA, IL-1β reverse:
GGGCCTCAAAGGAAAGAATC, IL-6 forward: CTTCC
TACCCCAATTTCCAATGCT, IL-6 reverse: TCTTGGTCCT
TAGCCACTCCTT, CXCL1 forward: CCACTGCACCCAAAC
CGAAG, CXCL1 reverse: TCCGTTACTTGGGGACACCT,
mCXCL2 forward: CACTCTCAAGGGCGGTCAA and CXCL2
reverse: TCTTTGGTTCTTCCGTTGAGG. As a housekeeping
gene, HPRT1 was measured using the following primers:
HRPT1 forward: AGTCAAGGGCATATCCAACA and HPRT1
reverse: CAAACTTTGCTTTCCGGGT.

Histopathology
Lungs were collected and fixed in 10% formalin in PBS for at least
16 h, transferred to 70% ethanol and embedded in paraffin. Four-
micrometer paraffin-embedded lung sections were stained with
hematoxylin and eosin. Slides were coded and lung inflammation
and damage was scored by a pathologist blinded for group
identity. To score lung inflammation and damage, the entire lung
surface was analyzed with respect to the following parameters:
interstitial inflammation, edema, endothelialitis, bronchitis, and
pleuritis. Each parameter was graded on a scale of 0–4, (0: absent;
1: mild; 2: moderate; 3: severe; 4: very severe). The percentage
pneumonia was scored and graded on a scale of 0–5 (0: absent; 1:
5–20% confluent pneumonia; 2: 21–40%; 3: 41–60%; 4: 61–80%;
5: 81–100%). Lastly, the number of thrombi were counted. All
parameters and corresponding scores, as present in our dataset,
our illustrated in Supplementary Figure 1. The pathology score
was expressed as the sum of the scores for each parameter (16).

Immunohistochemistry
To visualize TNC protein in the lung, paraffin-embedded lung
sections were unmasked by boiling in a 10mM pH 6 citrate
solution. Slides were blocked with 5% normal goat serum in PBS
and incubated with 1:100 primary anti-TNC antibody (AB19011,
EMD Millipore, Temecula, CA). Slides were washed with 0.1%
triton X-100 in PBS (Sigma-Aldrich, St Louis, MO) followed
by 1:200 secondary anti-rabbit biotinylated antibody (Jackson
ImmunoResearch, West Grove, PA). Slides were washed with
0.1% triton X-100 in PBS and treated with peroxide solution
[0.6% H2O2 (Sigma-Aldrich, St Louis, MO) in methanol]. Slides
were washed with 0.1% triton X-100 in PBS then were incubated
with 3,3′-Diaminobenzidine developing solution (Vector Lab,
Burlingame, CA) for 1 h at room temperature. The signal
detection was done with the Elite ABC system (Vectastain,
Burlingame, CA) and hematoxylin staining was performed. The
sections were embedded into ProLong Gold antifade reagent

(Invitrogen, Waltham, MA). Sections were examined using an
Axio Imager A1. Pictures were taken with an AxioCam Icc3
camera and Axiovision software (all: Zeiss, Jena, Germany).

Statistical Analysis
Statistical analysis was performed in R 3.6.3 (18). Figures were
created with ggplot2 3.3.0 (19). Data was log10-transformed for
analysis. All data presented are back-transformed through their
antilog. Tables and bar graphs show means with standard errors
(SE). Figures show Tukey box-and-whisker plots, including
median and interquartile range without outliers. Differences
between groups over time were tested using two-way type
III ANOVA, which takes into account imbalanced designs.
Post-hoc tests were performed using Tukey’s HSD. Two-
group comparisons were performed using an unpaired t-test.
Data below the lower limit of detection was imputed at the
lower limit of detection. A p-value < 0.05 was considered
statistically significant.

RESULTS

Pulmonary Tenascin C Modestly Impairs
Antibacterial Defense During Klebsiella

Pneumonia
TNC was detected at relatively high levels in lung homogenates
of naïve TNC+/+ mice [8.9 (3.0-26.8) ng/mL; Figure 1A], but
not of TNC−/− mice, documenting constitutive presence of this
protein in the lungs. Infection withK. pneumoniae via the airways
resulted in a gradual rise in lung TNC levels that at 42 h was
more than 10-fold over those measured in naïve mice [42 h: 110.8
(46.5-264.1) ng/mL, p < 0.01]. In contrast, plasma levels of TNC
did not change during infection with K. pneumonia [42 hours:
1443 (1069-1948) ng/mL] compared to uninfected mice [1457
(975-2178) ng/mL, p = 0.95]. TNC was not detected in plasma
from TNC−/− mice. Staining lung tissue for TNC confirmed the
presence of TNC protein in the pulmonary extracellular matrix
of TNC+/+ mice after infection, while TNC−/− tissue remained
negative (Figure 1B).

To determine the role of TNC in the host response
during Klebsiella pneumonia derived sepsis we assessed bacterial
burdens at the primary site of infection (lungs) and distant body
sites (blood, liver and spleen) in TNC+/+ and TNC−/− mice 24
and 42 h after infection (Figure 1C). Overall, bacterial loads were
slightly lower in TNC−/− than in TNC+/+ mice, which reached
statistical significance for lung and blood (Figure 1C).

The Absence of Tenascin C Modestly
Reduces Lung Inflammation During
Klebsiella Pneumonia
TNC has been implicated as an important mediator of
inflammatory responses (1, 3, 4, 7). In light of the high
constitutive pulmonary TNC levels and the strong induction of
TNC in the lungs during Klebsiella pneumonia, we considered it
of interest to determine the role of TNC in lung inflammation
induced by this infection. To this end, we scored lung tissue
slides prepared from TNC+/+ and TNC−/− mice 24 and

Frontiers in Immunology | www.frontiersin.org 3 March 2021 | Volume 12 | Article 600979158

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Meijer et al. Tenascin C During Gram-Negative Sepsis

FIGURE 1 | Pulmonary Tenascin-C levels and bacterial counts during Klebsiella induced pneumosepsis. Tenascin C sufficient (TNC+/+) and deficient (TNC−/−) mice

were intranasally infected with K. pneumoniae. (A) Before inoculation, and 24 and 42 h thereafter lung samples were collected and homogenized. TNC was measured

in the lysate of 4 TNC+/+ mice from each time point. Bars and whiskers show mean and SE. The dotted line represents the lower limit of quantitation. TNC was not

detectable in any of the TNC−/− samples measured. (B) Lung tissue was collected, fixed and embedded in paraffin 24 and 42 h after infection, as well as in the naïve

state. Tissue slides were stained for TNC protein. Depicted slides are representative of 5 independent biological replicates. (C) Number of colony-forming units (CFU)

24 and 42 h after infection. Data are shown as Tukey boxplots without outliers. **p < 0.01 in an unpaired t-test. P-values (C) represent the effect of genotype across

time-points, as indicated by a two-way type III ANOVA.

42 h after induction of infection. Overall, the extent of lung
inflammation did not differ between mouse strains, although
TNC−/− mice tended to have higher pathology scores at
24 h (Figures 2A,B).

The levels of neutrophil products MPO (Figure 2C) and
elastase (Figure 2D) in lung homogenates did not differ between
TNC+/+ and TNC−/− mice, indicating similar neutrophil
influx in the lung. Analysis of pulmonary cytokines (TNF-
α, IL-1β, IL-6) and chemokines (CXCL1, CXCL2) revealed no
significant differences between the groups (Figure 2E). However,
at the mRNA level we did observe a decrease in cytokine
expression, which reached significance for TNF-α, IL-6 and
CXCL-1 (Figure 2F).

The Absence of Tenascin C Does Not
Influence Systemic Inflammation During
Klebsiella Pneumonia
Patients with sepsis have elevated circulating levels of TNC

(9, 10) and TNC may contribute to the pro-inflammatory and

injurious systemic host response in this condition (1). The model

of Klebsiella induced pneumosepsis is associated with systemic

inflammation and distant organ injury (17). To determine the

role of TNC in the development of systemic inflammation,

we measured the plasma levels of TNF-α, IL-6, and CCL2

as markers of systemic inflammation 24 and 42 h after the
beginning of infection (Figure 3A). Systemic cytokine levels did
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FIGURE 2 | Endogenous Tenascin-C does not impact lung inflammation during Klebsiella induced pneumosepsis. TNC+/+ and TNC−/− mice were intranasally

infected with K. pneumoniae; 24 and 42 h after infection, lung tissue samples were collected for histological examination or homogenization. (A) Lung samples of all

mice were scored for interstitial inflammation, edema, endothelialitis, bronchitis, pleuritis, and the presence of thrombi by a blinded pathologist blinded for the group

identity, after which the total pathology score was calculated. (B) Representative pictures of lung pathology at 24 h (middle panel) and 42 hours (right panel) after

infection in TNC+/+ mice (top panel) and TNC−/− mice (bottom panel). (C) Levels of MPO, (D) elastase, and (E) cytokines and chemokines were measured in lung

homogenates. (F) Cytokine mRNA was measured in RNA isolated from lung homogenate, and is presented normalized to HPRT1 expression. Data are shown as

Tukey boxplots without outliers. p-values represent the effect of genotype across time-points, as indicated by a two-way type III ANOVA.
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FIGURE 3 | Endogenous Tenascin-C does not impact systemic inflammation

during Klebsiella induced pneumosepsis. TNC+/+ and deficient TNC−/− mice

were infected with K. pneumoniae; (A) 24 and 42 h after infection plasma was

collected for measurements of TNF-α, IL-6, and CCL2. (B) Markers of hepatic

injury (ALT, AST) and cell injury in general (LDH) were measured at 42 h. Data

are shown as Tukey boxplots without outliers. p-values represent the effect of

genotype across time-points, as indicated by a two-way type III ANOVA (A), or

unpaired t-test (B).

not differ between the groups. In addition, we measured the
plasma concentrations of ALT, AST and LDH as markers of
hepatocellular and general cell injury (Figure 3B); none of these
injury markers differed between TNC+/+ and TNC−/− mice.

DISCUSSION

Here we investigated the hypothesis that TNC may play a role
in the enhancement of inflammatory responses during sepsis.
This assumption was based on multiple observations. First,
TNC plasma levels are elevated in patients with sepsis. Second,
TNC can induce proinflammatory cytokines by activation
of TLR4 in multiple cell types, including macrophages and
dendritic cells, and conversely, macrophages with reduced or
no TNC expression display reduced proinflammatory cytokine
production upon stimulation with LPS in vitro (1, 2, 7,
8). Third, TNC−/− mice showed attenuated proinflammatory
cytokine release upon injection of LPS and the inflammation-
enhancing role of TNC is further supported by mouse studies
reporting a protective anti-inflammatory effect of TNC deficiency
in a number of inflammatory disease models, including
hepatic ischemia/reperfusion injury (20), concanavalin A–
induced hepatitis (21), joint inflammation (3, 22), autoimmune

encephalomyelitis (23), and Alzheimer’s disease (24). Moreover,
TNC has been shown to play essential proinflammatory roles
in models of lung inflammation, such as ovalbumin-induced
asthma (25) and bleomycin-induced pulmonary fibrosis (26,
27). As such, increased TNC levels, induced as a result of
tissue damage, cellular stress, and inflammatory mediators,
would be expected to be part of a positive feedback loop
that amplifies the inflammatory response. However, while we
detected a rise in TNC levels in lungs after airway infection with
viable K. pneumoniae, the role of TNC in local and systemic
inflammatory responses elicited by this common sepsis pathogen
was very limited. Indeed, although TNC−/− mice showed a
modest reduction in bacterial outgrowth in lungs and blood, this
preceded the rise of pulmonary TNC protein levels. We found
a reduced expression of TNF-α, IL-6, and CXCL1 mRNA in the
lung at both timepoints. A similar trend could be seen at the
protein level, although this did not reach significance.

Inhibition of TNC expression in mouse macrophages was
reported to result in attenuated LPS-induced TNF-α and IL-
6 release in vitro (8). Likewise, TNC−/− bone-marrow derived
macrophages produced less TNF-α, IL-6 and CXLC1, and more
IL-10 in response to LPS stimulation in vitro and TNC−/−

mice produced less TNF-α and IL-6 shortly after systemic LPS
administration in vivo (7). These observations were confirmed
using human primary material, as reviewed in (2). We observed
a similar effect at the mRNA level in lungs. At the protein
level, a trend toward reduced IL-6 and CXCL1 did not reach
significance, possibly because of the high variability within
groups. The modest differences in bacterial loads may have
influenced the extent of inflammation; vice versa differences
in inflammatory responses may impact antibacterial defense
mechanisms. Studies with killed bacteria or bacterial products
such as LPS can provide insight in the role of TNC during
non-infectious lung inflammation. As the cytokine protein levels
were measured in lung homogenate, they reflect the sum of
intracellular, transmembrane, and secreted protein, which could
contribute to the increased variance. This holds especially for
TNF-α and IL-1β, which are detected in their unprocessed cell-
associated forms (before cleavage by ADAM17 and caspase-1,
respectively), as well as in their secreted forms. Measurements
of cytokines in bronchoalveolar lavage fluid will provide insight
into secretion of mature proteins into the bronchoalveolar
space, but not in tissue levels. Notably, several studies in which
mediators were measured in both bronchoalveolar lavage fluid
and lung homogenates reported similar results, although levels
in lavage fluid were consistently lower due to the dilution
factor introduced by the lavage procedure (28–32). Sampling of
bronchoalveolar lavage fluid can generate information on the
role of TNC in cell recruitment into the airways, which in the
current study was limited to examination of lung tissue slides.
Protein levels of TNF-α and IL-1β in lung homogenates may
be more representative of the inflammatory potential than of
active cytokine signaling. Nonetheless, it has been shown that
in vitro, TNC post-transcriptionally regulates TNF-α production
of BMDMs via the micro-RNA miR-155, and this function could
not be rescued through addition of extracellular TNC protein (7).
This opens up the possibility that TNC plays an intracellular role
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in the innate immune system—and thus its absence may affect
the innate immune response even before the tissue levels of TNC
protein rise in TNC-sufficient animals. Further studies into the
early innate immune response during pulmonary infection, as
well as the TNCmRNA expression in innate immune cells at this
time may further illuminate the underlying mechanisms.

Interestingly, Uddin et al. (8) show a 4-fold upregulation in
serum TNC protein levels, already after 4 h of LPS injection,
whereas we find no change in serum TNC and an increase in
pulmonary TNC protein only after 42 h. Future studies into
the early timepoints of K. pneumoniae-induced pneumonia
could reveal if there is an early, transient peak in TNC serum
levels. However, in this context, it is important to note that
in our model, progression of inflammation during infection
occurs over a longer time and causes the host to be exposed
to a mix of pathogenic proteins, compared to an endotoxemia
model where a known dose of LPS is directly injected into the
peritoneum (7, 8). Thus, the two models describe a different
type of immune response, during which TNC may play different
roles. Indeed, LPS injection provides a standardized stimulus
not subjected to variation in time due to differences in bacterial
growth. While mice from different genotypes were infected
with the exact same inoculum for studies at each time point,
differences in bacterial loads might partially obscure the role
of TNC in inflammatory responses. Finally, it should be noted
that most in vivo work on the immunomodulatory properties
of TNC was done in cells and mice on a 129/Sv genetic
background (7), while we used mice on a C57/BL6 genetic
background; these mouse strains differ in their immune response
(33). 129/Sv mice were recently reported to lack caspase-11,
which is expected to impact their responsiveness to LPS (34,
35).

A recent in vivo study described that the absence of
TNC subtly alters the morphology of the lungs and affects
transforming growth factor-β and TLR4 signaling, again in
the 129/Sv background (36). In our study we did not find
a difference in morphological pathology caused by infection.
It has recently been reviewed that the role of TNC is highly
context-dependent, and while it is often associated with an
enhanced immune response and increased tissue damage,
TNC can also play an immune-suppressive role depending on
both the inflammatory context and the splicoform expressed
(37). Thus, subtle changes in pulmonary morphology and
signaling could alter the microenvironment and affect bacterial
proliferation and dissemination, as well as the form and
function of the TNC protein. It was recently described
that the biosynthesis of TNC protein, counting over 500
splicoforms, highly varies between cell types as well as
the (patho)biological context (38). The different splicoforms
can vary greatly in their structure, function and location—
indicating that they may regulate the microenvironment in
different manners depending on the cell and context in which
they were produced (38). In the current manuscript, TNC
protein was quantified only in the Large FN(III)C isoform.
Future studies aiming to quantify specific TNC isoforms

with known immunomodulatory properties may provide more
detailed information on the immune modulation of TNC
during infection.

While pulmonary TNC protein levels increased at the latest
stages of infection, histological staining did not reveal the
source of this protein. Previous studies have indicated that
immune cells are able to secrete TNC, which could then
enhance inflammation in an autocrine manner (4). However,
TNC expression levels remained low, and seem insufficient to
explain the total increase of TNC protein observed in this
study. In models of viral inflammation, poly(I:C) stimulation
of TLR3 induced TNC release by bronchial epithelial cells,
both in vitro and in vivo (39). However, we observed an
increase in TNC protein levels only during the latest stages
of infection, when both tissue injury and inflammation have
become systemic. While this could be due to the time required
for de novo synthesis and secretion of TNC, an extra-pulmonary
source of TNC protein cannot be excluded, since TNC can
be expressed by a wide variety of cell types in response to
cellular stress (1, 2). Nonetheless, this would not explain why
TNC levels would increase in the pulmonary compartment,
but not in circulation. Future studies may try to elucidate
the exact source of TNC protein during pulmonary infection.
In addition, studies from the field of virology indicate TNC
can interact directly with pathogens. For example, TNC in
breastmilk binds HIV-1, and therewith neutralizes it (40). In
contrast, the bacterial staphylococcal superantigen-like protein
binds TNC in a manner that disrupts keratinocyte function
during wound healing (41). As, in the present study, the absence
of TNC affects bacterial outgrowth without large modulations
to the immune system, it may be of interest to study if there
is a direct interaction between the bacteria and TNC protein.
Alternatively, modulations to the immune system may be very
local, or affect cell populations that have not been studied in this
context, such as innate lymphoid cells. Future studies into the
inflammatory microenvironment might address these questions.
Additionally, sampling of bronchoalveolar lavage fluid could
generate information on the role of TNC in cell recruitment
into the airways, which in the current study was limited to
examination of lung tissue slides.

The current study is the first to investigate the functional
role of TNC in experimental sepsis. The model used here
resembles the clinical scenario of a local bacterial infection
that subsequently disseminates to distant organs and has been
utilized to obtain insight into both the early protective innate
immune response and the later detrimental consequences of
exaggerated inflammation (13, 16, 17). While this investigation
is limited to a single model and a single causative pathogen,
and the absence of TNC could be compensated through
different pathways, the results reported here argue against
an important role for total TNC protein as a driver in the
early pathogenesis of sepsis. However, the heterogeneous
function of different TNC splicoforms warrants more
detailed studies that address the paradoxical nature of
this protein.
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The extracellular matrix (ECM) molecule Tenascin-C (TNC) is well-known to promote

tumor progression by multiple mechanisms. However, reliable TNC detection in tissues

of tumor banks remains limited. Therefore, we generated dromedary single-domain

nanobodies Nb3 and Nb4 highly specific for human TNC (hTNC) and characterized the

interaction with TNC by several approaches including ELISA, western blot, isothermal

fluorescence titration and negative electron microscopic imaging. Our results revealed

binding of both nanobodies to distinct sequences within fibronectin type III repeats of

hTNC. By immunofluroescence and immunohistochemical imaging we observed that

both nanobodies detected TNC expression in PFA and paraffin embedded human

tissue from ulcerative colitis, solid tumors and liver metastasis. As TNC impairs

cell adhesion to fibronectin we determined whether the nanobodies abolished this

TNC function. Indeed, Nb3 and Nb4 restored adhesion of tumor and mesangial

cells on a fibronectin/TNC substratum. We recently showed that TNC orchestrates

the immune-suppressive tumor microenvironment involving chemoretention, causing

tethering of CD11c+ myeloid/dendritic cells in the stroma. Here, we document that

immobilization of DC2.4 dendritic cells by a CCL21 adsorbed TNC substratum was

blocked by both nanobodies. Altogether, our novel TNC specific nanobodies could offer

valuable tools for detection of TNC in the clinical practice and may be useful to inhibit the

immune-suppressive and other functions of TNC in cancer and other diseases.

Keywords: nanobody, extracellular matrix, tenascin-c, tumor biomarker, interaction modeling, diagnostic tool,

therapeutic tool, fibronectin type III repeat
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INTRODUCTION

Tenascin-C (TNC), discovered over three decades ago, is one
of the ECM molecules that is highly expressed in tumors
such as breast, colorectal and gastric cancers (1–4). High TNC
expression levels correlate with shortened lung metastasis-free
survival in breast cancer and overall survival in glioma patients
(5, 6). TNC is a large modular hexameric glycoprotein (7).
Each TNC subunit displays a central oligomerization domain,
followed by 14.5 epidermal growth factor (EGF)-like repeats
(three disulfide bridges per EGF-repeat), 17 fibronectin type
3 (FNIII) repeats (eight constant and nine additional repeats
domains that are subject to alternative splicing) and a globular
fibrinogen domain (7). At physiological level, TNC is transiently
expressed during organogenesis (8) and its expression is largely
restricted to a few sites in the adult organism such as in some
stem cell niches, tendons, and reticular fibers of lymphoid
organs (9). Interestingly, high TNC levels are also found in milk
of breast feeding HIV+ mothers (10). At pathological level,
TNC was shown to act at multiple levels to promote tumor
progression into cancer by enhancing survival, proliferation and
invasion of tumor cells, driving the formation of new but poorly
functional blood vessels and to corrupt anti-tumor immunity,
altogether enhancing metastasis. In addition to tumors, TNC is
also highly up-regulated in wound healing, fibrosis and chronic
inflammation (11, 12). Recently, high TNC levels were also
associated with more severe COVID19 symptoms (13). Using
stochastic tumorigenesis models with engineered high and low
levels of TNC it was formally proven that TNC indeed is a
promoter of tumor progression (14). TNC is inducing and
activating a wide range of cellular signaling pathways such as
Wnt, Notch, JNK and TGFβ (14–17). TNC also acts on stromal
and immune cells thereby promoting tumor angiogenesis and
immune escape (18–22). The distinct spatio-temporal expression
pattern of TNC is highly regulated (23). In vitro studies
demonstrated that various stimuli such as EGF, TGFβ, b-FGF,
and TNF-α, can induce expression of TNC in breast cancer
stroma (5, 24). In cancerous breast tissues, EGF induced TNC
via its receptor EGFR which activated oncogenic Ras signaling.
Mammary tumor cells also produced transforming growth factor
β1 (TGFβ1), which induced TNC expression in the surrounding
stroma (25, 26). Due to defective autophagy TNC seems to
be highly abundant in triple negative breast cancer (27). An
overview of factors regulating TNC expression is presented in
Giblin et al. (23).

Given its high expression in cancer tissues as well as
its inflammation promoting actions, several efforts have been
launched to specifically detect TNC in situ as well as to inhibit
its main pathological effects. These approaches included down
regulation of TNC expression with siRNA or aptamers (28–
32) and the use of TNC-specific antibodies for the delivery of
drugs or radiotherapy (33–35). Moreover, numerous monoclonal
antibodies recognizing TNC have been developed. However, all
generated tools have their intrinsic limitations and caveats. In
particular, antibodies may not reach the target tissue or can
raise an immune response and formalin fixation, usually used
in routine pathology service, can impair epitope recognition

(36, 37). Thus, better molecular tools are needed for specific
and sensitive recognition and potential targeting of TNC. To
overcome these limitations, recombinant nanobodies (Nbs) with
their remarkable characteristics (i.e., high stability, solubility
and specificity and low immunogenicity) may provide a
solution (38–43).

Here, we have generated two “best in class” nanobodies (Nb3
and Nb4) that recognize specifically TNC with high affinity
by ELISA and staining of formalin fixed and fresh frozen
tissues, emphasizing novel opportunities for early diagnosis
and potential monitoring of cancer progression. Therefore,
these nanobodies may be useful for applications in routine
cancer diagnosis and for future in vivo targeting of TNC in
cancer. On the other hand, as TNC impairs cell adhesion on a
fibronectin substratum, we determined whether the nanobodies
abolished this function of TNC. Indeed Nb3 and Nb4 restored
adhesion of human osteosarcoma and mesangial cells on the
fibronectin/TNC substratum. Interestingly, we observed that
immobilization of DC2.4 dendritic cells on a TNC substratum
in context of CCL21 (22) was blocked by Nb3 and Nb4. Finally,
by modeling the Nb/TNC interaction we determined the putative
amino acid residues involved in complex formation. Altogether,
we demonstrated that our two novel TNC-specific nanobodies
display valuable characteristics for detection of TNC in situ, and
revealed their potential as therapeutic tools for inhibition of
immune-suppressive and other functions of TNC.

MATERIALS AND METHODS

Purification of Recombinantly Expressed
hTNC
HEK 293/hTNC cells, previously stably transfected with the
human TNC coding sequence (hTNC) were used to produce
hTNC as previously described (44, 45). Briefly, cells were
cultured in Dulbecco’s Minimal Essential Medium (DMEM,
catalog number 11995040 Gibco Life Technologies, Inc., Paisley,
Scotland) supplemented with 10 % (v/v) fetal calf serum (FCS,
catalog number 2-01F90-I BioConcept, Allschwil, Swizerland),
10.25µg/mL G418 and 1.5µg/mL puromycin under a 5% CO2

atmosphere at 37◦C. The recombinant hTNC was purified from
the conditioned medium lacking FCS as previously described
(44). Briefly, fibronectin was removed from the conditioned
medium by gelatin-agarose affinity chromatography (46, 47), and
the flow through was purified by a nickel affinity chromatography
column (48). The purity of the protein was checked by Coomassie
Blue stained 7% SDS-PAGE and by western-blot, under reducing
and non-reducing conditions. The concentration of hTNC was
determined by Bradford assay (catalog number 500-0006 Bio-
Rad Laboratories, Hercules, CA, USA).

E. coli Strains and Vector
The phage display vector pMECS of 4,510 bp was utilized
to construct the VHH library, hosted in E. coli strain TG1
(generously provided by Prof. Serge Muyldermans, VUB Brussel,
Belgium). This phagemid vector contains a sequence encoding
a PelB leader signal to secrete the cloned VHH-encoded Nb in
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the periplasm with two C-terminal Hemagglutinin (HA) and 6X
Histidine (6XHis) tags for VHH-detection, when hosted in E. coli
strain WK6 (49).

Generation of the Phage-Display
VHH-Library
The anti-hTNC nanobody phage-display VHH-library was
constructed as previously described with slight modifications
(39, 49, 50). Briefly, 3 days after the last boost of antigen
injection, 150mL of anti-coagulated blood sample was collected
from the jugular vein of the immunized dromedary as
recently detailed (51). Peripheral blood mononuclear cells
(PBMCs) were extracted by density gradient centrifugation
using Lymphoprep (catalog number 17-829 LONZA, Basel,
Switzerland). Subsequently, total RNA was extracted and
purified. An amount of 40 µg of total RNA was reverse
transcribed into cDNAwith oligo-dT primer and the SuperScript
II First-Strand Synthesis System for RT-PCR (catalog number
18064-014 Invitrogen, Carsbad, CA, USA). Thereafter, cDNA
fragments were used as template to amplify heavy-chain IgG
encoding variable domains using specific primers [CALL001
(5′-GTCCTGGCTGCTCTTCTACAAGG-3′) and CALL002
(5′-GGTACGTGCTGTTGAACTGTTCC-3′)]. The 700 bp PCR
fragment (VHH-CH2 without CH1 exon, corresponding to
heavy-chain antibodies) was purified from a 1% agarose gel
using the Qiaquick gel extraction kit (catalog number 28704
Qiagen, Hilden, Germany). Subsequently, these sequences were
used as template in a nested PCR to amplify VHH-only variable
domains with nested-PCR primers [SM017 (5′-CCAGCCGGCC
ATGGCTGCATGGTGCAGCTGGTGGAGTCTGG-3′) and
PMCF (5′-CTAGTGCGGCCGCTGAGGAGACGGTGACCTG
GGT-3′)], annealing at the Framework 1 and Framework 4
regions, including NcoI and NotI restriction sites, respectively
(catalog numbers R0193T and R3189M New England Biolabs,
UK, respectively). The PCR product was ligated into the pMECS
phagemid vector (T4 DNA Ligase, catalog number 15224-041
Invitrogen, Carsbad, CA, USA) using a molar ratio 1:3 in
favor of the inserts. Freshly prepared electro-competent E. coli
TG1 cells were transformed by the ligated product and plated
overnight (O/N) on selective Luria-Bertani Miller (LB) media
supplemented with (100µg/mL) ampicillin (catalog number
271896 Sigma Aldrich, MO, USA) and glucose 2% (catalog
number G8270 Sigma Aldrich, MO, USA). Colonies were
recovered from the overnight-incubated plates at 37◦C. Library
size was estimated by serial dilutions.

Selection of Anti-hTNC Nanobodies (Nbs)
A representative repertoire of the VHH library was displayed
on phage particles using M13KO7 helper phage infection
(catalog number 170-3578 New England, BioLabs, UK). Three
consecutive rounds of immuno-affinity selection were carried
out on 96-well microtiter plates (catalog number M5785-1CS
Sigma Aldrich, MO, USA) pre-coated with hTNC (1µg/panning,
O/N at 4◦C). After each round of biopanning, bound phage
particles were eluted (100mM triethylamine, pH 10.0, catalog
number T0886 Sigma Aldrich, MO, USA) and immediately
neutralized with 1M Tris-HCl, pH 7.4 (catalog number CE234

GeneON, Germany) and used to infect exponentially growing
TG1 E. coli. Following the third round of biopanning, individual
colonies were randomly picked. VHH expression was induced
with 1mM isopropyl-D-thiogalactopyranoside (IPTG, catalog
number 2900245 5PRIME, Germany) in the periplasmic bacterial
compartment. Solid phase ELISA of each periplasmic extract was
carried out on hTNC (1µg/mL), using amouse anti-HA antibody
(catalog number H9658 Sigma Aldrich, MO, USA) and goat anti-
mouse IgG-peroxidase antibody (catalog number A9044 Sigma
Aldrich, MO, USA).

VHH Sequence Analysis
The VHH sequences of clones that scored positive in periplasmic
extract-ELISA were determined using the Genomic platform
of Institut Pasteur de Tunis facilities (ABI Prism 3100 genetic
analyzer; Applied Biosystems, Foster City, CA, USA). The VHH
nucleotide sequences were obtained using the ABI PRISMTM

BigDye Terminator v3.1 Cycle Sequencing Reaction Kit (catalog
number 4337454 Applied Biosystems, USA).

Production, Purification, and
Characterization of hTNC-Specific Nbs
Recombinant vectors of selected positive clones with highest
binding capacity to hTNC were used to transform WK6
electrocompetent cells. Nb production was performed in shake
flasks by growing each recombinant bacteria in Terrific Broth
medium (TB, catalog number 743-29175 BD Biosciences, FL,
USA) supplemented with ampicillin (100µg/mL) and 0.1%
glucose. The Nb periplasmic expression was subsequently
induced with 1mM IPTG, O/N at 28◦C. The periplasmic extract
obtained by osmotic shock was loaded on a His-Select column
(NiNTA, catalog number 1018544 Qiagen, Hilden, Germany).
The His-tagged hTNC-specific Nbs were eluted with 500mM
imidazole (catalog number I-0125 Sigma Aldrich, MO, USA)
and an amount of 5 µg was checked on a 15% SDS gel upon-
PAGE (Bio Rad), following dialysis towards PBS with a 12 kDa
cut-offmembrane (catalog number D9527-100FT Sigma Aldrich,
MO, USA). The final yield was determined using Bradford
assay (catalog number 500-0006 Bio-Rad Laboratories, Hercules,
CA, USA) and the molar concentration was estimated using
the theoretical extinction coefficient of the VHH sequence. The
specificity of the purified anti-hTNC nanobodies was assessed by
ELISA. Briefly, 0.5µg/mL of hTNC was coated onto microtiter
plates O/N at 4◦C and unspecific sites were blocked with
1% (w/v) gelatin (catalog number 48723 Fluka Analytical,
USA) supplemented with PBS/0.05% Tween-20 at 37◦C for
2 h. Affinity-purified Nb was added (5µg/mL, 1 h). Following
a washing step, bound Nb was detected with a mouse anti-
HA antibody (catalog number H9658 Sigma Aldrich, MO, USA)
and revealed with a goat anti-mouse IgG-peroxydase conjugate
(catalog number A9044 Sigma Aldrich, MO, USA).

Assessement of Nb Binding Affinity
The assessement of Nb binding affinity was performed using
two methods: (i) indirect ELISA was carried out using a
serial Nb dilution ranging from 5 × 10−7 to 5 × 10−12

M, as described above; (ii) Isothermal Fluorescence Titration
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(IFT) was performed using recombinant murine TNC (mTNC,
700 nM, 0.01% Tween-20), as previously described with slight
modifications (52). Briefly, the Nb concentration varied from 500
to 3,500 nM. The fluorescence emission spectra for mTNC/Nb
complexes were collected and subsequently subtracted from
emission spectra for mTNC and the resulting curves were then
integrated. The mean values resulting from three independent
measurements were plotted against the concentration of the
added Nb. The resulting binding isotherms were analyzed by
nonlinear regression using the program Origin (Microcal Inc.,
Northampton, MA, USA). The following equation describes the
bimolecular association reaction, where Fi is the initial and Fmax
is the maximum fluorescence values. The KD is the dissociation
constant, and [mTNC] and [Nb] are the total concentrations of
the mTNC and the Nb ligand, respectively:

F = Fi+Fmax[KD+ [mTNC]+ [Nb]

−

√

(

KD+ [mTNC]+
[

Nb
])

2 − 4 [mTNC] [Nb]

2[mTNC]
]

Negative Electron Microscopy Imaging
TheNb/ hTNC interaction complexes were visualized by negative
staining and electron microscopy as previously described (53).
Each Nb (20 nM) was conjugated with 5 nm colloidal gold
particles (AuNPs) according to routinely used procedures (54).
AuNP-Nb conjugates were incubated with hTNC (20 nM) for
30 minutes (min) at room temperature (RT) and subsequently
negatively stained with 2% uranyl acetate. Specimens were
assessed and electron micrographs were taken at 60 kV
with a Phillips EM-410 electron microscope using imaging
plates (Ditabis).

Western Blot Analysis of TNC Specific Nb
Cell lysates (40 µg) from HEK293, HEK293/hTNC, (20 µg)
NT193 and subclone NT193-1 cells (generated by limited
dilution), RAW267 macrophages (ATCC) and DC2.4 dendritic
cells (22) in RIPA buffer (catalog number R0278 SIGMA
Aldrich, MO, USA) or purified human hTNC (hTNC, 100
ng) and murine TNC (mTNC, 50 ng) were boiled at 100◦C
for 5min, before loading on a 4–20% gradient SDS/PAGE
gel (catalog number 456-8095 Mini-PROTEAN TGXTM, Bio-
Rad Laboratories, Hercules, CA, USA), then, transferred
onto a PVDF membrane (catalog number 1620174 Bio-
Rad Laboratories, Hercules, CA, USA). After blocking with
5% milk, PBS/0.1% Tween-20 (catalog number 1706404 Bio-
Rad Laboratories, Hercules, CA, USA) the membrane was
incubated O/N at 4◦C with Nb3 or Nb4 (2µg/mL). After
three washing steps, the membrane was first incubated with
a mouse anti-HA antibody (1 h 30min at RT), and then with
the anti-mouse IgG horseradish peroxidase conjugate diluted at
1:1,000 (catalog number AB_772209, NXA931, Amersham GE
Helthcare, USA). Immunocomplexes were revealed with ECL
(catalog number 28 980926 Amersham GE healthcare, USA).
A prestained protein ladder (10–250 kDa, catalog number 06P-
0211 Euromedex, France) was used. Mouse monoclonal antibody
B28.13 (1µg/mL), raised against hTNC was used as a positive
control (55).

Immunofluroescence Assay
Glioblastoma cell xenografts had previously been generated by
subcutaneous injection of 2 × 106 U87MG or U87MG-shTNC
(TNC knockdown) cells into the flank of a nude mouse (56).
Frozen (−80◦C) sections were cut (7µm thickness), fixed with
4% paraformaldehyde (PFA) (catalog number 30525-89-4 Sigma
Aldrich, MO, USA) for 15min at RT, and permeabilized with
0.5% Triton X-100 in PBS and blocked with 10% normal donkey
serum (NDS) in PBS for 2 h at RT (catalog number 017-000-
121 Jackson ImmunoResearch Inc, USA). Sections were co-
stained with the Nb and B28.13 antibody diluted in PBS, 10%
NDS O/N at 4◦C, rabbit anti-HA antibody (ab236632 abcam,
UK, 1:1,000 dilution, 90min at RT) and, donkey anti-mouse
antibody labeled with Texas Red fluorophore (catalog number
PA1-28626 Invitrogen, Carsbad, CA, USA), and donkey anti-
rabbit antibody labeled with Alexa Fluor 488 Green fluorophore
(catalog number AB-2313584 Jackson Immuno Research Inc,
USA) were used (1:1,000 dilution for 90min at RT). After each
antibody incubation, sections were washed five times with PBS.
For staining of cell nuclei, sections were incubated with 4’, 6-
diamidino-2-phenylindole (DAPI, 0.2µg/mL, catalog number
32670 Sigma Aldrich, MO, USA) for 10min at RT. Slides were
sealed with a polymerization medium (FluorsaveTM Reagent,
Calbiochem) underneath the coverslips and stored at 4◦C until
analysis. Pictures were taken with an AxioCam MRm (Zeiss)
camera and Axiovision software.

Human Tumor Samples and Analysis by
Immunohistochemistry
Surgically removed tongue tumors, Formalin-Fixed Paraffin-
Embedded (FFPE) embedded in FFPE, were retrieved from
the tumor bank of the Centre Paul Strauss (Strasbourg,
France). The FFPE-embedded 17/18G percutaneous needle
biopsy of an hepatic metastasis derived from carcinoma of
the gall bladder (CGB) was collected as part of a study
involving human participants approved by the Mongi Slim
University Hospital (MSUH) Committee on Medical Ethics
(La Marsa, Tunisia) and the Ethikkommission Nordwest-und
Zentralschweiz (Switzerland). Informed consent was obtained for
all subjects. Characteristics of patients with oral squamous cell
carcinoma (OSCC), or CGB liver metastasis, are summarized in
Supplementary Table 1.

Immunohistochemical staining of OSCC samples was
performed on serial 5µm deparaffinized tumor sections. For
hTNC staining, intrinsic peroxidase was blocked by incubating
sections with 3% hydrogen peroxide for 15min and antigen
retrieval was performed in Sodium Citrate (10mM) buffer pH
6.0 at 95◦C. Sections were blocked in 5% goat serum for 1 h,
then incubated ON/4◦C with rabbit anti-TNC antibody (#19011,
Millipore, 1µg/mL) or anti-hTNC Nb (2µg/mL). After PBS
rinsing, sections were incubated with biotinylated goat anti-
rabbit or goat anti-lama antibodies (1 h at RT) then avidin-biotin
(PK-4000, VECTASTAIN ABC Kit, Vector Lab, California,
USA). Staining was revealed with 3, 3 ′-Diaminobenzidine
developing solution (SK-4100, DAB, Vector Lab, California,
USA) then sections were counterstained with hematoxylin.
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After embedding in aqueous mounting medium, sections were
examined using a Zeiss Axio Imager Z2 microscope. Pictures
were taken with an AxioCam MRm (Zeiss, Axiovision) camera.
The image acquisition setting (microscope, magnification, light
intensity, exposure time) was kept constant per experiment and
in between conditions. The origin of the tumor sample, patient
gender, TNM stage, presence of metastasis and sampling date are
depicted in Supplementary Table 1.

Immunohistochemical stainings of the CGB liver metastasis
sample were performed on aVentanaDiscoveryUltra instrument
(Roche Diagnostics). The procedure RUO Discovery Universal
was used with 40min CC1 pre-treatment and anti-TNC
B28.13 (1:5,000), Nb3 (1:100) or Nb4 (1:50) were applied
manually and incubated for 1 h at 37◦C. For Nb3 and Nb4,
a rabbit anti-HA antibody (C29F4, Cell Signaling), used as
a linker to detect the nanobodies, was applied manually
(1:200) and incubated for 1 h at 37◦C. Then, an anti-mouse
antibody used for B28.13 (ImmPRESS reagent kit peroxidase
anti-mouse Ig MP-7402, Vector Laboratories) or an anti-
rabbit antibody used for Nb3 and Nb4 (ImmPRESS reagent
kit peroxidase anti-rabbit Ig MP-7401, Vector Laboratories)
were applied manually (200 µl) and incubated for 32min at
37◦C. Finally, the ChromoMap DAB kit (Roche Diagnostics)
was used for detection and slides were counterstained with
Hematoxylin II and Bluing Reagent (Roche Diagnostics)
for 8 min.

Boyden Chamber Transwell
Chemoretention Assay
Boyden chamber transwell chemoretention assay of DC2.4
dendritic cells toward CCL21 was carried out as described
previously (22). The bottom of the chamber was filled with
DMEM containing human CCL21 (200 ng/mL, catalog number
366-6C-025 R&D Systems, Minneappolis, USA). The lower
surface of the transwells was coated with purified horse
fibronectin (FN) (37), rat collagen type I (Col I, catalog
number 354236 BD Biosciences, FL, USA) or hTNC at a final
concentration of 1 µg/cm2 and incubated O/N with blocking
solution alone or with the Nb, respectively. DC2.4 (5 × 105)
cells resuspended in 150 µL of 1% FBS-complemented DMEM
were placed into the top chamber of the transwell system. After
5 h of incubation at 37◦C in 5% CO2, cells on the lower side of
the insert were fixed with PFA and stained with DAPI before
cell counting.

Adhesion Assay
The adhesion assay was carried out on human KRIB
osteosarcoma and human MES mesangial cells. Precisely,
96-well plates were coated with 1 µg/cm2 FN, hTNC or with
FN and hTNC together. Nbs were added at 500 nM after the
coating for 1 h at 37◦C. Plates were rinsed with PBS and the
non-coated plastic surface was blocked with 1% BSA for 1 h.
After blocking, KRIB osteosarcoma and MES were plated for 3
and 2 h, respectively, at 37◦C in a humidified atmosphere with
5% CO2. After incubation, non adherent cells were removed by
PBS washing and spread cells were stained with cristal violet
and counted.

Statistical Analysis
Statistical differences were analyzed by a two-way ANOVA
test or a Kruskal-Wallis t-test, Student’s test and Dunn’s post-
test. Statistical analyses were performed using the GraphPad
Prism software. p-values < 0.05 or < 0.005 were considered as
statistically significant. Data are expressed as the mean± SEM.

Structural Modeling of the Nb – TNC
Interaction
For the Nb - TNC structral interaction modeling the Rosetta
Antibody application (57, 58) from “ROSETTA 3.8”1 was used.
Selection of the top 10 Model was done according to Rosetta
scoring based on system energy. Structural information about the
5th TNC fibronectin type III repeat (TN5) was extracted from
the protein data bank deposited under the PDB code: 1TEN. The
TN5 structure was refined using the ROSETTA relax application
which then was used to map potential interaction sites in the
selected Nb through the ZDOCK docking tool, version 3.0.2 (59).
Structure and complex interactions were then visualized via the
molecular visualization PyMOL software (60).

RESULTS

Generation of an Immune VHH Library to
Produce hTNC- Specific Nanobodies
An immune response against hTNC had been elicited in the
immunized dromedary as previously described (51). From
PBMC, total RNA was extracted and cDNA was prepared.
This cDNA was used as template to perform the first
PCR using primers CALL001 and CALL002 specific for the
variable domains of the heavy-chain isotypes (IgG1, IgG2,
and IgG3), subsequently leading to the co-amplification of
VH and VHH coding domains (Supplementary Figure 1A).
As expected, because of the presence of CH1 domain in
conventional antibodies (IgG1) and different hinge size in non-
conventional antibodies (HCAbs), three PCR products were
observed by agarose gel electrophoresis: the 900, 790, and 720
bp fragments corresponding to the VH-CH1-Hinge-CH2 of
the IgG1 and the VHH-Hinge-CH2 exons of the IgG2 and
IgG3, respectively (Supplementary Figure 1A). Selective only-
VHH fragments were successfully amplified using nested PCR
specific-primers and cloned in pMECS phagemid (see above).
The obtained hTNC-specific VHH library was estimated to
contain approximately 3× 106 CFU/mL independent clones. The
insert size of 19 randomly chosen clones was investigated by PCR.
The library insertion rate with a VHH insert of the expected size
was 78.94% (Supplementary Figure 1D).

A representative aliquot of the TG1 cells harboring the
VHH antibody repertoire was rescued with the M13KO7 helper
phage to produce phage particles expressing the nanobodies.
Following three rounds of phage display selection on solid-
phase coated hTNC, enrichment for hTNC-specific phage
particles was observed from the first round of panning onwards
(Supplementary Table 2). Twenty-five periplasmic extracts

1The Rosetta software, https://www.rosettacommons.org/software/license-and-

download
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selected from randomly picked individual clones of biopanning
rounds were checked by ELISA. Only clones scoring positively
by ELISA without binding to unspecific proteins (AahI and BotI
toxins, respectively) were retained (Supplementary Figure 1E).
In total, eight recombinant clones displaying highest recognition
and binding to the hTNC from the sequenced VHHs were
selected. Two recombinant clones displayed identical amino-
acid sequences (Nb3 and Nb5). The Nb3, Nb4, and Nb29 were
selected for further investigation. As illustrated in Figure 1A,
all hTNC-specific Nb sequences (Nb3, Nb4, and Nb29) exhibit
the VHH hallmark amino acid residues in the framework-2
region (FR2 Phe42, Glu49, Arg50, and Gly52) and the conserved
Trp at position 118 of the anchoring region. According to their
common CDR1 sequence, Nb3 and Nb4 are most likely derived
from the same V-D-J rearrangement and share the same B-cell
progenitor (40). The difference in CDR3 length of the Nb29
corresponding sequence is remarkable (21 amino-acid residues).
Interestingly, the Nb29 has a total of six cysteins (at positions
23, 33, 103, 108, 117, and 119) and therefore harbors two
additional interloop disulfide bonds, in addition to the FR1/FR3
conventional ones (Cys23/Cys103). Nevertheless, because of its
moderate binding to hTNC and low yield, Nb29 was not further
investigated here.

The CDR3 residue length within the Nb3 and Nb4 sequences
(17 amino-acid residues) was identical and no difference was
noticed. The only divergence in the Nb3 and Nb4 sequences was
observed at position 2 (Leu substituted by Val in FR1), at position
52 (Gly substituted by Ala in CDR2) and at position 92 (Asp
substituted by Gly in FR3), respectively, suggesting an interaction
with a common epitope on TNC.

Production and Purification of hTNC
Specific Nanobodies
Only clones that scored highly positive
(Supplementary Figure 1E) were further used for flask
production and Immobilized Metal Affinity Chromatography
purification (IMAC), according to Hmila et al. (61). Briefly,
production of each soluble anti-hTNC Nb was accomplished
by transformation of E. coli WK6 cells with the corresponding
recombinant phagemid. The amber stop codon located between
the VHH insert and the gene III within the pMECS phagemid,
resulted in expression of the Nb as soluble protein in the
periplasm compartment of E. coli, leading to rapid IMAC
purification of the Nb. As expected, the Coomassie-stained
SDS/PAGE gel revealed the apparent molecular weight of 14 kDa
(Figure 1B). The Nb3 and Nb4 production yields were estimated
ranging from 0.6 to 0.8 mg/L, respectively, when flask cultured
in TB medium. No bands indicative of contaminants or Nb
degradation were detected.

Nb4 (5µg/mL) displayed a higher ELISA binding titer
toward hTNC (0.5µg/mL, OD492nm = 1.526), compared
to Nb3 (5µg/mL, OD492nm = 0.913) and to the irrelevant
nanobody (anti-BotI toxin nanobody, 5µg/mL, OD492nm =

0,118) (Figure 1C, Supplementary Figure 2). Furthermore,
immunoblotting assays revealed that both nanobodies showed
a specific recognition of not only the purified hTNC (100 ng)

but also of TNC in the supernatant from HEK293/TNC cells.
Parental HEK293 cells did not express TNC and also showed no
signal with Nb3 nor Nb4 (Figure 1D).

As human and murine TNC are highly conserved (62) we
used Nb3 and Nb4 for detection of murine TNC by western blot.
Whereas, the monoclonal anti-TNC antibodyMTn12 recognized
recombinant mTNC expressed in HEK293/TNC cells indicated
by the appearance of multiple bands, Nb3 and Nb4 did not
recognize these TNC species (Figure 1E). There were several
higher molecular weight bands of TNC recognized by MTn12 in
recombinant TNC, NT193, and RAW267 cells. However, one or
more of these bands at 250 kDa were well-recognized by Nb3 and
Nb4 in NT193 cells but poorly in HEK293 and RAW267 cells.
On the contrary TNC proteoforms (between 150 and 250 kDa)
that were recognized by Nb3 and Nb4 in NT193-1, RAW267 and
DC2.4 cells were not recognized by MTn12 (Figure 1E). There
are several explanations for this result. First it is conceivable
that the epitope recognized by MTn12 (which is not known)
is different to that recognized by Nb3 and Nb4. Second Nb3
and Nb4 recognize a particular TNC conformation as epitope
which is lost upon denaturation by SDS and boiling. Third,
glycosylation may have an impact on the conformation of the
epitope recognized by Nb3 and Nb4. Recently it was shown that
N-glycosylation in TNC (in particular within TN5) impacted
binding of the envelope protein of HIV (10). Apparently the
conformation of the epitope recognized by Nb3 and Nb4 is
still available in NT193 and the other murine cells despite
denaturation as seen in Figure 1E. These bands are specific for
TNC since unspecific anti-HA bands are below 85 kDa (63).
In conclusion, Nb3 and Nb4 may recognize a conformational
epitope in TNC that could be sensitive to denaturation and/or
N-glycosylation which has to be further investigated in the future.

Assessment of Nb3 and Nb4 Affinities for
TNC by Isothermal Fluorescence Titration
By Isothermal Fluorescence Titration (IFT), we investigated the
binding of Nb3 or Nb4 to fluorescently tagged mTNC until signal
saturation and determined the dissociation constant (KD) as 711
× 10−9 M (Nb3) and 537 × 10−9 M (Nb4) that indicates a
robust interaction (Figure 1F). In addition, ELISA assays were
performed with Nb molar concentrations ranging from 5× 10−7

to 5× 10−12 Mand revealed specific binding with a 50% Effective
Concentration (EC50) of both Nb3 and Nb4 binding to hTNC
at 10 and 5 nM, respectively, again revealing a strong interaction
(Figure 1G).

Detection of the Nanobody Binding Site in
TNC by Negative Electron Microscopy
We investigated the location of the antigenic epitope in hTNC
by negative electron microscopy where the nanobodies were
coupled to gold beads. Upon incubation of hTNC with gold
beads-bound nanobodies, we detected the gold particles along
the length of the hTNC monomers and quantified them
(Figure 2A). We observed a high number of Nb3 and Nb4
binding in the middle of the hTNC monomer resembling
binding of several soluble factors in the fifth fibronectin type
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FIGURE 1 | Specificity of the purified nanobodies for hTNC (A) Comparative alignment of amino acid sequences of nanobodies Nb3, Nb4, and Nb29 showing four

amino acid hallmark changes at positions F42, E49, R50, and G52 according to the IMGT Scientific chart analysis for the V-Domain. Positioning of CDRs1-3 and

Frameworks 1–4 are indicated. (B) SDS-PAGE analysis of the purified nanobodies Nb3 and Nb4. The nanobodies were expressed in bacteria and purified bacterial

lysate was separated on a 15 % SDS-PAGE gel that was stained with Coomassie blue. Lanes represent MW: Prestained molecular weight marker, size indicated in

kDa. 1, 2: Nb3 eluates 1 and 2. 3, 4: Nb4 eluates 1 and 2. 5: Purified periplasmic extract (PE) from Nb3 after induction. 6: Purified periplasmic extract from Nb4 after

induction. Nb3 and Nb4 are visible at 15 kDa, the respective molecular weight of a nanobody. (C) Binding specificity assessement of Nb3 and Nb4 An amount of 50

ng hTNC was coated onto microtiter plates, and 500 ng (100 µl) nanobodies were added. After incubation with a mouse anti-HA antibody and then anti-mouse HRP,

absorbance at 492 nm was measured by an ELISA reader. NC, no coating. Values were the means of 3 independent experiments. Mean ± SEM, *p < 0.05, **p <

0.01, Student’s t-test. (D) Western blot analysis of Nb3 and Nb4 An amount of 40 µg of total cell lysate from parental HEK293 (HEK) (devoid of TNC) and HEK:TNC

(Continued)
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FIGURE 1 | (engineered to express hTNC) and 100 ng of purified hTNC were analyzed by Western blot for detection of TNC by B28.13 (monoclonal anti-hTNC

antibody) or Nb3 and Nb4 (2µg/mL). GAPDH was used as loading control. Representative result, n = 3. (E) Western blot of 50 ng of purified mTNC (22) and 20 µg of

total cell lysate of the indicated murine cells with GAPDH as loading control. Detection of TNC with the MTn12 antibody or Nb3 and Nb4, respectively. Representative

result, n = 2. (F) Determination of the effective concentration (EC50) at which 50% of epitopes in hTNC are occupied by Nb3 (diamonds) and Nb4 (squares),

respectively. The experiment was done in triplicates. Mean ± SEM. *p < 0.05, Two-way ANOVA test. (G) Binding affinities of Nb3 and Nb4 for recombinant mTNC as

measured by isothermal fluorescence titration. The experiment was done three times.

FIGURE 2 | Identification of interaction sites of Nb3 and Nb4 in hTNC. (A) Binding of gold-labeled Nb3 and Nb4 to hTNC was determined by negative staining and

transmission electron microscopy. The hTNC molecule in the absence or presence of Nb3 or Nb4 is depicted. Black dots represent binding sites for Nb3 and Nb4 in

hTNC. (B) Quantification of Nb3 and Nb4 binding according to the position (nm) on TNC Representation of a TNC monomer with oligomerization domain (triangle) to

form hexamers as seen in (A), FNIII repeats (gray boxes, constant domains, white boxes, alternative domains) and fibrinogen like domain (circle). Representative result

of three independent experiments, displaying the quantification of 500 micrographs.

III repeat (FNIII) in TNC [TN5 (64)]. Nb3 and Nb4 showed
a similar binding pattern suggesting that both nanobodies
recognize the same or overlapping epitopes in hTNC, presumably
TN5 (Figure 2B).

Nanobodies Nb3 and Nb4 Recognize hTNC
in Fresh Frozen and Paraffin-Embedded
Human Tissues
Next, we investigated whether Nb3 and Nb4 recognized
hTNC in FFPA tissues. Therefore, we stained human colon
tissue from an ulcerative colitis (UC) patient and noticed
a staining pattern that resembled published TNC expression
in this tissue (65–67), (Supplementary Figure 3A). We also
stained tissue from human tongue tumors (OSCC) with Nb3
and Nb4 and with a commercial rabbit polyclonal anti-
TNC antibody on an adjacent section, and observed similar
staining patterns for TNC reminiscent of tumor matrix tracks
(TMT) that have previously been described [Figure 3A, (22)].
We also stained a liver metastasis from a patient with a

carcinoma of the gall bladder (CGB) (Supplementary Table 1)
with Nb3 and Nb4 and observed a strong immunoreactivity
of the stroma, similar to the staining observed with the
anti-TNC antibody B28.13 (Figure 3B). This stromal staining
resembled that of TNC expression in biliary tract cancers,
including CGB liver metastasis as seen by conventional
IHC (68).

Next we addressed recognition of murine and human TNC
in tissues by IHC and IF. Therefore, we stained U87MG
glioblastoma xenografted tumors where it was previously noticed
that human TNC was largely more abundant than murine TNC
by IHC and IF (56). We observed a fibrillar TNC signal in the
U87MG tumors by IHC with Nb3 and Nb4 (Figure 3C) that
overlapped with that of the B28.13 antibody signal, confirming
specificity of the nanobodies for TNC (Figure 3D). As the
U87MG tumors also express murine TNC but at much lower
abundance (56), we stained U87MG tumors with a knockdown
for humanTNC in the grafted tumor cells and did not see a signal,
suggesting that Nb3 and Nb4 at the chosen dilution recognize
predominantly human TNC (Figure 3E).
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FIGURE 3 | Detection of TNC in tissues by Nb3 and Nb4 IHC (A–C) and IF analysis (D,E) with Nb3 and Nb4 (A–E), B28-13 (B–E) and a polyclonal anti-TNC antibody

(Anti-TNC) (A). (A) Human OSCC (FFPE), (B) liver metastasis from a gall bladder carcinoma (FFPE), (C–E) U87MG tumors, (C) FFPE, (D,E) PFA fixed tissue. Scale bar,

100µm (A), 200µm (B), 70µm (C) and 50µm (D,E).

Nanobody Nb4 Counteracts the
Anti-adhesive Properties of TNC on a
FN/TNC Substratum
By using human osteosarcoma KRIB cells, we investigated
whether Nb4 had an impact on cell rounding by TNC on a
FN/TNC substratum. Previously, we had shown that cells are
inhibited by TNC to spread on a combined FN/TNC substratum
since TNC competed syndecan-4 binding to FN (44, 69). Here,
we plated KRIB cells on FN, FN/TNC and TNC, respectively with
or without Nb4. By staining with pholloidin (polymerized actin)
and anti-vinculin (focal adhesions), we confirmed cell spreading
on FN and cell rounding on FN/TNC and TNC, respectively.
While cells had some actin stress fibers and focal adhesions
on FN, addition of Nb4 did not change that (Figures 4A,B,

Supplementary Figure 4). However, upon addition of Nb4 to
cells plated on FN/TNC we observed that cells spread in a
Nb4 dose dependent manner with actin stress fibers and focal
adhesions that looked similar to those in cells plated on FN
(Figures 4A,B, Supplementary Figure 4). As in KRIB cells, both
Nb3 and Nb4 restored adhesion of mesangial cells (MES) on
a FN/TNC substratum suggesting that Nb3 and Nb4 blocked
binding of TNC to FN (Figures 4C,D).

Nanobodies Nb3 and Nb4 Abolished DC2.4
Chemoretention by TNC/CCL21
Previously, we had shown that in combination with CCL21 TNC
immobilized dendritic DC2.4 cells (22). Here we used a Boyden
chamber transwell migration assay to investigate whether Nb3
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FIGURE 4 | Nb3 and Nb4 interfere with TNC functions. (A,B) Cell spreading

assay followed by quantification of KRIB cells plated on FN, a mixture of FN

and hTNC (top panels) or a mixture of FN and hTNC incubated with Nb4

(bottom panels). After 2 h, the KRIB cells were fixed and stained with phalloidin

(red) to detect polymerized actin, or an anti-vinculin antibody (green) to detect

focal adhesion complexes and the nuclear marker DAPI (blue). Higher

magnifications are shown in Supplementary Figure 4. Spread cells were

counted (B). N = 3 experiments, n = 2 wells. **p < 0.01, ***p < 0.001.

Two-way ANOVA test. (C,D) Adhesion of mesangial cells (MES) 2 h after

plating on FN, TNC or FN/TNC without (Ctrl) or with Nb3 and Nb4, respectively

followed by quantification (D). N = 3 experiments, n = 2 wells. *p < 0.05.

Two-way ANOVA test. (E) Schematic representation of the Boyden chamber

transwell chemoretention assay with DC2.4 toward CCL21 in the bottom well.

The lower surface of the insert was coated with FN, Col I, or hTNC,

respectively. (F) Quantification of DC2.4 cells on the coated surfaces upon

migration toward CCL21 (5 h after plating) and pretreatment or not (Ctrl) with

Nb3 and Nb4, respectively. Note that Nb3 and Nb4 significantly abolished

DC2.4 cell retention by TNC/CCL21. N = 2 experiments, n = 4 wells. Mean ±

SEM, Kruskal-Wallis test and Dunn’s post-test. ***p < 0.005, ****p < 0.0001.

andNb4 impacted chemoretention by TNC. Therefore, we coated
the lower surface of the insert with FN, collagen I (ColI) or
TNC and added Nb3 or Nb4, respectively, and measured DC2.4
cell migration toward CCL21 placed in the lower chamber. We
measured cells adhering on the coated surfaces in the presence or
absence of the nanobodies and observed first a high number of
cells being tethered on TNC but not the other coatings. Second,
we noticed that the number of adherent cells dropped on TNC
to that of the other coatings upon addition of Nb3 and Nb4
whereas no difference was seen with the other matrix coatings
(Figures 4E,F).

FIGURE 5 | Modeling of the three dimensional topology of the Nb3/TN5

interaction complex and information about amino acid contacts. (A) Model of

the Nb3/TN5 complex TN5 (red) and Nb3 (yellow) are shown with contacting

amino acids in blue and green (left). Magnification (circle) represents a spatial

view on identified amino acid residues (three letter code, position in TN5 and

Nb3 indicated by a number, respectively) generating relevant hydrophobic,

electrostatic and H-bond interactions (right). TN5 is represented as white

surface with electrostatic surface coloring. Nb3 is presented in transparent

yellow. The most implicated amino acid residues forming H-bonds are labeled

with a dashed yellow line. (B) Contact interaction map of TN5 with Nb3

representing amino acids 802–891 in TNC (top) and amino acids 1–100 in Nb3

(left). Violet (hydrophilic-hydrophilic), green (hydrophobic-hydrophobic) and

yellow (hydrophilic-hydropholic) boxes represent the properties of the

interaction.

Three Dimensional Topology of the
Nb3/TN5 Interaction Complex
We adopted a computational structure analysis strategy in order
to identify amino acid residues involved in the interaction of Nb3
with TN5. The 1f2x (chain L), 3l95 (chain B), 5ocl (chain G)
and 5vak (chain B) structures were used as principal template
for Nb3-frameworks, CDR1, CDR2 and CDR3, respectively. The
number of generated Nb3 models was set to 1,000. The top
ten model best scores, ranked according to an energy-based
scoring were selected from 10 clusters composed of 100 structures
per cluster then visually double checked (to detect structural
anomalies) using the molecular visualization PyMOL software.
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The TN5 structure (1TEN) was included in the Nb3 molecular
docking simulation. The positively and negatively charged
residues are in blue and red, respectively, whereas the neutral
side-chains are indicated in white, showing clearly separated
charges on the TN5 surface. Using the docking approach, we
generated the top ten possible binding sites, ranked according
to an energy-based scoring and filtered them to get an unique
complex presenting the best molecular orientation with the most
stable position (Figure 5A). In order to assess the main amino
acid residues involved in the molecular Nb3-TN5 interaction,
we used the COCOMAPS (bioCOmplexes COntact MAPS) web
application server. A predicted intermolecular contact map of the
Nb3-TN5 complex is illustrated in Figure 5B with a cut-off of
3 Å, highlighting the most crucial residues mainly implicated in
the complex interaction. The predicted binding site residues in
TN5 are as follow: N862, D850, N856-Q857, S859, I860, N837,
Y858 interacting with Nb3 at position Y26, Y31, R44, S99, Y108,
Y110, D111, Y112, W113. Interestingly, the CDR2 and CDR3 are
predicted to dominate the interaction with TN5. Details of crucial
residues involved in H bounds as proton donors or acceptors are
described in Supplementary Table 3.

DISCUSSION

The matrix, a highly abundant component of tumors, could
be considered as a good tumor biomarker as matrix is often
more stable than e.g., antigens expressed by tumor cells (70, 71).
Furthermore, matrix seems to be accessible to antibodies and
antibody derivatives in therapy (33). Detection of abundant
tumor specific matrix could be useful for monitoring tumors
and their progression. In this context, TNC is an intriguing
matrix molecule, as it is highly expressed not only in tumors,
but also in fibrosis and chronic inflammation often correlating
with disease progression (4, 11, 72, 73). Hence, detection of high
TNC levels in tissues and body fluids of patients with e.g., cancer
or rheumatoid arthritis is a promising strategy (21, 22, 62). The
large isoform of TNC, highly abundant in cancer tissue, may
even be a good address for the delivery of drugs into the tumor
(1). In particular, TNC-specific antibodies were shown to be a
means for tumor targeting. In the past, several TNC-specific
monoclonal antibodies were developed as well as aptamers and
antibody fragments (scFv) that are currently undergoing clinical
evaluation (37, 74–78). The anti-human TNC G11 antibody
(79) was used for targeting TNC in glioma xenografts upon
coupling with 18F-fluorodeoxyglucose (37). Phase I and II clinical
trials were performed with the F16 anti-TNC antibody in
glioma patients (80, 81), breast cancer (82, 83) and Hodgkin’s
lymphoma (35). Coupling the TNC specific F16 antibody to IL-
2 (Teleukin R©) was used to deliver IL-2 into the cancer tissue
(82, 84). Moreover, since 2013, a phase II clinical trial using
Teleukin R© labeled with 131Iodine is in progress in melanoma
patients (EudraCT 2012-004018-33) (35). These antibodies did
not show any adverse effects and may be useful for tumor
imaging. One needs to await the outcome of the clinical studies to
see whether targeting TNC with these antibodies can also reduce
tumor growth and potentially tumor progression (78).

Staining of FFPE tissues remains a challenge in the clinical
practice due to frequent masking of epitopes. Also access of
antibodies to their epitopes used in functionalized antibody
assisted drug delivery remains a challenge. Due to their intrinsic
characteristics, such as small size, high stability and good
specificity, nanobodies constitute promising agents to overcome
some of these limitations (85). Indeed, in a recently patented
study covering another group of TNC specific nanobodies (86,
87), the authors demonstrated that the radioactive coupled
nanobody 64Cu-NJTs detected micrometastasis in tumor mice by
life imaging. These results promise that TNC specific nanobodies
could be used for delivery of therapeutic compounds into tumors
or into other tissues with high TNC content.

In this report we aimed at the development of nanobodies
directed against hTNC to detect TNC in FFPE tissues and to block
TNC functions. We purified recombinant TNC of human origin
and used this molecule to elicit a potent immune response in the
dromedary. A substantial proportion of polyclonal heavy chain
IgG subclasses bound to TNC and recognized TNC by IF staining
in tumor tissue (51). This encouraged us to generate nanobodies.
A VHH library from this dromedary was generated that met the
required quality control standards (88, 89) and allowed us to
isolate nanobodies that specifically recognized TNC. Although,
the titer of dromedary antibodies against hTNC was significantly
high, the in vitro selection of anti-hTNC binders from this
specific VHH library allowed us to retrieve only eight binders
after three rounds of bio-panning. A possible explanation of this
limited sequence diversity of binders might be attributed to our
screening condition as we immobilized hTNC which potentially
has masked the epitopes or prevented nanobodies to bind due to
sterical hindrance. To retrieve nanobodies recognizing additional
TNC sequences, future biopanning could be done by using
soluble TNC.

In this paper, we have generated eight human TNC specific
nanobodies and the two best in class candidates (Nb3, Nb4)
in terms of binding strength and specificity were further
characterized in more detail. The amino acid sequences of the
three TNC-specific Nb revealed a high degree of identity with
human VH sequences of family III; however the VHH imprints
were clearly present (90, 91).

Nb3 and Nb4 recognized specifically TNC by
immunoblotting, ELISA and negative EM imaging and by
staining of PFA and FFPE fixed human tissues. We identified
binding of Nb3 and Nb4 in the center of the TNC monomer
around TN5 which may be a particularly exposed site in TNC as
TN5 was shown to bind several soluble factors (22, 64). Future
studies have to address whether TN5 is particular in raising
an immune response. It is interesting to note N-glycosylation
sites in TN5 and that N-glycosylation is important for the
envelope proteins of HIV to bind TNC (10). In this context it
will be interesting to learn more about the antigenic epitope
properties of the NJTs nanobodies and to see whether the
epitopes are different.

Both nanobodies exhibited a TNC specific staining in all tested
tissues confirming the aptitude of Nb3 and Nb4 to recognize
native TNC in situ. As our study is limited to a few examples as
proof of concept, more stainings of FFPE embedded tissues have
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to be done in the future. It is important to compare Nb3 and Nb4
stainings with established anti-TNC antibody staining protocols
to determine whether staining patterns are similar or different. In
silico, 3D modeling of the interaction of Nb3 with TN5 revealed
the potential contribution of CDR2 and CDR3 in the interaction
with critical hydrophobic amino acid residues in TN5. Future site
directed mutagenesis experiments have to evaluate the predicted
nanobody-TN5 interaction sites in particular taking into account
a potential role of N-glycosylation.

The Nb3 and Nb4 nanobodies may be suitable for a sandwich
ELISA assay. There is a need for a robust ELISA assay to detect
TNC in body fluids such as blood and urine to be used as
parameters for earlier diagnosis of diseases with high TNC levels
(11, 12, 92, 93). Only few commercial ELISA kits are available.
A frequently used one recognizes the FNIIIB domain that is not
present in all TNC proteoforms and thus may miss TNC species
lacking this domain (94). Thus, an advantage of using Nb3 and
Nb4 for ELISA is that they recognize an epitope in the constant
FNIII domains (likely in TN5) thereby potentially detectingmore
TNC isoforms.

To respond to the need of high Nb3 and Nb4 yields for
applications mentioned above the expression conditions have to
be optimized in the future as the production yields of Nb3 and
Nb4 varied and were not very high.

Finally, we observed that Nb3 and Nb4 recognized not only
human TNC but also murine TNC as seen by immunoblotting
and IFT with a KD value in the three digits nanomolar range
comparable to other molecules binding TNC [TGF-β1, KD =

20.3 nM (64); CCL21, KD = 58 nM (22); FN III13, KD =128 nM
(44)]. Therefore, these nanobodies may be useful for preclinical
models assessing tumor growth by life imaging, delivery of drugs
into tissues with high TNC levels or even to inhibit TNC actions
in tumors as we observed that both Nb3 and Nb4 inhibited
TNC-induced cell rounding, and TNC specific retention of
immune cells in the matrix. Thus, our nanobodies could be
suitable to inhibit TNC functions in cancer cell migration and
invasion and to ablate immune-suppressive functions of TNC
in cancer. As a major binding site for the envelope protein in
HIV was found in TN5 (10), Nb3 and Nb4 may be useful to
modulate this interaction. Finally, Nb3 and Nb4 may also be
useful to target TNC actions in COVID19 as high TNC levels
correlated with severity of the disease symptoms (13). Our results
provide a rationale for a future clinical evaluation of the hTNC-
specific Nbs.
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Pancreatic cancer is the seventh leading cause of cancer-related deaths worldwide

and is predicted to become second in 2030 in industrialized countries if no therapeutic

progress is made. Among the different types of pancreatic cancers, Pancreatic Ductal

Adenocarcinoma (PDAC) is by far the most represented one with an occurrence of

more than 90%. This specific cancer is a devastating malignancy with an extremely

poor prognosis, as shown by the 5-years survival rate of 2–9%, ranking firmly last

amongst all cancer sites in terms of prognostic outcomes for patients. Pancreatic tumors

progress with few specific symptoms and are thus at an advanced stage at diagnosis

in most patients. This malignancy is characterized by an extremely dense stroma

deposition around lesions, accompanied by tissue hypovascularization and a profound

immune suppression. Altogether, these combined features make access to cancer cells

almost impossible for conventional chemotherapeutics and new immunotherapeutic

agents, thus contributing to the fatal outcomes of the disease. Initially ignored, the

Tumor MicroEnvironment (TME) is now the subject of intensive research related to

PDAC treatment and could contain new therapeutic targets. In this review, we will

summarize the current state of knowledge in the field by focusing on TME composition

to understand how this specific compartment could influence tumor progression and

resistance to therapies. Attention will be paid to Tenascin-C, a matrix glycoprotein

commonly upregulated during cancer that participates to PDAC progression and thus

contributes to poor prognosis.

Keywords: pancreatic ductal adenocarcinoma, stroma, tumor microenvironment, extracellular matrix, tenascin

INTRODUCTION

Pancreatic cancer is relatively rare and represents 2.5% of all cancers worldwide in 2018 (1).
However, the fatal outcome of this disease is almost inevitable which consequently ranks this cancer
site as the most devastating one. This poor survival is mainly inherent to the fact that this cancer
evolves with few specific symptoms and is therefore mostly diagnosed at an advanced stage when
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the cancer presents a very aggressive behavior (4). Upon
cancer detection, resection is possible in 10–20% of the
cases, depending on tumor stage, and localization. Before or
after surgery, or for unresectable tumors, various treatments
including chemotherapeutic agents (gemcitabine, nab-paclitaxel,
5-fluorouacil, or FOLFIRINOX) and radiotherapy are generally
used, but demonstrate little improvement of patient survival (4–
6). Therefore, the discovery of new therapeutics and/or earlier
detection of the disease before the onset of signs and symptoms
is mandatory to improve patient survival rate.

Acinar cells are the predominant cell type in the pancreas
and present an intrinsic plasticity enabling them to perform
metaplasia to ductal-like cells. This metaplastic process called
acinar-to-ductal metaplasia (ADM), is observed during acute and
chronic pancreatitis and may represent the initial step toward
the formation of pancreatic intraepithelial neoplasia (PanIN),
which may then progress to PDAC. PanIN lesions are classified
in different grades, from PanIN1A to PanIN3, characterized by
the evolution of epithelial cell morphology (Figure 1).

Pancreatic carcinogenesis is a multi-stage process resulting
primarily from the accumulation of genetic alterations
(average of 63 mutations per patient) in the somatic DNA
of normal cells as well as inherited mutations (7). Among
the numerous referenced alterations, KRAS, CDKN2A,
TP53, and SMAD4 are the four most frequently mutated

FIGURE 1 | Schematic representations and optical microscopic images of normal pancreas, pancreatitis, and progression from PanIN1 to invasive PDAC. Particular

focus is made on development of desmoplastic stroma. Pancreatitis schematic representation from Yao et al. (2), PanIN progression inspired from Morris et al. (3). ID,

Interlobular Duct; IL, Islet of Langerhans; A, Acini; BPC, Benign Pancreatic Cells; WBC, White Blood Cells. Healthy pancreas scheme has been obtained from

OpenStax College - Anatomy & Physiology. http://cnx.org/content/col11496/1.6/.

genes. KRAS proto-oncogene mutations have been detected
in 92% of PDAC and are already detectable in precursor
lesions, including early preinvasive intraepithelial neoplasia.
Interestingly, SMAD4 mutations are associated with tumor
size, lymphatic invasion, and metastasis and no survival at 5
years (8).

Besides the dramatic modifications in epithelial tissue
morphology and genome, PDAC formation is also characterized
by the desmoplastic reaction induced by tumor cells, which
corresponds to a profound modification of the connective tissue
through (1) recruitment and activation of specific fibroblasts
and (4) intense ECM deposition. Initially corresponding to
around 5% of pancreas mass, the connective tissue thus largely
develops up to 90% of tumor area (60% on average) (9).
Changes in stroma composition also lead to modifications in
local immune system and vascularization, which dramatically
influence prognosis (10, 11). However, the TME also contains
anti-tumor components, which could explain why strategies
depleting connective tissue cells have been so ineffective or even
deleterious (12, 13).

The purpose of this review will thus be to describe the changes
(1) in the cellular composition of the TME, as well as (4) in the
ECM composition by attempting to identify which proteins have
a potential pro- or anti-tumoral role with the ultimate aim of
bringing out new therapeutic targets.
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Cellular Composition of the Stroma
Cancer-Associated Fibroblasts
Among the various PDAC stromal cell types, the Cancer-
Associated Fibroblasts (CAFs) are the most abundant. The
CAF population presents a high heterogeneity and diversity of
functions, presumably due to the multiple origins of these cells
(14). Indeed, they can originate from tissue-resident fibroblasts
that are activated under the control of growth factors such as
TGFβ or following genetic mutations such as TP53 or PTEN (15).
Another cellular origin of CAFs, and probably the most frequent
one, is the Pancreatic Stellate Cells (PSCs) (16). PSC activation
occurs following pancreatic injury, or upon PDGF or TGFβ
stimulation, and leads to (1) morphological changes from a star-
like shape into spindle-like cells, (4) loss of vitamin-A droplets
and (5) increase in cell nucleus volume (17–19). CAFs may also
derive from the recruitment and differentiation of bone marrow-
derived mesenchymal stem cells or from the trans-differentiation
of non-fibroblastic lineages such as adipocytes or epithelial cells
(12, 20, 21). Various markers can be used to distinguish the
multiple subsets of CAFs, such as PDGF-receptor α and β

(PDGFRα/β), α-SMA, FAP, and S100A4 (Ca2+-binding protein),
but none of them is exclusively expressed by CAFs, further
highlighting CAF heterogeneity (21, 22). CAFs are responsible
for the deposition of a dense tumor stroma, which subsequently
can function as a physical barrier against immune infiltration or
as a structural scaffold for cell interactions. In addition, CAFs
secrete MMPs, which consequently ensure ECM degradation
and the subsequent release of various factors leading to the
recruitment of specific cells and/or cell dissemination. Finally,
CAFs also produce many growth factors and proinflammatory
cytokines such as TGFβ, vascular endothelial growth factor
(VEGF), interleukin-6 (IL-6) and CXC-chemokine ligand 12
(CXCL12), thereby promoting tumor growth, angiogenesis and
recruitment of immunosuppressive cells into the TME to
assist in immune evasion (20, 23). In an effort to depict the
fibroblast heterogeneity, 3 different CAF subpopulations have
been identified according to their function or gene signature:
the “inflammatory,” “myofibroblastic” and “antigen-presenting”
CAFs (24, 25).

Endothelial Cells
Despite the obvious production of pro-angiogenic factors by
CAFs and pancreatic tumor cells, PDAC is characterized by a low
microvascular density compared to other types of cancers (11).
Indeed, the dense fibrotic stroma forms a physical barrier that
inhibits the formation and the proper functioning of vasculature,
resulting in sparse constricted blood and lymphatic vessels that
are only partially functional and physically separated from the
cancer cells. This feature is deleterious for patient survival since
low vascularity is associated with poor patient survival due to
poor anti-cancer immune cell infiltration and chemotherapeutic
drug delivery (26). Consequently, addition of anti-angiogenic
drug (bevacizumab) to standard chemotherapy demonstrated
no improvement in PDAC outcome (27). On contrary, vascular
normalization aiming at improving drug delivery could be a good
strategy for this type of carcinoma (27).

Infiltrating Immune Cells
Chronic pancreatitis is a risk factor for the development of
PDAC as well as of systemic diseases characterized by chronic
low-grade inflammation, such as metaflammation in patients
with the metabolic syndrome or diabetes (28, 29). Interestingly,
chronic pancreatitis and PDAC tissues show similarities in their
desmoplasia and inflammatory infiltrates, indicating overlapping
inflammatory responses.

The prevention and elimination of cancer cells are dependent
on the immune system around the tumor. The PDAC immune
microenvironment is characterized by (1) the exhaustion of anti-
cancer immune cytotoxic T lymphocytes notably due to high
mechanical constraints within the tumor and (4) the infiltration
of multiple types of tumor-promoting immune cells, including
myeloid-derived suppressor cells, tumor-associatedmacrophages
and regulatory T cells (10, 30). Those tumor-promoting immune
cells, in combination with CAFs and cancer cells secrete
various pro-inflammatory cytokines such as TGFβ, TNFα, and
different interleukins which subsequently favor immune evasion,
PDAC development and metastasis formation (31). Various
strategies are currently developed to treat PDAC by restoring
proper immune system function: enzymatic digestion of TME,
vascular normalization and neutralization of immune system
modulators (21).

ECM Evolution During Pancreatic
Carcinogenesis
PDAC is characterized by an intense desmoplastic reaction,
defined as the fibrotic response of healthy tissue to invasive
carcinoma and consisting of an abnormal accumulation of
ECM components, mostly collagen fibers (32). This new TME
acts as a physical barrier preventing (1) proper angiogenesis,
and subsequent drug delivery, and (4) anti-cancer immune
infiltration (33, 34). Consequently, TME has been considered
as deleterious for patient prognosis and CAFs, which are
responsible for dense ECM deposition, have been the target of
clinical trials. However, CAF depletion resulted in an apparent
paradoxical accelerated disease progression and encouraged a
more detailed analysis of the most differentially regulated ECM
components in the pancreatic tumors vs. healthy tissue, in order
to identify new therapeutic targets within the TME (35, 36).
We hereafter describe these matrix components according to the
matrisome classification [Table 1; (37)].

Core Matrisome

Collagens
Collagens are by far the most represented constituents of the
connective tissue of normal and pathological pancreas (>90%
of ECM proteins), with the type I and III fibrillar collagens
accounting for >90% of all collagen mass (36, 38). Protein
level for those collagens increases 2.6-fold during pancreatic
tumor progression, which explains desmoplasia and justifies
them as crucial targets. Additionally, the stroma undergoes
intense rearrangement, leading to highly aligned collagen fibers,
associated with bad prognosis for patients following pancreatic
cancer resection (111). Despite their increased deposition,
no ratio variation is observed for type I and III collagens
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TABLE 1 | ECM proteins involved in PDAC, presented according to the matrisome classification.

Matrisome category Name Pro (+) or Anti (-) tumoral role in PDAC Secreted

by…

References

Part 1

C
o
re

m
a
tr
is
o
m
e

C
o
lla
g
e
n
s

Collagen type I + Patients • ⇒ Patient survival (analysis of PDAC patient samples and their

corresponding clinicopathological parameters

Stromal cells (36, 38–45)

in vivo • Nutritive source (PKI model)

• + Invasion and EMT

• Mechanical constraint → hypovascularization, low immune cell

infiltration, - chemotherapy delivery

in vitro • + Proliferation, migration, EMT and—apoptosis (pancreatic cancer

cell lines)

• Nutritive source (PK4A cell line)

Collagen type III + in vivo • Desmoplasia/mechanical constraint → hypovascularization, low

immune cell infiltration, – chemotherapy delivery

Stromal cells

Collagen type IV + Patients • High circulating collagen IV: ⇒ survival after surgery (quick relapse)

• Poor outcome

Tumor and

stromal cells

(46, 47)

in vivo • Nutritive source (PKI model)

in vitro • + Cancer cell growth, maintenance of migratory phenotype

and—apoptosis (pancreatic cell lines)

• Nutritive source (PK4A cell line)

Collagen type V + in vivo • + Metastasis formation (orthotopic mouse models of PDAC) Stromal cells,

PSCs

(48)

in vitro • + Adhesion, proliferation, migration and survival (PDAC cell lines)

• + Angiogenesis

Collagen type VI + in vivo • + Metastasis under hyperglycemia conditions (orthotopic

implantation and intravenous injection of PDAC murine cells)

Stromal cells (36, 39)

Collagen type XV – in vitro • – Migratory abilities and EMT (BxPC-3 cell line) Stromal cells (49)

P
ro
te
o
g
ly
c
a
n
s

Testican + Patients • Poor patient survival Stromal cells (50, 51)

in vitro • + Collagen deposition and invasive cancer cell growth (organotypic

coculture models)

• + Cancer cell proliferation, survival, migration, invasion and EMT

(PDAC cell lines)

Lumican – Patients • ⇒ Patient survival

• ⇒ Metastatic recurrence after surgery

Stromal cells (52, 53)

in vivo • – Cancer cell growth (xenograft and syngeneic orthotopic

mouse models)

Decorin – in vitro • – Cell growth (cancer cell lines) Stromal cells (36, 54)

Biglycan – in vitro • Cell growth (PDAC cell lines)

• – Cell migration / metastasis (pancreatic cell lines)

Tumor and

stromal cells

(55–58)

+ Patients • Poor prognosis (⇒ overall survival) Stromal cells

Versican + in vivo and in

vitro

• Immunosuppressive component, ⇒ T cell infiltration (KPC mouse

model and PDAC organotypic spheroid coculture models)

Tumor and

stromal cells

(59, 60)

E
C
M

g
ly
c
o
p
ro
te
in
s

Laminins + Patients • Poor prognosis (public online databases) Tumor cells (61, 62)

in vivo • + Cancer cell proliferation, invasion and migration (+ metastasis)

(subcutaneous xenograft mouse model and pancreatic cancer liver

metastasis mouse model)

in vitro • + Cancer cell proliferation, survival, migration, invasion and EMT

(pancreatic cell lines)

Fibronectin + Patients • Associated with advanced stages, patient short survival and poor

prognosis (analysis of PDAC patient samples and their corresponding

clinicopathological parameters

Tumor and

stromal cells

(63–68)

in vitro • + Tumor growth and invasion

• + Chemoresistance (cells from PDAC patients and pancreatic cancer

cell lines)

TGFβi + Patients • Poor prognosis, associated with patient short survival Tumor and

stromal cells

(69–72)

in vivo • + Tumor rigidity and immunosuppression (various pancreatic mouse

models)

• + Tumor growth

in vitro • + Cancer cell migration and invasion (pancreatic cancer cell lines)

Tenascin-C + Patients • Poor prognosis (PDAC patient samples), may depend on tumor stage

• Correlated with perineural invasion, advanced stages, postoperative

locoregional recurrence and metastases (resected PDAC specimens

and clinicopathological features)

Stromal cells (9, 73–77)

in vitro • + Perineural invasion (coculture model)

• + Cancer cell proliferation, invasion and EMT (metastasis) (PDAC cell

lines and primary PanIN and PDAC cells)

(Continued)
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TABLE 1 | Continued

Matrisome category Name Pro (+) or Anti (-) tumoral role in PDAC Secreted

by…

References

PART 2

M
a
tr
is
o
m
e
-a
s
s
o
c
ia
te
d
p
ro
te
in
s

S
e
c
re
te
d
fa
c
to
rs

TGFβ + in vivo • + PSC activation, proliferation and collagen synthesis

(subcutaneous and orthotopic transplantation models and

transgenic mouse models)

• + Metastasis (orthotopic and transgenic mouse models)

• Immunosuppression and inappropriate inflammation

Tumor and

stromal cells

(40, 78–81)

in vitro • + PSC activation, proliferation and collagen synthesis

• + Cancer cell proliferation and—apoptosis (various pancreatic

cancer cell lines and coculture models)

• + Cancer cell EMT and invasion

SHH + in vivo and

in vitro

• + PSC recruitment and activation (+ desmoplasia) (human

pancreatic primary cells, PDAC cell lines, subcutaneous and

orthotopic transplantation of PDAC cells and transgenic pancreatic

mouse models)

Tumor cells (82)

FGF-2 + in vitro • + PSC activation and collagen synthesis (various PDAC cell lines) Tumor cells (40)

PDGF + in vitro • + PSC activation and collagen synthesis (various PDAC cell lines) Tumor cells (40)

CXCLs + in vivo • + Desmoplastic reaction and tumor angiogenesis (transgenic

mouse models)

• + Cancer cell migration/invasion

• + Inflammation

Tumor cells (36, 83, 84)

S100 proteins + in vivo • + Tumor growth and metastasis (various xenograft and transgenic

pancreatic mouse models)

Tumor cells (85–87)

in vitro • + Cancer cell survival, migration/invasion (PDAC cell lines)

E
C
M

re
g
u
la
to
rs

MMPs + Patients • Poor prognosis (analysis of PDAC patient samples and their

corresponding clinicopathological parameters)

Tumor cells (36, 88–90)

in vivo • ADM induction (various KRAS mouse models)

• + Tumor growth and metastasis (mice harboring orthotopic

pancreatic cancers, subcutaneously injected with pancreatic

cancer cell lines or several genetic Kras-driven PDAC models

• + Angiogenesis (subcutaneously or orthotopically injected mice

with PDAC cells)

in vitro • + Cancer cell proliferation and invasion

ADAMs + Patients • Associated with poor prognosis and invasive tumors (analysis of

PDAC patient samples and their corresponding

clinicopathological parameters)

Tumor and

stromal cells

(91–93)

in vivo • + Tumor growth and metastasis (orthotopically-injected mice and

KRAS mouse model)

• + Angiogenesis

in vitro • + Cancer cell migration/invasion (PDAC cell lines)

• + Angiogenesis

TIMPs – in vivo • Tumor growth and metastasis, + apoptosis (subcutaneous and

orthotopic injection)

• – Angiogenesis

Stromal cells (94–96)

in vitro • – Cancer cell invasion,—invadopodia (co-culture models)

+ in vivo • + Tumor growth and metastasis (KPC and subcutaneously

injected mouse models)

• Drug resistance

Tumor cells

SERPINs +

(–)

Patients • Poor survival / Poor prognosis (analysis of PDAC patient samples

and their corresponding clinicopathological parameters)

Tumor and

stromal cells

(36, 97–100)

in vivo • + Tumor growth, invasion and metastasis (PDAC cells transplanted

mouse models)

LOXs + Patients • Poor survival post-resection (transcriptomic analysis of

patient samples)

Stromal cells (36, 101, 102)

in vivo • Drug resistance: + desmoplasia,—perfusion (orthotopically

transplanted mouse model)

• + Cancer cell migration/invasion, + metastasis (KPC

mouse model)

(Continued)
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TABLE 1 | Continued

Matrisome category Name Pro (+) or Anti (-) tumoral role in PDAC Secreted

by…

References
E
C
M
-a
ffi
lia
te
d
p
ro
te
in
s

Annexins + Patients • Associated with poor patient survival, tumor progression and

recurrence post-resection (analysis of PDAC patient samples and

their corresponding clinicopathological parameters, and TCGA public

online database

Tumor and

stromal cells

(103–109)

in vivo • + Metastasis (pancreatic transplanted mouse model)

in vitro • + Cancer cell growth, - apoptosis

• + Cancer cell invasion and EMT activation (PDAC cell lines)

• + Chemoresistance

Galectins + in vivo • Gal1: ADM induction

• Gal3: + Tumor growth and immune escape

• Gal9: + Immune escape

Stromal cells

(Gal1) and

tumor cells

(Gal3 and

Gal9)

(110)

in vitro • Gal1 and 3: + PSC activation

• Gal1: + Cancer cell proliferation, migration/invasion and

immunosuppression

• Gal3: + Cancer cell growth/proliferation and invasion/migration

– Patients • Gal4: Associated with patient better survival and less metastases Tumor cells

in vitro • Gal4:—Cancer cell migration and invasion (PDAC primary cells and

cell lines)

Pro-(+) or anti-(–) tumoral role as well as cells responsible for their secretion are detailed. +: promotion, –: inhibition, ⇒: increased,⇒ : decreased. Each protein family has been classified

according to the matrisome classification and is highlighted with a specific color. Tenascin-C information is highlighted in dark green.

between healthy and PDAC connective tissues, thus encouraging
attention to other collagens differentially expressed during
pancreatic carcinogenesis (37). Among them, type IV, V, VI,
VII, XII, XIV, and XV collagens are key players in pancreatic
tumorigenesis and act either as beneficial or detrimental
molecules. For instance, collagen IV, which is an essential
constituent of the basement membrane (BM), is produced by
cancer cells, favors cancer cell growth, migration and protect
them from apoptosis. Consequently, high serum level of collagen
IV is associated with quick relapse after surgery and thus
poor survival (46, 47). On contrary, another BM component,
collagen XV, is lost during pancreatic tumorigenesis and its
overexpression reduces the migratory abilities of PDAC cells
in type I collagen-rich matrices (49). Interestingly, collagen
VI is highly expressed during PDAC progression, induces
metastatic colonization particularly in a hyperglycemic context
and could therefore be targeted especially in diabetic patients
(36, 39).

Besides their architectural and signaling role enabling tumor
progression, collagens also serve as a nutritive source. Indeed,
under PDAC specific conditions low in oxygen and nutrients,
tumor cells metabolize collagen molecules, and thus collagen-
derived proline enables PDAC cell proliferation (112). Therefore,
this could explain the correlation between high serum collagen
fragment levels in serum and significantly shorter overall
survival, and prompts detailed analysis of collagen fragment role
during PDAC progression (113).

Proteoglycans
Proteoglycans consist of one or more glycosaminoglycan (GAG)
chain(s)—representing around 85% of the molecule mass—
covalently attached to a core protein, and are categorized
depending of their GAG chain nature and size (114). Among the
small proteoglycans which are mainly expressed by TME, testican

acts as a pro-tumoral molecule by affecting collagen deposition
and thus favoring tumor cell growth and invasion, therefore
leading to a poor patient survival, whereas lumican interferes
with tumor progression and is associated with prolonged patient
survival by limiting cancer cell growth andmetastasis (50, 52, 53).
Decorin is also considered as an anti-tumoral constituent by
reducing tumor cell growth (36, 54) whereas the pro- or anti-
tumoral status of biglycan in PDAC is still under debate. Indeed,
its expression by stromal and epithelial cells (1) is induced by
TGFβ, (4) has been described to inhibit pancreatic cancer cell
growth and migration (55–57), but (5) is associated with poor
prognosis (58). Finally, versican, which corresponds to a large
proteoglycan expressed by both stromal and epithelial cells in
PDAC, acts as an immunosuppressive component by reducing T
cell infiltration and is thus considered as a deleterious molecule
for patient survival (59).

Glycoproteins
Laminins are a family of ECM glycoproteins representing the
major non-collagenous constituent in BM.Most of their subunits
are over-expressed in PDAC and associated with poor outcome
for patient survival (61). Fibronectin (FN1), which supports cell-
ECM interactions, is essential for wound healing, development,
and tissue homeostasis under physiological context. FN1 is also
upregulated in PDAC which leads to tumor growth, invasion and
metastasis formation and is consequently associated with poor
prognosis in PDAC patients (63).

Transforming Growth Factor beta-induced (TGFβi) protein,
also named βig-h3, is able to modulate cell adhesion through
various integrins, including αvβ3, α1β1, and αvβ5.This
glycoprotein is increased during pancreatic cancer and acts
either directly on tumor CD8+ T cells by reducing their
proliferation and activation or on tumor cells by promoting their
migration and invasion (69, 115). TGFβi could thus be regarded
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for its double therapeutic potential to increase local anti-tumor
immunity and subsequently induce cancer cell apoptosis or
inhibit metastasis (69–72).

Among the four members of the Tenascin (TN) family,
Tenascin-C (TNC) is by far the most well-characterized and is
commonly described as being widely distributed in embryonic
tissues, restricted in some adult tissues, such as stem cell
niches and tendons (116), and de novo re-expressed during
physio-pathological contexts such as wound healing and tumor
progression (117). In PDAC, TNC protein is restrained to the
tumor stroma and is not found in epithelial tumor cells or
adjacent normal pancreatic tissue (9). High TNC expression, and
downstream signaling through the Annexin II receptor, have
been initially correlated with poor prognosis but this association
is still controversial and could depend on the stage and grade
of the pancreatic tumor or the specific location of TNC (9,
73, 118). So, high perineural TNC expression is associated with
perineural invasion and poor prognosis with high loco-regional
recurrence (74). In the same line, a recent study highlighted TNC
as a prominent protein found in exosomal compartment and
associated with local invasion and distant metastasis (75).

We recently demonstrated TNXB gene and TNX protein were
significantly downregulated in the six cancers with the highest
incidence and mortality worldwide (i.e., lung, breast, prostate,
stomach, colorectal, and liver carcinomas) and low TNX levels
were associated with poor prognosis in patients suffering from
lung and breast carcinomas (119). In the same study, TNX
protein expression was also decreased in tumor samples from
PDAC patients (119).

Matrisome-Associated Proteins

Secreted Factors
In pancreatic cancer, Various Factors Are Mainly produced by
cancer cells to favor tumor progression. Among them, TGFβ role
is complex and mediates both pro- and anti-tumoral activities
in cancer cells depending on their context, in space and time
and their microenvironment. Indeed, in normal pancreatic cells
and at early stages of pancreatic carcinogenesis, TGFβ exerts
a tumor suppressive effect through SMAD4-regulated genes.
However, in the late phase, SMAD4 is inactivated whereas
TGFβ expression is upregulated leading to PI3K/Akt, Ras/ERK,
p38MAPK, and Rho/GTPase pathway activation and subsequent
tumor progression (120). Then, TGFβ invariably induces (1)
proliferation and survival of PDAC cells, (4) EMT, invasion,
and metastasis, (5) production of a dense fibrotic stroma and
(6) deregulation of the immune microenvironment toward
immunosuppression and inappropriate inflammation. Thus,
various promising pre-clinical and clinical trials have already
evaluated the potential of TGFβ-targeting therapies, through
TGFβ regulator (losartan), TGFβ neutralizing antibodies or
TGFβ receptor inhibitors (78–81, 121, 122). Other signaling
factors are secreted by pancreatic cancer cells, enabling
PSC recruitment and activation, and subsequent desmoplastic
response inducing collagen synthesis. Thus, Sonic HedgeHog
(SHH), Fibroblast Growth Factor-2 (FGF-2) and Platelet-derived
Growth Factor (PDGF) are overexpressed during PDAC and
interfering with their signaling corresponds to valuable strategies

for PDAC treatment (40, 82). However, clinical trials using
IPI-926, vismodegib and sonidegib that target the hedgehog
pathway have so far been disappointing (123). PDAC cells
also overexpress several CXC ligands, which are involved
in desmoplastic reaction, immune modulation and tumor
angiogenesis (36, 124). Thus, blocking the CXCLs-CXCR2
axis improves survival in a PDAC developing mouse model
by reducing cell invasion and inflammation and could be
a therapeutic approach against PDAC progression (83, 125).
Finally, proteomic analyses of ECM during PDAC progression
demonstrated that various members of the S100 Ca2+-binding
protein family, notably S100P and S100A4, are upregulated
in this disease and their high levels are associated with poor
prognosis, thus shedding light on their receptor, i.e., the
Receptor for Advanced Glycation End products (RAGE) and the
RAGE/S100 ligand axis as a promising therapeutic approach (85).
Therefore, various S100 monoclonal antibodies, S100 protein
inhibitors or RAGE antagonist have already demonstrated a
reduction of tumor growth and metastasis formation in mouse
models (85).

ECM Regulators
Many proteins overexpressed during pancreatic tumorigenesis
are responsible for ECM remodeling and are therefore
potential targets for pancreatic cancer treatment.
Matrix MetalloProteinases (MMPs), A Disintegrin And
Metalloproteinases (ADAMs), and A Disintegrin And
Metalloproteinase with ThromboSpondin motifs (ADAMTSs)
are zinc-dependent endopeptidases that are able to degrade all
ECM proteins. Their activities are tightly regulated by proteolytic
activation and inhibition via their natural inhibitors, Tissue
Inhibitors of MetalloProteinases (TIMPs) (126). The imbalance
between the expression of metalloproteinases and TIMPs is thus
of crucial interest in cancer development and metastasis (127).
With some exceptions, those proteases are overexpressed during
pancreatic cancer progression and are the targets of numerous
pre-clinical and clinical trials, which for some of them were
disappointing or less powerful than expected, probably due to
(1) aspecific metalloproteinase targeting (use of broad-spectrum
inhibitors) or (4) compensation mechanisms set up by tumor
cells (88).

Several SERPIN family members are also importantly
differentially regulated during PDAC development, mainly
promoting tumor growth, invasion, and are associated with poor
survival, but their activities have to be analyzed individually
with particular attention paid to their original cells (36, 97–99).
Finally, Lysyl Oxidases (LOX), a family of extracellular copper-
dependent enzymes involved in ECM cross-linking, are also
important matrix regulators over-represented during pancreatic
tumorigenesis (36). Their inhibition in mouse model prolonged
tumor-free survival by interfering with stroma stiffness (101,
102).

ECM-Affiliated Proteins
Among the ECM-affiliated proteins significantly deregulated
during PDAC development, numerous members belong to the
vertebrate “A subgroup” of the annexin superfamily coding a
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calcium- and membrane-binding protein (36). This subgroup
consists of at least 12 members (A1-A11 and A13), all of which
are suspected to be involved in tumor development (103). In
PDAC, annexins are known to favor tumor cell growth, EMT,
invasion and metastasis and to inhibit apoptosis. Additionally,
they interact with various peri-cellular proteins such as S100
proteins and TNC, which are upregulated during PDAC
progression. Therefore, annexin overexpression is associated
with poor patient prognosis and could inspire new therapeutic
strategies (128). Galectins, which are a family of carbohydrate-
binding proteins, are also upregulated during PDAC progression
(36, 110). Besides galectin-4, which has been described as a tumor
suppressor by inhibiting tumor cell migration and invasion,
the other galectins favor pancreatic tumor. Consequently,
galectin inhibitors are considered as promising opportunities
for pancreatic cancer therapeutic interventions, either alone or
combined with current chemo- and/or immunotherapies (110).

CONCLUSIONS

During pancreatic tumorigenesis, important stromal
modifications occur both at the cell landscape level and the
matrix molecular composition in response to tumor signals.
Herein, we have listed these major changes by focusing only
on the proteins belonging to the matrisome. However, other
extracellular components have not been underlined, but can
drastically influence pancreatic tumor progression, as it is the
case for hyaluronic acid (HA) (129–136). Indeed, in PDAC
mouse model, HA deposition (1) was observed very early
during tumor formation in an intralobular position in ADM
regions and close to PanIN lesions and (4) preceded collagen
deposition around lesions that will progress to PDAC (129).
Besides making the ECM denser, HA deposition may be
related to an inflammatory stage allowing the recruitment
of immune cells in ADM areas, which further underlines
the value of HA as a therapeutic target for PDAC treatment.
Various drugs targeting HA have been developed such as
pegylated hyaluronidase (PEGPH20) and Minnelide (132, 137).
However, PEGPH20 in combination with conventional

chemotherapies failed to demonstrate an improvement in
median overall survival, leading to the recent discontinuation of
PEGPH20 development after a phase 3 clinical trial. Minnelide,
corresponding to an active substance extracted from thunder
god vine is still under investigation and its mechanism of action
seems multimodal (132, 138–140). Additionally, abnormal
glycosylation of ECM components such as proteoglycans
and glycoproteins can significantly influence tumor growth,
neoplastic progression, metastasis and chemoresistance and thus
should be considered for new drug design (141, 142). So far,
despite promising results in preclinical models, no therapeutic
strategy targeting the stroma compartment has brought
conclusive results in clinical settings. This could be explained
by differences in pharmacokinetics, pharmacodynamics and
metabolism and the failure to accurately model the tumor
microenvironment of patients using preclinical mouse models.
However, a better understanding of the tumor stroma is
expected to open up new possibilities for the development of
new drugs.
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Tenascin-C plays important roles in immunity. Toll-like receptor 4, integrin a9b1 and
chemokines have already been identified as key players in executing the immune
regulatory functions of tenascin-C. Tenascin-C is also found in reticular fibers in
lymphoid tissues, which are major sites involved in the regulation of adaptive immunity.
Did the “tool box” for reading and interpreting the immune-regulating instructions imposed
by tenascins and tenascin-C co-evolve? Though the extracellular matrix is ancient,
tenascins evolved relatively recently. Tenascin-like genes are first encountered in
cephalochordates and urochordates, which are widely accepted as the early branching
chordate lineages. Vertebrates lacking jaws like the lamprey have tenascins, but a
tenascin gene that clusters in the tenascin-C clade first appears in cartilaginous fish.
Adaptive immunity apparently evolved independently in jawless and jawed vertebrates,
with the former using variable lymphocyte receptors for antigen recognition, and the latter
using immunoglobulins. Thus, while tenascins predate the appearance of adaptive
immunity, the first tenascin-C appears to have evolved in the first organisms with
immunoglobulin-based adaptive immunity. While a C-X-C chemokine is present in the
lamprey, C-C chemokines also appear in the first organisms with immunoglobulin-based
adaptive immunity, as does the major histocompatibility complex, T-cell receptors, Toll-
like receptor 4 and integrin a9b1. Given the importance of tenascin-C in inflammatory
events, the co-evolution of tenascin-C and key elements of adaptive and innate immunity
is suggestive of a fundamental role for this extracellular matrix glycoprotein in the immune
response of jawed vertebrates.

Keywords: tenascin, immunity, evolution, phylogeny, chemokine, development
INTRODUCTION

Tenascins are extracellular matrix glycoproteins with one or more epidermal growth factor-like
repeats, multiple fibronectin type III (FNIII) domains, and a C-terminal fibrinogen-related domain
(FReD) (1). In bony fishes and tetrapods there are four tenascins. The first tenascin to be discovered
and characterized was tenascin-C (2), which is widely expressed in the embryo at sites of cell
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motility and other forms of active morphogenesis but has a much
more restricted distribution in adult organisms (3). Tenascin-R
(4) and tenascin-W (5, 6) are primarily expressed in the
developing nervous system and in developing bone,
respectively, though tenascin-W is also found together with
tenascin-C in certain stem cell niches in the adult (7).
Tenascin-X is widely expressed in loose connective tissue
during development and in the adult (8).

In addition to expression in the embryo, tenascin-C is expressed
in the adult in a variety of pathologic situations, notably in the
stroma of most solid tumors (9) and at other sites of inflammation
(10). Midwood et al. (11) found that chronic inflammation
associated with rheumatoid arthritis (RA) requires the expression
of tenascin-C, and that joint damage from induced erosive arthritis
is limited in mice lacking tenascin-C. These authors went on to
show that tenascin-C’s FReD is a ligand for Toll-like receptor 4
(TLR4), and that tenascin-C acts through TLR4-mediated signaling
to initiate the production of pro-inflammatory cytokines (11).
Tenascin-C is also an integrin ligand (12), and through integrin
a9b1 tenascin-C can induce the expression of pro-inflammatory
chemokines such as CCL2, CCL4 and CXCL5 (13).
Correspondingly, the expression of CXCL2 is reduced in the
absence of tenascin-C in an animal model of liver ischemia and
reperfusion injury (14). Using a murine RA model of joint injury,
Ruhmann et al. (15) showed that tenascin-C plays an active role in
the polarization of Th17 lymphocytes, demonstrating a role for
tenascin-C in inflammatory damage from the adaptive immune
system. Tenascin-C can promote cancer progression in many ways
(9, 16, 17). Recently tenascin-C was shown to contribute to the
immune-suppressive microenvironment of the tumor stroma
through integrin a9b1 inducing CCL21 (in lymphatic endothelial
cells) and TLR4 regulating CCR7 (in CD11c+/dendritic cells) (18,
19). This suggests that cancer cells may be able to hijack important
immune-related functions of tenascin-C in tumors.

In this mini review we will explore the possibility that
tenascin-C appeared during evolution along with other critical
players in the immune system, pointing to fundamental roles for
this extracellular matrix glycoprotein in regulating inflammatory
events. We will also consider the possibility that tenascin-C acts
through some of the same players to perform similar roles during
embryonic development.
THE EVOLUTION OF TENASCINS

Phylogenetic analysis can be used to predict the first appearance
of a protein during evolution, and in turn this can be used to
infer an explanation for the evolution of the protein. Some well-
studied extracellular matrix genes encoding components like
fibrillar collagens, laminins and thrombospondins are found in
the genomes of sponges and sea anemones, indicating that they
evolved prior to specialized connective tissues and a complex
nervous system (20). Tenascins, in contrast, are not found in the
genomes of animals outside the phylum Chordata (21, 22).
Invertebrate members of the phylum like the cephalochordates
and urochordates have a single tenascin gene (i.e., prior to the
whole genome duplication events of ancestral vertebrates), but
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when included in the construction of phylogenetic trees these
tenascins do not belong to any of the four tetrapod tenascin
clades. Two tenascins are found in the genome of the Japanese
lamprey Lethenteron japonicum and one in the genome of the sea
lamprey Petromyzon marinus. But like the tenascins from
invertebrates, the tenascins from these jawless (agnathan) fish
do not sort to the tenascin-C, -R, -W or -X clades. Cartilaginous
fish like the elephant shark Chalorhincus milii, in contrast, have
tenascin-C and tenascin-R, while bony fish and tetrapods have all
four tenascin paralogs (23). Thus, tenascin-C and tenascin-R
evolved together with the first jawed vertebrates (gnathostomes),
and additional members of the family appeared later during
evolution. The evolution of tenascins is summarized in Figure 1.
THE EVOLUTION OF
ADAPTIVE IMMUNITY

Like most protostomes and echinoderms, cephalochordates have
an extremely complicated innate immune system. An early
analysis of the Branchiostoma genome revealed 48 TLR genes
and 92 nucleotide-binding oligomerization domain-like
receptors, among hundreds of other genes related to innate
immunity (24). A more recent examination revealed 30
additional TLRs and confirmed their expression (25). However,
cephalochordates lack an adaptive immune system. In contrast,
jawless vertebrates like the lamprey were first shown, over half a
century ago, to have both innate and adaptive immune systems
(26). The lamprey’s adaptive immune system is based not on
recombination-activating gene-mediated rearrangement of light
chains and heavy chains to make immunoglobulins, but instead
on rearrangement based on leucine-rich repeat cassettes to create
variable lymphocyte receptors (VLRs) (27). The lamprey’s
immune cells express one VLR per cell, and secreted VLR
dimers form pentamers (28), not unlike IgM. These stunning
examples of convergent evolution were recently reviewed by
Flajnik (29). In contrast, all jawed vertebrates, from cartilaginous
fish to mammals and birds, have an adaptive immune system
based on immunoglobulins, T-cell receptors, and the major
histocompatibility complex (MHC). The evolution of
immunoglobulin-based adaptive immunity in gnathostomes
has been thoroughly reviewed by others (30–34). Thus,
adaptive immunity is seen in all vertebrates, but it has evolved
independently into a VLR-based system in jawless vertebrates,
and into an immunoglobulin-based system in jawed vertebrates.
THE EVOLUTION OF CHEMOKINES

Chemokines are secreted factors that influence cell motility both
in the embryo and in the immune system. They are classified
according to the arrangement of cysteine residues found at the
amino terminus of the protein (C-C, C-X-C, CX3C and XC).
Their receptors are named using the same schema (CCR, CXCR,
CX3CR and XCR) (35 ) . Inve r t ebra t e s , inc lud ing
cephalochordates and urochordates, do not have chemokines
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(24), but a C-X-C chemokine (an IL-8 homologue) has been
found in the lamprey (36), and extensive analysis of the lamprey
genome reveals three CXCRs homologous to CXCRs from
human (37). The same study demonstrated the presence of 6
CCRs, 5 CXCRs and a XCR in the elephant shark, and even more
in bony fishes. Thus, while C-X-C chemokines evolved with the
first vertebrates, the large number and diversity of chemokines
found in mammalian genomes first appeared with the evolution
of jawed vertebrates.
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THE EVOLUTION OF THE
EXTRACELLULAR MATRIX OF
RETICULAR FIBERS

The presence of tenascin-C in the reticular fibers of lymphoid
organs (38) and in tumor matrix tracks (39) is remarkable and
may represent an ancient defense program that is reused, or
perhaps better characterized as mis-used, in cancer. However,
most of the other extracellular matrix molecules found in
FIGURE 1 | A schematic illustration of the co-evolution of tenascins (in red) and elements of the immune systems of representative chordates. Tenascins first
appeared in invertebrate members of the phylum Chordata like the cephalochordates. Branches in green indicate chordates lacking an adaptive immune system,
while branches in black indicate chordates with both innate and adaptive immunity. In the vertebrates, the jawless agnathans (e.g., lamprey) evolved adaptive
immunity based on variable lymphocyte receptors (VLRs); the first chemokines (C-X-C) and fibronectin (FN) appeared at this time as well. Tenascin-C first appeared
in the jawed vertebrates (gnathostomes), together with immunoglobulin (Ig)-based adaptive immunity, the major histocompatibility complex (MHC), additional
chemokines (C-C), interferons (IFN), T-cell receptors (TCR), Toll-like receptor 4 (TLR4) and the integrin a9b1. Podoplanin/gp38 and VCAM-1 appeared at this time as
well. Many key elements of reticular fibers and vertebrate immune systems predate the evolution of chordates and are included in the inset. See text for details. 1R
WGD, First round whole genome duplication; 2R WGD (with the question marks showing two proposed periods for this event), Second round whole genome
duplication; 3R WGD, third round whole genome duplication; CAMs, cell adhesion molecules; TN10 and TN62, lamprey-specific tenascins; NLRs, nucleotide-binding
oligomerization domain-like receptors.
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reticular fibers appear to be more ancient than tenascin-C. For
example, fibrillar collagens, collagen type IV, fibrillins, perlecan,
laminins and nidogen are found in the genomes of sponges and
placozoans (20). Other specific collagen types found in reticular
fibers appear significantly later, but still predate the jawed
vertebrates (e.g., collagen type XII is found in urochordates
[Gene ID 100182938]). Fibronectin evolved in jawless
vertebrates (23), i.e., after tenascins but before tenascin-C and
gnathostome-specific immunity. Fibroblast reticular cells (FRCs)
are an important stromal cell type that shapes the structure and
function of lymph nodes (40). FRC markers such as podoplanin/
gp38 and VCAM-1 appear to have co-evolved with tenascin-C in
jawed fishes (41) (XM_033029124.1), though other cell adhesion
molecules are quite ancient (42). Remarkably, stroma in oral
squamous cell carcinomas has lymphoid properties characterized
by abundant FRCs expressing extracellular matrix components
of lymph nodes including tenascin-C and utilizing CCR7/CCL21
signaling for retaining CD11c+ immune cells in the tumor
matrix tracks. Moreover, in the absence of tenascin-C these
lymphoid properties are largely diminished suggestive of
tenascin-C as an orchestrator of these tissues (19).
DISCUSSION

Tenascins appeared with the first chordates, but tenascin-C
evolved with the jawed vertebrates. This coincides with the
evolution of immunoglobulin-based adaptive immunity, the
MHC, most chemokines, T-cell receptors, interferon Types I
and II (43), and TLR-4 (Figure 1). Given the recently identified
roles of tenascin-C in regulating inflammatory events, tenascin-C
may have evolved, in part, to play a key function in adaptive and
innate immunity in jawed vertebrates. The high amino acid
sequence conservation in tenascin-C (44) and the absence of
gross deletions of tenascin-C underscores a potential important
role in the organism, perhaps related to fine-tuning adaptive
immunity. Interestingly, a9b1 integrin also evolved in
vertebrates even though homologues of other alpha integrin
subunits are found much earlier in sponges and sea anemones
(45, 46).

Not all of the hardware in the mammalian immunoglobulin-
based adaptive immunity tool kit co-evolved with tenascin-C in
cartilaginous fishes. As described above, some chemokines
predate the appearance of tenascin-C, and other key elements
appear to have evolved after. For example, the natural killer cell
activating receptor NKG2D is not found in fishes, amphibians,
reptiles or birds, but is limited instead to mammals, including
monotremes (e.g., the platypus) (XM_029081597.1). Others, like
transforming growth factor b, appeared earlier in the first
deuterostomes (47).

Mucosal fluids such as breast milk have anti-HIV activity, and
this activity is mimicked with exogenous tenascin-C and lost
when naturally occurring tenascin-C is removed from breast
milk (48). Tenascin-C is proposed to block the interaction
between the HIV-1 envelope protein (Env) and the coreceptor
CCR5/CXCR4 via binding to the HIV-1 Env V3 loop via the
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FNIII and FReD domains in tenascin-C, and appears to require
oligomerization and N-linked glycosylations (49). Thus,
tenascin-C can also play an important role in preventing
infection through pathways independent of the traditional
innate and adaptive immune systems. This may be another
reason why the tenascin-C sequence is so highly conserved.

While tenascin-C is expressed during inflammation, it is also
abundant in the normal embryo. For example, tenascin-C is
found in the extracellular matrix surrounding neural crest cells
(50), a population of migratory cells that also appears to have
evolved in the first vertebrates (51). Neural crest cells themselves
make tenascin-C (52), and they stop migrating if this tenascin-C
expression is disrupted with antisense morpholinos (53).
Tenascin-C may have similar roles during inflammation and
development. For example, neural crest cell migration into the
pharyngeal arches of the chicken embryo is disrupted by CXCR4
antagonists (54), and CXCR4-null mice have abnormally small
dorsal root ganglia, which are formed from the neural crest (55).
As the CXCR4 ligand, SDF-1/CXCL12, is also a chemoattractant
for T-lymphocytes (56), tenascin-C may be acting through
s imi l a r pa thways in the embryo and dur ing the
immune response.

One of the places where tenascin-C is expressed in the adult
organism, and in the embryo, is in stem cell niches (e.g., neural,
hair follicle, dental pulp, periosteal, hematopoietic and lymphoid
progenitor stem cell niches) (7). As in immunity, the many roles
of chemokines in a variety of stem cell niches in regulating cell
proliferation and migration are well known, suggesting the use of
similar tool kits in diverse systems (57–59). Future studies can be
directed toward exploring potential roles for tenascin-C and
chemokine expression and functions in the stem cell niches.

What does phylogenetic analysis tell us about tenascin-C
and its role as a TLR-4 ligand? While TLRs are ancient parts of
the innate immune system that predate the evolution of
tenascins by hundreds of millions of years (60–62), TLR-4 is
a relatively new member of the family that co-evolved with
tenascin-C in jawed vertebrates (63). However, interactions
between the FReD of tenascin-C and TLR-4 may not be limited
to this member of the tenascin family, as the binding pocket of
the FReD is found in the other tenascin family members as well
(64). One intriguing possibility is that the tenascin/TLR
interactions may have predated the roles currently being
found for tenascin-C in the immune systems of vertebrates
and may indicate a fundamental role for tenascins in
invertebrate chordates in regulating their innate immunity.
Future studies should address in more detail the common
determinators of how tenascin-C regulates innate and
adaptive immunity through TRL4, integrin a9b1, chemokines
and other yet-to-be-identified partners. This could also be
important in the defense against microbes, as described above
with HIV-1.

We have focused here on well-known elements of innate and
adaptive immunity in vertebrates and especially on molecules
with known connections to tenascin-C; future studies should
concentrate on other players in the context of the evolution of
extracellular matrix.
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ECM composition and architecture are tightly regulated for tissue homeostasis. Different
disorders have been associated to alterations in the levels of proteins such as collagens,
fibronectin (FN) or tenascin-C (TnC). TnC emerges as a key regulator of multiple
inflammatory processes, both during physiological tissue repair as well as pathological
conditions ranging from tumor progression to cardiovascular disease. Importantly, our
current understanding as to how TnC and other non-collagen ECM components are
secreted has remained elusive. Extracellular vesicles (EVs) are small membrane-bound
particles released to the extracellular space by most cell types, playing a key role in cell-cell
communication. A broad range of cellular components can be transported by EVs (e.g.
nucleic acids, lipids, signalling molecules and proteins). These cargoes can be transferred
to target cells, potentially modulating their function. Recently, several extracellular matrix
(ECM) proteins have been characterized as bona fide EV cargoes, exosomal secretion
being particularly critical for TnC. EV-dependent ECM secretion might underpin diseases
where ECM integrity is altered, establishing novel concepts in the field such as ECM
nucleation over long distances, and highlighting novel opportunities for diagnostics and
therapeutic intervention. Here, we review recent findings and standing questions on the
molecular mechanisms governing EV–dependent ECM secretion and its potential
relevance for disease, with a focus on TnC.

Keywords: tenascin C, extracellular matrix (ECM), exosomes, fibronectin (FN), tumor progression, cardiovascular
disease, inflammation
INTRODUCTION

Multicellularity drove the emergence of cell differentiation and functional specialization, changing the
continuous communication cells establish with their surrounding environment. A connective substance
among tissues ensuring nurturing and functional coordination between cells evolved, giving rise to the
extracellular matrix (ECM) (1, 2). In addition to providing a physical scaffold, the ECM actively
participates of several biochemical and biomechanical processes related tomorphogenesis, differentiation
and homeostasis. A meshwork generally composed of water, proteins, glycoproteins and proteoglycans,
the ECM exhibits tissue-specific matrix composition and architecture, which provide unique
physicochemical properties (3, 4). Importantly, the ECM is constantly remodelled by cells to
org April 2021 | Volume 12 | Article 6714851198
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maintain tissue and organismal homeostasis across conditions (5–
7). Apart from the regulated secretion of specific structural
components, ECM architectural remodeling is orchestrated by
secreted modifying enzymes (metalloproteinases (MMPs) (8) and
their inhibitors (TIMPs) (9), and other enzymes controlling ECM
modification and crosslinking—such as lysyl oxidases (LOX) (10)
or transglutaminases—, and a reciprocal biomechanical crosstalk
with resident cells (11). Several growth factors and cytokines are
bound to the ECM and modulate cell adhesion, differentiation,
growth and migration (12) and its architecture and physical
properties can modulate cell function (13). Conversely, cell
proliferation, spatial arrangement and contractility drives ECM
remodeling (14–16).

The broad functional relevance of the ECM is reflected by the
numerous pathological conditions associated with ECM
alteration or dysfunction. Some of these diseases are related to
genetic abnormalities that imply a decrease in the expression, or
post-translational modification, of certain ECM proteins (17–
20). On the other hand, desmoplasia—an increase in bulk ECM
deposition and/or dysregulated expression of certain ECM
components—(21), causes architectural and biomechanical
alterat ions driving different pathologies , including
cardiovascular diseases, chronic inflammation or cancer.

Tenascins are a family of extracellular matrix (ECM)
glycoproteins composed of five members (Tenascin-C (TnC),
R, W, X and Y), TnC being the best characterized among them
(22). TnC is a hexameric protein which contributes to regulate
cell substrate adhesion through the modulation of focal adhesion
(FA) binding to other ECM components such as fibronectin
(FN) (23), and downstream events such as cell activation,
apoptotic cascades, and migration. TnC is expressed
abundantly during development, especially in the neural
system. However, expression levels of TnC in adults are
substantially reduced and its presence is virtually limited to
stem cell niches and tendons. Increased TnC expression in
adult, differentiated tissues is commonly associated with tissue
damage and repair, as well as with pathological conditions such
as dysregulated inflammation (as occurs, for example, in
atherosclerotic lesions) or tumorigenesis (24–31).

Despite their physiopathological relevance, our understanding
of the intracellular mechanisms regulating the trafficking and
secretion of TnC and many other ECM components is limited
(32). Notably, recent studies support that extracellular vesicles
(EVs), including exosomes and microvesicles (MVs), can act as
carriers of ECM components, including TnC and FN, a well-
known, evolutionarily related partner of TnC (33, 34). Here, we
review our current knowledge on the role of EVs on TnC secretion
and ECM deposit, and their potential relevance for inflammation
and disease.
PHYSIOPATHOLOGICAL ROLES OF TnC
AND THEIR MOLECULAR BASIS

Certain features of tumor progression and metastasis are currently
considered subverted, aberrant wound repair programs (35),
Frontiers in Immunology | www.frontiersin.org 2199
where ECM deposit and remodeling by resident fibroblast is
dysregulated. This altered stromal ECM can in turn promote
several cancer hallmarks (36). For example, sustained proliferation
requires cell adhesion to ECM and growth factor-dependent
activation of Erk and PI3K, to promote G1/S transition. The
ECM can also promote the induction of hypoxia-triggered
angiogenesis acting as a reservoir of angiogenesis regulators,
activate cell invasion through the regulation of cell adhesion and
invadopodia formation, or modulate the immune response (13,
37). Several ECM components exhibiting differential expression
and/or arrangement in tumors play relevant roles in the
progression of the disease. Altered deposition of different
collagen types can regulate cell growth, differentiation and cell
migration. An excessive deposition of collagen I in many solid
tumor types confers rigidity to the tumor stroma, and its altered
assembly and crosslinking, mechanical properties and
architectural features such as anisotropy, affect tumor cell
biology (3, 5). Other key ECM components also exhibit altered
expression in cancer. FN is considered a major building block in
ECM fibre assembly and remodeling, and can bind to other
molecules including heparin, collagens, tenascins or fibrin to
modulate their assembly and their interaction with cells (38, 39).

During development, TnC is expressed robustly and contributes
to physiological epithelial-to-mesenchymal transitions (EMT) and
morphogenesis (25). In contrast, in normal adult tissues TnC
expression is usually low, except for stem cell niches and tendons.
Upon tissue damage, TnC can be rapidly upregulated and
contributes to physiological inflammation and repair. Owing to
its capacity to promote proinflammatory and activated states in
different cell types, increased TnC deposition is associated with
several pathological conditions. Persistent high levels of TnC can
promote chronic inflammation and desmoplasia, driving
pathological events such as fibrosis or oncogenesis.

TnC was initially characterized as a modulator of cell
adhesion, either through its interaction with other ECM
components (23) or through direct binding to specific cell
receptors. Its binding to integrins such as a9b1, aVb3, a8b1
and aVb6 (27, 28) can induce EMT in several cancer models
(40–42), modulate the dynamics of focal adhesions (43, 44) or
reduce apoptosis. These characteristics support its potential as a
marker of poor prognosis, underpinned by its impact on cell
motility and invasion, aberrant angiogenesis (45) and
immunomodulation (31, 46, 47). Importantly, TnC modulates
the activation state of immune cells such as macrophages and
lymphocytes; this appears to be an important aspect of its
contribution to both physiological tissue repair, as well as
pathological conditions involving tissue remodeling (48–50).

Several mouse models reveal the importance of TnC in tumor
progression and its implication in tumor cell survival, proliferation,
invasion and metastasis (51, 52). TnC can influence fibroblasts and
differentiation of epithelial cells onto myofibloblasts through the
tumor growth factor-b (TGF-b) signalling pathway (53), regulate
inflammatory signalling by an activation of Toll-like receptor 4
(TLR4) (54) or modulate epidermal growth factor (EGF)-receptor
driven cell proliferation cell proliferation (55). As part of the
AngioMatrix (56), TnC can participate in the angiogenic switch,
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and generate an aberrant vasculature within tumours. Both as a
result of this promotion of aberrant angiogenesis, as well as through
direct modulation of immune cell populations, TnC is likely an
important contributor to the emerging role of stromal ECM
composition and architecture as central regulators of antitumor
immunity (57–60). An intriguing feature that may be particularly
relevant for the rationalization of TnC as a biomarker, or even
therapeutic target, in the context of antitumor immunotherapy is its
potential to selectively determine macrophage polarity towardsM1-
like, cytokine-releasing phenotypes (mainly through its interaction
with a9b1, aVb3 and TLR4 receptors); and promote an anergic
state in T-cells (presumably by interfering with integrin signalling)
(61, 62). Recent studies have shown the beneficial effects of targeting
TnC in antitumor immunotherapy in breast (63) and oral
squamous cell carcinoma (64) mouse models. Combinational
therapy with monoclonal antibodies that inhibited TnC-mediated
TLR4 activation and anti-PD-L1 treatment significantly reduced
tumor growth and lung metastasis in vivo (63). In line with these
results, ablation of TnC or its effector CCR7 implied inhibition of
the lymphoid immune-suppressive stromal properties, reducing
tumor progression and metastasis in oral squamous cell
carcinoma (64), indicating a relevant approach in the therapy of
head and neck tumors.

TnC has a prominent role in cardiovascular tissue
remodeling. Almost invariably, TnC re-expression is associated
with cardiovascular pathological processes coursing with
inflammation, such as myocardial infarction, hypertensive
cardiac fibrosis, myocarditis or dilated cardiomyopathy (65–
67). Upregulation of TnC is also a hallmark of the
proatherogenic vessel remodeling, driving the progression of
atherosclerotic disease (AS) (68–70); however, TnC deficiency
in mouse models of genetic hypercholesterolemia exacerbate
atherosclerosis and promote lesions prone to rupture, reflecting
the delicate balance between the physiological roles of TnC in
tissue homeostasis (71).

TnC can play a role in several diseases derived from a fibrotic
state generated upon tissue damage (50, 52, 72, 73). For example,
in neuroinflammation (29), brain injury (74) or glioma (59),
where ECM deposition is enhanced, TnC accumulation is found
associated with blood-brain barrier disruption, neuronal
apoptosis and activation of inflammatory pathways (mitogen-
activated protein kinases and NF-kB). Finally, TnC is implicated
in other fibrotic diseases such as kidney and liver damage
through orchestration of the fibrotic niche and is considered as
a biomarker of poor prognosis (75, 76).
THE STANDING QUESTION OF TnC
SECRETION

ECM component biogenesis, intracellular trafficking and export
pathways are tightly controlled, but our current mechanistic
understanding of these processes, particularly regarding non-
collagen ECM components, is rather limited. Collagens, a family
of large fibrillar ECM proteins, constitute over 30% of the total
protein mass in multicellular organisms (77–79). These proteins
Frontiers in Immunology | www.frontiersin.org 3200
are initially synthesized as an immature form, known as
preprocollagen, in the endoplasmic reticulum (ER). These
polypeptides undergo hydroxylation of proline and lysine
residues and are assembled as triple helices, yielding
procollagens (80). Procollagens must then be trafficked to the
Golgi apparatus for further posttranslational modification. The
coat complex type II (COPII) vesicle transport machinery
facilitates the regulated transfer of proteins from the ER to the
ER-Golgi intermediate compartment (ERGIC) and cis-Golgi (81,
82), and is strictly required for procollagen trafficking and
secretion: mutation or genetic ablation of core COPII
components such as SAR1B, SEC23A, SEC24A/C or SEC13
profoundly affect the secretion of collagens and lead to their
accumulation in the ER (32). In contrast with smaller cargoes,
procollagen units are too big (~300nm in length) to be
incorporated into conventional ~80-nm COPII (83), and
additional regulators (transport and Golgi organization protein
1 (TANGO1), cutaneous T-cell lymphoma-associated antigen 5
(cTAGE5), trafficking From ER To Golgi Regulator (TFG), or the
KHLH12-cullin-3 ubiquitin E3 ligase complex) (84–87) have
been identified as required for nascent COPII vesicles to
accommodate and carry these rigid fibrillar molecules. Finally,
procollagens are transported in tubular structures emanating
from the Golgi to the plasma membrane (PM) and secreted to
the extracellular space, where they will be cleaved to generate
tropocollagens and assembled in crosslinked fibrils (Figure 1).

While this canonical route is relatively well characterized for
collagens, several of its regulators, including core components of
the COPII machinery, appear to be dispensable for the secretion
of other ECM components. Indeed, the mechanisms governing
the trafficking and secretion of a majority of non-collagen ECM
proteins have remained puzzlingly elusive (32, 88). Soluble FN,
which assembles in fibrillar structures upon secretion to the
extracellular space and binding exposed integrins (38), is initially
synthesized in the ER (32, 89). Current models describe its
transport to the extracellular space through the secretory
pathway (90–93), as it reaches the Golgi apparatus (94–98) to
undergo further glycosylation (39). However, FN secretion seems
to be unaffected by mutation or genetic ablation of core COPII
components that severely impair collagen transport from the ER,
such as SEC23A (99), SEC24D (100) or TANGO1 (32, 101), and
its trafficking remains incompletely explored. Proteins such as
periostin (89) and transmembrane P24 Trafficking Protein 2
(TMED2; the human homolog of emp24) (102) are proteins
potentially associated with the export of FN from the ER.

TnC has a six arm-structure termed hexabrachion, consisting
of six 320kDa monomers stabilized by amino-terminal
disulphide bonds. In contrast to FN, oligomerization of TnC is
a rapid process that takes place cotranslationally in the ER, and
two models have been proposed. In one model, the six
monomers are simultaneously assembled into a single
hexabrachion, as suggested by pulse-chase approaches which
found no apparent intermediate species (103). In the second
model, oligomerization is a two-step process (104), whereby two
intermediate trimers are first formed through the stabilization of
alpha-helical coiled-coil interactions at their amino-terminal
April 2021 | Volume 12 | Article 671485
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domains. Then, hexabrachion assembly is favoured by an
increase in homophylic binding affinity between the two
trimers. Similar to FN, evidence supporting TnC transit
through (105), and glycosylation at (24), the Golgi, suggests
that TnC is trafficked from the ER to the Golgi apparatus. This
transfer appears to be a rate-limiting step for secretion output
(103) and is affected in cells treated with brefeldin-A, an inhibitor
of ER-Golgi vesicle transport (106). However, like for many
other ECM components, the precise mechanisms regulating TnC
trafficking and secretion remain incompletely characterized. An
unexpected, emerging mechanism for the secretion of these and
other non-collagen components, is extracellular vesicle
(EV) secretion.
Frontiers in Immunology | www.frontiersin.org 4201
EV BIOGENESIS AND GENERAL
FUNCTIONS

Recent studies show that extracellular vesicles (EVs) can export
ECM components to the extracellular environment (107),
constituting alternative mechanisms for ECM secretion and
deposition and implying specific regulatory principles for their
trafficking (108, 109). EVs are a heterogeneous group of cell-
derived membranous structures that include exosomes and MVs,
which defer on their intracellular origin (110).

Exosome biogenesis takes place in the endosomal compartment
through endosome membrane budding (111–113). Several
mechanisms have been implicated in this process. One of the
A B

C

FIGURE 1 | The secretory pathway and collagen secretion. (A) Schematic representation of cell secretion routes. The ER constitutes the main protein factory in the
cell. ER-associated ribosomes translate proteins that can be subsequently inserted onto the membrane, or released into the ER lumen. After translation, several
modifications can be added to proteins bydifferent enzymatic activities. Proteins are then transported to the Golgi apparatus, mainly through the COPII-dependent
pathway. Within the Golgi, further modifications are carried out. Finally, proteins will be sorted into vesicles and transported to their final destination, including the
plasma membrane (PM) (receptors, adhesion proteins and extracellular proteins) or endosomes. (B) Collagens are initially secreted as procollagens. Once in the
extracellular space, terminal peptides are cleaved by the procollagen peptidase to form tropocollagen. Finally, collagen fibrils are assembled via covalent cross-linking
by lysyl oxidases, which link hydroxylysine and lysine residues. Multiple collagen fibrils assemble into collagen fibers. (C) In addition to COPII machinery, other
regulators are necessary for the proper export of procollagen from the ER. TANGO1 participates in the sorting of procollagen in vesicles through a direct binding
through Hsp47 in the lumen of the ER. Preprocollagen peptides are synthesised and assembled in the lumen of the ER. Once procollagens are formed, TANGO1,
previously recruited trough the interaction to Sec23 (Sec23/24 complex), position the collagen fibrils in the budding vesicle (Stage I). Later, as the vesicle grow,
TANGO1 pushes procollagen molecules towards the lumenal face of the ER (Stage II). In stage III, ER vesicles are big enough to accommodate collagens. TANGO1
separates its SH3-like domain from Hsp47/collagens. This is the followed by the release of TANGO1 from Sec23 and the recruitment of Sec13/31 to the ER
membrane. Finally, in stage IV, fission of the collagen-containing vesicles is undertaken and TANGO1 return to interact with the Sec23/24 complex (84).
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most studied mechanisms is dependent on the ESCRT (Endosomal
Sorting Complexes Required for Transport) machinery, whose four
conserved complexes (ESCRT-0, -I, -II and -III) (114–116) assemble
sequentially on the cytosolic surface of the endosomal membrane.
Ubiquitylation is an important event not only for ESCRT-
dependent vesicle formation, but also for the specification of
cargo to be sorted onto exosomes (113, 117). Additionally,
evidence for an ESCRT-independent mechanism for exosome
biogenesis has been described (118). Specific lipid species such as
ceramides (derived from sphingomyelinases-mediated hydrolysis of
sphingomyelin) (119), LBPA (lyso-bis-phosphatidic acid) (120) or
cholesterol, as well as proteins that modulate membrane
organization, including tetraspanins (121) and caveolin-1 (108,
122, 123), have been recently identified as important regulators of
ESCRT-independent endosome dynamics and exosome biogenesis.

On the other hand, MVs are derived from scission of small
plasma membrane-derived vesicles (110). This process—termed
ectocytosis—shares many similar steps to exosome formation.
The ESCRT machinery, as well as cytoskeletal elements and their
regulators, such as RHO family of GTPases and ROCK, are
important for the formation of MVs together with other
membrane-associated proteins, including tetraspanins and
membrane cargos (124) (Figure 2).

Virtually every cell type can release EVs, and these structures
are abundant in the extracellular space and body fluids such as
Frontiers in Immunology | www.frontiersin.org 5202
plasma, urine and saliva. A broad spectrum of cargoes (e.g.
nucleic acids, proteins or signalling molecules) can be sorted
onto these vesicles and subsequently exported and transferred to
target cells. Many cargoes have been related to the modulation of
the biology of acceptor cells in multiple physiologic and
pathologic scenarios.

Immune responses are exquisitely regulated to ensure defence
from external pathogens or physicochemical insults as well as
internal alterations such as tumor cell growth, while avoiding
damage of the self. EVs are crucial in the intricate cell-cell
communication involved. EVs are frequently described as pro-
inflammatory mediators and participate in the propagation of
inflammatory signals during infections and chronic inflammatory
diseases among components of innate immunity. Mechanistically,
several cargoes such as cytokines, receptors and microRNAs can
modulate the activation state and function of macrophages,
neutrophilic granulocytes and natural killer (NK) cells (125). EVs
also participate of several steps of acquired immunity and antigen
presentation. Antigen presenting cells (APCs), including B
lymphocytes, dendritic cells (DCs) and macrophages can release
major histocompatibility complex II (MHC-II) through exosomes
enabling antigen presentation to CD4+ T lymphocytes at distance
(126). EVs released by tumor cells or several pathogens can
constitute a relevant source of antigens for APCs for their
processing and presentation to CD4+ T lymphocytes (127, 128).
A B

FIGURE 2 | Extracellular vesicle formation. (A) Extracellular vesicles are classified according to their origin. Microvesicles are formed from the PM in a process called
ectocytosis that depends on the ESCRT machinery and the actin cytoskeleton. Exosomes are derived from the budding process on the membrane of the
endosome/multivesicular body, and released to the extracellular space upon fusion of the endosome with the PM. (B) Diagram of the structure of the ESCRT
machinery and of ESCRT-independent mechanisms implicated in exosome formation.
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EVs also actively participate of the immune synapse between
lymphocytes and APCs, and lymphocytes specifically relocalize
multivesicular bodies (MVBs) towards the contact site, leading to
a localized increase in exosome secretion and unidirectional transfer
of microRNAs that modulate downstream responses. Highlighting
the key role of EV communication in this process, inhibition of
exosomes formation/secretion dysregulates gene expression in
APCs (129) and reduces antibody production in activated B-cells
(130, 131).

Immune cell-derived EVs are also involved in other
inflammatory processes such as tissue fibrosis, where an increase
in ECM deposition has been described to impact cell behaviour,
including cell proliferation, migration and differentiation, and
subsequently participating in the development of several
pathologies. A prominent EVs profibrotic cargo is interleukin-1b
(IL-1b) (132), which is released by DCs upon binding of ATP to
P2X purinoceptor 7 (P2X7R) (133) and can act on several IL-1b)
receptor-expressing cell types (134, 135). IL-1b can, in turn, induce
vesicular secretion of interleukin-6 (IL-6) in mast cells, amplifying
inflammation (136). Other ligands that induce fibrosis such as TGF-
b or TNFa have also been described as EVs cargoes.

EVs-dependent secretion and inter-tissue communication is
also involved in vascular physiopathology (137–140). EVs-
mediated communication can be involved in either AS
progression or lesion prevention. Krüppel-like factor 2 (KLF2)-
expressing endothelial cells (ECs) (an atheroprotective hallmark)
can load miR-143/145 in exosomes to control smooth muscle cell
(SMC) activation and reduce AS lesion formation (141). In
contrast, proinflammatory cues on ECs repress the presence of
Ten-eleven translocation 2 (TET2) dioxygenase in exosomes,
promoting plaque formation (142). SMCs can influence back
endothelial function through EVs: SMC-derived E cargo miR-
155 increases endothelial permeability (143). EVs also play a role
in the development of an inflammatory environment in the
progressing atherosclerotic plaque (144–146). EVs may also
directly contribute to subendothelial matrix remodeling and
lesion progression, either through recently discovered ECM
depos i t ion (see be low) , as we l l as sphingomyel in
phosphodiesterase 3 (SMPD3)-dependent calcification (147).

Myocardial injury engages mechanisms to repair and
maintain cardiac function, including cardiac fibrosis by
activation of resident fibroblasts through TGF-b, EDN-1,
PDGF, CCN2 and AGTII ligands, which can be released
through EVs derived from cardiomyocytes and ECs. Reflecting
a role in events after myocardial injury, miRNAs cargo signatures
on EVs (including miR-1, -208, -214) (148, 149) emerge as good
biomarkers of myocardial infarction detection and prognosis
from plasma samples.

Tumor cells (TCs) usually secrete large amounts of EVs,
which can influence different aspects of tumor progression and
behaviour, including tumour-associated fibroblast activation,
angiogenesis, immunomodulation, matrix remodeling or the
establishment of pre-metastatic niches. TC populations are
heterogeneous (150–152). TCs communicate inside the tumor
and can transfer part of their unique characteristics to other
surrounding cancer cells. For example, tumour-derived EVs can
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modulate local growth via autocrine transfer of mutant KRAS
proto-oncogene to wild type KRAS-expressing colon cancer cells
(153). Similarly, glioblastoma microvesicles transport specific
RNAs that promote neighbour proliferation (154). EVs can
also transmit their capacity to adapt to the characteristic tumor
stresses such as hypoxia, changes in pH and nutrient
deprivation (155).

Tumor angiogenesis and abnormal vascularization
determines its behaviour and response to therapy (156, 157).
Many pro-angiogenic factors are tumoral EV cargoes, such as the
vascular endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF), TGF-b, TNF-a or fibroblast growth
factor (FGF) (158). Tumour-derived exosomes can also induce
vascular permeability in distant organs in breast, melanoma and
colorectal cancers (159–161).

Antitumor immunity and its suppression by tumors are
another major focus of research and therapeutic intervention,
and EVs also play a role in this process. DCs induce T-cell and
NK cell activation in an EV-dependent manner to mount an
antitumor response (126, 162–164). As the tumor progresses,
TCs deploy mechanisms such as attenuation of NK cell
cytotoxicity (block of NKG2D pathway), reduction of T-cell-
mediated killing or activation of myeloid-derived suppressor
cells (TC-derived EVs can contain PGE2, TGF-b and
HSP72) (127).

Under physiological conditions, fibroblasts are in a quiescent
state. Upon tissular damage, they can enter an activated state,
whereby a “secretory phenotype”—to produce both paracrine
signals and new ECM components—and contractile activity—for
the biomechanical remodeling of tissue—are acquired.
Dysregulated persistent activation is a hallmark of tumour-
associated fibroblasts (TAFs) (165) and other pathological
conditions coursing with fibrosis and desmoplasia. Tumour-
derived EVs can induce fibroblast activation (166), by virtue of
microRNA cargo subsets modulating motility, collagen
contraction or proliferation (167). TC-derived exosomes can
also induce secretion of specific ECM components, such as FN
(168, 169), as well as ECM remodeling enzymes (170, 171).

Evidence suggests that EVs can actively participate of ECM
sculpting (172, 173), through ECM remodeling cargoes such as
MMPs (174) or lysyl oxidases (175, 176). Active MMPs such as
MMP-1, -13, -2, -3 or -14 are detected on the surface of EVs
derived from several tumor cell types. Moreover, ADAMs family
(regulators of cell adhesion and migration) components and
more specifically the two most notorious members of this family
(ADAM10 and ADAM17) have been described as EVs cargoes
(177, 178).
EVs AS ECM CARRIERS: IMPLICATIONS IN
ECM SECRETION

Recent studies support that some ECM components are EVs
cargoes themselves, implying that trafficking and export
mechanisms could coexist with canonical secretion pathways,
modulating ECM composition and architecture and
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subsequently impacting on cell behaviour. Additionally, EV
function could also be linked to ECM remodelling in the sense
that ECM fiber components might influence the retention of EVs
at specific regions through discrete subsets of receptors in their
surface (168), therefore contributing to their selectivity for cell
type targeting and favouring a specific evolving composition and
architecture of the ECM during its remodeling.

Early observations hinting at the involvement of EVs in
matrix secretion and deposition described “matrix vesicles”
(179, 180), as a relevant mechanism for osteoblast-mediated
primary bone mineralization (181, 182). Secreted matrix
vesicles initiate the nucleation of calcium phosphate crystals by
an influx of Ca2+ and PO4

3- through their membrane
transporters and the action of several intraluminal enzymes
such as tissue-nonspecific alkaline phosphatase (TNSALP),
ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1)
or phosphoethanolamine/phosphocholine phosphatase 1
(PHOSPHO1) (182). Interestingly, a role for matrix vesicles
has been also described in vascular SMC-driven calcification
during AS progression (147).

Our understanding of the implication of EVs in the secretion
and deposition of specific ECM components has since
considerably lagged. Recent studies have shown that ECM
proteins are exported and deposited by EVs (183, 184) (www.
vesiclepedia.org, www.exocarta.org) and animal models in which
exosome production has been abrogated through disruption of
neutral sphingomyelinase (NSMase) activities show marked
Frontiers in Immunology | www.frontiersin.org 7204
alterations in ECM deposition and architecture (185, 186). FN
is a prominent ECM cargo in EVs from different cell types, and
the blockade of exosome secretion partially alters, although does
not completely impair, FN fiber deposit (108). Other groups have
recently described that FN is transported by EVs. FN
accumulates at the surface of exosomes through its binding to
heparan-sulfate (187, 188) and that upon beta1 integrin
endocytosis (189), FN can be redeposited from the endosomal
compartment at the basal cell surface in epithelial cells
(cortactin-dependent) (190) and in epicardial cells (mediated
by Bves and NDRG4) (191). Moreover, Weaver and colleagues
suggested that exosome secretion plays a key role in autocrine
deposition of FN at the leading edge of the cells: Golgi secreted
FN would be in an inactive form previous to its assembly at the
cell surface (38), exosomal FN, presumably sourced from the
endosomal compartment (109, 189, 191) would constitute a
rapid alternative pathway for competent adhesive substrate
deposition (Figure 3).

FN-containing EVs have been associated with tumor
progression. Certain features of tumor cells can be altered by
the presence of FN-positive EVs in the media. Weaver and
coworkers have characterized that exosome secretion in
invadopodia is essential for FN resecretion, and regulates cell
adhesion, directional motility and invasion in tumor cells (109,
192, 193). Invasiveness of fibroblasts is positively regulated by
FN-positive EVs treatment (194). Exosomal FN can modulate
other functional programmes such as proliferation (195), signal
A

B

FIGURE 3 | Structure and exosomal secretion of FN. (A) Structure of a FN dimer stabilised by a di-sulphide bond. Basic domains (FNI, II, and II) and the main
binding sites to other ECM proteins and receptors are depicted. (B) Exosome-mediated FN secretion and cell migration. Caveolin-1-dependent b1 integrin
endocytosis is implicated in the internalization of extracellular FN. Upon endocytosis, FN is transported to endosomes, where exosomes are formed (stage I) (189).
Exosomal FN is then released at invadopodia, and induces cell migration and invasion through its internalization (138) or via activation of integrin-mediated pathways
(192) (stage II).
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transduction (138, 196), endocytosis (197) or cell survival (198).
Finally, exosomal FN can modulate tumor immunity. Secretion
of FN-containing EVs can be induced by tumour-associated
leukocytes (199), but these FN pools can also induce pro-
inflammatory IL-1b) production by macrophages (200). FN
interacts with acceptor cells through plasma membrane
heparansulfate and a5 integrin receptor (109, 187, 200).
However, the mechanism of action of exosomal FN seems to
require its internalization (138). This apparent discrepancy may
indicate that exosomal ECM could be activating several pathways
depending on the mechanism by which they interact with
acceptor cells (Table 1).
EV SECRETION: AN INTEGRAL ASPECT
OF TnC BIOLOGICAL ROLES

Recent studies demonstrate that exosome secretion is strictly
required for appropriate extracellular TnC deposition by both
tumor cells and different fibroblast types (108, 122) (Figure 4).
Circulating exosomes from cancer patients frequently carry TnC
(24), and several cancer cell types secrete TnC in EVs in vitro (183,
184) (www.microvesicle.org, www.exocarta.org). Disruption of
exosome secretion by pharmacological inhibition or RNAi-
mediated depletion of NSMase 2 led to accumulation of TnC at
the ER and decreased extracellular TnC fibre formation. These
studies excluded internalization of extracellular TnC and established
that exosome-secreted TnC is synthesized de novo. Mechanistically,
caveolin-1 [Cav1; a pivotal regulator of membrane organization,
mechanoadaptation, ECM remodeling and cholesterol efflux (16,
203–205)] is strictly required for the appropriate biogenesis of
Frontiers in Immunology | www.frontiersin.org 8205
exosome subpopulations of different sizes, and the sorting onto
them of specific ECM components, through the control of
cholesterol content in endosomal compartments. Interestingly,
this effect varies across ECM exosome cargoes, suggesting that the
extent of dependency on different secretion routes may be specific
for each ECM component; for example, in contrast with TnC, FN
deposition is only partially decreased upon disruption of
exososomal secretion. Cav1 deficiency, exogenous cholesterol
loading or pharmalogical inhibition of cholesterol trafficking from
endosomes all markedly impaired exosomal secretion of TnC.
Cholesterol homeostasis emerges as an as yet poorly understood
mechanism by which membrane trafficking and metabolism
potentially feed onto functions allocated at the endosomal
compartment, including cell signalling regulation (206, 207) and
exosome secretion (108).

The involvement of Cav1 as a central regulator of this process
is not trivial. Cav1 is a central node simultaneously regulating the
transduction of information on ECM composition and physical
properties (204), and the coordinated remodeling of both aspects
(16, 108, 208). This reciprocal crosstalk [first discussed by Bissell
and Hall as stromal dynamic reciprocity (209)] is key to
understand both physiological and pathological processes
pertaining different tissues. Furthermore, collagens are not a
class of ECM components correlating with TnC in their Cav1-
dependent sorting onto exosomes; in fact, Cav1 might regulate
oppositely COPII-dependent deposition of collagen, and
exosome-mediated secretion of other ECM components (210).
It remains to be studied whether other components of caveolae
such as PTRF—which does appear to modulate exosome-
mediated secretion (211)—also regulate the sorting of ECM
components to exosomes. Cav1-dependent regulation of tissue
architecture and cell function is relevant for several conditions in
TABLE 1 | Literature contributing evidence of FN as an EV secreted cargo. EVs origin: cell type/tissue from which EVs containing TnC were detected; WB: western
blotting.

FN
EVs origin Target cell Detection approach Result Ref.

Myeloma RPMI-8226 and CAG) Human bone marrow stroma (HS-5),
Human umbilical vein endothelial cells

WB and light microscopy Exosome-cell interaction and internalization (187)
Myeloma tumour growth and progression
(p38 and pERK activation)
Increased endothelial cell invasion

Fibrosarcoma (HT1080) Fibrosarcoma (HT1080) WB and sucrose gradient Increased motility (192)
HIV-1 infected dendritic cells T-lymphocyte WB Viral trans-infection (201)

Increased IFN-g, TNF-a, IL-1b and RANTES
Activation of p38/Stat pathways

Human trabecular meshwork cells N/A WB Dexamethasone reduces exosomal FN levels (188)
Fibrosarcoma (HT1080) Fibrosarcoma (HT1080) WB and sucrose gradient Tumour cell migration (109)
Transplantation patient serum N/A WB Allograft rejection biomarker (202)
Human trophoblast Macrophage WB Increased IL-1b production (200)
Mesenchymal stem cells Bone marrow (SH-SY5Y) WB and Proteomics Increased mitosis and growth factor secretion (195)
Endothelial cells Hepatic stellate cell WB and electron microscopy Increased AKT phosphorylation (138)

Increased cell migration
Tumour-associated leukocytes Breast cancer (AT-3) WB and FACS Increased exosomal FN (199)

Colon cancer (4T1, CT26) Increased tumour cell invasion
Fibroblast (IMR90) Fibroblast (IMR90) Proteomics, FACS Fibroblast invasion (194)
Primary melanocyte Primary melanocyte WB, proteomics, light microscopy Increased melanocyte

survival after UVB radiation
(198)

Microvascular endothelial cells Oligodendrocyte precursor cell (OPC) Proteomics, enzyme-linked
immunosorbent assay

OPCs survival and proliferation (197)
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which TnC has a prominent role, such as tumor progression or
cardiovascular remodeling (16, 212, 213). An additional standing
question is whether Cav1 expression (both during exosome
biogenesis as well as at destination) may determine the
specificity of exosome-mediated communication, given the
prominent role integrins appear to have in this process (168).

Exosome secretion appears to account for the major share (if
not the totality) of TnC extracellular release and deposition (108);
thus, virtually all biological/physiopathological roles of TnC
should be framed by the specific features of exosomal
communication. Exosomes enable the transport of cargoes
across interorgan distances, and TnC-containing exosomes can
nucleate ECM beds in different organs of TnCKO mice such as
liver and lungs upon intravenous injection (108); these
observations suggest that exosomal deposit of TnC and
associated ECM components contributes significantly to pre-
metastatic niche formation (169). These pools of exosomal TnC
are fully functional and apart from fostering ECM fiber nucleation,
efficiently induce proinflammatory states and features compatible
with EMT in breast cancer cells in 2D and 3D culture models (108,
122). Exosomal TnC levels also correlate with invasiveness in
pancreatic ductal adenocarcinoma (184, 214), and induce invasion
through WNT/b-catenin signaling, a crucial pathway in EMT
modulation, and activation of the NF/kB pathway (214).
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Exosomes have also recently emerged as efficient platforms for
immunomodulation in the tumor microenvironment and other
tissue contexts (131, 215); it is likely that the prominent roles TnC
has as a regulator of immune cell function (see first section) are
exerted at least in part through exosomes. Interestingly, exosomes
released by SARS-CoV2-infected cells are significantly enriched in
TnC and could promote the propagation of inflammation to
distant sites (216). Serum TnC levels have been explored as
diagnostic/prognostic markers in different pathologies (24), but
whether all circulating TnC is exclusively trafficked through EVs is
yet to be determined. Other examples of paracrine secretion of
TnC in exosomes include osteoblasts (217), airway epithelial cells
(218) and several tumor cells (183, 184), where exosomal TnC has
been associated to alterations of pre-existing ECM, impacting
collagen and alkaline phosphatase activity. Yong and co-workers
also described that brain tumour-initiating cells can secrete TnC in
exosomes and suppress T-cell activation, enabling tumor
progression and metastasis through the modulation of
antitumor immunity (219). Mechanistically, TnC could inhibit
T-cell activation and proliferation through the well-established
TnC receptors a5b1 and anb6 integrins, reducing mTOR
signaling (Figure 5 and Table 2).

Additionally, it may be considered that TnC fibers at a given
ECM niche could act as efficient receptors for the homing of
A

B

FIGURE 4 | Structure and exosomal secretion of TnC. (A) Structure of a trimer of TnC. Tenascin monomers bind via the tenascin assembly domain (TAD) located at
the N-terminus. Basic domains (EGF-Like and FNIII-Like) and the main binding sites to other ECM proteins and receptors are depicted. (B) Models for TnC
biosynthesis. In model 1, hexabrachions are formed in a very rapid co-translational process where six monomers are simultaneously assembled. In model 2, the
hexabrachion assembly take place in two steps. First, monomers form an intermediary trimer through a-helical coiled-coil interactions in the TAD. Subsequently, two
trimers assemble in a hexamer that is stabilized by di-sulphide bonds. (C) Exosome-mediated TnC secretion. After biosynthesis in the ER, TnC is transported to
multivesicular bodies (MVBs) in a Cav1 dependent manner (Cav1+/+). The absence of Cav1 (Cav1-/-) increases the levels of cholesterol at MVBs and alters exosome
formation, preventing the sorting of TnC onto exosomes and leading to the accumulation of TnC in the ER. Upon secretion, exosomal TnC can be locally deposited,
or modulate the behavior of surrounding cells. On the other hand, exosomes can eventually reach the blood stream and generate new TnC nucleation points at
distant organs and tissues (108).
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TABLE 2 | Literature contributing evidence of TnC as an EV secreted cargo. EVs origin: cell type/tissue from which EVs containing TnC were detected; WB: western
blotting.

TnC
EVs origin Target cell Detection approach Result Ref.

Fibroblast Breast cancer (MDA-MB-468) WB, sucrose gradient and proteomics Matrix deposition in 2D, 3D and in vivo (108)
increased migration and invasion

Breast cancer (MDA-MB-231) Breast cancer (MDA-MB-231, T47-D) WB, proteomics increased migration and invasion (122)
Brain tumor-initiating cells T-lymphocyte WB Inhibition of mTOR signalling and inhibition

of T-cell proliferation, activation and cytokine
secretion

(219)
Glioblastoma patients

Osteoblast-like cells (SaOS2) N/A WB Bone mineralization (217)
Pancreatic cancer (PC-1, PC-1.0,
AsPC-1, Capan-2)

Pancreatic cancer WB Increased migration and invasion (214)
Increased proliferation through activation of
the NF/kB

Metastatic colorectal cancer
(SW480, SW620)

N/A Proteomics Increased exosomal TnC in metastatic cell
lines

(183)

Pancreatic ductal adenocarcinoma
patients (pancreatic duct fluid)

N/A Proteomics Increased exosomal TnC correlates with
stromal TnC matrix

(184)
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exosome subsets exposing TnC-binding receptors, a mechanism
that may contribute to ECM remodeling and its coordination
with cell modulation. Finally, the consideration of features
derived from exosomal secretion might be highly relevant for
Frontiers in Immunology | www.frontiersin.org 10207
biomedical applications aiming at tissue repair and regeneration:
exosomes would potentially enable for accurate “dosage” and
target specificity (220), and might hold the key for leveraging on
the tissue remodeling and repair activities of TnC (221) through
A

D

C

B

E

FIGURE 5 | Roles of exosomal TnC in cancer progression and immunomodulation. Scheme of the main stages (I-IV) in carcinoma tumor progression. In stage I a
normal epithelium is shown, composed by epithelial cells located on a basal membrane. Underneath, the interstitial matrix deposited by stromal cells provides
support. Insults promote transformation of epithelial cells onto tumoral cells, which lose polarity and adhesion (Stage II). In stage III, continuously activated fibroblasts
increase the production and secretion of ECM, including collagens, FN and TnC. Tumor cells start invading neighbouring tissues and degrading the basal membrane.
Finally, in stage IV, a highly remodelled ECM favors tumor cell migration through the interstitial space towards blood and lymphatic vessels, to metastasize. The
previously described roles of exosomal TnC in tumor progression are depicted (A–E). (A) Paracrine/autocrine secretion of TnC-loaded exosomes induce tumor cell
proliferation and invasion (122). (B) Exosomal TnC derived from brain tumour-initiating cells suppresses mTOR activity and T-cell activity (219)(Mirzaei et al). Activated
fibroblasts can also secrete exosomes carrying TnC that can (C) modulate tumor cells and/or deposit new TnC matrix (108) (D). Finally, TnC-positive exosomes can
be released into the bloodstream to deposit TnC at distant organs (E). An increase in TnC in plasma has been proposed as poor prognosis marker in many cancers
and inflammatory diseases (24).
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very controlled time frames, bypassing uncontrolled chronic
inflammation states.
CONCLUDING REMARKS AND
PERSPECTIVES

The characterization of mechanisms driving ECM deposit and of
antifibrotic agents (72, 222, 223) aiming at intervening or
preventing diseases such as chronic hepatitis (224), kidney
diseases (225), systemic sclerosis, pulmonary fibrosis (226, 227)
or cancer and tumor progression (228) has been intensive.
Throughout the past decade, the study of EV-associated ECM
components has expanded our understanding of ECM biology.
EVs have been suggested as integral components of stromal
environments (172, 173), and enable the impact of ECM-
secreting cell populations on distant organismal locations.
These insights have opened several key questions. We do not
know whether EV-mediated transport of certain ECM
components specifies their function at destiny. Mechanistically,
we have a very limited understanding as to how ECM
components are routed for sorting onto exosomes, instead of
being targeted for degradation at the endosomal compartment;
whether and how cells use different potential mechanisms for the
secretion of a given ECM component; and how these processes
are integrated with the complex reciprocal regulation established
between ECM and stromal cells. Finally, the principles by which
target cell specificity (168) correlates with this ECM secretion
activity remain unexplored. The potential interplay of EV-
carried TnC with other cargoes regarding their impact on
target cells is also a key question. Given the potential of EV-
trafficked TnC levels as serum diagnosis/prognosis biomarkers,
and the ability of EVs to nucleate novel ECM niches at specific
organs, the biology of exosomal TnC secretion holds the promise
to explore potential novel theranostic applications.
Frontiers in Immunology | www.frontiersin.org 11208
AUTHOR CONTRIBUTIONS
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support from MS-Á. MP coordinated the review. All authors
contributed to the article and approved the submitted version.
FUNDING

The authors acknowledge the grant support to MP from the
Spanish Ministerio de Ciencia e Innovación (CSD2009-0016,
SAF2014-51876-R, SAF2017-83130-R, BFU2016-81912-REDC,
and IGP-SO-MINSEV1512-07-2016), Fundació La Marató de
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Transforming growth factor-b (TGF-b) isoforms are secreted as inactive complexes
formed through non-covalent interactions between bioactive TGF-b entities and their N-
terminal pro-domains called latency-associated peptides (LAP). Extracellular activation of
latent TGF-b within this complex is a crucial step in the regulation of TGF-b activity for
tissue homeostasis and immune cell function. We previously showed that the matrix
glycoprotein Tenascin-X (TN-X) interacted with the small latent TGF-b complex and
triggered the activation of the latent cytokine into a bioactive TGF-b. This activation
most likely occurs through a conformational change within the latent TGF-b complex and
requires the C-terminal fibrinogen-like (FBG) domain of the glycoprotein. As the FBG-like
domain is highly conserved among the Tenascin family members, we hypothesized that
Tenascin-C (TN-C), Tenascin-R (TN-R) and Tenascin-W (TN-W) might share with TN-X the
ability to regulate TGF-b bioavailability through their C-terminal domain. Here, we
demonstrate that purified recombinant full-length Tenascins associate with the small
latent TGF-b complex through their FBG-like domains. This association promotes
activation of the latent cytokine and subsequent TGF-b cell responses in mammary
epithelial cells, such as cytostasis and epithelial-to-mesenchymal transition (EMT).
Considering the pleiotropic role of TGF-b in numerous physiological and pathological
contexts, our data indicate a novel common function for the Tenascin family in the
regulation of tissue homeostasis under healthy and pathological conditions.

Keywords: tenascins, transforming growth factor (TGF)-b, latent TGF-b activation, tissue homeostasis, tumor
microenvironment, immune cell modulation
INTRODUCTION

The Tenascin family is a group of large extracellular matrix (ECM) glycoproteins composed of four
members, Tenascin-C (TN-C), Tenascin-R (TN-R), Tenascin-W (TN-W, also known as Tenascin-N)
and Tenascin-X (TN-X), sharing a common modular structure. Tenascins are composed of heptad
repeats at the amino terminus, followed by several Epidermal Growth Factor (EGF)-like domains,
different numbers of Fibronectin type III (FNIII) repeats and a C-terminal globular domain
resembling Fibrinogen (FBG-like domain) (1). The amino-terminal cysteine-rich region with
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heptad repeats, forming the Tenascin assembly domain, allows
individual subunits to oligomerize into disulfide-linked trimers,
permitting TN-R and TN-X to form structures called “tri-
brachions” (2, 3). TN-C and TN-W are able to form hexamers,
also known as “hexa-brachions”, due to the presence of an
additional cysteine residue within this domain forming an extra
disulfide bridge between two trimers (4, 5).

Tenascin family members have very specific expression
patterns. TN-R (160-180 kDa), which is restricted to the
nervous system, is expressed by oligodendrocytes and subtypes
of neurons in the central nervous system and by Schwann cells in
the peripheral nervous system. TN-R plays a major role in the
regulation of neural stem cell progenitor proliferation and
differentiation (6), and its expression is upregulated during
axonal myelinization (7). Mutations found in the TN-R
encoding gene (TNR) are associated with predisposition for
neurodevelopmental pathologies, such as attention deficit
hyperactivity disorder (8) and non-progressive form of spastic
disorders (9). TN-X (450 kDa), encoded by the TNXB gene, is the
largest member of the Tenascin family and is constitutively
present in adult connective tissues, including tendons,
ligaments, digestive tract and dermis. TN-X interacts with
fibrillar (types I, III and V) collagens, fibril-associated (types
XII and XIV) collagens and other matrix components (Decorin)
(3, 10), and is believed to regulate the spacing between collagen
fibrils (11). Through this architectural function, TN-X might
provide the connective tissue with appropriate biomechanical
properties to support tissue and organ functions (12).
Consequently, TN-X deficiency causes classical-like Ehlers-
Danlos Syndrome (EDS) in Human (13), a rare and hereditary
connective tissue disorder characterized by generalized joint
hypermobility, skin hyperlaxity and easy bruising (14). TN-C
(220 kDa) and TN-W (180 kDa), which are mainly expressed
during embryonic development, remain barely detectable in
adult tissues, with a very restricted expression in several stem
cell niches. Indeed, TN-C has been found in neural and epithelial
stem cell niches, whereas TN-W has been associated with the
osteogenic one (15).

Nevertheless, TN-C and TN-W levels are often up-regulated
under physio-pathological stresses, including fibrosis, angiogenesis,
wound healing and tumor progression (16–18). Indeed, TN-C
and TN-W are often de novo expressed in different types of
cancer, in which they display well characterized pro-tumoral
activities by promoting tumor cell proliferation (19), cell
migration and invasiveness (20), and metastasis formation
(21). Consequently, these two glycoproteins have been
proposed as biomarkers for most solid tumors (i.e. breast,
colorectal and pancreatic cancers) (22, 23), in which TN-C has
been often associated with poor clinical outcome (22, 24). While
far less studied, TN-R and TN-X have also been identified as
being involved in tumor progression. Due to its specific
localization, TN-R expression has been tightly related to brain
cancer development. Indeed, TN-R was described as down-
regulated in glioblastomas, medulloblastomas, ependymomas
and meningiomas, while up-regulated in gangliogliomas,
suggesting that its role as either a tumor-promoting or tumor-
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suppressing factor is highly context-dependent (25, 26). In
contrast to TN-C and TN-W, we recently demonstrated that
(i) TN-X is down-regulated at both mRNA and protein levels in
the six cancers with the highest incidence and mortality
worldwide (i.e. lung, breast, colorectal, prostate, stomach and
liver cancers) and (ii) a low level of TNXB transcripts is
correlated with a worse overall survival in patients suffering
from breast or lung cancers (27). Even if the molecular
mechanisms involved are still unknown, these observations
suggest that TN-X might exert tumor-suppressive properties.

In addition to its architectural function within the ECM, we also
identified a novel role for the TN-X in the regulation of cell
signaling. Thanks to its C-terminal FBG-like domain, TN-X was
found to regulate Transforming Growth factor (TGF)-b
bioavailability (28). The three TGF-b isoforms (TGF-b1, 2 and 3)
are pleiotropic cytokines secreted by a broad range of cell types in an
inactive form. Indeed, they are synthesized as pro-proteins and form
disulfide-linked homodimers that are proteolytically processed
before secretion. Upon cleavage, the pro-domain, called latency-
associated peptide (LAP), remains non-covalently bound to the
mature (bioactive) TGF-bmoiety, maintaining it in a latent state by
preventing its exposure to cell-surface receptors. Latent TGF-b can
be found as a soluble entity, called the small latent complex (SLC),
but also as a large latent complex (LLC), in which the SLC is
covalently bound to a Latent TGF-b Binding Proteins (LTBP), thus
maintaining a reservoir of latent TGF-b into the matrix (29). In
order to exert its physiological roles, latent TGF-b has to be
activated, meaning that the mature TGF-b entity has to be
released from the SLC. Depending on the cell and/or tissue
context, latent TGF-b activation may result from (i) a proteolytic
cleavage within the LAP pro-domain and the subsequent release of
the mature TGF-b and/or (ii) a conformational change in the LAP,
allowing exposure of the TGF-b entity (30). During the latter
process, mature TGF-b remains in interaction with its LAP pro-
domain, but the bioactive sites of the cytokine are unmasked and
able to bind to TGF-b type II receptor (TbRII) at the cell surface
(31). Activated TbRII then recruits and activates the TGF-b type I
receptor (TbRI) by trans-phosphorylation. In the canonical TGF-b
signaling pathway, TbRI phosphorylates Smad2 and Smad3,
allowing them to interact with Smad4 in order to enter the
nucleus and act as transcription factors that regulate a large set of
TGF-b-responsive genes (32). These genes are involved in key
biological mechanisms, such as embryonic development, tissue
homeostasis and repair, through stem cell fate orientation, cell
cycle arrest (cytostasis), epithelial-to-mesenchymal transition
(EMT), cell motility and immuno-modulation. TGF-b cytokines
also play a dual role during cancer development, acting either as
oncogenic or tumor-suppressing factors depending on the cellular
context (32, 33).

Based on the conserved modular structure between the four
members of the Tenascin family, we speculated that TN-C, TN-R
and TN-W share with TN-X the ability to regulate latent TGF-b
activation through their C-terminal globular domain. Indeed,
amino-acid sequence alignment revealed that FBG-like domains
of the four Tenascins are highly conserved, sign of a potential
functional redundancy. Herein, we demonstrated that full-length
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Tenascins, and their respective FBG-like domains, are produced
and purified in association with SLC components (i.e. TGF-b1
and its LAP pro-domain). Interestingly, recombinant FBG-like
domains, presented to cells in either immobilized or soluble
form, have the ability to induce the canonical TGF-b/Smad
intracellular pathway in epithelial cells, suggesting that
the molecular association between the C-terminal part of
the Tenascins and latent TGF-b promotes the activation of the
cytokine. Consequently, epithelial cells cultured onto
immobilized FBG-like domains underwent cell cycle arrest
(cytostasis) and partial EMT, two cellular programs induced by
active TGF-b. Altogether, our results indicate that latent TGF-b
activation is a common feature of the Tenascin family, providing
new insights into the mechanisms by which these glycoproteins
may regulate tissue homeostasis under healthy and
pathological conditions.
MATERIALS AND METHODS

Cell Culture and Reagents
Normal Murine Mammary Gland (NMuMG) epithelial cells
were obtained from ATCC (American Type Culture
Collection) and cultured in complete Dulbecco modified
Eagle’s medium (DMEM), containing 10% (v/v) Fetal Bovine
Serum (FBS, Gibco), 1% (v/v) Penicillin-Streptomycin (PS,
Gibco), and supplemented with 10 mg/mL Insulin (Roche).
Human Embryonic Kidney (HEK)-293 cells expressing
Epstein-Barr Nuclear Antigen 1 (EBNA1) were purchased
from Invitrogen and maintained in the same complete medium
in the presence of 250 mg/mL of G418 (Geneticin, PAA) as
recommended by the manufacturer.

HEK-293 EBNA1 cells stably transfected with pCEP4-BM40-
6HIS/Puromycin encoding full-length human TN-C and TN-W,
respectively donated by G. Orend (U1109 INSERM, Strasbourg,
France) and R. Chiquet-Ehrismann (Friedrich Miescher Institute
for Biomedical Research, Basel, Switzerland), were cultured in
complete DMEM containing 2.5 µg/mL of Puromycin (Gibco).
HEK-293 cells stably transfected with pSecTag2/hygromycin
expression vector (Invitrogen) encoding either full-length
bovine TN-X (from Gly23 to Gly4,135 residues according to the
GenBank reference NM_174703) or its TN-XDEDF derivative
(consisting of FNIII modules only, from Gly745 to Thr3,910
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residues) (3, 34), were cultured in complete DMEM containing
400 µg/mL of Hygromycin B (Thermo Fischer Scientific).

Recombinant human TGF-b1 was purchased from
PeproTech and dissolved in 4mM HCl containing 0.1% (w/v)
Bovine Serum Albumin (BSA, Euromedex) for cell culture
experiments. For neutralization experiments, mouse
monoclonal IgG1 anti-TGF-b1/b2/b3 (Clone 1D11) antibody
was purchased from R&D Systems and isotype-matched mouse
Gamma Globulin used as negative control from Jackson
ImmunoResearch. In both cases, cells were incubated for
10 min at 37°C in presence of 5 or 10 mg/mL of either anti-
pan-TGF-b or isotype-matched antibody before stimulation.

Plasmids, Cloning and Cell Transfection
For recombinant protein production in mammalian cells, FBG-
like sequences of human TN-X (from Gly4,048 to Gly4,272 residues
according to GenBank ID 7148), TN-C (from Gly1,338 to Ala1,564;
GenBank ID 3371), TN-W (from Val990 to Phe1,229; GenBank ID
63923) and TN-R (from Gly1,027 to Phe1,257; GenBank ID 7143)
were cloned between NheI and BamHI restriction sites into the
pCEP4-BM40-8HIS/Puromycin expression plasmid (gift from
M. Koch, University of Cologne, Germany) using the One-Step
Sequence- and Ligation- independent Cloning (SLIC) method
(35) and specific oligonucleotides (Table 1). cDNAs encoding
the FBG-like domains of human TN-C and TN-W were
amplified using full-length protein-encoding plasmids (36) as
templates. Prior to SLIC cloning, the cDNA encoding the FBG-
like domain of human TN-R was amplified from human brain
mRNA (Clontech) by RT-PCR using the PrimeStar HS DNA
Polymerase (Takara Bio Inc.) and the following forward 5’-
GGAGGCCGGGTGTTCCCTCATC-3 ’ and reverse 5 ’-
CTCAGAACTGTAAGGACTGCCG-3’ oligonucleotides.
Similarly, the cDNA encoding the FBG-like domain of TN-X
was obtained by RT-PCR from human primary fibroblast mRNA
using the following forward 5’-GGTGGGCTGCGGATC
CCCTTC-3’ and reverse 5’-GCCTCCCCCCGCTGGGGAGC-3’
primers. The integrity of the cloned sequences was assessed by
direct sequencing (Eurofins Genomics).

A cleavage site attributed to the Furin-like family of pro-
protein convertases was identified at the C-terminal sequence of
human FBG-W domain, thus allowing the removal of the
histidine tag during biochemical purification of the
recombinant protein. Consequently, site-directed mutagenesis
was performed on the FBG-W-encoding pCEP4-BM40-8HIS
TABLE 1 | Oligonucleotide primers used for the cloning of the FBG-like domains in the pCEP4-BM40-8HIS/Puromycin vector using the SLIC method.

Primer name Primer Sequence

pCEP4-hFBGC-Forward 5’-CTTTGCCTGGCCGGGAGGGCTCTGGCAGCCCCGCTAGCAGGACTCCTGTACCCCTTCCCC-3’
pCEP4-hFBGC-Reverse 5’-GGATCATTAATGGTGGTGATGATGGTGGTGGTGGGATCCTGCCCGTTTGCGCCTGCCTTC-3’
pCEP4-hFBGR-Forward 5’-CTTTGCCTGGCCGGGAGGGCTCTGGCAGCCCCGCTAGCAGGAGGCCGGGTGTTCCCTCAT-3’
pCEP4-hFBGR-Reverse 5’-GGATCATTAATGGTGGTGATGATGGTGGTGGTGGGATCCGAACTGTAAGGACTGCCGTTT-3’
pCEP4-hFBGW-Forward 5’-CTTTGCCTGGCCGGGAGGGCTCTGGCAGCCCCGCTAGCAGTTGGTGCCCGTTTCCCACAC-3’
pCEP4-hFBGW-Reverse 5’-GGATCATTAATGGTGGTGATGATGGTGGTGGTGGGATCCGAACGTTCGCAGCCTTCCTCT-3’
pCEP4-hFBGX-Forward 5’-CTTTGCCTGGCCGGGAGGGCTCTGGCAGCCCCGCTAGCAGGTGGGCTGCGGATCCCCTTC-3’
pCEP4-hFBGX-Reverse 5’-TGGATCATTAATGGTGGTGATGATGGTGGTGGTGGGATCCGCCTCCCCCCGCTGGGGAGC-3’
Vector tail sequences are indicated by bold face. Restriction sites are underlined.
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plasmid to substitute the Arg1,220 amino-acid by an alanine
residue, using the QuikChange II XL Site-Directed
Mutagenesis Kit (Agilent Technologies) and the following
forward 5 ’-TGTCCTGGGCAGAAAGAAGGCGACGCT
GAGAGGAAGGCTG-3 ’ and reverse 5 ’-CAGCCTTCC
TCTCAGCGTCGCCTTCTTTCTGCCCAGGACA-3 ’
oligonucleotides. The recombinant FBG-WRKKA domain was
used throughout the study.

HEK293-EBNA1 cells at 70-90% confluency in 6-well plate
were transfected with 4 mg of pCEP4-BM40-8HIS/Puromycin
plasmid encoding FBG-like domain using Lipofectamine 2000
(Invitrogen), in serum- and antibiotic-free DMEM for 48 hours.
Mock-transfected cells, corresponding to HEK-293 EBNA1 cells
transfected with empty pCEP4-BM40-8HIS/Puromycin vector
were used as a negative control. Once transfected, the G418
antibiotic was replaced by 2.5 mg/mL of Puromycin (Gibco) in
the culture medium.

For recombinant protein production in bacteria, cDNAs
encoding FBG-like domains of the four human Tenascins were
amplified by PCR (Taq Platinum HF polymerase, TermoFisher),
flanked with appropriate restriction sites (Table 2) and ligated
into the linearized and dephosphorylated pT7.7 vector (United
States Biochemical Corp.) using Rapid DNA ligation kit (Roche).
Integrity of the cloned sequences was assessed by direct
sequencing (Eurofins Genomics). Chemically ultracompetent
E.coli BL21-DE (3) bacteria (New England Biolabs) were
transformed using heat-chock method and selected on LB-agar
plates containing 100 mg/mL ampicillin (Sigma-Aldrich).

Recombinant Protein Production,
Purification and Adsorption
For protein production in mammalian cells, stably transfected
HEK-293 or HEK-293 EBNA1 cells were cultured over
confluence for 3 weeks under serum deprivation and culture
medium was collected 3 times a week. Conditioned media
enriched in recombinant proteins or collected from mock-
transfected cells were cleared from cellular debris by
centrifugation for 10min at 400g at 4°C and stored at -80°C.

Full-length TN-X and TN-XDEDF were purified by mean of
two chromatographic steps as described previously (3). Briefly, a
first affinity chromatography was performed on Heparin-
Sepharose column (GE Healthcare). After two washes with
50 mM Tris-HCl, pH 8.0, proteins were eluted using 0.5 M
NaCl in 50 mM Tris-HCl, pH 8.0, dialyzed 3 times against
Frontiers in Immunology | www.frontiersin.org 4218
50 mM Tris-HCl pH 8.0 (twice for 2 hours and once overnight)
and applied on a Q-Sepharose column (GE Healthcare). Elution
was performed using linear NaCl gradient (from 0 M to 1 M) in
50 mM Tris-HCl, pH 8.0 and fractions enriched in recombinant
proteins were pooled.

Full-length TN-C and TN-W were purified as described by
Giblin et al. (2018) (37). Before purification, histidine-tagged
full-length TN-C and TN-W were precipitated from conditioned
medium by stirring 2h at 4°C in presence of 2.2 M ammonium
sulfate (Sigma-Aldrich), pelleted by centrifugation at 12,000g, for
20 min at 4°C, resuspended in 50 mL of Phosphate-Buffered
Saline (PBS, Euromedex) containing 0.01% Tween-20 (VWR)
and dialyzed 3 times (twice for 2h and once overnight) at 4°C in
PBS containing 0.01% Tween-20. In order to remove Fibronectin
(FN), a first gelatin-Agarose column (Sigma-Aldrich) was
performed, in which FN stayed attached to the gelatin beads
while TN-C or TN-W passed to the flow-through. This flow-
through containing TN-C or TN-W was then applied on a Ni-
Nitriloacetic acid agarose (Ni-NTA, Qiagen) column, which was
subsequently washed twice using PBS containing 20 mM
imidazole. TN-C or TN-W were then eluted using 300 mM
imidazole diluted in PBS.

Prior purification, mock-condit ioned medium or
conditioned media enriched in human FBG-X, FBG-C, FBG-
W or FBG-R were dialyzed using MWCO 6,000-8,000 Da
dialysis tubing (SpectrumLabs) in 300 mM NaCl, 50 mM
NaH2PO4, 5 mM imidazole (Sigma-Aldrich), overnight at 4°
C. Thanks to the presence of eight histidine residues at the C-
terminal end of recombinant FBG-like domains, a single Ni-
NTA affinity column was performed. Column was washed twice
using 300 mM NaCl, 50 mM NaH2PO4, 5 mM imidazole, and
proteins were eluted with 200 mM imidazole (diluted in the
washing buffer).

After an initial overnight dialysis against PBS, fractions
enriched in recombinant proteins were dialyzed overnight
against sterile PBS containing 0.2% (v/v) chloroform (Sigma-
Aldrich) to prevent contamination, followed by a last overnight
dialysis against sterile PBS before storage at -80°C. The
homogeneity of recombinant proteins was assessed by SDS-
PAGE coupled with R250 Coomassie Blue staining (Biorad),
and protein concentration was determined using the
QuantiPro™ BCA Assay kit (Sigma-Aldrich).

Recombinant CUB1CUB2 (C1C2) fragment of human
Procollagen C-proteinase enhancer-1 (PCPE-1) containing
TABLE 2 | Oligonucleotide primers used for the cloning of the FBG-like domains in the pT7.7 vector using standard method.

Primer name Primer sequence Restriction site

pT7-7-hFBGC-Forward 5’-CGCGGATCCGGACTCCTGTACCCCTTCCCC-3’ BamHI
pT7-7-hFBGC-Reverse 5’-CCCCTGCAGTGCCCGTTTGCGCCTGCC-3’ PstI
pT7-7-hFBGR-Forward 5’-GCTAGAATTCGCGGAGGCCGGGTGTTCCCT-3’ EcoRI
pT7-7-hFBGR-Reverse 5’-CCCCTGCAGGAACTGTAAGGACTGCCGTTT-3’ PstI
pT7-7-hFBGW-Forward 5’-CGCGGATCCGTTGGTGCCCGTTTCCCACAC-3’ BamHI
pT7-7-hFBGW-Reverse 5’-CCCGTCGACGAACGTTCGCAGCCTTCC-3 SalI
pT7-7-hFBGX-Forward 5’-GCTAGAATTCGCGGTGGGCTGCGGATCCCC-3’ EcoRI
pT7-7-hFBGX-Reverse 5’-CCCCTGCAGGCCTCCCCCCGCTGGGGAGCG-3’ PstI
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eight histidine residues at its C-terminal end was produced in
HEK-293 T cells, as previously described (38).

Recombinant proteins were diluted in PBS and adsorbed onto
cell culture dishes or coverslips overnight at 4°C. When full-length
Tenascins were used within the same experiment, the quantity of
coated recombinant protein was 22.2 pmol/cm2, while FBG-like
domains were coated either at 333 pmol/cm2 (corresponding to
10 mg/cm2), 666 pmol/cm2 (20 mg/cm2) or 999 pmol/cm2 (30 mg/
cm2), depending on the experiments. Following passive protein
adsorption, non-specific interaction sites were saturated using 1%
(w/v) BSA diluted in PBS for 1h at 37°C.

For protein production in bacteria, transformed BL21-DE (3)
cells were cultured in LB medium containing 100 mg/mL
ampicillin until the 600nm absorbance was comprised between
0.6 and 0.8. Protein production was then induced by 1 mM
Isopropyl b-D-1-thiogalactopyranoside (IPTG, Sigma) for 3h at
37°C. Bacteria were pelleted by centrifugation at 5,000g for
20min and insoluble FBG-like domains were extracted from
inclusion bodies by stirring 1h at room temperature with
100 mM CAPS (Sigma) pH 11.0 containing 8 M urea
(Promega). Protein lysate was cleared from bacteria debris by
centrifugation at 5,000g for 20min and supernatant containing
solubilized proteins were incubated for 1h at room temperature
with Ni-NTA beads. Once loaded onto an empty column,
histidine-tagged FBG-like domains bound to the Ni-NTA
beads were washed and refolded using a linear decreasing urea
gradient (concentration from 8 M to 0 M) diluted in 100 mM
CAPS, each time using 10 column volumes. Elution was
performed using 200 mM imidazole diluted in 100 mM CAPS,
pH 8.0, and dialyzed twice overnight against sterile PBS at 4°C
before storage at -80°C. Purity and concentration of recombinant
proteins produced in bacteria was assessed as described earlier
for proteins produced in mammalian cells. Recombinant FBG-
like domains produced in bacteria were noted FBG* to
distinguish them with those produced in mammalian cells.

The level of LPS in each recombinant protein preparation was
assessed using the Limulus amaebocyte lysate assay (Pierce LAL
Chromogenic Endotoxin Quantitation Kit) according to the
manufacturer’s instructions. The levels of LPS in recombinant
proteins purified from mammalian cell conditioned medium
were below 50 pg/mL, whereas they were ranging between 100
and 500 pg/mL in the FBG-like domains purified from bacteria.

Immunoblotting
For cell signaling analyses, either 106 NMuMG cells were seeded
and cultured for 3h in the presence of immobilized recombinant
proteins or 5.105 cells were seeded on plastic dishes, and
stimulated the day after with soluble recombinant FBG-like
domains for 1h prior to cell lysis. Total proteins were extracted
from stimulated NMuMG cells using radioimmunoprecipitation
assay (RIPA) extraction buffer (Thermo Scientific) containing
EDTA-free protease inhibitor and phosphatase inhibitor
cocktails (Roche) for 20min on ice. After centrifugation at
13,200g for 10min at 4°C, supernatant containing solubilized
proteins were stored at -20°C prior to Western blot analyses. 20
µg of total proteins were resolved by SDS-PAGE in Tris-Glycine
buffer containing Sodium-Dodecyl-Sulfate (TG-SDS,
Frontiers in Immunology | www.frontiersin.org 5219
Euromedex) and then transferred onto Polyvinylidene Fluoride
membrane (PVDF, Milipore) at 0.4 A during 2h in TG-SDS
buffer containing 20% Ethanol. Membrane was saturated using
5 or 10% (w/v) non-fat dry milk diluted in Tris-buffered saline
(TBS, Euromedex) containing 0.1% (v/v) Tween-20 (T-TBS,
VWR) for 1h at room temperature prior overnight incubation
with primary antibody (at 4°C). Rabbit monoclonal antibody
anti-phospho-Smad2 (Ser465/467, diluted at 1/1,000 in T-TBS
containing 5% (w/v) BSA) and rabbit polyclonal antibody anti-
Smad2/3 (diluted at 1/500 in T-TBS containing 5% (w/v) BSA)
were purchased from Cell Signaling Technology, goat polyclonal
antibody anti-human LAP (TGF-b1) was purchased from R&D
System (diluted at 1/100 in T-TBS containing 5% (w/v) non-fat
dry milk), rat monoclonal antibody anti-TGF-b1 (diluted at 1/
500 in T-TBS containing 5% (w/v) non-fat dry milk) was
purchased from BD Pharmigen™, mouse monoclonal anti-6X
His tag (diluted at 1/1,000 in T-TBS) was purchased from
Abcam, monoclonal mouse antibody anti-GAPDH (diluted at
1/1,000 in T-TBS) was purchased from Abcam, and rabbit
antibody anti-actin (diluted at 1/1,000 in T-TBS) was
purchased from Sigma-Aldrich. Secondary anti-mouse IgG
(Abcam, diluted at 1/10,000 in T-TBS containing 5% (w/v)
non-fat dry milk), anti-rabbit IgG (Abcam, diluted at 1/5,000
or 1/2,500 in T-TBS containing 5% (w/v) non-fat dry milk), anti-
goat IgG (ImmunoResearch Laboratories, diluted at 1/2,000 in
T-TBS containing 10% (w/v) non-fat dry milk) and anti-rat IgG
(ImmunoResearch Laboratories, diluted at 1/2,000 in T-TBS
containing 10% (w/v) non-fat dry milk) antibodies coupled
with Horseradish Peroxidase (HRP) were added for 1h at
room temperature prior to signal detection using the enhanced
chemiluminescence technique with the ECL™ prime Western
Blotting Detection Reagent (GE Healthcare) and the FX Fusion
CCD camera (Vilber Lourmat). Signals were quantified using
FIJI software (SciJava).

Cell Reporter Assay
100,000 NMuMG cells were seeded on 24-well culture plates on
day 1. On day 2, cells were co-transfected with the pGL3-basic
reporter plasmid (Promega) encoding firefly luciferase under
control of TGF-b-responsive elements ((CAGA)12-Luc) (39)
together with the pRL-CMV vector (Promega) encoding
Renilla luciferase under the control of the cytomegalovirus
ubiquitous promoter to determine the transfection efficiency
and to normalize firefly luciferase activity. Transfection was
carried out for 4h to 6h using lipofectamine 2000 (Invitrogen)
according to manufacturer recommendations, using a 20:1
plasmid ratio corresponding to 0.8 mg of pGL3-MLP-(CAGA)

12 and 0.04 mg of pRL-CMV per condition. Cells were then
cultured in complete medium and stimulated for 16h using the
amount of proteins described in figure legends. On day 3, cell
lysates were obtained using Passive Lysis Buffer (Promega) for
15min at room temperature under shaking and were then kept
frozen at -20°C. Luciferase assay was performed in Costar 96-
well flat bottom white polystyrol plates using the Dual Glo
luciferase reporter assay system (Promega) according to the
recommendations of the manufacturer. Briefly, luciferase
activity was measured for 7s per well using 20 mL of cell lysate
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and 100 mL of LAR II buffer. Then, luciferase activity was
quenched and Renilla was activated by adding 100 mL of
Stop&Glo solution per well, followed by a reading of Renilla
activity for 7 seconds. Luminescence measurements were
performed on Tecan i-control Infinite M1000 (Tecan Group).

MTT Test
MTT test was performed on 5,000 NMuMG cells cultured in
complete medium for 48h onto 96-well plates coated or not
(PBS) with 333 pmol/cm2 (corresponding to 10 mg/cm2),
666 pmol/cm2 (20 mg/cm2) or 999 pmol/cm2 (30 mg/cm2) of
purified recombinant human FBG-like domains. Cells were then
incubated for 2h with 0.5 mg/mL MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich) dissolved in
culture medium, allowing NAD(P)H-dependent mitochondrial
oxido-reductase enzymes to reduce MTT into formazan.
Formazan was then solubilized from intracellular compartment
using 10% (v/v) Triton X-100 in 0.1M HCl (Euromedex) and
absorbance was measured by spectrophotometry at 570nm
(Tecan M1000 PRO, infinite).

Direct Fluorescence and Indirect
Immunofluorescence Microscopy
100,000 NMuMG cells cultured in complete medium for 72h onto
coverslips coated with purified recombinant human FBG-like
domains (666 pmol/cm2) were fixed for 20min using 4% (w/v)
paraformaldehyde, permeabilized for 10min using 0.5% (v/v)
Triton X-100 in PBS and non-specific sites were saturated for
1h using 5% (v/v) SVF in PBS. All steps were performed at
ambient temperature. Actin direct fluorescence analyses were
performed using Tetramethylrhodamine isothiocyanate-labelled
phalloidin (Sigma-Aldrich). Indirect immunofluorescence
experiments were performed using mouse monoclonal anti-E-
Cadherin (1/200; BD Transduction Laboratories™) and Alexa
Fluor 488-conjugated goat anti-mouse IgG (1/1,000; Life
Technologies) antibodies. DNA was stained with DAPI
contained in the Vectashield mounting medium (Vector
Laboratories). Observations were conducted using an ECLIPE
Ti-E inverted microscope (Nikon) equipped with a DS-Fi2 color
camera and the NIS element imaging software.

Homology Modeling and Protein-Protein
Docking
The four FBG-like domains of the human Tenascins, FBG-C,
FBG-R, FBG-W and FBG-X, were modeled by homology using
SWISS-MODEL web service. The PDB structure of the FGB-like
domain of human TN-C (PDB code 6QNV chain A) was chosen as
fold for the four models. The coverage for FBG-C starts at amino-
acid #1979 to 2194 with 96% of identity, the FGB-R starts at
amino-acid #1133 to 1358 with 60% of identity, FGB-W starts at
amino-acid #1065 to 1280 with 52% of identity and for FBG-X
starts at amino-acid #4025 to 4240 with 54% of identity. The high
identity and the alignment quality of the FBG-like domain
sequences with the fold were enough to create reliable models.
All resulting models were checked, then charged and minimized
using the MOE molecular modeling software (version 2019) with
Frontiers in Immunology | www.frontiersin.org 6220
AMBER14:ETH force-field under pH 7. For latent TGF-b (pro-
TGF-b1), PDB structure labeled 3RJR was used. This structure was
checked, charged and minimized with the same protocol as for
FGB-like domains.

Each FBG-like domain with pro-TGF-b1 were submitted to
ClusPro webserver to perform protein-protein docking. No
constraint in term of binding residue was set. 1,000 trials with
rigid docking algorithms were selected and 30 cluster structures
were constructed. Ten complexes optimized with charm force-
field were output from the server. As complex is not mainly
hydrophobic or hydrophilic, “balanced” score results were
selected. For each FBG-like domain, the ten structures were
checked, charged and minimized with MOE software using
AMBER14:EHT force-field at pH 7.

Molecular Dynamics and
Trajectory Analysis
The twelve complexes were inserted in a TIP3P box, with a minimal
distance of 12Å to the box limit, were prepared for molecular
dynamic simulations. All simulations were performed using the
molecular dynamics program AMBER18 (40) using the AMBER
14SB force-field. The simulation systems were kept under
isothermal/isobaric (NPT) conditions except for the heating
phase. Energy minimization was performed to obtain a low
energy starting conformation for the subsequent MD simulation.
The solvated complexes were minimized for a total of 5,000 cycles,
using the steepest descent method for 2,500 cycles, followed by
2,500 cycles of a conjugate gradient. Then, a 1ns heating phase was
performed from 0 to 300K at constant pressure and temperature.
The equilibration/production was performed for 100ns. The time
step of the simulations was 0.002ps.

The VMD software (41) was used to visualize trajectories
generated during the simulation. Root Mean Square Deviation
(RMSD) was used to determine structure stability. RMSDs were
calculated for every simulation. Analysis of all RMSD reveals
than the value of each dynamics is stabilized around 3Å and
parameters of simulation reveal that simulations have reach
equilibrium around 10 ns of simulation time. On the last 50ns
of the trajectory 100 frames were sampled, one every 0.5ns.

Affinity Binding Calculation and
Alanine Scanning
For each simulation, the 100 sampled complexes without water were
sent to Prodigy binding energy calculation. For each frame, the
binding energy was computed and the mean energy was calculated.
For each FBG, the three complexes conformation with the lowest
binding energy were selected for additional analyzes. To investigate
which residues of the structures were involved in the interaction, an
alanine scanning simulation was performed. The last frame of MD
for all three complexes was sent to MOE to do alanine scanning
simulation. Each simulation will mutate to alanine all Tenascin
amino-acid that may interact with latent TGF-b (pro-TGF-b1) or
vice versa. Alanine scanningmethod was performed with a “rotamer
explorer” algorithm with a conformation limit set to 50. The affinity
was computed by GBVI/WSA algorithm between latent TGF-b and
each FBG-like domain.
May 2021 | Volume 12 | Article 613438

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Aubert et al. Tenascins Activate Latent TGF-b
Surface Plasmon Resonance
(SPR) Analyses
The interaction between recombinant human mature TGF-b1
(dissolved in 10 mM citric acid; Peprotech) or human latent
TGF-b1 (LTGF-b1, dissolved in PBS with 50% glycerol; ref. 299-
LT-CF; BioTechne) and the four FBG-like domains or human
Thrombospondin (TSP)-1 [purified from platelets as described
(42)] was studied by surface plasmon resonance (SPR) using a
Biacore T200 instrument. The four FBG domains and LTGF-b1
were immobilized on Series S CM5 sensorchips using amine
coupling chemistry at pH 7.0 (in 10 mM HEPES) while FBG-X
which was diluted in 10 mM sodium acetate pH 5.0. The control
channels were prepared with the same activation/deactivation
procedure except that the protein solution was replaced by buffer
alone. The experiments were run in PBS buffer (Gibco)
supplemented with 0.05% P-20 and sensorgrams were recorded
at 25°C with a flow rate of 30 µl/min. Signals from control flow
cells were automatically subtracted from signals in active flow
cells. Regeneration of active and control channels was performed
using 2 M NaCl. Kinetic data were analyzed using the Biacore
T200 Evaluation software 3.2.

Data and Statistical Analysis
The GraphPad Prism 8 software was used for graphical
representations of data and statistical analyses. Each result
shown is from an experiment representative of at least three
independently repeated experiments. For MTT test, statistical
analyses were performed using non-parametric ANOVA
(Kruskal-Wallis test), and each condition was compared to the
control condition (N-C) using Dunn’s multiple comparisons test.
p values < 0.05 were considered as statistically significant
(p values were indicated in the figure legends).
RESULTS

Amino-Acid Sequence Conservation
Between Tenascin FBG-Like Domains
Suggests a Functional Redundancy in
Latent TGF-b Activation
To evaluate sequence conservation between the four human
Tenascin FBG-like domains (hereafter called FBG-C, FBG-R,
FBG-W and FBG-X), their amino-acid sequences were aligned
using the CLUSTALW software (Figure 1A). Sequence
comparison showed that the FBG-like domains of the four
Tenascins share a high degree of identity (35 %) and similarity
(55 %) when compared all together (Figure 1A). This high
degree of sequence homology may also imply a structural
similarity, because the cysteine residues responsible for the
formation of two disulfide bounds are strictly conserved
between the four domains (Figure 1A, highlighted in yellow).
In order to perform a deeper analysis, we also compared the
sequences of FBG-like domains in pairs (Figure 1B). When
compared two by two, the degree of similarity is strongly
increased, showing that FBG-like domains share more than
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50% of sequence identity and at least 65% of similarity, except
for FBG-X and FBG-W, which appeared to be the most divergent
ones. Consequently, FBG-C seems to be closer to FBG-R and
FBG-W, and FBG-X seems to be the most distant domain of the
Tenascin family (still with >47% identity with its counterparts),
as previously suggested by Chiquet-Ehrismann (43).
Nevertheless, this high degree of homology between FBG-like
domains strengthens the idea that latent TGF-b activation might
be a common property to all members of the Tenascin family.

Recombinant Full-Length Tenascins and
Their Respective FBG-Like Domains Are
Produced and Purified in Association With
the Small Latent Complex
We first wanted to determine whether human TN-C and TN-W
could be associated with latent TGF-b, as previously observed for
TN-X (28). To do so, recombinant full-length TN-C (220 kDa),
TN-W (180 kDa) and TN-X (450 kDa) were produced in
mammalian cells and purified from conditioned media using
specific chromatographic steps as detailed in the “Materials and
Methods” section (Figures 2A, B). Full-length TN-R was not
included in this study because, to our knowledge, no
recombinant human TN-R has been cloned and characterized
yet. As negative control, we also included a recombinant TN-X
fragment called TN-XDEDF (380 kDa), which does not contain
EGF-like repeats and FBG-like domain (Figure 2A) (3). This
truncated TN-X fragment is used to indicate the basal level of
contaminating TGF-b1 in our purified recombinant proteins
(28). We then decided to analyze the presence of SLC
components (i.e. TGF-b and LAP(b) entities) in purified
protein fractions. Immunoblotting performed on equimolar
quantity of purified TN-X, TN-C and TN-W confirmed the
presence of both TGF-b1 moiety and LAP(b1) pro-domain in all
recombinant full-length protein preparations (Figure 2C),
showing that these three glycoproteins co-purify with the
endogenously synthesized latent TGF-b1. As previously
described, TN-XDEDF purification fraction does not contain any
component of the SLC (Figure 2C), thus confirming that latent
TGF-b1 is not associated with TN-X FNIII repeats.

To confirm the implication of the C-terminal globe of
Tenascin family members in this association, FBG-like
domains of human TN-X, -C, -W, and -R were cloned,
produced in mammalian cells, and purified from conditioned
medium using nickel-chelating chromatography (Figures 2A,
D). As negative control, we used a purification fraction of
CUB1CUB2 (C1C2), a recombinant histidine-tagged fragment
derived from the Procollagen C-proteinase enhancer-1 (PCPE-1)
extracellular protein. The recombinant C1C2 fragment was
produced using similar conditions as for the FBG-like domains
(mammalian host cells and purification method) (38) and has a
comparable molecular mass (≈30 kDa). After protein
purity assessment by Coomassie Blue staining on SDS-PAGE
(Figure 2D), we performed immunoblotting on equimolar
quantity of purified FBG-like domains or C1C2 protein to
analyze the presence of SLC components. As shown in Figure
2E, both TGF-b1 and LAP(b1) entities were detected in each
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purified FBG-like domain fraction, and were absent from C1C2
fraction, confirming the specificity of the molecular association
between latent TGF-b1 and Tenascin FBG-like domains.
Altogether, these results indicated that the Tenascin family
members might be specifically associated with latent TGF-b1
through their FBG-like domains.

During the course of the experiments, we identified a cleavage
site located within the C-terminal sequence of the human FBG-
W domain that is responsible for the removal of the histidine tag
during the biochemical purification of the recombinant protein
(Figure S1). Indeed, this domain harbors a cationic tail with the
following sequence Arg1,217-Lys-Lys-Arg1,220 (RKKR), which
corresponds to the consensus sequence (Arg-Xaa-(Lys/Arg)-
Arg-Xaa) for the Furin-like family of pro-protein convertases.
Using site-directed mutagenesis, we abolished the C-terminal
cleavage site by substituting the Arg1,220 amino-acid by an
alanine residue. Compared to the FBG-WRKKR domain, the
molecular mass of the FBG-WRKKA protein is higher and the
histidine-tag is henceforth detectable (Figure S1). As this
substitution does not prevent the co-purification of the
modified FBG-W domain with the latent TGF-b (Figure 2E),
this recombinant version was used throughout the study. This
Frontiers in Immunology | www.frontiersin.org 8222
result also suggests that the molecular association between the
FBG-like domains and the LAP–TGF-b complex does not
involve the very C-terminal extremity of the FBG knob.

The Recombinant FBG-Like Domains of
the Four Tenascins Physically Interact
With TGF-b
To confirm a physical interaction between the four FBG-like
domains and the small latent (LAP–TGF-b) complex, surface
plasmon resonance analyses (SPR) were performed using
commercially available recombinant human latent TGF-b1
(LTGF-b1). Although we previously demonstrated that LAP
(b1) co-immunoprecipitated with FBG-X (28), we failed to
detect an interaction between the four FBG-like domains of
Tenascins and recombinant LTGF-b1 by SPR (Figure S2). As we
did not succeed either to show the binding of LTGF-b1 with
purified human TSP-1 (Figure S2B), a well-established partner
and activator of latent TGF-b (44), it remains questionable
whether the purified recombinant LTGF-b1 was in a favorable
conformation to enable such an interaction using this
biochemical approach. In contrast, we demonstrated a direct
interaction between mature TGF-b1 and the four FBG-like
A

B

FIGURE 1 | Sequence alignment and homology degree between the Tenascin family FBG-like domains. (A) Multiple sequence alignment analysis of the FBG-like
domains of human TN-X, -C, -W and -R (FBG-X, -C, -W, -R) performed with CLUSTALW software. Red (*) labelled residues are identical between the four FBG-like
domains, green labelled (:) residues are highly conserved and blue labelled (.) residues are poorly conserved. The four conserved cysteine residues are highlighted in
yellow. (B) Percentages of identity and similarity amongst the amino-acid sequences of the FBG-like domains of the human Tenascins performed with paired
comparisons using CLUSTALW software.
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domains (Figures 3A–D). The association and dissociation
curves obtained with different concentrations of TGF-b1 were
best fitted with the heterogenous ligand model to determine the
apparent equilibrium dissociation constants (KD) between the
different entities (Table 3). Bioactive TGF-b1 binds with higher
affinity to FBG-X (KD1 = 342 nM and KD2 = 407 nM) than to
FBG-W (KD1 = 1.9 µM and KD2 = 6.5 µM). Curves derived from
the interaction between TGF-b1 and immobilized FBG-C and
FBG-R could not be fitted due to weak signals at the lower
Frontiers in Immunology | www.frontiersin.org 9223
TGF-b1 concentrations and aggregation occurring when higher
concentrations were injected.

Molecular Docking of the Small Latent
Complex With the FBG-Like Domains of
the Tenascins
The latter result prompted us to model the association of pro-TGF-
b1 (31) with the four human Tenascin FBG-like domains using
modeling and molecular dynamic approaches. Thanks to the high
A

B D

EC

FIGURE 2 | Recombinant full-length Tenascins and their respective FBG-like domains co-purify with latent TGF-b1. (A) Schematic representation of the recombinant
proteins used in this study (dark grey). Structural modules of Tenascins are depicted in the inset. (B, D) SDS-PAGE analysis of the purified recombinant proteins and
stained with Coomassie blue. MM, molecular mass markers. (B) Purified full-length TN-X, TN-C, TN-W and the TN-XDEDF fragment (1 mg each) were loaded on 6%
acrylamide gels under reducing conditions. (D) Purified recombinant FBG-like domains of the four human Tenascins and the recombinant CUB1CUB2 (C1C2)
domain (2 mg) were resolved on 15% acrylamide gels under reducing conditions. (C, E) Western blot analysis indicating the level of human mature TGF-b1 and LAP
(b1) pro-domain associated with equimolar quantity of purified recombinant full-length TN or TN-XDEDF fragment (5 pmol each) (C) and recombinant Tenascin FBG-
like domains or CUB1CUB2 (C1C2) protein (20 pmol) (E).
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A
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FIGURE 3 | The recombinant FBG-like domains of Tenascins interact with TGF-b1. (A–D) Interactions of TGF-b1 with FBG-like domains analyzed by SPR.
Increasing concentrations of TGF-b1 were injected in single-cycle mode over immobilized FBG-X (A), FBG-W (B), FBG-C (C) and FBG-R (D). The experimental
curves are shown in red and the best fits with the heterogeneous ligand model in black. The concentrations of TGF-b1 were as follows: (A) 15.6 – 31.2 – 62.5 –

125 – 250 nM; (B) 7.8 – 15.6 – 31.25 – 62.5 – 125 nM; (C) 20.2 – 40.5 – 81 – 162 – 324 nM; (D) 9.4 – 18.8 – 37.5 – 75 – 150 nM. (E, F) Homology models
showing the predicted docking between the FBG-like domain of TN-C (E) or TN-W (F) and the pro-TGF-b1. The dimeric LAP(b1) pro-domain is shown in green, the
TGF-b1 dimer in orange and the FBG-like domains in purple. ‘Straitjacket’ and arm domains of the LAP(b1) dimer are indicated.
TABLE 3 | Kinetic and dissociation constants derived from SPR analysis.

ka1 (M
-1s-1) kd1 (s

-1) KD1 (µM) ka2 (M-1s-1) kd2 (s
-1) KD2 (µM) Chi2 (RU2)

hFBG-X 8085 0.00276 0.342 2.074 105 0.0845 0.407 5.27
hFBG-C NA NA NA NA NA NA NA
hFBG-W 1036 0.00196 1.89 1.430 104 0.0926 6.48 4.21
hFBG-R NA NA NA NA NA NA NA
Frontiers in Immunolo
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See legend of Figure 3 for experimental conditions. Best fits for the interactions of TGF-b1 with FBG-X and FBG-W were obtained with the heterogeneous ligand model.
NA, not applicable.
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sequence identity observed between the four FBG-like domains, it
was possible to generate reliable models of the FBG-R, -W and -R
from the known X-ray structure of FBG-C (PDB code 6QNV).
Indeed, homology models predict that each FBG-like domain
exhibits similar subdomain organization and folding. Then,
protein-protein docking simulations for the complexes involving
FBG-like domains and pro-TGF-b1 were performed with ClusPro.
For each FBG-like domain, three poses with the best score affinity
were selected (Figures 3E, F and S3A). Binding energies between
the four domains revealed some differences, FBG-X displaying the
highest (14.2, 14.8, and 13.2 kcal.mol-1), FBG-W (13.2, 11.9 and
13.1) and FBG-C (12.8, 11.1, and 12.4 kcal.mol-1) intermediate, and
FBG-R (10.7, 11.2, and 11.7 kcal.mol-1) the lowest values. These
energy scores suggested that FBG-X should bind with a higher
affinity to pro-TGF-b1 than FBG-W and FGB-C, themselves
having a better affinity than FBG-R. The twelve selected
complexes were submitted to an alanine scanning simulation and
resulting binding energies were further calculated. For each protein
domain, residues were considered to play a critical role in the
interaction if the DDG affinity between the wild-type FBG and the
corresponding virtual mutant was higher than 2 kcal.mol-1 and if
they came out in the three simulations performed with a specific
FBG-like domain. These simulations predicted a limited number of
key residues (four to six residues per domain) involved in the
interaction with the FBG-like domains. These are mostly located in
the loop 9 of the four FBG-like domains, a region located at the C-
terminal part of the domains, but upstream of the cationic tail of
FBG-W, FBG-C and FBG-R (Figure S3B). These residues are
predicted to play a critical role in the interaction with pro-TGF-
b1 mostly through hydrogen bonds and steric modification of the
interface. In addition, the pro-TGF-b1 is suggested to interact with
the FBG-like domains not only through the LAP pro-domain
(helix a1 from the straightjacket domain) but also with the N-
terminal region of the mature TGF-b1 moiety (Figures 3E, F, S3A,
S4). Pro-TGF-b1 was also submitted to an alanine scanning
simulation and critical residues predicted to be involved in the
interaction with each FBG-like domain were also determined
(Figure S4).

FBG-Like Domains of the Tenascin Family
Members Activate the Canonical TGF-b/
Smad Intracellular Signaling Pathway
Because of their association with latent TGF-b1, we investigated
the ability of full-length Tenascins and FBG-like domains to
stimulate the canonical TGF-b/Smad intracellular signaling
pathway. In the first set of experiments, we analyzed the
phosphorylation of Smad2 in Normal Murine Mammary
Gland (NMuMG) epithelial cells seeded for 3h onto non-
coated (N-C) dishes, or dishes coated with equimolar quantity
of recombinant proteins (22,2 pmol/cm2 for full-length
Tenascins or 333 pmol/cm2 for FBG-like domains). Because
cells were not able to adhere properly onto full-length TN-C
due to its anti-adhesive property (45), detached NMuMG cells
were harvested and pelleted from culture medium prior to
protein extraction. While NMuMG cells cultured onto N-C
dishes or dishes coated with TN-XDEDF displayed basal levels of
Frontiers in Immunology | www.frontiersin.org 11225
phosphorylated Smad2, cells cultured onto full-length TN-X,
TN-C and TN-W exhibited a marked phosphorylation of Smad2
(Figure 4A). Smad2 phosphorylation is comparable to that
obtained with TGF-b1 stimulation for cells cultured onto TN-
X and slightly less intense (but still strong) for cells cultured onto
immobilized TN-C and TN-W (Figures 4A, B). Level of Smad2
phosphorylation was also increased when NMuMG cells were
seeded onto equimolar quantity of immobilized FBG-like
domain of the four Tenascins (Figures 4C, D).

Because Tenascins are known to modulate cell adhesion, we
next decided to analyze Smad activity in NMuMG cells
stimulated with soluble, instead of immobilized, recombinant
proteins. Results obtained with equimolar concentration of
soluble FBG-like domains were similar to those obtained using
coated proteins, resulting in Smad2 phosphorylation in NMuMG
cells (Figure 4E). As a negative control, we used the conditioned
medium obtained from mock-transfected cells that was
submitted to a nickel-chelating column (MOCK), as done for
the FBG-like domains. NMuMG stimulation using this
mock fraction induced a near to basal Smad2 phosphorylation
(Figure 4E). Similarly, the CUB1CUB2 protein fragment failed
to induce an activation of the Smad signaling pathway in
NMuMG cells (Figure 4F), thus confirming that Smad2
phosphorylation can be attributed to the Tenascin-derived
proteins, but not to an irrelevant protein domain.

As a readout of Smad2 transcriptional activity, we performed
Luciferase analyses in NMuMG cells. Cells were transiently
transfected with the (CAGA)12-Luc synthetic reporter
construct containing twelve repeats of the Smad-binding
element (39) and were stimulated with soluble recombinant
FBG-like domains. Recombinant human TGF-b1 and MOCK
or vehicle (PBS) were respectively used as positive and negative
controls. Stimulation with soluble FBG-like domains induced a
marked increase of luciferase activity in transiently transfected
NMuMG cells, in comparison with MOCK or PBS treatment
(Figure 4G). Altogether, these results indicated that the FBG-like
domains of the four Tenascins induced a canonical TGF-b/Smad
intracellular pathway in epithelial cells, resulting in a functional
Smad transcriptional activity.

Tenascins Are Able to Activate Latent
TGF-b Thanks to Their FBG-Like Domains
Then, we planned to determine whether TN-X ability to activate
latent TGF-b through its C-terminal knob was shared by TN-C
and TN-W. We first analyzed the impact of full-length Tenascins
on the canonical TGF-b signaling pathway in the presence of an
anti-TGF-b1/2/3 neutralizing antibody directed against mature
TGF-b entities. In NMuMG cells, this antibody significantly
inhibited Smad2 phosphorylation induced by either soluble
mature TGF-b1 or immobilized full-length Tenascins, as
compared with control IgG (Figure 5A). Similarly, the
neutralizing antibody abolished Smad2 phosphorylation
provoked by coated FBG-like domains (Figure 5B). These
results suggest that FBG-like domains of the four Tenascins are
able to induce Smad signaling by increasing mature TGF-
b bioavailability.
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The FBG-like domains produced in mammalian cells are
associated with latent TGF-b1 (Figure 2E). To get rid of this
source of endogenous TGF-b and to determine whether FBG-
like domains are able to activate exogenous latent TGF-b (i.e.
Frontiers in Immunology | www.frontiersin.org 12226
secreted by the cells or from the serum), we produced these
recombinant domains in a prokaryotic system. As shown by
SDS-PAGE coupled with Coomassie blue staining (Figure 5C),
the FBG-like domains produced in bacteria (noted FBG*)
A B

D

E F

G

C

FIGURE 4 | Full-length Tenascins and their respective FBG-like domains stimulate TGF-b/Smad intracellular signaling pathway in epithelial cells. (A) Western Blot
analysis showing phosphorylated Smad2 (P-Smad2), total Smad2/3 and GAPDH levels in NMuMG cells cultured for 3h onto control non-coated (N-C) dishes or
dishes coated with equimolar quantity (22,2 pmol/cm2) of full-length Tenascins (TN) or central TN-X fragment (TN-XDEDF), or stimulated with soluble active TGF-b1
(2 ng/mL). (B) Fold changes of P-Smad2 to total Smad2 levels or to GAPDH levels. Graph shows means ± SD of n = 3 independent experiments. (C) Western Blot
analysis showing P-Smad2, total Smad2/3 and Actin levels in NMuMG cultured for 3h onto equimolar quantity of FBG-like domains (333 pmol/cm2) or stimulated
with soluble active TGF-b1 (2 ng/mL). (D) Fold changes of P-Smad2 to total Smad2 levels or to reference protein levels. Graph shows means ± SD of n = 3
independent experiments. (E) Western-blot analysis showing P-Smad2, Smad2/3 and GAPDH levels in NMuMG cells stimulated for 1h in the presence of active
TGF-b1 (2 ng/mL), stimulated or not (PBS) with soluble FBG-like domains (300 nM) or MOCK-CM. “MOCK-CM” referred to the conditioned media of MOCK-
transfected HEK293 EBNA cells, submitted to Nickel-affinity chromatography and eluted from the column as for the FBG-like domains. (F) Immunoblotting analysis
showing P-Smad2 and GAPDH levels in NMuMG cells stimulated for 1h in the presence of active TGF-b1 (2 ng/mL), stimulated or not (PBS) with soluble
CUB1CUB2 protein fragment (C1C2), bovine serum Albumin (BSA) or FBG-like domains (300 nM each). (G) Relative Luciferase activity of NMuMG cells transiently
transfected with the Smad-responsive (CAGA)12-Luc reporter construct and treated for 16h with soluble FBG-like domains (600 nM), MOCK-CM or TGF-b1
(2 ng/mL). Graph shows one representative result from 3 independent experiments.
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displayed lower molecular masses than those produced in
mammalian cells, most likely due to the absence of post-
translational modifications in the proteins produced in
prokaryotic systems. Although purified recombinant FBG-X*,
FBG-C*, FBG-W* and FBG-R* did not contain any TGF-b1 and
LAP(b1) (Figure 5D), they retained their ability to induce
Smad2 phosphorylation when presented to NMuMG cells in a
so luble form (Figure 5E ) . To ensure that Smad2
phosphorylation was solely attributed to FBG-like domains,
but not to bacterial contaminants such as lipopolysaccharides
(LPS) and LPS-associated molecules, we confirmed that
increasing doses of LPS (1-100 ng/mL) did not induce Smad2
phosphorylation in NMuMG cells (Figure S5). These
experiments definitively showed that the FBG-like domains
produced in bacteria and devoid of TGF-b kept their ability to
activate the pool of latent TGF-b that is either secreted by cells or
available from the serum, resulting in the induction of a TGF-b/
Smad intracellular pathway.

FBG-Like Domain of Tenascins Trigger
EMT and Cytostasis in Epithelial Cells
Cytostasis and epithelial-to-mesenchymal transition (EMT) are
two cellular programs promoted by bioactive TGF-b (46–48).
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Firstly, to determine whether the activation of latent TGF-b
mediated by the four FBG-like domains was sufficient to regulate
epithelial cell plasticity, we compared actin and E-Cadherin
localizations in NMuMG cells cultured onto N-C dishes
(control) or dishes coated with the FBG-like domains. In
control condition, NMuMG cells displayed a cuboidal shape,
with cortical actin cytoskeleton distribution and E-Cadherin
localization at the cell-cell junctions, two typical features of an
epithelial cell morphology (Figure 6A). As expected, NMuMG
cells stimulated with soluble mature TGF-b1 or cultured onto
immobilized FBG-X underwent EMT, characterized by a cellular
scattering, a reorganization of actin cytoskeleton into stress fibers
and a loss of E-Cadherin signal. Interestingly, epithelial cells
cultured onto dishes coated with recombinant FBG-C, FBG-W
or FBG-R also displayed EMT features, but at different degrees.
Even if a pool of actin remained cortically located, a fraction of F-
actin reorganized to form stress fibers, whereas E-Cadherin
disappeared from the cell-cell junctions. This phenotypical
switch was partially observed in NMuMG cultured onto coated
FBG-R, in which some cellular islets still exhibited epithelial
features, while others underwent partial EMT (Figure 6A).
Concomitantly, quantitative gene expression analyses revealed
a decrease of epithelial cell marker (E-cadherin) and a gain of
A B

D

EC

FIGURE 5 | The FBG-like domain of the Tenascin family members activates the latent TGF-b in epithelial cells. (A) Western-blot analysis showing P-Smad2, total
Smad2/3 and GAPDH levels in NMuMG cultured for 3h onto Non-Coated (N-C) dishes, dishes coated with 22,2 pmol/cm2 full-length Tenascins (TN) or stimulated
with 2 ng/mL TGF-b1, in presence of anti-pan-TGF-b antibody or isotype-matched control IgG (10 mg/mL). (B) Western Blot analysis showing P-Smad2, total
Smad2/3 and GAPDH levels in NMuMG cells cultured for 3h in presence of 333 pmol/cm2 of FBG-like domains as described in (A). (C) SDS-PAGE analysis of
purified recombinant FBG-like domains produced in mammalian cells (FBG) and E. coli (FBG*) resolved on 15% acrylamide gels under reducing conditions (2 µg
each). MM, molecular mass markers. (D) Western-Blot analysis of the levels of mature TGF-b1 and LAP(b1) pro-domain associated with 20 pmol of FBG-like
domains produced in mammalian cells (FBG) and E coli (FBG*). (E) Western-blot analysis showing P-Smad2, Smad2/3 and GAPDH levels in NMuMG cells
stimulated for 1h with active TGF-b1 (2 ng/mL), soluble purified FBG-like domains produced in E Coli (720 nM) or vehicle (PBS).
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mesenchymal cell markers (Vimentin and Fibronectin-1), as well
as of EMT inducers (Hmga2, Snail1, and Zeb1), when cells were
cultured onto immobilized FBG-like domains. Once again,
transcriptional responses varied among the FBG domain, the
strongest being observed with the FBG-X and the lowest with
FBG-R (Figure S6A). The EMT transcriptional program induced
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by the FBG-like domain is abolished in the presence of a
neutralizing antibody, thus confirming that this cell response is
dependent on TGF-b activation (Figure S6B).

A concomitant observation with EMT was the marked
decrease in cell number, as judged by nuclei staining (Figure
6A), when NMuMG cells were cultured onto immobilized
A

B

C

FIGURE 6 | The FBG-like domains of Tenascins trigger EMT and cytostasis in epithelial cells. (A) F-actin direct fluorescence (red) and E-Cadherin indirect
immunofluorescence (green) performed on NMuMG cells cultured for 72h onto N-C dishes, dishes coated with 666 pmol/cm2 FBG-like domains or stimulated with
soluble TGF-b1 (5 ng/mL). Cell nuclei were counterstained with DAPI (blue). Bars, 15 µm. (B) Percentage of cell viability in NMuMG cells cultured for 48h onto N-C
dishes, dishes coated with 333, 666 or 999 pmol/cm2 FBG-like domains, or stimulated with 5 ng/mL TGF-b1. Error bars are means ± SD from 3 independent
experiments. *p < 0.05 compared to N-C condition. ****p < 0.0001 compared to N-C condition. ns, not significant. (C) Percentage of cell viability in NMuMG cells
cultured for 48h onto N-C dishes, dishes coated with 666 pmol/cm2 FBG-like domains (FBG-X and FBG-C) or CUB1CUB2 protein fragment (C1C2), or stimulated
with 5 ng/mL TGF-b1, in the presence of anti-pan-TGF-b antibody or isotype-matched control IgG (5 mg/mL). Error bars are means ± SD from 3 independent
experiments. **, *** and **** respectively correspond to p < 0.01, p < 0.001 and p < 0.0001 compared to N-C condition. # and ### respectively correspond to
p < 0.05 and p < 0.001 versus their control IgG-treated counterpart. ns, not significant.
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recombinant FBG-like domains or stimulated with active TGF-
b1. We then assessed whether the activation of latent TGF-b
mediated by the four FBG-like domains was able to induce a
cytostatic program in epithelial cells. As a readout of cell number,
we performed a MTT assay in NMuMG cells stimulated with
recombinant active TGF-b1 or cultured onto dishes coated with
increasing quantities of FBG-like domains (i.e. 333, 666 and 999
pmol/cm2) (Figure 6B). While FBG-X and FBG-C induced a
strong reduction of living cell number comparable to TGF-b1 for
the highest quantity (999 pmol/cm2), FBG-W and FBG-R led to a
lower but still significant reduction of cell number. The decrease
in numbers of living cells was proportional to the quantity of
proteins used in this experiment (Figure 6B). The reduction of
cell number in the presence of the FBG-like domains was not the
consequence of a cytotoxic effect due to the cell exposure to an
exogenous protein domain, as the irrelevant CUB1CUB2 protein
fragment did not modify cell viability (Figure 6C). Finally, the
decrease in living cell number could be attributed to the
cytostatic effect of bioactive TGF-b, as the neutralizing anti-
mature TGF-b1/2/3 antibody significantly reverted the effects
mediated by the FBG-like domains (Figure 6C).

Altogether, these results indicated that the canonical Smad
intracellular pathway induced by the FBG-like domains of the
four Tenascins resulted in the activation of TGF-b cell programs
in mammary epithelial cells, such as EMT and growth arrest.
DISCUSSION

Because of its central role in tissue homeostasis and integrity,
extracellular activation of latent TGF-b is a crucial mechanism
that needs to be tightly regulated (49, 50). By interacting with
several ECM components, the small (SLC) and the large (LLC)
latent complexes are trapped within the matrix compartment,
creating a pool of latent cytokine that can be activated upon
requirement. Even if a growing number of ECM proteins are
referenced as TGF-b partners (29), only a few have the ability to
promote its activation. To our knowledge, Thrombospondin-1
(TSP-1), Connective Tissue Growth Factor (CTGF, also known
as CCN2) and TN-X have been so far the only three ECM
macromolecules described as latent TGF-b activators, both in
vitro (28, 51, 52) and in vivo (52, 53).

In this study, we confirmed the TN-X ability to activate latent
TGF-b and identified human TN-C, TN-W and possibly TN-R, as
new activators of the latent cytokine in vitro, thanks to their highly
conserved C-terminal FBG-like domain. Indeed, we found that the
FBG-like domains of TN-C, TN-W and TN-R are associated with
TGF-b1 SLC in vitro and that this molecular association promotes
the presentation of themature cytokine to cells. This conclusion first
relies on the fact that FBG-like domains of the four Tenascins co-
purified with both entities of the SLC, i.e. TGF-b1 and its LAP pro-
domain (Figure 2). Second, the globular domains of TN-C, TN-W
and TN-R physically interact with TGF-b1 in vitro (Figure 3).
Third, the FBG-like domains are able to unravel the mature TGF-
b1, as they induce a Smad intracellular signaling pathway activation
when presented to cells (either in an immobilized or a soluble
Frontiers in Immunology | www.frontiersin.org 15229
form, Figure 4). This activation leads to the induction of TGF-b-
responsive programs, such as EMT and cytostasis in epithelial cells,
two processes that are abolished by the presence of a neutralizing
anti-mature TGF-b1/2/3 antibody (Figure 6 and S6). Finally, FBG-
like domains produced in bacteria and free from endogenous TGF-
b are able to activate the latent cytokine from an exogenous source,
either present in the serum or secreted by cells (Figure 5).

Although the concomitant binding of the LAP pro-domain to
the TGF-b–FGB protein complex remains to be confirmed
experimentally for TN-C, TN-W and TN-R, molecular
modeling and dynamic analyses predicted the interaction of
the small latent (LAP–TGF-b) complex with the FBG-like
domain of the four Tenascins (Figures 3E, F and S3). More
specifically, alanine scanning analyses predict that the dimeric
latent TGF-b ‘sits’ on the C-terminal portion of the FBG globes,
through interactions with both the LAP pro-domain and the
mature TGF-bmoiety (Figures 3E, F and S3), thus giving insight
into the biochemical association observed between these two
entities and the FBG-like domains. The dimeric LAP(b1) pro-
domain is predicted to bind to the FBG-like domain, through
several amino acids from the first a-helix that are located
immediately upstream of the latency lasso, which maintains
mature TGF-b1 in a latent form through non-covalent
interactions (31). In addition, the dimeric mature TGF-b1 is
suggested to bind to the FBG-like globes through three stretches
of sequences located upstream or surrounding the interchain
disulfide bond (Cys355). In turn, five to six key amino-acid
residues mostly located to the loop9 of the FBG-like domains
are predicted to bind with pro-TGF-b1 mostly through hydrogen
bonds and steric modifications of the interface. The involvement
of these candidate amino acids in the interaction needs further
validation not only in vitro using mutated recombinant FBG-like
domains, but also in vivo with the analysis of inherited variants
occurring in the globular domains. Indeed, Morissette and
collaborators identified a novel TNXB c.12174C>G mutation
that reduces the binding affinity of latent TGF-b to the native
TN-X (54). This mutation, resulting in the p.C4058W amino-
acid substitution within the FBG-like knob of TN-X, is not
located in the loop9, but resides in its N-terminal portion. This
cysteine residue, which is involved in the formation of a first
disulfide bond within the FBG-like domain, is conserved not
only in TN-X proteins from different species, but also in other
members of the human Tenascin family (cysteine in position 11,
Figure 1A). The first disulfide bridge is predicted to maintain the
correct orientation of the FBG-like domain downstream of the
FNIII modules. The absence of this disulfide bond in TN-
XC4058W might result in an inappropriate folding of the FBG-
like domain over the FNIII modules, thus preventing an optimal
presentation of this domain towards its molecular partner.
Further molecular dynamic analyses are needed to confirm
this hypothesis.

SPR analyses confirmed the direct interaction between mature
TGF-b1 and the four FBG-like domains (Figures 3A–D). For both
FBG-X and FBG-W, kinetics sensorgrams were best fitted with the
heterogenous ligandmodel, indicating that TGF-b1 interaction may
result from two conformations of the globular domain on the sensor
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chip or may occur with at least two binding sites on the FBG-like
domains. Notably, the two binding sites display similar dissociation
constants for one FBG but result from kinetic constants that differ
by one log. This model is also compatible with a putative
conformational change triggered by the FBG-like domain on the
latent cytokine, as explained hereafter. The kinetics data indicate
that TGF-b1 binds to FBG-X with a higher affinity than to FBG-W.
This experimental observation correlates with the calculated
binding energies for the four domains. Indeed, in silico analyses
predict that FBG-X displays the highest affinity for pro-TGF-b1,
then followed by FBG-W and FBG-C, with FBG-R having the
lowest value. These relative affinities, obtained in biochemically
defined environment (SPR) or from in silico analyses (molecular
modelling), are rather consistent with the intensity of the cellular
responses obtained in vitro for each FBG-like domain. Indeed, FBG-
X mostly exhibited the strongest TGF-b-dependent response,
compared to FBG-W and FBG-C, while FBG-R was the
recombinant domain displaying the weaker effect. In line with
this, the binding parameters of FBG-C and FBG-R could not be
determined because of the weak signals obtained with the lowest
TGF-b1 concentrations, indicating a weaker affinity of these two
FBG-like domains for the mature cytokine. Moreover, kinetics
analyses were also limited in the high concentration range by the
fact that mature TGF-b1 tended to form aggregates at
higher concentrations.

These observations raise further questions regarding the exact
role(s) of full-length Tenascins in the regulation of TGF-b
bioavailability in a complex tissue environment. Are full-length
molecules only involved in the storage of the latent cytokine
within the ECM or do they also participate in the activation of
latent TGF-b in vivo? In our in vitro assays we noticed that FBG-
like domains appeared to be less effective at inducing Smad2
phosphorylation than full-length Tenascin proteins (Figure 4).
Although it is conceivable that a hexameric molecule (TN-C or
TN-W) might offer a 2-fold higher probability to bind to and to
activate latent TGF-b compared to a trimeric protein (TN-X or
TN-R) in vivo, it is unlikely the case in our in vitro assays. Indeed,
cells were seeded onto equimolar quantity of molecules (with
regard to the molecular mass of each monomeric chain), i.e. onto
similar number of FBG-like domains, whatever the length (intact
or solely the C-terminal portion of Tenascin) or the assembly
(oligomeric or monomeric) of the immobilized protein.
However, the oligomeric nature of the proteins might help in
the activation process, by offering multiple and cooperative
binding sites to latent TGF-b. Although less compatible with
the molecular modeling analyses, it is possible that two FBG-like
domains from independent chains within an oligomer might
cooperate in binding to and activating latent TGF-b (or
presenting activated TGF-b to cell-surface receptors). While
analyzing the interaction between FBG-like domains and
mature TGF-b1 using SPR, the bivalent analyte model also
gave good fits of the experimental curves (Table S1). These
observations suggest that a single dimeric mature TGF-b
molecule might bind to two FBG-like domains simultaneously.
Alternatively, it is also possible to propose a cooperation between
the FBG-SLC complex with another TGF-b-binding site within
Frontiers in Immunology | www.frontiersin.org 16230
the full-length molecule in the process of latent TGF-b
activation. For instance, the fifth FNIII domain of TNC has
also been shown to interact with TGF-b1 (55). One can speculate
that in an hexameric TN-C protein, one FBG-like domain from
one chain may cooperate with a fifth FNIII domain (from the
same or an independent chain) in the activation of the latent
cytokine. However, this hypothesis in unlikely true for TN-X as
the central region of this glycoprotein (the TN-XDEDF fragment
only composed of FNIII domains) does not interact neither with
the LAP(b1) pro-domain nor with the mature TGF-b1 (this
study and (28)). Finally, we cannot exclude in our experiments
that the small globular FBG-like proteins may be less efficiently
adsorbed to plastic culture dishes than to the full-length Tenascin
molecules in regards with their intrinsic physicochemical
properties and/or structural parameters.

Extracellular activation of latent TGF-b has been shown to
require numerous actors, such as various proteases and/or cell-
surface receptors (such as RGD-dependent integrins), whose
involvements are context- and tissue-dependent (30). Among
the ECM molecules, TSP-1 was the first glycoprotein shown to
activate latent TGF-b (51). TSP-1 is a trimeric protein which
interacts non-covalently with latent TGF-b. The activation
process involves the disruption of these non-covalent binding
between the mature TGF-b cytokine and its LAP pro-domain
through competing interactions between discrete sequences in
TSP-1 and both components of the latent TGF-b complex (56).
Firstly, the KRFK sequence located at the beginning of the
second Thrombospondin type 1 repeat (TSR) can efficiently
replace the RKPK sequence in mature TGF-b to interact with
the LSKL sequence in LAP (bold sequences in Figure S4). This
LSKL sequence is located in the first a-helix, just upstream the
latency lasso (Figure S4A). Secondly, a repeated WXXW motif
(where X is any amino acid residue) within TSP-1 has been
shown to interact with the VLAL sequence in mature TGF-b
(Figure S4B). It is assumed that these combined interactions
subsequently induce a conformational change in the SLC and
lead to the exposure of TGF-b, which otherwise remains buried
within the straightjacket. Like TSP-1, TN-X is a trimeric
glycoprotein, whose FBG-like domain interacts non-covalently
with the SLC. After having excluded the involvement of
proteases and RGD-dependent integrins, we deduced that
latent TGF-b activation by TN-X most-likely occurred through
a conformational change within the SLC (28). Even if a deeper
analysis of the involved molecular mechanism is required, it is
tempting to speculate that FBG-like domain of TN-C, TN-W and
TN-R might also induce a conformational switch in this
complex, thus leading to the exposure of mature TGF-b and its
presentation to cell-surface receptors. Interestingly, like TSP-1,
the FBG-like domain of the four Tenascins contains a
conserved WXXW motif located in the loop 9, whose amino
acids have been predicted to interact with the mature TGF-b1 (*,
Figure S3B). As, from in silico analyses, the VLAL sequence in
the bioactive TGF-b1 is unlikely to bind to the FBG-like domains
(Figure S4B), the involvement of this tryptophan-rich motif will
have to be confirmed experimentally following site-directed
mutagenesis in the FBG globes. We also previously identified
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that a11b1 integrin was required for TN-X-mediated latent
TGF-b activation (28). The exact role played by a11b1
integrin in latent TGF-b activation is still not clear. This cell-
surface receptor might serve as a docking site for the FBG–LAP–
TGF-b complex at the membrane, or might have an active role in
the activation process by assisting the FBG-X domain to trigger
the conformational change of the latent complex. Consequently,
we cannot exclude the involvement of cell-surface receptor(s) for
the activation of latent TGF-b1 by FBG-C, FBG-W and FBG-R.
This question needs to be answered using RNA interference or
neutralizing antibody approach, starting with avb3 integrin, a
cell-surface receptor for the TN-C FBG-like domain (57).
Nevertheless, this screening is challenged by the absence of
identified cell-surface receptor for the FBG-like domain of TN-
W and TN-R. Herein, by showing that latent TGF-b activation is
a hallmark of the Tenascin family, we provide new evidences that
these ECM glycoproteins are able to regulate cytokine activity
and cellular signaling. Whether FBG-R retains the ability to
regulate latent TGF-b1 activation within the full-length protein
is an open question that will have to be answered in the future.

Tenascins are complex glycoproteins that appeared early in
the chordate lineage and evolved into four conserved members in
Coelacanth and Tetrapod (58). This degree of conservation
suggests a crucial function in all Vertebrates. Because of its
location at the very C-terminal end of Tenascin, the FBG-like
globe is supposed to be more prone to be lost during evolution.
However, this domain has been conserved, indicating the
presence of a selective pressure to maintain it (59). This
hypothesis becomes more and more attractive since the FBG
knob function has been better characterized, although still
underestimated. FBG-like domain function probably involves
interactions with cell-surface receptors, other ECM components
or signaling molecules. For instance, the FBG-like domain of
TN-C, TN-W and TN-R, but not of TN-X, have been shown to
interact with Toll-like receptor 4 (TLR4) to drive inflammatory
cytokine synthesis in vitro and in vivo (60). Three distinct sites
within the FBG-C domain contribute to TLR4 activation: (i) a
cationic ridge made up of residues from loops 5–7, close to which
sits (ii) a triad of hydrophobic/polar residues from loop 7 and
(iii) a C-terminal cationic tail in loop 10. Whereas the cationic
tail and the hydrophobic/polar residues seem non-essential; the
cationic ridge is the dominant inflammatory epitope. To
determine whether the binding of the LAP–TGF-b complex to
the FBG-C domain might interfere with its ability to interact
with TLR4, we highlighted key residues involved in TLR4
interaction in our molecular model (Figure S7). Latent TGF-b
is predicted to lie on FBG-C in an opposite region from the three
TLR4-binding sites. Although this has to be confirmed
functionally, this observation suggests that the interaction of
FBG-C with the latent TGF-b might not interfere with its ability
to activate TLR4.

TGF-b has a dual role during carcinogenesis. Indeed, in normal
or pre-malignant epithelial cells, it exerts tumor-suppressive
activities by triggering apoptosis and cytostasis, thereby
preventing malignant transformation (47, 48). In contrast, at
later stages of tumor progression, TGF-b acts more as an
Frontiers in Immunology | www.frontiersin.org 17231
oncogene by inducing EMT and immune evasion, thus
promoting cancer cell invasion, dissemination and metastatic
colonization. Interestingly, TN-X and TN-C/TN-W have
opposite expression patterns in healthy and tumor tissues.
Whereas TN-X is constitutively present in most adult
connective tissues, we recently demonstrated a marked
reduction of TN-X in the six most prevalent and lethal cancers
worldwide (27). On the opposite, TN-C and TN-W are barely
detectable in adult healthy tissues, but are often de novo expressed
in cancers (23, 61), in which their ability to promote proliferation,
migration and invasiveness have been extensively studied in the
past decade (18, 22). More importantly, TN-C has been recently
shown to promote EMT through activation of TGF-b canonical
signaling pathway in breast cancer cells established using a mouse
mammary tumor virus (MMTV) model (62). Up to date,
molecular mechanisms underlying these processes are still not
elucidated. Here, we show that the FBG-like domains of the four
Tenascins induce cytostatic and EMT response in normal murine
mammary gland epithelial cells in vitro. Based on opposite
Tenascin expression patterns, it is tempting to speculate that
TN-X might exert a TGF-b-dependent growth arrest in normal
tissues or early malignant cells, whereas TN-C and TN-W induce
latent TGF-b activation to trigger EMT at later stages of malignant
transformation. Thus, this shared mechanism, at two different
stages of cancer development, may have opposite impact on tumor
progression. Strikingly, TN-C and TN-W have also been described
as TGF-b responsive genes, that could lead to a positive retro-
control loop (63, 64). Consequently, TN-C and TN-W, by their
ability to activate latent TGF-b, can promote their own expression,
resulting in a sustained TGF-b activation over time. In well-
established tumors, this constant source of activated TGF-b may
promotes tumor progression, increasing cancer invasiveness,
aggressiveness and lethality. Indeed, even if Sun et al. also
observed an increased TGF-b1 secretion in TN-C-stimulated
murine breast cancer cells (62), this attractive hypothesis will
require further investigation using established in vivo models.

Finally, TGF-b exerts a central role in tumor immune evasion
(30). Indeed, this cytokine is produced by cancer cells but also by
other cell types in the tumor microenvironment, including
activated fibroblasts, macrophages, platelets and regulatory T
cells (Tregs). High level of active TGF-b blocks naive T cell
differentiation toward a Th1 effector phenotype, promotes their
conversion toward the Treg subset and abolishes antigen-
presenting functions of dendritic cells. Interestingly, the
involvement of TN-C in the regulation of anti-tumor immunity
has recently gained more attention. Tumor-initiating cells arising
from prostate intraepithelial neoplasia or glioblastoma have been
shown to secrete TN-C to protect themselves from immune
surveillance, through an a5b1 or avb6 integrin-dependent
inhibition of T cell activation and proliferation (65, 66). More
recently, TN-C has also been shown to favor an immune-
suppressive tumor microenvironment in oral squamous cell
carcinoma, through the induction of a CCR7 signaling in
dendritic cells, thus promoting the recruitment of T regulatory
cells and the expression of anti-inflammatory cytokines (67).
Knowing the role of TGF-b in tumor immune evasion, it would
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be relevant to investigate whether the immune-suppressive
functions of TN-C (and maybe TN-W) might also depend on
its abi l ity to regulate TGF-b activity within these
tumor microenvironments.

Considering the pleiotropic role of TGF-b in numerous
physiological and pathological contexts, our data showing that
latent TGF-b activation is a hallmark of the TN family shed light
on a novel function for this ECM proteins in the regulation of
tissue homeostasis and during pathological dysregulations.
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Radiotherapy, the most frequent treatment of oral squamous cell carcinomas (OSCC)
besides surgery is employed to kill tumor cells but, radiotherapy may also promote tumor
relapse where the immune-suppressive tumor microenvironment (TME) could be
instrumental. We established a novel syngeneic grafting model from a carcinogen-
induced tongue tumor, OSCC13, to address the impact of radiotherapy on OSCC. This
model revealed similarities with human OSCC, recapitulating carcinogen-induced
mutations found in smoking associated human tongue tumors, abundant tumor
infiltrating leukocytes (TIL) and, spontaneous tumor cell dissemination to the local lymph
nodes. Cultured OSCC13 cells and OSCC13-derived tongue tumors were sensitive to
irradiation. At the chosen dose of 2 Gy mimicking treatment of human OSCC patients not
all tumor cells were killed allowing to investigate effects on the TME. By investigating
expression of the extracellular matrix molecule tenascin-C (TNC), an indicator of an
immune suppressive TME, we observed high local TNC expression and TIL infiltration in
the irradiated tumors. In a TNC knockout host the TME appeared less immune
suppressive with a tendency towards more tumor regression than in WT conditions.
Altogether, our novel syngeneic tongue OSCC grafting model, sharing important features
with the human OSCC disease could be relevant for future anti-cancer targeting of OSCC
by radiotherapy and other therapeutic approaches.
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Spenlé et al. Syngeneic OSCC Radiotherapy Model
INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the 7th
most frequent cancer with a low percentage of 5-year survival
(1). HNSCC in the oral cavity, lip, tongue and upper throat,
coined oral squamous cell carcinoma (OSCC), can metastasize to
regional lymph nodes and the lung (2). Exposure to tobacco,
bethel nut and alcohol represent high risk factors for developing
OSCC (1, 3).

Apart from surgical removal of cancer tissue in OSCC,
radiotherapy is the most common treatment (4, 5).
Radiotherapy is used in 70% of cancer patients and includes
high energy rays (photons, protons or charged particles) where
the total dose varies between 50 and 70 Gy, with a daily
fractionation of 1.8–2 Gy (5). Absorption of these rays induces
DNA double strand breaks and reactive oxygen species causing a
tumoricidal effect that is largely dependent on an anti-tumor
immune response (6, 7). Dying tumor cells can generate
neoantigens that activate the immune system involving
dendritic cells (DC), macrophages and other immune subtypes
(8). Radiotherapy can act as a two-edged sword by activating and
inhibiting the immune defense against tumor cells, respectively
(9, 10).

The extracellular matrix (ECM) molecule tenascin-C (TNC)
is highly expressed in malignant tumors including HNSCC and
plays multiple roles in the tumor microenvironment (TME)
promoting cancer progression and metastasis (11–13). TNC
promotes tumor cell survival, proliferation, invasion, formation
of leaky blood vessels and lung metastasis as demonstrated in
spontaneous tumor models with high TNC in comparison to
engineered low TNC (14–16). Moreover, TNC forms local niches
within the tumor where stromal and immune cells are enriched,
regulating cell behavior (14, 15, 17). Recently, by using mice
expressing or lacking TNC, we have shown that TNC
orchestrates an immune-suppressive TME in the carcinogen 4-
nitroquinoline-1-oxide (4NQO)-induced OSCC model (18).

In the past several OSCC tumor grafting models have been
established from 4NQO-induced tongue, lip and esophageal
squamous cell carcinomas that were used in drug targeting
(19–23). Some of these models showed high resemblance with
human papilloma virus (HPV)-negative OSCC which was
recently confirmed at mutation level (24). However, in none of
these models the impact of radiotherapy on the TME has
been addressed.
Abbreviations: 4NQO, 4-nitroquinoline-1-oxide; AUF, arbitrary units of
fluorescence; CBA, cytometry bead array; CCL21, Chemokine (C–C motif)
ligand 21; CCR7, C–C chemokine receptor type 7; CXCR4, C-X-C chemokine
receptor type 4; DC, dendritic cells; ECM, the extracellular matrix; EMT,
epithelial-to-mesenchymal transition; FNIII, fibronectin type III; FRC, fibroblast
reticular cells; H&E, hematoxylin and eosin; HNSCC, head and neck squamous
cell carcinoma; HPV, human papillomavirus; IF, immunofluorescence; IFNg,
Interferon g; IL1b, Interleukin 1b; IR, irradiated; LM, Laminin; NIR, non-
irradiated; ORA, over-representation analysis; OSCC, oral squamous cell
carcinomas; PE, plating efficiency; PFA, paraformaldehyde; SF, surviving
fraction; TGFb, transforming growth factor beta; TIL, tumor infiltrating
leukocytes; TLR4, Toll Like Receptor 4; TME, tumor microenvironment; TMT,
tumor matrix tracks; TNC, tenascin-C; TNFa, tumor necrosis factors a.

Frontiers in Immunology | www.frontiersin.org 2236
Here, we established a novel syngeneic OSCC model derived
from a 4NQO-induced OSCC in the tongue that showed
similarities with HPV-negative HNSCC by recapitulating
mutations seen in human tumors, constitutive transforming
growth factor beta (TGFb) signaling, abundant TIL in TNC-
rich stroma, and spontaneous tumor cell dissemination to the
local lymph nodes. Most importantly, this model was sensitive to
radiotherapy and revealed an impact of TNC on tumor
regression. This model does allow not only to investigate
tumor regression by radiotherapy but could be useful for
assessing effects of radiotherapy on the TME. Finally, our
model could be relevant for future anti-cancer targeting of
OSCC by radiotherapy and/or other therapeutic approaches.
MATERIAL AND METHODS

Cell Culture
OSCC2 cells were established from a murine 4NQO induced
tongue tumor arising in a female C57Bl/6J mouse (18) and
cultured in DMEM-F12 with 4.5 g/L glucose, 10% FBS, 1%
penicillin–streptomycin (Sigma, P4333), 40 µg/ml gentamicin
(Dutscher, L0012-100) and 0.4 mg/ml hydrocortisone (Sigma,
H4001). Cells were checked for the absence of mycoplasms (once
every two months, PlasmoTest, Invivogen, rep-pt1). OSCC2 cells
(5 × 106) were subcutaneously engrafted into the back of a
C57Bl/6J mouse for 4 weeks before extraction of the tumor,
treatment with collagenase as described (18) and explanting cells
into cell culture dishes. After three passages in vitro, 5 × 106 cells
were again grafted into the neck of a C57Bl/6J mouse which
induced a tumor from which cells were explanted in cell culture
as described, giving rise to the cell line OSCC13. For
bioluminescence experiments, OSCC13 cells were infected with
lentiviral particles carrying a luciferase reporter gene. In brief,
lentiviral particles were established with ViraPower™ Lentiviral
Expression Systems (Invitrogen) and the plasmid pLenti-CMV-
LUC (Addgene, #21474) in HEK293T cells (ATCC). OSCC13
cells were then infected with the lentiviral particles and cells
stably expressing the luciferase reporter were established by
selection with 10 µg/ml of blasticidin (InvivoGen) giving rise
to the OSCC13-LUC cell line.

Orthotopic Grafting of OSCC13 Cells in the
Tongue and Bioluminescence Detection
Nude mice (8 weeks of age) or WT and TNCKO (C57Bl/6J) mice
(bred in house) were grafted in the first third part of the tongue.
In particular, 3 × 106 OSCC13 cells in 10 µl PBS were injected
using a U-100 insulin syringe (BDMicro-Fine) in C57Bl/6J mice.
Some 1 × 106 cells OSCC13-LUC (luciferase expression vector
expressing cells) were similarly grafted. Tumors were visible 2
weeks upon engraftment and mice were sacrificed for analysis at
3 weeks (bioluminescence experiment), 2 and 4 weeks (NIR) or 4
weeks (IR). For irradiation analysis, a 2 Gy unique dose of
photons was delivered two weeks after tumor cell engraftment
(3 × 106 cells). Mice were sacrificed two weeks later and tissue
was analyzed by staining. For bioluminescence detection, a
RediJect D-Luciferin Ultra Bioluminescent Substrate
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(Perkinelmer 770505) solution at 30 mg/ml was injected
intraperitoneally 7 min before imaging. Images were acquired
for 5 min using a live imager (NightOwl, Berthold). All mice
were housed and handled according to the guidelines of INSERM
and the ethical committee of Alsace, France (CREMEAS)
(Directive 2010/63/EU, 01386.02, C-67-482-033 on the
protection of animals used for scientific purposes).

Immune Cell Preparation From Tumors
and Cytokine Production
OSCC13 tumor tissues were cut in small pieces and then treated
with a solution of collagenase IV (1 mg/ml; Sigma-Aldrich,
France) and DNase (0.2 mg/ml; Roche Diagnostics, France) at
37°C for 20 min under constant shaking. Cell suspensions from
the OSCC13 tongue tumors (400,000 cells/well) were stimulated
with anti-CD3/CD28 dynabeads (Gibco #11452D) at a bead-to-
cell ratio of 1:1 for 24 h according to the provider’s instructions
(Becton Dickinson). Supernatants were collected and assessed for
the indicated cytokines using the CBA technology (BD
Biosciences, France).

Immunostaining
For immunofluorescence staining (IF), unfixed frozen 8 mm
tumor sections or cells fixed with 2% paraformaldehyde (PFA)
followed by permeabilization in 0.1% TritonX-100/PBS for
10 min were directly incubated overnight with the primary
antibodies (Supplementary Table S1). Secondary antibodies
conjugated with Alexa 488, Cy3 or Cy5 were used
(Supplementary Table S1). Dapi (Sigma D9542) was used to
visualize nuclei. After embedding in FluorSave Reagent
(Calbiochem, 345789), sections were examined using a Zeiss
Axio Imager Z2 microscope. Pictures were taken with an
AxioCam MRm (Zeiss) camera and were analyzed using the
Axiovision software. Control sections were processed as
mentioned above with omission of the primary antibodies. The
image acquisition setting (microscope, magnification, light
intensity, exposure time) was kept constant per experiment and
in between experimental conditions (comparison NIR with IR
tumors) or was adjusted to get the best image (all other stainings).

Real-Time Quantitative PCR
Cells were dissolved in the TRIzol reagent (Invitrogen,
12044977) for total RNA extraction. RNA quality was
confirmed by optical density measurement. cDNA was
synthesized from 1 mg of total RNA using random primers and
Moloney murine leukemia virus reverse transcriptase
(MultiScribe, Applied Biosystems, 10117254). The cDNA was
used for qRTPCR in an Mx3005P Real-Time PCR System
(ThermoFisher Scientific). Reactions were carried out in
duplicate for all conditions using a Sybr Green Master mix
(ThermoFisher Scientific, 4344463) or Fast Taqman mix
(ThermoFisher Scientific, 4444557) and expression of mouse
Gapdh mRNA (Life Technology, 433764T) was used as
endogenous control in the comparative cycle threshold method
(2−DDCt). Primer sequences used are listed in Supplementary
Table S2.
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RNAseq Analysis
RNA from OSCC13 cells (grown for 24 h in DMEM/10% FCS,
N = 2) was isolated using the RNeasy Mini Kit (Qiagen). For each
sample, quality control was carried out and assessed with the
NGS Core Tools FastQC (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/). Sequence reads were mapped using
STAR (25). The total mapped reads were finally available in a
BAM (Binary Alignment Map) format for variant calling.
Variant calling was performed using the ultra-sensitive variant
caller VarDict (26) where only variants with a PASS status were
selected. At last, the variants were annotated by the Ensembl
Variant Effect Predictor tool (27). Mutation signatures were
obtained using the computational framework SigProfiler
(https://www.mathworks.com/matlabcentral/fileexchange/
38724-sigprofiler). Gene mutation analyses were performed by
comparing data from OSCC13 cells with that from publicly
available HNSCC dataset from the TCGA consortium (28) and
4MOQ cell lines previously described (24). In addition, p53
mutation patterns observed in the characterized HNSCC
samples from TCGA and OCSS13 cell lines were represented
and compared using the “lolipop” mutation pattern generator
(29). From the list of genes expressed by OSCC13 cells, an over-
representation analysis (ORA) was performed in order to
determine the gene sets statistically over-represented
(Supplementary Table S3). Visualization of genes and GO
terms was performed using Webgestalt program (30) and Gene
Ontology database (31). Multiple testing Benjamini–Hochberg
correction was performed and an False-discovery rate threshold
was applied (FDR ≤0.05). The original data are available at
ArrayExpress accession *E-MTAB-10614*.

Irradiation of Tumor Cells and Tumor Mice
Cells seeded in 6-well plates (Falcon, 353046) were exposed, at
room temperature, to gamma irradiation, with single doses of 2,
4, 6, 8 or 10 Gy. A 137Cs g-irradiator (Biobeam GM 8000, GSM
GmbH, Leipzig, Germany) was used in the Paul Strauss Center/
Institut de Cancérologie Strasbourg Europe (Strasbourg, France)
at a dose rate of 2.5 Gy/min. Cells in control flasks were sham
irradiated. Tumor bearing (WT and TNCKO) mice, 2 weeks
after engrafting of 3 × 106 OSCC13 cells in the tongue, were
irradiated under anesthesia (ketamine 100 mg/kg and xylazine 10
mg/kg) with the irradiator Biobeam GM 8000 with a single
fraction of 2 Gy at dose rate of 2.5 Gy/min. The whole body of
the mouse, apart from the front of the head, was protected with a
lead shield to avoid radiation toxicity. Eyes were protected with a
moisturizing cream. No toxic effect was seen in non-tumor
bearing mice as assessed by quantification of white and red
blood cells numbers, respectively.

Cell Proliferation Assay
In vitro determination of OSCC2 and OSCC13 cell growth was
performed using a resazurin assay (Interchim (UP669413 Upti-
blue, Montluçon, France). Cells were seeded in 96-well plates at a
density of 1 × 103 cells per well in 100 ml and incubated for 24 h.
Subsequently, cells were irradiated with single irradiation doses
and incubated at 37°C for 1, 2, 3 or 6 days. Subsequently, 20 ml
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(10% of final volume) of resazurin were added to each well and
cells were incubated at 37°C for four additional hours. The
fluorescence of each well was measured at 560–590 nm using a
Synergy™ microplate reader (Biotek, Winooski, USA). Results
were expressed in arbitrary units of fluorescence (AUF) after
subtraction of the blank value (medium only). All experiments
were repeated at least three times independently.

Clonogenic Survival Assay
Cells were seeded in 6-well plates (Falcon, 353046) at a density of
2 × 105 cells per well and allowed to adhere overnight in standard
culture conditions (DMEM with 10% FBS). Cells were then
exposed to irradiation and collected 24 h after irradiation. Cells
were trypsinized and enumerated using a Countess® cell counter
(Countess, Invitrogen, Carlsbad, USA). Then, cells were seeded
in fresh medium and plated at two different dilutions into 6-well
plates. The seeding densities used were 100 and 200 cells for the
control non-irradiated condition, 200 and 400 cells after 2 Gy,
400 and 800 after 4 Gy, 750 and 1500 after 6 Gy, 1,500 and 3,000
after 8 Gy and 3,000 and 6,000 cells after 10 Gy. Thirteen days
later, clones were stained using 0.05% crystal violet (Sigma-
Aldrich, C0775) in a 5% ethanol solution and positive colonies
containing more than 50 cells were scored. The plating efficiency
(PE) and then the surviving fractions (SF) were calculated. The
plating efficiency (PE) is defined as the ratio of the number of
colonies formed for each condition to the number of cells seeded
for each condition. Furthermore, the surviving fraction (SF) is
expressed as the ratio of the plating efficiency after treatment to
plating efficiency without treatment (non-irradiated control).
Survival curves were plotted using surviving fractions for the
different doses. Treatments were performed in triplicate and the
experiments were repeated four times independently.

Statistical Analysis
For all data, Gaussian distribution was tested. When data
followed a Gaussian distribution, statistical differences were
analyzed by unpaired t-test (with Welch’s correction in case of
unequal variance) or ANOVA one-way with Tukey post-test.
Otherwise, the Mann–Whitney test or a non-parametric
ANOVA followed by Dunns post-test were used to verify
significance of the observed differences. For clonogenic survival
assay, data were compared pairwise with a Student–Newman–
Keuls test. All statistical analyses were performed using the
GraphPad Prism 5.02 software. Mean ± SEM. p values <0.05
were considered as statistically significant, *p <0.05; **p <0.01;
***p <0.001.
RESULTS

Establishment of the OSCC13 Cell Line
From a 4NQO-Induced Tongue Tumor
We established a murine OSCC tumor by exposing a C57Bl/6J
mouse to the carcinogen 4-nitroquinoline-1-oxide (4NQO) in
the drinking water for 20 weeks as recently described (18). Then
Frontiers in Immunology | www.frontiersin.org 4238
cells were explanted giving rise to the epithelioid cell line OSCC2
as seen by phase contrast imaging and immunofluorescence (IF)
staining for E-cadherin (Figure 1A). As OSCC2 cells generated
tumors in the tongues of 60% of mice we sought to increase the
grafting efficiency to 100% which was accomplished by a two
times sub-cutaneous grafting of OSCC2 cells in the upper neck of
C57Bl/6J mice. The arising OSCC13 cells were phenotypically
indistinguishable from the OSCC2 cells as seen by phase contrast
imaging and E-cadherin IF staining (Figure 1A). To compare the
genetic differences and similarities between OSCC13 cells and
human HNSCC tumors, we performed RNAseq analysis. By
using SigProfiler program we compared the mutation rate in
OSCC13 cells with that in tobacco smoking associated human
HNSCC (32) and in 4NQO-induced tongue tumors (24). As
described previously, cells extracted from 4NQO-induced
tumors show remarkable similarity to human cancer cells (24).
The mutational patterns induced by 4NQO and tobacco have
similar higher mutation rate in translated than in untranslated
regions and substitution type rates on each nucleotide. Only the
T to A transition, frequently mutated in the tobacco signature is
barely found in the 4NQO signature. Interestingly the OSCC13
signature presented nucleotide substitution rates recapitulating
tobacco and 4NQO signatures with both high T to A and C to T
substitution frequencies (Figure 1B). Investigation of mutations
in 18 genes that are frequently mutated in human HPV-negative
HNSCC and in the 4NQO-induced 4MOSC cells, revealed also
high mutation rates in the OSCC13 cells (except for Fat4 and
Keap1 that did not show mutations). Moreover, six other genes
frequently affected in human OSCC, but not found to be altered
in the 4MOSC cells, were also mutated in the OSCC13 cells
(Pik3cd, Fat1, Notch2, Cdh10, Nf1 and Pten) suggesting that
OSCC13 cells phenocopy characteristics described for human
HNSCC (Figure 1C). TP53 encoding the tumor suppressor
molecule p53 is frequently mutated in human tumors (84.8%
of HPV-negative HNSCC (TGCA cohort)). We investigated
hotspots of mutations in TP53 and observed seven mutations
in the DNA binding domain with four in common to HPV-
negative HNSCC (Figure 1D). Next, by over-representation
analysis (ORA) we investigated gene expression of the cultured
OSCC13 cells. We observed several immune modulating
molecules such as Cd274, Ctla4 and Irf7 to be expressed by the
cultured OSCC13 cells, mimicking HNSCC, 4NQO-induced
tumors and the 4MOSC1-4 cells [Supplementary Table S3
(18, 24, 33)]. Moreover, many molecules involved in the TGFb
(46 genes) and Wnt signaling pathways (68 genes) were
significantly expressed suggesting intrinsic activation of these
pathways again recapitulating features of human HNSCC
[Figure 1E and Supplementary Table S3 (34, 35)]. Altogether,
we propose that the OSCC13 cells could be a relevant novel
cellular model that recapitulates properties of human tobacco
smoking associated HNSCC.

OSCC13 Cells Induce Tumors Upon
Grafting in the Tongue of Syngeneic Mice
Grafting OSCC13 cells underneath the mucosa induced tongue
tumors that were collected and characterized by tissue staining
July 2021 | Volume 12 | Article 636108
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with hematoxylin and eosin (H&E), and IF with antibodies
against specific markers. We observed that tumors highly
expressed TNC (Supplementary Figures S1A, B). Human
OSCC tumors and 4NQO-induced tumors are highly
Frontiers in Immunology | www.frontiersin.org 5239
vascularized (18, 36), therefore we stained for lymphatic
(LYVE1) and blood vessels (CD31). We observed a high
staining of LYVE1 and CD31 around but not inside the
tumors which indicates that the angiogenic switch may not
A B

D

E

C

FIGURE 1 | Phenotype of a new OSCC model. (A) Phase contrast and IF imaging of E-cadherin in OSCC2 and OSCC13 cells. Scale bar, 25 µm. (B) Percentage of
somatic substitutions located in the translated or untranslated genome regions in patients with smoking-associated HNSCC (top (32), in 4NQO-derived lesions
(middle (24); and in OSCC13 cells (bottom). (C) Graphical matrix representation of individual mutations in OSCC13 compared to 4MOSCs and smoking-associated
HNSCC (24, 32). The most frequently observed alterations in the indicated genes of human HPV negative HNSCC (TGCA database) and the corresponding
percentage of mutations in 4MOSCs and OSCC13 are shown. The presence (red) or absence (blue) of mutations are indicated for OSCC13 and the 4MOSC1–4
cells when at least two of the four cells showed the same phenotype. (D, E) RNA data analysis of cultured OSCC13 cells 24 h after plating. (D) Lollipop mutational
plot of TP53 mutations in human HNSCC (HPV-negative) tumor samples from TCGA database (top) and mouse HNSCC cell line (OSCC13) (bottom). The frequency
of mutations is represented by the height of the lollipop. The blue circles indicate mutations specific to human or mouse, and the red circles illustrate mutations
common to human and mouse HNSCCs. TAM, Transactivation motif; TEM, Tetramerisation motif. (E) Over-represented gene ontology terms as determined by the
Webgestalt program and Geneontology database. Bar charts show the enrichment ratio (blue) and expressed gene numbers (red) of the 10 most over-represented
GO processes associated with FDR ≤ 0.05.
July 2021 | Volume 12 | Article 636108

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
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have occurred yet (Figure 2A). As the RNA seq analysis revealed
constitutive TGFb signaling in the tumor cells we investigated
phosphorylation of Smad3 as indicator of pathway activation.
Indeed, P-Smad3 was highly abundant however mostly
cytoplasmic (Figure 2B). As TGFb signaling can be activated
in stromal, immune and cancer cells (34), future studies have to
determine in which stromal cells this pathway is preactivated in
the OSCC13 tumors. OSCC tongue tumors are mainly of
epithelial origin (two over three patients) (37). We investigated
the cellular properties by combined staining for CK8/18 and
Frontiers in Immunology | www.frontiersin.org 6240
vimentin and noticed that the majority of cells inside the tumor
mass expressed CK8/18 (Figure 2C). In addition, streaks of
vimentin+ cells were seen to separate CK8/18+ tumor cell nests
(Figure 2C). Vimentin+ cells likely represent carcinoma
associated fibroblasts. Future studies have to reveal whether
vimentin+ cells also derive from tumor cells having undergone
epithelial-to-mesenchymal transition (EMT). As ERTR7+
fibroblast reticular cells (FRC) were numerous in 4NQO-
induced tumors (18) we investigated their abundance by
staining for gp38 and ERTR7 (and the lack of LYVE1
staining). Indeed we observed FRC to be highly abundant in
the OSCC13 tumors (Figure 2D). We noticed that ERTR7
+/gp38+ cells surrounded the tumors and that the ERTR7
signal showed a continuation from the tumor border into the
tumor mass reminiscent of FRC migrating from outside tissue
into the tumor mass. FRC are an important source of matrix as
demonstrated in the 4NQO-induced tumors (18). Here, we
stained for TNC and saw a similar staining pattern as for
ERTR7, separating tumor cells (p63+), supportive of FRC also
expressing TNC in this model (Figure 2E). TNC was arranged in
fibrillar matrix alignments resembling tumor matrix tracks
(TMT) like in 4NQO-induced tongue and other tumors (12,
18, 38) (Figure 2E).
Immune Suppressive TME in
OSCC13 Tumors
As the RNA seq analysis showed that the cultured OSCC13 cells
expressed Cd274 we stained the OSCC13 tumors for PDL-1 and
indeed found an ubiquitous expression, resembling high PDL-1
in human OSCC, 4NQO-induced OSCC and other OSCC
grafted tumors [Figure 3A (24)]. Human OSCC and 4NQO-
induced tumors are known to be highly invaded by tumor-
infiltrating leucocytes (TIL). To address the immune status also
in the OSCC13 tumors we stained for the leukocyte marker
CD45+ and noticed an accumulation of leukocytes around and
inside the tumors with close vicinity to TNC and laminin (LM)
matrix tracks which is again similar to the 4NQO-induced OSCC
[Figure 3B and Supplementary Figure S1C (18)]. Staining for
CD11c+ myeloid/dendritic cells revealed localization inside the
TNC-rich stroma, like in the 4NQO-induced OSCC [Figure 3C
(18)]. By staining for Col12 (another prominent matrix molecule
in OSCC) together with C–C chemokine receptor type 7 (CCR7)
we observed a TMT-like organization of Col12 similar to the
4NQO tumors (18). Moreover, we noticed CCR7+ cells
[dendritic cells, macrophages and naïve T cells (39)] invading
the tumors (Figure 3D). Staining for CD206 and F4/80 revealed
high colocalization of both markers inside the tumors, indicating
abundance of macrophages with a M2 phenotype (Figure 3E).
Finally, we assessed the potential presence of immune
suppressive Treg by Foxp3 staining. Indeed, FoxP3+ cells were
present in vicinity to Col12 (Figure 3F). In summary, engrafted
OSCC13 cells gave rise to tumors with a TME comprising TNC,
LM and Col12 matrix, abundant fibroblasts and immune cells
that shared an immune suppressive phenotype with 4NQO-
induced tumors and human HNSCC (18).
A B

D

E

C

FIGURE 2 | Characterization of OSCC13 tumors by immunostaining. 4
weeks syngeneic tongue tumors derived from 1 × 106 engrafted OSCC13
cells were stained for the indicated molecules. Representative images are
shown (N = 3). Scale bar, 100 µm. Arrows point at LYVE+ lymphatic and
CD31+ blood vessels in the surroundings of the tumor mass (A), at
P-Smad3+ cells (higher magnification inlet in B), and at ERTR7+ cells invading
the tumor mass from the surrounding tissue (D). (C–E), scale bar, 500 mm
(left). Right panels, higher magnification, scale bar, 100 mm (C, E), 50 mm (D).
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OSCC13 Tumor Cells Spontaneously
Disseminate and Home to the Local
Lymph Nodes
As tumor cells were found in the local lymph nodes of mice with
4NQO-induced tumors (18), we wondered whether OSCC13
cells were also able to spontaneously disseminate. First, we used a
bioluminescence approach to detect OSCC13 cells engineered to
express luciferase and monitored luciferin in tumors and local
lymph nodes upon grafting of OSCC13 cells underneath the
tongue mucosa of nude mice. We saw a bioluminescence signal
in the primary tumor one week after grafting that increased with
Frontiers in Immunology | www.frontiersin.org 7241
time (but was hidden at 3 weeks behind the anesthesia cap)
(Figure 4A). More importantly, we also saw a small luciferin
signal in the lymph nodes already one week after grafting that
further increased by week 2 and was highly prominent at week
3. A strong luciferin signal was confirmed by imaging of the
extracted lymph nodes demonstrating that the OSCC13 tumor
cells had spontaneously homed to the lymph nodes and expanded
there (Figure 4A). Next, we investigated potential lymph node
metastasis in the immune competent condition by grafting
OSCC13 cells into the tongue mucosa of a C57Bl/6J mouse
followed by tissue staining of the lymph nodes 4 weeks after
grafting. As we had seen P-Smad3 expression in OSCC13 tumors
[Figure 2B (18)], we stained the lymph nodes for p63, in addition
to other markers. Indeed in the lymph nodes of all investigated
tumor mice (3/3) we saw numerous p63+ cells inside the lymph
nodes (Figure 4B). Co-staining with TNC revealed that the p63+
tumor cells were present in association with TNC that was
expressed in short fibrillar networks resembling TNC-rich
reticular fibers in lymph nodes [Figure 4C (18)]. As tumor cells
expressed P-Smad3 (Figure 2B) we used this marker together
with CK8/18 and observed cells that were positive for both
markers, further supporting the presence of OSCC13 tumor
cells in the lymph nodes (Figure 4D). Next, we addressed
whether tumor cells expanded in this model as seen in nude
mice (Figure 4A) and used staining for the proliferation marker
Ki67 in combination with CK8/18+. Indeed, we noticed CK8/18+
cells in the lymph nodes that also expressed Ki67 confirming that
disseminated tumor cells could expand in the lymph nodes
(Figure 4E). We wondered whether tumor cells potentially also
homed to the lung in the grafting model, the second most
frequent site of metastasis in the human OSCC patient (40).
However, the experiment had to be discontinued after 4 weeks as
the tumors had reached the ethically accepted size, thus a
potential metastasis to the lung could not be addressed
rigorously. Interestingly, in one tumor mouse we observed a
macroscopical metastasis on the outer surface of the lung,
suggesting that potentially tumor cells may also disseminate to
the lung. Future studies have to address the lung metastatic
potential of OSCC13 cells in more detail.

Altogether, these results strongly suggest that tumor
cells from the OSCC13 engrafted tongue tumors spontaneously
disseminated and homed to the local lymph nodes
where some tumor cells proliferated demonstrating their
metastatic potential.

Response of OSCC13 Cells and Derived
Tumors to Radiotherapy
Radiotherapy cannot only kill tumor cells but also triggers
inflammation and changes in the tumor bed that may
counteract tumor regression (41). So far immune competent
murine grafting models with a relevant TME to address the
roles of radiotherapy in OSCC were not described. To
investigate radiosensitivity we exposed OSCC13 cells (in
comparison to OSCC2 cells) to increasing single doses of
irradiation and determined subsequent tumor cell proliferation
and survival in clonogenic assays. We observed a significant
reduction in proliferation of OSCC13 cells 6 days after
A
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FIGURE 3 | Characterization of immunity markers in OSCC13 tumors by
immunostaining. About 4 weeks syngeneic tongue tumors derived from 1 ×
106 engrafted OSCC13 cells were stained for the indicated molecules.
Representative images are shown (N = 3). Scale bar, 100 µm. Arrows point at
CD45+ (B), CD11c+ (C), CCR7+ (D), F4/80 and CD206+ (E) and Foxp3+
cells (F) that are in close vicinity to matrix. (A, D), scale bar, 500 mm (left).
Right panels, higher magnification. Scale bar, 50 mm (A), 100 mm (D).
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irradiation already at 2 Gy (only 68% living cells) with a
pronounced dose-dependent effect up to 10 Gy, respectively
rendering only 10% cells alive after exposure to 10 Gy
(Figure 5A). In comparison, a 2 Gy irradiation dose had no
effect on proliferation of OSCC2 cells 6 days post-radiotherapy
(Supplementary Figure S2). Cell survival of OSCC13 cells at 2 Gy
was already significantly reduced compared to OSCC2 cells
(surviving fraction at 2 Gy (SF2) was 0.38 and 0.94, respectively
for OSCC13 and OSCC2) and decreased further, down to 0.2%
and 0.9% for OSCC13 and OSCC2, respectively after 10 Gy
(Figure 5B and Supplementary Figure S2). This experiment
revealed that OSCC13 cells were more radiosensitive than
OSCC2 cells. Therefore, we used OSCC13 cells in the following
grafting and irradiation experiments.

Non-tumor bearing mice were irradiated with 2 Gy before
collection of blood and enumeration of white and red blood cells
2 weeks later that indicated the absence of irradiation-induced
Frontiers in Immunology | www.frontiersin.org 8242
toxicity (Supplementary Figure S3A). Therefore we used 2Gy to
irradiate mice with OSCC13 cell (submucosal) engrafted tumors,
collected the tongues 2 weeks later and investigated a potential
impact of radiotherapy by tissue staining. Indeed, H&E staining
revealed that a 2 Gy irradiation dose destroyed large tumor areas
indicated by an altered tumor appearance and lower tumor cell
density as seen by reduced H&E, p63 and DAPI staining
(Figure 5C). We also noticed high CD45+ leukocyte
abundance with different distribution patterns showing an
accumulation at the tumor rim or, within the tumor center as
clusters or as single cells (Figure 5C). Upon irradiation TIL
appeared locally densely packed by a strong CD45+ signal
(Figure 5C and Supplementary Figure S3B). As TNC can be
induced by radiotherapy (42) we wondered whether 2 Gy
irradiation had an impact on TNC expression. Whereas, TNC
appeared as a regular and homogenous fibrillar network in non-
irradiated (NIR) tumors as seen before (Figure 2), upon
A B

D EC

FIGURE 4 | OSCC13 tumor cells home to the local lymph nodes and expand. (A) Detection of luciferase expressing OSCC13 cells in the lymph node by a Nightowl
imaging machine in a nude mouse and in the dissected lymph nodes. Luciferin signal in the tumor and, expanding in the lymph node from 1–3 weeks. N = 3 mice.
(B–D), OSCC13 cells were engrafted in a C57Bl/6J mouse. (B) Representative result (N = 3) of disseminated OSCC13 cells in the lymph node by p63 (C) and P-
Smad3 (D) staining and proliferating CK8/18+ tumor cells by Ki67 staining (E). Note tumor cells (p63+) to be placed in TNC+ matrix (inlet of C) and proliferation of
tumor cells (CK8/18+) (E), confirming tumor cell expansion in the lymph nodes presumably forming metastasis in the immune competent context like in nude mice
(A). N = 3 mice. Scale bar, 500 µm (B) and 50 µm (C–E). Arrows point at tumor cells.
July 2021 | Volume 12 | Article 636108

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
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irradiation the TNC signal was largely gone (in destroyed tissue)
or appeared locally as condensed matrix together with dense
nuclei. We propose that thick TNC matrix and cell dense areas
represent tissue that has not been killed by irradiation
(Figure 5C and Supplementary Figures S3B, C).
Impact of TNC on Immunity and
Radiotherapy-Induced Tumor Regression
In a tumor TNC is mostly expressed by stromal cells, but can also
be expressed by immune and tumor cells (43). We used OSCC13
tumor cell grafting into a WT or TNCKO host, respectively to
address the origin of TNC. We observed no TNC in tumors of a
TNCKO host indicating that tumor cells poorly express TNC.
Upon irradiation with 2 Gy, TNC levels increased in the
irradiated tumors both in the TNCKO and WT context,
however much less in the TNCKO host suggesting that the
stromal cells were the major source of TNC (Figure 6A).
Apparently, 2 Gy radiotherapy also triggered some TNC
expression in the tumor cells as seen by a TNC signal in the
TNCKO tumors (Figure 6A). As TNC can be expressed in
different isoforms, we used exon junction specific primers to
Frontiers in Immunology | www.frontiersin.org 9243
determine by qRTPCR whether radiotherapy had an impact on
the TNC isoforms expressed by the tumor cells. Indeed cultured
OSCC13 cells expressed some higher molecular weight TNC
isoforms 24 h after irradiation as all primers amplified the
respective alternatively spliced fibronectin type III (FNIII)
domains, however the short form of TNC without the extra
FNIII domains was the prominent form (Figure 6B). As in
tumors the large isoform of TNC is highly expressed and was
shown to be associated with an inflammatory pro-tumorigenic
function (44) future studies have to address the potential roles of
the different forms of TNC in the irradiated tumor tissue.

Next we investigated whether TNC had an impact on
immunity. Therefore we investigated the abundance of
different immune subtypes by flow cytometry. We observed
that CD4+ and CD8+ TIL were more abundant than NK and
B cells. However, no difference between tumor genotypes was
seen (Supplementary Figure S4A). Next, we lysed the tumors
and triggered T cells with a mixture of CD3 and CD28 antibodies
and determined expression of cytokines 24 and 72 h later, using a
cytokine cytometry bead array (CBA) assay, respectively. This
analysis revealed an induction at both time points and a clear
difference between tumor genotypes. Stimulated T cells from
A B

C

FIGURE 5 | Impact of irradiation on cultured OSCC13 cells and tumors. (A) OSCC13 cell proliferation upon exposure to the indicated irradiation doses after the
indicated time points (hours, h) using a resazurin assay. Data are represented as mean ± SEM of at least three independent experiments. Student–Newman–Keuls
test. *p < 0.05. (B) Clonogenic survival assessment upon exposure to the indicated irradiation doses. The surviving fractions are represented. Mean ± SD of four
independent experiments. ANOVA test. **p <0.001, *p < 0.005. (C) Representative (N = 5) macroscopical images of H&E stained tongue tissue from OSCC13
tumors in a WT host and upon immunostaining with specific antibodies against laminin (LM, red) or TNC (red) together with CD45 (green)or p63 (green). Scale bar,
100 µm. Arrow points at dense TNC matrix seen upon irradiation. IR, irradiated; NIR, non-irradiated.
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TNCKO tumors expressed less Interleukin 1 beta (IL1b), IL10,
IL17A, IL6, IFNg and tumor necrosis factors a (TNFa) whereas
no difference for IL4 nor IL5 was seen that were poorly expressed
(Figure 6C and Supplementary Figure S4B). These results
indicated that the TME in tumors of a TNCKO host may have
a less inflammatory TME with less active T cells.
Frontiers in Immunology | www.frontiersin.org 10244
To address whether TNC impacted irradiation-induced
tumor regression, we applied 2 Gy to OSCC13 tumors grown
in a WT or TNCKO host. By staining for Dapi and CK8/18 we
investigated the irradiated tissue and noticed that in the TNCKO
host 30% of mice showed complete tumor regression which was
less prominent in the WT host (14%) (Figures 6D, E). In all
A B

D
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C

FIGURE 6 | Impact of TNC on T cell stimulation and on OSCC13 tumor abundance upon irradiation. (A) TNC immunostaining of non-irradiated (NIR) and irradiated
(IR) tumors from WT and TNCKO mice 2 weeks upon irradiation with 2 Gy. Scale bar 100 µm. WT, N = 6, TNCKO, N = 9. (B) Gene expression analysis (qRTPCR) of
different TNC FNIII domains (exon junctions) in OSCC13 cells 24 h upon 2 Gy irradiation (normalized to GAPDH). N = three experiments. The domain organization of
TNC is schematically depicted on top with heptad oligomerization domain (triangle), FNIII domains (dark, constant, light, alternatively spliced) and fibrinogen globe
(circle). (C) Expression of cytokines in T cells present in OSCC13 tumors from WT and TNCKO mice (2 weeks upon engraftment), 24 h after stimulation with CD3/
CD28 beads, with a cytokine cytometry bead array (CBA) assay. Mean ± SEM, Mann–Whitney test, *p < 0.05, **p < 0.01, ***p < 0.05. (D) Representative H&E and
immunostaining images for CK8/18 and CD45 (N = 5) of a non-irradiated and irradiated tongue from a OSCC13 tumor bearing mouse (WT or TNCKO). (E) Detection
of tumors (by CK8/18 signal) in irradiated WT (N = 6/7) and TNCKO mice (N = 6/9); ns, not significant. Note that whereas all engrafted mice developed tumors in
both genotypes, upon irradiation there was a partial regress.
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other tumors we determined the tumor areas by H&E staining
before and after irradiation. We noticed that tumors of both
genotypes partially regressed upon irradiation but that the host
genotype did not have an impact on the tumor size (measured as
surface) in the given short time frame of the experiment
(Supplementary Figure S4C).

Impact of Irradiation and TNC on CD45+
and CD206+ Immune Cell Infiltration
We compared the localization and abundance of leukocytes in
OSCC13 tumors upon growth in a TNCKO host with that in a
WT host by IF imaging. This showed abundant CD45+
leukocytes also in the TNCKO context within the tumors and
in their direct vicinity (Supplementary Figures S4B, D). Upon
irradiation CD45+ leukocytes also infiltrated the TNCKO
tumors. In contrast to this broad infiltration in the TNCKO
tumors this appeared to be more local in the WT tumors
(Supplementary Figure S4D).

As we previously described an impact of TNC on CD206+
pro-tumoral M2 macrophages in the syngeneic NT193 breast
cancer grafting model (45) we investigated the abundance and
spatial distribution of CD206+ by tissue staining and subsequent
quantification (Figures 7A–D). This experiment revealed
numerous CD206+ macrophages inside the tumors and in
direct tumor vicinity (Figures 7A, B). Whereas no difference
in CD206+ macrophages was seen in WT tumors with and
without irradiation TNCKO tumors showed a tendency towards
less CD206+ cells after irradiation (Figure 7C). Determining the
spatial distribution of CD206+ cells we noticed a higher inside-
to-outside ratio of CD206+ macrophages in WT than TNCKO
tumors. Irradiation did not impact this ratio in the given time
frame (Figure 7D).

Altogether we have established a novel syngeneic OSCC
grafting model derived from a 4NQO-induced tongue tumor
that showed similarities with human OSCC by recapitulating
mutations seen in human tumors, constitutive TGFb signaling,
abundant TIL within TNC-rich stroma and, spontaneous tumor
cell dissemination to and expansion in the local lymph nodes.
Most importantly, this model was sensitive to a 2 Gy dose of
irradiation and allows not only to investigate tumor cell killing by
radiotherapy but may be also useful to investigate potential
rebound effects where induction of TNC could function as
marker for adverse responses.
DISCUSSION

Radiotherapy is the most frequent treatment of patients with
OSCC apart from surgery. Although radiotherapy kills the tumor
cells, tumors relapse frequently and patients manifest with
secondary tumors causing high morbidity and frequent
metastasis to the local lymph nodes and lung, altogether
resulting in a low 5-year survival (1). Radiotherapy and
immune checkpoint therapy applied in human HNSCC cancer
patients are important however, they often have either low
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efficiency or strong side effects (46). Therefore, novel immune
competent tumor models recapitulating HNSCC-specific
mutations and HNSCC-specific TME parameters are needed to
better understand the targeting actions, to improve established
targeting regimens and to develop novel targeting approaches.

Here we have developed a novel immune competent tongue
OSCC tumor grafting model that we have investigated in detail
by mutation and gene expression analysis, flow cytometry,
cytokine expression analysis, extensive tissue staining and loss
of function analysis. This comprehensive information on the
TME and mutation phenotype has not been provided on
previously published models. Mutation analysis revealed that
our OSCC13 cells present mutational patterns and nucleotide
substitution exchanges that recapitulate both the characteristics
of tobacco- and 4NQO-induced tumor signatures. Moreover,
OSCC13 cells present mutations on genes also frequently
mutated in human tumors and in particular mutations in the
Trp53 gene common to human HNSCC. Transcriptomic
analysis of OSCC13 cells also revealed similarities in activation
of signaling pathways (including TGFb) like in many human
HNSCC. Altogether the mutation pattern and gene expression
profile of the OSCC13 cells is more similar to human HNSCC
than other published models (24).

Although we did not detect tumor vascularization presumably
due to the short duration of the experiment, important events
seen in 4NQO-induced tumors were recapitulated in this model
such as the development of a structured stroma with abundant
matrix and TIL infiltration. We noticed effects on tumor
immunity that can be considered to be anti-tumorigenic (e.g.
abundant infiltration of macrophages, CD11c+ myeloid/dendritic
cells, CD4+ and CD8+ TIL cells) but also pro-tumorigenic (e.g.
high abundance of FRC as potential source for deposited matrix,
co-localization of immune subtypes with matrix (reminiscent of
retention by the matrix), numerous immune suppressive CD206+
M2 macrophages and Foxp3+ T reg cells and high PDL-1). Thus,
this model could be suitable to investigate immune evolution in
context of radiotherapy and/or drug targeting. Moreover, the
OSCC13 tumor cells spontaneously disseminated to the local
lymph nodes where they expanded demonstrating a high
metastatic capacity. Whereas metastatic properties of murine
OSCC cells were previously documented in a nude mouse
model (47) here we described tumor cell dissemination and
proliferation in the lymph nodes of immune competent
OSCC13 tumor mice.

As the tumor cells expressed high PDL-1 and CTLA4 the
syngeneic OSCC13 grafting model may be amenable for
targeting immune checkpoints in particular in combination
with radiotherapy as we have shown that OSCC13 cells and
tumors are radiosensitive. Whereas irradiation experiments with
human OSCC cells have previously been published in
immunodeficient mice (48) to our knowledge OSCC grafting
models in an immune competent host have not yet been
developed for radiotherapy research. In our novel model, we
have shown that OSCC13 tumors partially regressed upon
exposure to 2 Gy. This model is also useful to address the
effects of radiotherapy on tumor immunity as tumor cells are
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grafted in the tongues of immune competent mice. We propose
that this model may be useful for a future investigation of
rebound effects (potentially enhancing lymph node metastasis)
as we have seen that 2 Gy upregulated TNC. As we saw an impact
of radiotherapy on dense TNC matrix expression and TIL
infiltration, we speculate that TNC could serve as indicator for
an immune-suppressive TME enforced by irradiation,
potentially promoting tumor regrowth in the future. Here,
several pathways could be involved as we saw that TNC
promoted conversion of macrophages into a pro-tumoral M2
Frontiers in Immunology | www.frontiersin.org 12246
phenotype involving Toll Like Receptor 4 (TLR4) and activated
C-X-C chemokine receptor type 4 (CXCR4) signaling causing
immobilization of CD8+ T cells in the stroma thereby inhibiting
anti-tumor immunity (17, 45, 49). Moreover, TNC profoundly
shaped the TME enhancing Chemokine (C–C motif) ligand 21
(CCL21)/CCR7 signaling thereby immobilizing CD11c+
myeloid cells thus impairing their function. As inhibition of
TLR4, CXCR4 and CCR7 impacted anti-tumor immunity and
reduced tumorigenesis (tumor numbers, growth and metastasis)
(17, 18, 45), our novel OSCC13 grafting model may be suitable to
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FIGURE 7 | Irradiation effects on CD206+ macrophages in OSCC13 tumors. Representative (N = 5) macroscopical images of H&E stained tongue tissue and
immunostaining with specific antibodies against laminin (LM, green) and CD206 (red) in OSCC13 tumors from WT (A) and TNCKO mice (B). Scale bar, 100 µm.
(C) Quantification of CD206+ cells in the tongue (referenced to DAPI signal) in percentage. N = 3, mean ± SEM, non-parametric ANOVA followed by Dunns post-
test, *p < 0.05. (D) Relative distribution of CD206+ cells inside or outside the tumor of WT and TNCKO mice in non-irradiated (NIR) and irradiated (IR) conditions,
respectively. N = 3, mean ± SEM, non-parametric ANOVA followed by Dunns post-test, *p <0.05. NIR, non-irradiated mice; IR, irradiated mice.
July 2021 | Volume 12 | Article 636108

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
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investigate these and other alternative targeting approaches in
particular in combination with radiotherapy.

Altogether, we have generated a novel immune competent
OSCC grafting model recapitulating important properties of
human HNSCC including HNSCC-relevant mutations, an
immune-suppressive TME and radiosensitivity which opens
novel opportunities for future targeting the TME and in
particular the matrix in conjunction with radiotherapy and
perhaps immune checkpoint targeting drugs.
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