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Abstract

The identification of barely more than 20,000 human genes was amongst the most surprising outcomes of
the human genome project. Alternative splicing provides an essential means of expanding the proteome,
enabling a single gene to encode multiple, distinct isoforms by selective inclusion or exclusion of exons
from mature mRNA. However, mis-regulation of this process is associated with most human diseases.
Here, we examine the impact of post-transcriptional processing on extracellular matrix function, focusing
on the complex alternative splicing patterns of tenascin-C, a molecule that can exist in as many as 500 dif-
ferent isoforms. We demonstrate that the pro-inflammatory activity of this endogenous innate immune trig-
ger is controlled by inclusion or exclusion of a novel immunomodulatory site located within domains
AD2AD1, identifying this as a mechanism that prevents unnecessary inflammation in healthy tissues but
enables rapid immune cell mobilization and activation upon tissue damage, and defining how this goes
awry in autoimmune disease.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)
Introduction

Alternative splicing provides a remarkably efficient
means of maximizing genomic diversity. Around
95% of all multi-exonic human genes are post-tran-
scriptionally processed, creating >290,000 non-
redundant peptide combinations, expanding proteo-
mic output from a relatively modest genome of
~21,000 genes [1, 2]. However, altered splicing pat-
terns are increasingly associated with pathology in
cancer [3, 4], cardiovascular [5] and neurodegenera-
tive [6, 7] diseases, and autoimmune conditions
including multiple sclerosis, ulcerative colitis, sclero-
derma and rheumatoid arthritis (RA) [8, 9]. Here,
loss of control over even relatively simple splicing
events can result in strikingly distinct biological out-
comes. For example, an imbalance in tissue levels
of the two isoforms of the microtubule-associated
protein tau is linked to neurofibrillary tangles and
protein aggregation during the development of
thors. Published by Elsevier B.V. This is an
eativecommons.org/licenses/by/4.0/)
dementia and Alzheimer’s disease [10, 11], whilst
the long and short variant of the scaffold protein
intersectin-1 exert entirely opposing effects on glio-
blastoma disease progression [12]. However, far
greater complexity of alternative splicing is also
apparent, typified by the extracellular matrix protein
tenascin-C, which can exist in as many as 511 differ-
ent isoforms.

Tenascin-C comprises a modular structure, which
includes 17 fibronectin type III-like repeats (FnIII).
Eight of these domains are constitutively expressed
(FnIII 1�8), whilst the other nine (FnIII A1, A2, A3,
A4, B, AD2, AD1, C and D) can be alternatively
spliced. Variation in the number and combination of
these domains generates enormous diversity of
form that has been best studied during embryogene-
sis and in cancer. Small isoforms (containing only
FnIII 1�8) are restricted to areas of cell condensa-
tion and differentiation during organogenesis, whilst
large variants (containing one or more alternatively
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spliced FnIII repeat) are associated with regions of
active tissue remodeling, cell migration and division
(reviewed in [13]). Up-regulation of alternatively
spliced domains is also common in cancer, showing
promise in disease diagnosis and drug delivery. For
example, high urine levels of FnIII B reliably detect,
and predict, the recurrence of bladder cancer [14,
15], whilst tumor cell overexpression of FnIII A1 or
FnIII C/D has been exploited for disease specific tar-
geting of cytotoxic drugs linked to antibodies recog-
nizing these domains, improving disease outcome
for people with glioblastoma, lung cancer, breast
cancer and Hodgkin’s lymphoma (reviewed in [16,
17]). Mechanistically, alternative splicing can create
tenascin-C isoforms with distinct receptor binding
capabilities (for example inclusion of FnIII D in var-
iants detected in the developing cerebellum pro-
vides an a7b1 integrin binding site that promotes
neurite outgrowth [18]), or with unique proteolytic
susceptibilities (for example insertion of FnIII A3 pro-
vides an MMP cleavage site that is not present in
constitutive FnIII domains [19]). However, the func-
tional consequences of tenascin-C splicing are not
completely understood.
One emerging aspect of tenascin-C biology is its

role in immunity. Whilst widely expressed during
development, it is found at low levels, or not at all,
in most healthy adult tissues. Rapid and transient
upregulation of tenascin-C following tissue damage
or cellular stress serves as a danger signal, trigger-
ing innate immune responses designed to restore
homeostasis, as well as shaping adaptive immune
responses. Accumulation of high levels of tenascin-
C is associated with chronic inflammation in a large
number of diseases, although its role is notoriously
context specific. For example, whilst tenascin-C
deletion is deleterious during experimental dermati-
tis, glomerulonephritis and osteoarthritis, mice lack-
ing tenascin-C are protected in models of
Alzheimer’s disease, asthma, RA and in dermal,
liver and lung fibrosis (reviewed in [20, 21]). We
hypothesized that alternative splicing dictates tis-
sue/disease-specific roles for tenascin-C. How-
ever, surprisingly little is known about the
expression or post-transcriptional processing of
this molecule during inflammation. Here, we sys-
tematically examined the production of tenascin-C
in immune and stromal cells, each well-docu-
mented sources of this protein during tissue injury
[22, 23], using cellular models of acute and chronic
inflammation. We discovered distinct, cell lineage-
specific methods of tenascin-C biosynthesis across
different cell types. Despite these differences we
identified common splicing events linked to both
immune cell and fibroblast activation. We demon-
strated how disease-associated tenascin-C iso-
forms selectively drive pro-inflammatory cell
behavior, via removal of FnIII AD1 and AD2,
domains with immuno-regulatory capabilities.
These data reveal how control over innate inflam-
matory responses is exerted, using post-transcrip-
tional processing to create immunologically inert or
active variants of endogenous immune triggers.
Results
Cell lineage specific biosynthesis of tenascin-C
in resting and activated primary human cells
Absolute levels of tenascin-C mRNA were quanti-
fied in a panel of stromal, myeloid and lymphocytic
cells before stimulation. High basal levels were con-
firmed in human dermal fibroblasts (HDFs) [24] and
U-87MG glioma cells [25], with 1000-fold lower lev-
els detected in immune cells. Monocytes, macro-
phages and dendritic cells contained higher copy
numbers than T-cells, whilst tenascin-C mRNA was
not detected in neutrophils (Fig. 1A). Following cell
activation with well-characterized, lineage-specific
stimuli (Supplementary Table S1), tenascin-C
mRNA was quantified over time relative to validated
housekeeping genes (Supplementary Table S2).
Unstimulated HDFs expressed constitutively high
tenascin-C levels over time, which transiently
increased upon IL-1b stimulation, peaking between
4 and 48 h, returning to baseline by 5 days
(Fig. 1B). Tenascin-C mRNA levels remained low
over time in unstimulated immune cells, and whilst
expression in monocytes, macrophages and den-
dritic cells was transiently induced following LPS
activation, peaking in monocytes between 8 and
24 h, in macrophages and dendritic cells between 4
and 8 h (Fig. 1C-F), and in anti-CD3/CD28 activated
CD4þ and CD8þ T-cells between 24 and 48 h
(Fig. 1G, H), tenascin-C mRNA was not detected in
activated neutrophils (Fig. 1I).

Tenascin-C protein was quantified by ELISA in
HDFs, dendritic cells, CD4þ T-cells and neutrophils.
HDFs constitutively expressed high levels of protein,
with more secreted than associated with cells, but
with a delay in secretion until 24 h after plating. IL-
1b activation significantly increased tenascin-C
secretion with a trend towards higher cell-associated
protein (Fig. 2A, B). Resting dendritic cells
expressed low levels of protein over time, with cell-
associated tenascin-C transiently increased upon
LPS activation, peaking 8 h following stimulation
and then declining, whilst levels started to accumu-
late in the supernatant from 8 h onwards (Fig. 2C,
D). Tenascin-C protein was not detected in the
supernatant or cell lysate of activated CD4þ T-cells
or neutrophils. Confocal immunofluorescence
revealed tenascin-C organized as fibrils, co-localiz-
ing with the fibronectin matrix, exclusively at the api-
cal cell surface of HDFs, which increased following
IL-1b treatment (Fig. 2E, F). Cell-associated



Fig. 1. Cell lineage specific quantification of tenascin-C mRNA in resting and activated primary human cells.
Absolute levels of tenascin-C mRNA (TNC) were quantified using standard curve qPCR in HDF (n = 6), U-87 MG cell lines
(n = 6), GM-CSF macrophages (n = 8), M-CSF macrophages (n = 4), monocyte-derived dendritic cells (MDDC) (n = 8),
monocytes (n = 5), CD3þ T-cells (n = 5), CD4þ T-cells (n = 7), CD8þ T-cells (n = 4) and neutrophils (n = 5) before stimu-
lation (A). Cells were then activated or left unstimulated over the time courses indicated before quantification of TNC using
standard curve qPCR. Fold induction of TNC relative to levels in unstimulated cells at t = 0, following normalisation to con-
trol genes (italics) is plotted for HDFs (n = 8; RPLP0) (B), monocytes (n = 3; GAPDH) (C), GM-CSF macrophages (n = 4;
HPRT1)(D), M-CSF macrophages (n = 3; HPRT1) (E), MDDCs (n = 3; GNB2L1) (F), CD4þ T-cells (n = 6; YWHAZ) (G),
CD8þ T-cells (n = 7; YWHAZ) (H), and neutrophils (n = 5; HPRT1) (I). IL1RNmRNA was quantified in the same neutrophil
samples to confirm cell activation in response to LPS and GM-CSF stimulation[86, 87]. Data are shown as mean þ SEM.
One-way ANOVA with Turkey’s multiple comparisons was performed for HDF vs U-87 MG, and for all immune cells in A,
two-way ANOVA with Sidak’s multiple comparisons test was performed for B-I. Statistical significance is displayed as
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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Fig. 2. Distinct tenascin-C protein expression and localization in fibroblasts and dendritic cells. Tenascin-C pro-
tein expression was quantified by ELISA in cell lysate (CL) and supernatant (SN) fractions isolated from HDFs (CL 2 ml;
SN 1 ml; n = 5)(A, B) and MDDC (CL 50 ml; SN 50 ml; n = 3)(C, D) in cells that were left unstimulated, or which were stimu-
lated for the indicated times with 10 ng/ml IL-1b (HDF) or 10 ng/ml LPS (MDDC). Data are shown as mean þ SEM. Two-
way ANOVA with Sidak’s multiple comparison tests were performed, and statistical significance is displayed as *p<0.05,
***p<0.001, ****p<0.0001. Immunofluorescence localization of tenascin-C (green, Tn-C), fibronectin (red, FN) or cell
nuclei (blue) in HDFs that were left unstimulated for 48 h (E), or which were stimulated with 10 ng/ml IL-1b for 48 h (F),
and in MDDC that were left unstimulated for 8 h (G) or stimulated for 100 ng/ml LPS for 8 h (H). Images show a represen-
tative 120x objective view from 3 independent experiments, and the corresponding z-stack cross-sections. Scale
bar = 20 mm. Tenascin-C protein was resolved by SDS-PAGE of CL and SN isolated from glioma (20 ml)(I, J), HDFs
(20 ml)(K) and MDDC (100 ml)(L, M). MDDC samples were run alongside samples of 20 or 50 ng of purified tenascin-C
(Tn-C). Gels were Western blotted, and blots probed with antibodies against tenascin-C, before stripping and re-probing
cell lysate blots with antibodies against vinculin or actin. Images are representative of 5 independent experiments.

Alternative splicing controls cell lineage-specific responses to endogenous98
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tenascin-C was not detected in unstimulated den-
dritic cells, whilst LPS activation resulted in the
accumulation of dense intracellular tenascin-C foci,
distinct from fibronectin staining, and absent from
the cell surface (Fig. 2G, H). Western blotting
revealed that both HDFs and glioma expressed two
cell-associated tenascin-C variants (~300 kDa and
~250 kDa), of which the larger was more abundant.
Only the larger variant was detected in the superna-
tant (Fig. 2I-K), and this pattern did not change upon
IL-1b stimulation of HDFs (data not shown). Little
tenascin-C was detected in the cell lysate or super-
natant of unstimulated dendritic cells. However, LPS
treatment induced two cell-associated variants
(~300 kDa and ~280 kDa); the smaller band was
most abundant at 8 h, whilst the larger band predo-
minated at later time points. LPS activation induced
secretion of a single large band (~300 kDa) at
24�48 h (Fig. 2L, M).
Together these data demonstrate quantitative differ-

ences in basal tenascin-C expression in distinct cell
lineages, and different kinetics of tenascin-C induction
upon activation with inflammatory stimuli. Stromal and
immune cells also exhibited a unique distribution of
tenascin-C protein; with assembly into the fibrillar,
cell-associated matrix predominating in fibroblasts,
compared to rapid trafficking through the cell before
secretion of soluble tenascin-C in dendritic cells.

Post-transcriptional processing of tenascin-C is
defined by cell activation or disease status

To investigate whether alternative splicing of
tenascin-C contributes to the different tenascin-C
variants observed in different cells, we used a
method developed to quantify the abundance of indi-
vidual alternatively spliced FnIII mRNA using stan-
dard curve qPCR [26]. In unstimulated dendritic
cells, low levels of all 9 alternatively spliced FnIII
were detected at comparable abundance to total
tenascin-C, which was assessed by quantification of
the constitutively expressed FnIII 7�8 domains. Fol-
lowing LPS activation, FnIII 7�8 and all alternatively
spliced FnIII were significantly upregulated with the
exception of FnIII AD2 and AD1; mRNA levels of
these 2 domains did not change and were detected
at lower levels compared to all other FnIII domains
(Fig. 3A, B, Supplementary figure S1A). This pat-
tern was also observed in LPS-activated macro-
phages (Supplementary Figure S1B-C). In
contrast, in HDFs FnIII 7�8 was detected at higher
levels than all of the alternatively spliced domains,
of which FnIII B and D were the most abundant, and
AD2 and AD1 the least abundant present at signifi-
cantly lower levels than FnIII B and D. IL-1b stimula-
tion caused a proportionate increase in FnIII 7�8
and all the alternatively spliced FnIII mRNAs, such
that total TNC mRNA levels increased but the overall
splicing pattern did not change (Fig. 3C, D,
Supplementary figure S1D). Glioma cell lines
exhibited a similar tenascin-C domain content to that
in HDFs (Fig. 3E). To determine whether the tenas-
cin-C splicing pattern maintained in resting and acti-
vated HDFs is universally conserved amongst
fibroblasts we examined synovial fibroblasts isolated
from people with healthy joints (NSF), osteoarthritis
(OA-SF) or rheumatoid arthritis (RA-SF). HDFs
expressed higher tenascin-C mRNA and protein
than all synovial fibroblasts, with RA-SFs expressing
more than OA-SFs and NSFs (Supplementary
figure S1E-F). In both NSF and RA-SF, tenascin-C
was predominantly fibrillar, colocalizing with fibro-
nectin at the surface of the cell, with higher levels in
the RA-SF matrix, whilst OA-SFs exhibited patchy
staining of tenascin-C on the cell surface, with no
visible fibrils, nor colocalization with fibronectin (Sup-
plementary figure S1G). In both NSF and OA-SF
all FnIII domains were expressed at levels compara-
ble to FnIII 7�8, except for FnIII A1, which was
undetectable. However, RA-SFs exhibited a splicing
pattern that mirrored that in HDF and glioma; FnIII
7�8 was the most abundant domain, with higher
levels of FnIII B and D, and lower levels of FnIII
AD2 and AD1 (Fig. 3F-H).

Together these data indicate that non-activated
immune cells express low basal levels of a large
tenascin-C isoform containing all alternatively
spliced FnIII, and that LPS activation induces the
synthesis of a smaller isoform lacking FnIII AD2-
AD1. These data also show that synovial and dermal
fibroblasts do not process tenascin-C in the same
way, and that whilst NSF and OA-SF express low
levels of a large tenascin-C isoform lacking only FnIII
A1, RA-SF, like HDFs and glioma cells express iso-
forms containing proportionately higher levels of
FnIII B and D, and lower levels of AD2-AD1.

Does the alternatively spliced cassette
BAD2AD1CD impact cell behaviour during
inflammation?

Common to both stromal and immune cells was
variation in alternative splicing of tenascin-C within
the BAD2AD1CD domains. Activated myeloid cells
made isoforms lacking AD2AD1, creating smaller
variants in which FnIII B, C and D are likely to be
expressed contiguously. This pattern was also
observed in synovial fibroblasts where NSF and OA-
SF expressed AD2AD1 at comparable levels to
other FnIII, but RA-SF isoforms contained lower lev-
els of AD2AD1 (Fig. 4A). These data prompted us
to hypothesize that domains AD2AD1 may exert a
regulatory role during inflammation. Recombinant
proteins were expressed comprising domains
AD2AD1, to assess any direct role of these domains
on cell function; and domains BCD and
BAD2AD1CD, to determine whether removal of
AD2AD1 affects cell response to neighboring FnIII



Fig. 3. Alternative splicing of tenascin-C is regulated by cell activation and disease status. The abundance of
mRNA corresponding to TNC FnIII domains A1, A2, A3, A4, B, AD2, AD1, C and D was quantified by standard curve
qPCR in MDDC that were left unstimulated (n = 6)(A), or were stimulated with 10 ng/ml LPS (n = 4)(B), HDFs that were
left unstimulated (n = 6)(C) or were stimulated with 10 ng/ml IL-1b (n = 3)(D), and in U-87 MG glioma cell lines (n = 10)(E),
NSF (n = 2)(F), OA-SF (n = 3)(G) and RA-SF (n = 4)(H) that were cultured for 48 h without stimulation. The abundance of
the constitutively expressed domains FnIII 7�8 was quantified in each cell type in parallel. Data are shown as
mean þ STDEV for n = 2, and as mean þ SEM for n=�3. One-way ANOVA with Dunnett’s multiple comparison tests
were performed for FnIII 7�8 vs FnIII A1-D, and one-way ANOVA with Fisher’s LSD test for FnIII A1-D. Statistical signifi-
cance is displayed as *p<0.05, **p<0.01, ****p<0.0001 and non-significant (ns).
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Fig. 4. Strategy for functional analysis of tenascin-C isoforms identified in immune cells and synovial fibro-
blasts. Schematic representation of full length tenascin-C containing the N-terminal tenascin assembly domain (TA), fol-
lowed by 14.5 epidermal growth factor-like repeats (EGF-L), and up to 17 fibronectin type III-like repeats (FnIII), of which
8 are constitutively expressed (1�8; grey) and 9 are alternatively spliced (A1, A2, A3, A4, B, AD2, AD1, C and D; white),
capped with a fibrinogen-like globe domain (FBG)(A; top panel). Alternative splicing patterns of tenascin-C mRNA tran-
scripts expressed in resting MDDCs, and following stimulation with 10 ng/ml LPS, and in NSFs, OA-SFs and RA-SFs (A;
bottom panels). Proteins available, or synthesized, for subsequent functional studies include recombinant full-length
tenascin-C protein lacking only the FnIII AD2/AD1 cassette, and recombinant proteins comprising FnIII domains 3�5,
5�7, AD2AD1, BCD, BAD2AD1CD and FBG. Boxes separated by a dotted line represent contiguity (B).
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domains. Proteins were cloned, expressed and puri-
fied as described in [27] (Supplementary figure
S2A-D); we also purified full-length tenascin-C con-
taining all FnIII except AD2AD1, the constitutively
expressed FnIII domains 3�5 and 5�7, and the
C-terminal fibrinogen-like globe (FBG) for use as
positive and negative controls [27] (Fig. 4B).

Alternatively spliced FnIII domains differentially
support stromal and immune cell adhesion

Tenascin-C has long been known to modulate
fibroblast adhesion, inducing loss of firm
attachment and disassembly of focal contacts [28,
29]. The location of these anti-adhesive properties
somewhere within the alternatively spliced FnIII
domains [30-33], prompted us to examine whether
removal of domains AD2AD1 might impact cell
adhesion. Consistent with published data, full
length tenascin-C promoted little fibroblast adhe-
sion [34, 35], whilst HDF adhered with low EC50
and high Bmax to both fibronectin [34] and to the
cryptic b1 integrin binding site containing FnIII
3�5 [36]. All of the alternatively spliced FnIII
domains supported greater HDF adhesion than
tenascin-C, with significantly higher Bmax levels



Fig. 5. Alternatively spliced FnIII domains support greater fibroblast adhesion than full-length tenascin-C. HDF
adhesion to 96-well plates coated with the stated concentrations of fibronectin, tenascin-C, FnIII 3�5, AD2AD1, BCD and
BAD2AD1CD, was assessed by staining with crystal violet. Data are shown as mean þ SEM, from 6 separate experi-
ments (n = 6) with the BSA blank value subtracted (A). EC50 and Bmax values were calculated and Bmax values were plot-
ted to show statistically significant differences (B, C) (n = 3). Data from cells plated on 0.01 mM of each substrate is
shown (D)(n = 6), along with representative images (E)(n = 4). Scale bar = 100 mm. Data are shown as mean þ SEM.
One-way ANOVA was performed for (A), and one-way ANOVA with Turkey’s multiple comparison tests for (C-D). Statisti-
cal significance is displayed as *p<0.05, **p<0.01. Immunofluorescence staining of b-actin (red), vinculin (Vnc) (green)
and DAPI (blue) in HDFs cultured on glass coverslips coated with 0.01 mM fibronectin (Fn), tenascin-C (Tn-C), FnIII 3�5,
AD2AD1, BCD, or BAD2AD1CD. Representative images from 3 separate experiments are shown. Scale bar = 20 mm (F).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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recorded for BCD and BAD2AD1CD. However,
adhesion to BAD2AD1CD was greater than to
AD2AD1 and BCD, with Bmax values comparable
to fibronectin and FnIII 3�5, although with higher
EC50 (Fig. 5A-E). Confocal immunofluorescence
of HDFs cultured on glass slides coated with differ-
ent substrates, and stained for vinculin and actin,
revealed that HDFs spread well on fibronectin, but
remained rounded on all other substrates. Only
HDFs plated on FnIII 3�5 and BCD exhibited
colocalization of actin and vinculin at the cell
periphery, which was observed to a greater
degree in cells on FnIII 3�5. HDFs adherent to
tenascin-C, AD2AD1 and BAD2AD1CD exhibited
diffuse vinculin staining throughout the cytosol,
while actin was present in distinct foci that did not
overlap (Fig. 5F). These data indicate that, like
FnIII 3�5, domains BAD2AD1CD, BCD and
AD2AD1 support HDF adhesion better than full
length tenascin-C, and that whilst HDFs do not
spread on any tenascin-C derived substrate,
adhesion to FnIII 3�5 and BCD promotes coher-
ent actin and vinculin co-localization.

The ability of tenascin-C to support myeloid cell
adhesion has yet not been reported. Surprisingly,
and in contrast to HDF, dendritic cells adhered well
to both fibronectin and full-length tenascin-C, and
less well to FnIII 3�5. The alternatively spliced
domains supported less dendritic cell adhesion than
equimolar concentrations of full-length tenascin-C,



Fig. 6. Alternatively spliced FnIII domains exert different morphological effects on dendritic cells. MDDC adhe-
sion to 96-well plates coated with the stated concentrations of fibronectin, tenascin-C, FnIII 3�5, AD2AD1, BCD and
BAD2AD1CD, was assessed by staining with crystal violet. Data are shown as mean þ SEM, from 3 separate experi-
ments (n = 3) with the BSA blank value subtracted (A). EC50 and Bmax values were calculated and displayed in the table,
while Bmax values were plotted to show statistically significant differences (B, C)(n = 3). Data from cells plated on 0.01 mM
of each substrate is shown (D)(n = 3), along with representative images (E)(n = 3). Scale bar = 100 mm. Data are shown
as mean þ SEM. One-way ANOVA was performed for (A), and one-way ANOVA with Turkey’s multiple comparison tests
for (C-D). Statistical significance is displayed as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. Immunofluorescence
staining of b-actin (red), vinculin (Vnc) (green) and DAPI (blue) in MDDCs cultured on glass coverslips coated with
0.01 mM fibronectin (Fn), tenascin-C (Tn-C), FnIII 3�5, AD2AD1, BCD, or BAD2AD1CD. Representative images from 3
separate experiments are shown. Scale bar = 20 mm (F). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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and there were no significant differences in the lev-
els of adhesion between equimolar concentrations
of FnIII 3�5, AD2AD1, BCD and BAD2AD1CD.
However, there were significant differences in the
maximal levels of MDDC adhesion to FnIII proteins;
BCD and BAD2AD1CD supported significantly
higher Bmax values than FnIII 3�5, and
BAD2AD1CD supported a significantly greater Bmax
than FnIII AD2AD1 (Fig. 6A-E). Confocal immuno-
fluorescence of dendritic cells exhibited varied phe-
notypes. On tenascin-C dendritic cells were larger
and more spread than on fibronectin; here, vinculin
staining was concentrated at the centre of the cell
and clustered in a ring around the edges, where it
co-localised with actin. Cells plated on FnIII 3�5
and AD2AD1 also were larger and more spread
than on fibronectin, with short actin fibrils and vincu-
lin clusters localising in lamellipodia at the cell
edges. Dendritic cells cultured on BAD2AD1CD or
BCD were morphologically similar, and were smaller
and more rounded than those on fibronectin, tenas-
cin-C, FnIII 3�5 and AD2AD1; containing many
short processes. However, whilst most cells on
BAD2AD1CD stained positive for either actin or vin-
culin, with a minority of cells staining positive for
both, every cell plated on BCD showed strong co-
localization of actin and vinculin at the edges of the
cells (Fig. 6F).

Together these data suggest that full-length
tenascin-C supports dendritic cell adhesion better
than its isolated constituent domains, but that the
opposite is true for HDFs, where multiple cryptic
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binding sites exist including in FnIII 3�5 and in the
alternatively spliced domains AD2AD1, BCD and
BAD2AD1CD. Moreover, whilst different domains
supported similar levels of cell adhesion, they
invoked very different cell morphologies, and cellu-
lar organization of the actin cytoskeleton, indicat-
ing that whilst splicing of tenascin-C during
inflammation may not quantitatively affect HDF
adhesion, it may effect dendritic cell adhesion and
might promote different cell behaviours upon each
substrate.

BCD, but not BAD2AD1CD, promotes myeloid
cell chemotaxis and cytokine release

The morphology of dendritic cells adherent to
tenascin-C and different FnIII domains prompted us
to examine if these proteins differently affect cell
migration. We used a transwell assay to assess
both passive migration, as a model of non-specific
cell roaming, and directed migration of cells towards
a chemotactic stimulus. We calculated the migration
index as a measure of the mean number of migrated
cells in response to stimulus divided by the number
of passively migrated cells [37]. In line with previous
data, dendritic cells demonstrated high levels of che-
motaxis towards fetal bovine serum (FBS) when
plated on fibronectin and bovine serum albumin
(BSA) coated transwell inserts, and little passive
migration in the absence of chemotactic stimulus
[38]. In contrast, dendritic cells plated on transwells
coated with tenascin-C, FnIII 3�5, AD2AD1 and
BAD2AD1CD predominantly exhibited passive
migration, and little directed chemotaxis. Con-
versely, cells plated on BCD exhibited high levels of
chemotaxis towards FBS, and low levels of passive
migration, resulting in a significantly higher migration
index than observed on tenascin-C and all other
FnIII, comparable to fibronectin (Fig. 7A-C).
Together these data show that the alternatively
spliced BCD domain is unique amongst the FnIII
domains examined in supporting directed chemo-
taxis, whilst other regions of tenascin-C instead sup-
port dendritic cell roaming.
Finally, we examined the impact of alternative

splicing in the BAD2AD1CD cassette on immune
cell activation. Tenascin-C induces cytokine and
chemokine expression in various cell types
(reviewed in [20]). We identified that the FBG
domain of the molecule induces IL-6 and TNFa
secretion in human macrophages in a toll-like recep-
tor 4 (TLR4) dependent manner, but found that
recombinant proteins comprising three contiguous
FnIII domains from the constitutively expressed
region of tenascin-C including FnIII 1�3, FnIII 3�5,
FnIII 5�7, and FnIII 6�8 did not induce any cytokine
expression [27]. Here, we stimulated macrophages
with LPS, FBG and FnIII 5�7 as positive and nega-
tive controls respectively. Both LPS and FBG
induced significant IL-6 release, whilst FnIII 5�7 had
no effect, as expected. In the same experiments
AD2AD1 and BAD2AD1CD were also unable to
stimulate IL-6 release, whilst BCD did (Fig. 7D, E).
Denaturation of BCD by boiling, or digestion with
proteinase K, ablated the ability of this domain to
induce cytokine release, whilst preincubation with
polymyxin-B had no effect on protein activity, but did
ablate LPS activity (Fig. 7F). Pre-incubation of cells
with TAK242, a small molecule TLR4 antagonist,
before treatment with BCD ablated cytokine synthe-
sis (Fig. 7G). These data suggest that FnIII BCD
can stimulate macrophage cytokine secretion in a
TLR4 dependent manner but that AD2AD1 and
BAD2AD1CD do not.
Discussion

Tenascin-C can exist as more than 500 different
isoforms. However, despite growing evidence of the
importance of alternatively spliced variants of this
matrix molecule in embryogenesis and cancer, sur-
prisingly little is known about tenascin-C expression
during inflammation and in inflammatory disease. To
begin to understand more about how post-transcrip-
tional processing of tenascin-C dictates its function
in immunity we undertook a systematic analysis of
tenascin-C expression, localization and splicing in a
panel of primary human immune cells before and
after activation with inflammatory stimuli, and in
healthy and diseased fibroblasts. This work identi-
fied lineage- and activation status-specific biosyn-
thesis of tenascin-C, as well as common splicing
events associated with immune and stromal cell acti-
vation. Our data reveal a hitherto unknown regula-
tory role for the alternatively spliced FnIII domains
AD2AD1, that exert control over the impact that this
matrix molecule has on cell adhesion and migration,
and its ability to trigger innate immune signalling.

Firstly, we found unexpectedly different modes of
tenascin-C biosynthesis in stromal and immune
cells. Tenascin-C mRNA was abundantly and con-
stitutively expressed in dermal fibroblasts, but
detected at low levels in resting myeloid cells, where
expression was transiently switched on following
activation with inflammatory stimuli, then rapidly
switched off. Tenascin-C protein was assembled
into a fibrillar matrix at the surface of dermal fibro-
blasts, but not in activated myeloid cells, where it
was exclusively trafficked through the cell and
secreted. These data reveal cell-lineage-specific
control over tenascin-C transcription, and highlight
that this matrix molecule can exist as distinct molec-
ular forms. It may be that immune cells lack recep-
tors necessary to retain tenascin-C at the cell
surface, or that they produce tenascin-C variants
lacking binding sites for cell receptors or matrix com-
ponents that are required for fibril formation. The



Fig. 7. Removal of domains AD2AD1 promotes immune cell chemotaxis and cytokine release. (A�C) Passive
MDDC migration (clear bars) or MDDC chemotaxis towards FBS (hatched bars) was quantified using 24-well transwell
inserts coated with the stated concentrations of fibronectin (Fn), tenascin-C, FnIII 3�5, AD2AD1, BCD, BAD2AD1CD,
and BSA (10%), following removal of cells from the upper chamber and counting crystal violet stained cells on the under-
side of the membrane. The number of cells from 3 representative 40x fields per well were counted (A)(n = 3). The migra-
tion index was calculated by dividing the number of passively migrated cells into serum free medium by the number of
cells migrated into medium containing 10% FBS for each substrate at 0.01 mM (B). Representative images of fixed and
stained membranes show MDDCs that migrated to the underside of the membranes coated with 0.01 mM substrate (C).
Scale bar = 100 mm. (D-G)(n = 4) M-CSF macrophages from 4 independent donors were left unstimulated (-), or were
stimulated with 1 ng/ml LPS, or with 1 mM FBG, FnIII 5�7, AD2AD1, BCD or BAD2AD1CD for 24 h, before cytokine
release was quantified by ELISA (D). Macrophages were stimulated with 1 ng/ml LPS, with 1 mM FBG or FnIII 5�7, or
with the stated doses of AD2AD1, BCD or BAD2AD1CD for 24 h (E). LPS and BCD were boiled, or treated with polymyxin
B (PMB) or proteinase K for 30 min before cell stimulation (F). LPS, FBG and BCD were treated for 6 h with TAK242 or
DMSO before cell stimulation (G). Data are shown as mean þ SEM. One-way ANOVA with Fisher’s LSD multiple compar-
isons were performed for (B,D,F,G), and two-way ANOVA with Turkey’s multiple comparisons for (E). *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 and non-significant (ns).
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possibility also arises that these distinct forms exert
different effects on cell behaviour, for example by
modulating the mechanical properties of the tissue
microenvironment, or by controlling receptor avail-
ability, affinity and/or avidity. This architectural flexi-
bility may also enable tenascin-C to exert effects
across multiple sub-tissular ranges, for example pro-
viding autocrine/local cues to cells surrounded by
fibrillar matrix scaffolds, or as long-range, soluble
cues capable of mediating wider/systemic paracrine
effects.
Despite differences in tenascin-C biosynthesis we

also observed commonalities in alternative splicing
within the FnIII domains BAD2AD1CD in immune
cells and synovial fibroblasts. Resting myeloid cells
expressed all nine of the alternatively spliced FnIII
domains at comparable levels, and synovial fibro-
blasts from healthy joints, or from the joints of people
with OA, all except FnIII A1. In contrast, isoforms
lacking domains AD1 and AD2 predominated in acti-
vated myeloid cells and synovial fibroblasts from the
joints of people with RA. Identification of domains A1,
A2, A3, A4, B, AD2, AD1, C and D in quiescent mye-
loid cells and non-inflamed synovial fibroblasts indi-
cates that expression of the alternatively spliced
domains of tenascin-C is more widespread than
development and cancer, and that these domains are
not exclusively associated with pathology in adult tis-
sues. These data also highlight a novel immune-regu-
latory role for domains AD2AD1. Insertion of AD2AD1
within domains BCD created a FnIII domain organiza-
tion that supported stromal cell adhesion, but pre-
vented dendritic cell chemotaxis and TLR4-
dependent macrophage cytokine synthesis; activities
that were enabled upon removal of AD2AD1.
Little is known about domains AD1 and AD2. Only

seven alternatively spliced FnIII domains were origi-
nally identified in tenascin-C. Additional domains
(AD) 1 and AD2, were subsequently detected in can-
cer cells and in the developing chick embryo [39-41].
AD1 and AD2 are expressed by many human tumor
cell lines including glioma, melanoma and sarcoma
[39-44]. Both are also elevated in invasive breast
cancer, with levels of either correlating with meta-
static risk, and levels of AD1 with tamoxifen resis-
tance in women younger than 40 years old.
However, their expression is not tumor specific; low
levels of both domains are observed in the duct
myoepithelium of healthy breast [44, 45] and in the
chick embryo AD1 expression largely mirrors tenas-
cin-C localization at sites of tissue modelling, whilst
AD2 is limited to regions of epithelial-mesenchymal
interaction [40, 46]. Overexpression of domains
BAD1D in breast cancer cell lines enhanced inva-
sion and growth compared to variants lacking AD1
[45, 47], whilst AD2AD1C modulated chick myoblast
adhesion, inhibiting binding to fibronectin [31], and
promoting greater adhesion than variants containing
no alternatively spliced FnIII domains, although cells
were irregularly shaped and lacked traditional focal
adhesions on this substrate [28, 48, 49]. Together
these data, and our results examining fibroblast and
dendritic cell adhesion to BAD2AD1CD, indicate
that expression of tenascin-C variants including AD1
and AD2 provides an environment conducive to tis-
sue remodelling by permitting changes in motility,
adhesion and cell shape. However, AD1 and AD2
are orphan domains with no binding partners identi-
fied to date, so it remains unclear how these effects
are mediated. One possibility is that AD2AD1 modu-
lates access to, or the affinity of, the a7b1 integrin
binding site in FnIII D [18], although other, unknown,
receptors for B, C or D may also play a role.

This is the first report linking AD2AD1 and inflam-
mation, raising the question of how these domains
control immune signalling. Structurally related, pro-
inflammatory type III domains in fibronectin are also
subject to post-transcriptional regulation, but here
the inclusion of the alternatively spliced EDA
domain, upregulated during tissue injury, confers
TLR4 activating capabilities [50], rather than exclu-
sion of inhibitory domains in tenascin-C that liberates
inflammatory activity within BCD that is prohibited in
BAD2AD1CD. These data imply a model in which
the active epitope in BCD may comprise a region
spanning domains FnIII B and C, which would be
disrupted by the presence of AD2AD1. Indeed, the
TLR4 binding site within the FBG domain of tenas-
cin-C is not a linear epitope, but created by three
distinct, non-contiguous sites [51]. Moreover, a cryp-
tic TLR4 activation site is exposed in unfolded var-
iants of the constitutively expressed FnIII 1 domain
of fibronectin [52, 53], suggesting that proteolytic or
mechanical remodelling of matrix molecule domain
structure can control pro-inflammatory activity. Alter-
natively AD1 and AD2 might not act by precluding
receptor ligation, but instead independently activate
pathways that counteract TLR4-mediated signalling
driven by domains BCD. For example, negative reg-
ulation of LPS-induced TLR4 activation is mediated
by integrin signalling [54], whilst annexin II, a cell
surface phospholipid-binding protein which binds
somewhere within the 9 alternatively spliced
domains of tenascin-C [55], downregulates cell sur-
face TLR4 signalling by facilitating receptor translo-
cation to the endosome [56]. Other alternatively
spliced FnIII domains from tenascin-C are also
linked to inflammation; A1 and A2 prevent anti-CD3/
fibronectin mediated T-cell activation, by inhibiting T-
cell receptor complex internalisation [57], A1, A2
and D inhibit T-cell transmigration and proliferation
in vitro [57, 58], and a coding single nucleotide poly-
morphism in D associates with adult asthma [59,
60]. However, no further insight exists into any
domain specific actions, and much more remains to
be uncovered about tenascin-C splicing in immunity.

One key consideration in examining specific
regions of large multidomain proteins such as
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tenascin-C, is that individual domains, or linked mod-
ules of domains, are known to sometimes function
differently in isolation than in the context of the full-
length protein. In this way proteolytic degradation of
large molecules creates ‘matrikines’; smaller frag-
ments that possess cryptic capabilities not present
in the intact molecule [61]. Whilst we have demon-
strated the ability of AD2AD1 to regulate the immune
action of domains BCD within the context of the pro-
tein BAD2AD1CD, going forward it will be important
to understand how immune activation via BCD, and
control of this immune activation via AD2AD1, mani-
fests in the context of full-length tenascin-C, or
whether this cassette of domains exerts a cryptic
function, liberated for example by cleavage at sites
within the alternatively spliced FNIII repeats at sites
of inflammation and tissue damage.
The recombinant proteins used in this study were

generated in E. coli expression systems, as such
they lack any mammalian post-translational modifi-
cations. However, the alternatively spliced domains
of tenascin-C do contain putative sites for modifica-
tion by glycosylation; within domains B, AD2, AD1,
C and D, there are 8 and 6 putative N- and O-linked
glycosylation sites respectively [13]. Whilst there are
no data indicating these specific domains are modi-
fied in situ in human tissue; in mice the HNK-1 car-
bohydrate epitope is detected on FnIII C where it
promotes neural stem cell proliferation and hippo-
campal neurite outgrowth [62, 63]. Another study
shows that a glycosylated 220 kDa tenascin-C iso-
form plays a role in mediating neuronal cell adhesion
[64]; but this is an area of tenascin-C biology that is
not yet well explored. As such it will be important to
keep in mind how post-translational modification of
tenascin-C splice variants may add a further level of
functional complexity to isoform biology [65].
Details around how tenascin-C splicing is con-

trolled are beginning to emerge. Culture of healthy
fibroblasts at neutral pH results in expression of small
isoforms lacking domains FnIII A1-D [66-68], whilst
culture in basic pH, or culture of malignantly trans-
formed fibroblasts which maintain basic intracellular
pH, results in predominant expression of large iso-
forms [67]. The RNA binding protein Sam68 drives
preferential expression of large tenascin-C isoforms
in neural stem cells [69], whilst splicing factor SRSF6
drives large isoform expression that is associated
with keratinocyte hyperplasia in vivo [70]. Of rele-
vance here, growth factors and cytokines not only up-
regulate tenascin-C expression, but also modulate its
post-transcriptional processing. For example, IL-4
induces long and short isoforms equally in keratino-
cytes, whilst TNFa preferentially induces short tran-
scripts and IFNg favors long transcripts [24]. TGFb-1
induces preferential expression of small tenascin-C
isoforms lacking FnIII A1-D in endometrial adenocar-
cinoma and NIH-3T3 cells [71-73], whilst FGF-1 and
-2 induce large variants in rat brain and NIH-3T3
fibroblasts [73-75]. These data illustrate how soluble
mediators elevated at sites of inflammation could
control FnIII domain composition, to trigger or resolve
immune cell migration and activation.

Finally, elevated tenascin-C expression has been
widely reported across many inflammatory diseases
[20], including the autoimmune condition RA.
Expression accumulates in inflamed synovia [23],
where it is made by both fibroblasts and immune
cells [23]; levels are also elevated in the circulation
of people with RA [76]. Our data indicate that a
switch in tenascin-C variants expressed by healthy
synovial fibroblasts and resting myeloid cells, which
contain the restraining domains AD2AD1, to variants
lacking AD2AD1 in activated synovial fibroblasts
and myeloid cells, could impact disease pathogene-
sis by promoting immune cell infiltration and cytokine
synthesis, and inhibiting fibroblast adhesion, facili-
tating migration and invasion, all processes appar-
ent in the RA joint (Fig. 8). Together these data
uncover how the structural modularity of tenascin-C
can be exploited to control its activity; designed to
prevent unnecessary inflammation in healthy tis-
sues, but to facilitate immune cell infiltration and acti-
vation when required, this study sheds light on how
immunity triggered by endogenous danger signals
can be controlled at the post-transcriptional level,
and how this may go awry in autoimmune disease.
Experimental procedures
Cell isolation, culture and activation

Primary human monocytes and lymphocytes were
isolated from plateletphoresis blood residues (North
London Transfusion Centre), by ficoll gradient and
counterflow centrifugation (Beckman GEL) [23].
Monocytes were plated at 1 £ 106 cells/ml in 20 ml
of RPMI-1640 with 5% fetal bovine serum (FBS;
Gibco) and 1% Penicillin-Streptomycin (PS; Lonza),
and differentiated into macrophages by culturing for
5 days with either 100 ng/ml colony-stimulating fac-
tor (M-CSF) or 50 ng/ml granulocyte-macrophage
colony stimulating factor (GM-CSF). Monocytes
were differentiated into monocyte derived dendritic
cells (MDDC) by culturing for 7 days with 50 ng/ml
GM-CSF and 10 ng/ml IL-4 [23]. T-cell subsets were
purified using the CD3þ pan T-cell isolation kit (130-
096-535), CD4þ T-cell isolation kit (130-091-155) or
CD8þ microbeads (130-045-201) with LS columns
(310-042-401) and a MidiMACSTM separator (Milte-
nyi), following manufacturer’s instructions. Neutro-
phils were isolated by Andreea Ciuntu in the
laboratory of Dr Lynne Prince (University of Shef-
field), from human peripheral blood as described in
[77]. All immune cells were cultured in RPMI-1640
containing 5% FBS and 1% PS. The U87-MG



Fig. 8. A novel immuno-regulatory role for AD2AD1? The cartoon images summarize the fibrillar and soluble nature
of tenascin-C synthesized by fibroblasts and dendritic cells (MDDC)(A), and proposes a model for the contribution of alter-
native splicing of tenascin-C in the balance and dysregulation of the immune axis in healthy and inflamed joints, wherein
different isoforms detected in normal synovial fibroblasts compared to rheumatoid arthritis synovial fibroblasts, and in rest-
ing and activated MDDC, create immunologically inert or active variants of this endogenous innate immune trigger (B).

Alternative splicing controls cell lineage-specific responses to endogenous108
glioblastoma cell line and primary human dermal
fibroblasts were purchased from ATCC. NSFs were
obtained from people without arthritis, undergoing
limb amputation or joint biopsy. OA-SFs and RA-
SFs were obtained from waste synovial tissue from
joint replacement surgeries. In all cases tissue was
obtained after signed, informed consent and subject
to local ethics approval [27, 78]. Fibroblasts and gli-
oma cells were cultured in Dulbecco’s Modified
Eagles Medium (DMEM; Lonza) supplemented with
10% FBS and 1% PS and were passaged with tryp-
sin-EDTA (Lonza) upon reaching 80% confluence.
Fibroblasts were used in experiments between pas-
sages 2�6. For activation studies, monocytes, GM-
CSF macrophages, M-CSF macrophages, MDDCs,
neutrophils, CD4þ T-cells, CD8þ T-cells and HDFs
were stimulated using well-established protocols for
each cell type [86�92], and are detailed in supple-
mentary table S1.

Quantification of tenascin-C mRNA by standard
curve qPCR

Total RNA was extracted from cells using the
RNeasy Mini Kit (Qiagen) and reverse transcribed
into cDNA using the AffinityScript cDNA synthesis
kit and oligo(dT) primers (Agilent). RNA and DNA
concentration and purity was assessed using the
NanoDrop-1000 spectrophotometer (Thermo Scien-
tific). The abundance of tenascin-C mRNA (TNC)
was quantified by standard curve qPCR using,
using a ViiA7 thermocycler (Applied Biosystems).
10 ml qPCR reactions were prepared in triplicate,
comprising of 2 ml FAM-conjugated TaqManTM pri-
mers/probes, 5 ml TaqManTM Universal PCR Mas-
ter Mix (ThermoFisher Scientific), and 3 ml of cDNA
diluted 1:4 in H2O. A fully sequenced IM.A.G.E
cDNA clone for TNC (Source BioScience) was
used to generate the standard curve; plasmid purity
and concentration was assessed by NanoDrop-
1000, and 10-fold serial dilutions prepared ranging
from 108 to 10�1 copies/ml. No template controls
were included in each assay. Standard curve data
analysis was performed using ViiA7 software, to
quantify the absolute copies mRNA/ml in cDNA
samples.

For activated cells, 2-standard curve qPCR was
performed using expression of an endogenous
control gene in parallel with TNC expression. The
stability of a number of different housekeeping
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genes, was determined in each cell type, upon
activation, over time, with the least variably
expressed selected as a control. Relative quantifi-
cations were calculated by normalizing absolute
copies/cell values for the gene of interest, against
those for the endogenous control gene, or were
calculated using the delta-delta Ct (DDCt) qPCR
method. A full list of FAM-conjugated TaqManTM
primers (ThermoFisher Scientific), and the corre-
sponding I.M.A.G.E cDNA clone plasmids (Source
Bioscience) used for analysis of tenascin-C and
housekeeping gene expression are listed in sup-
plementary table S2.

Analysis of tenascin-C protein by ELISA and
western blotting

Cell culture supernatant was aspirated from resting
and activated cells alongside samples of uncondi-
tioned culture media, which served as a media blank.
Adherent cells were lysed in-well and suspension
cells were pelleted by centrifugation at 1500 rpm for
5 min, prior to lysis with low-SDS RIPA buffer, at a
ratio of 200 ml per 5 £ 105 cells, for 25 min on ice.
Total protein concentration in cell lysate was quanti-
fied with BCA protein assay kit (Pierce). Optical den-
sity at 562 nm (OD562nm) was measured using the
FluoStar Omega plate reader, and the sample protein
concentration was calculated from a BSA standard
curve. Tenascin-C levels in cell lysate and superna-
tant samples were analysed using the Tenascin-C
Large (FnIII B) ELISA Assay Kit (#27767, IBL); in this
assay the capture antibody 4C8MS binds to the FnIII
B domain, while the secondary HRP-labelled anti-
body 4F10TT binds to the constitutive EGF-like
domains. For SDS-PAGE, protein samples were
denatured in SDS-loading buffer at 95°C for 5 min,
and sonicated using a Bioruptor water bath (Diage-
node) for 5 min. Cell lysate and supernatant were
resolved on 5% SDS-PAGE tris-glycine gels along-
side 6 ml 250 kDa protein-plus molecular weight
marker (ThermoFisher Scientific). Separated proteins
were electrotransferred using the Trans-Blot Turbo
Transfer System, to Trans-Blot Turbo mini nitrocellu-
lose membranes (BioRad), using the 180 V high
molecular weight program. Membranes were blocked
with 5% BSA in PBS, 0.05% Tween-20 for 1 h at
room temperature, then probed with mouse anti-
human tenascin-C mAb (mAb1908; Millipore; 1:1000)
that recognizes the N-terminal domain of the protein;
followed by staining with anti-mouse IgG-HRP (Bio-
Rad; 1:20,000) secondary antibody and visualization
using the enhanced chemo-luminescence (ECL)
Plus kit (Amersham). Membranes of cell lysate sam-
ples were stripped with Restore Western blot strip-
ping buffer (ThermoFisher Scientific), prior to re-
staining with mouse anti-human vinculin mAb
(SPM227; Novus; 1:1000), or mouse anti-human
actin mAb (AB6276; Abcam; 1:1000).
Confocal immunofluorescence microscopy of
tenascin-C

MDDCs, HDFs, NSFs, OA-SFs and RA-SFs were
seeded onto 18 mm glass coverslips (VWR), in a 12-
well tissue culture plate in 1 ml of medium. MDDCs
and HDFs were stimulated as described above, and
N-, OA- and RA-SF were cultured without stimulation
for 24 h. Cells were fixed with 4% paraformaldehyde
for 20 min at room temperature, then permeabilised,
where stated, with 0.2% triton X-100 for 10 min. Cells
were rinsed with PBS and blocked with 10% goat
serum, before staining with mouse-anti human tenas-
cin-C (BC-24; Sigma-Aldrich; 1:100) and rabbit anti-
human fibronectin (F3648; Sigma-Aldrich; 1:200) anti-
bodies at 4 °C for 16 h. Cells were then washed and
stained with 1:250 40,6-diamidino-2-phenylindole
(DAPI) (ThermoFisher Scientific), goat anti-mouse
488 nm (1:1000) and anti-rabbit 568 nm secondary
(1:1000) antibodies for 1 h at room temperature. Cov-
erslips were mounted on glass slides using ProLong
anti-fade Gold (ThermoFisher Scientific). Slides were
visualized with the Olympus FV1200 IX83 Confocal
System using 60x objective lens and 2x zoom; and
Z-axis stacked composite images were prepared
from n = 45, 0.4 mm step scans. Isotype control
experiments (Mouse IgG1 isotype control;
P30.6.2.8.1; ThermoFisher Scientific) and no-primary
antibody control experiments were performed to
assess non-specific staining.

Quantification of alternatively spliced FnIII
domains by standard curve qPCR

Primers were designed to anneal within exon
sequences corresponding to TNC FnIII A1, A2, A3,
A4, B, AD2, AD1, C, D and 7�8, and to control
genes GAPDH, RPLP0, HPRT1, GNB2L1 and
YWHAZ (supplementary table S3/ supplementary
table S4); and were used to quantify the abundance
of each alternatively spliced domain of tenascin-C as
described in [26]. Briefly, target mRNAs were quanti-
fied in duplicate, with wells containing neat cDNA
(MDDC, GM-CSF macrophage, M-CSF macrophage),
or 1:10 diluted cDNA (U-87 MG, HDF, NSF, OA-SF
and RA-SF). Standard curves were generated using
tenascin-C plasmid pBS KS II hTNCþAD2þAD1
(gifted by Gertraud Orend; INSERM Strasbourg, FR)
or I.M.A.G.E fully sequenced cDNA clone plasmids
(supplementary table S2) at 10-fold serial dilutions
from 106 to 10�1copies/ml. Reverse transcriptase neg-
ative controls, and no-template controls were included
for all PCR reactions.

Expression and purification of recombinant
proteins

Purified recombinant tenascin-C [79], fibronectin
purified from human plasma [80] and FnIII 3�5 [79]
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were provided by Dr Wing To for use in this study. N-
terminally His-tagged recombinant proteins corre-
sponding to tenascin-C domains AD2AD1, BCD and
BAD2AD1CD were cloned, expressed and purified
as previously described for constitutively expressed
tenascin-C domains [27]. Briefly, domain boundaries
were identified using UniProt and corresponding
DNA sequences amplified by high fidelity Phusion
PCR using primers specified in supplementary
table S5. cDNA clones pBS KS II hTNCþAD2þAD1
(tenascin-C with AD2 and AD1) or pBS KS II hTNC
(tenascin-C without domains AD2 or AD1) (gifted by
Gertraud Orend; INSERM Strasbourg, FR) were
used as templates. Proteins were expressed in E.
coli BL21 (DE3) pLysS cells and purified using two
sequential rounds of Ni2þ chromatography (Bio-
Rad). Each column was washed with 100 column
volumes of 0.1% Triton-X114 (Sigma-Aldrich, labo-
ratory grade 9036�19�5, lot no. 072k0049) to
remove LPS, followed by washing with 100 column
volumes of binding buffer, before protein elution
using 150 mM imidazole. Proteins were character-
ized by silver staining and anti-His-Western blot.
Protein secondary structure was analysed using the
J-815 Circular Dichroism Spectrometer (Jasco), in
50 mM Tris, 150 mM NaCl pH8.0 buffer; with an opti-
cal path length of 10 mm. The CD spectrum was
measured in the ‘far UV’ spectral region
(190�250 nm) in samples at 20°C or following boil-
ing for 10 min. Five repeated sample measurements
were taken, from which CD spectra of sample buffer
alone was subtracted, and mean averages were
plotted and analysed using Spectra ManagerTM soft-
ware. CD spectra were deconvolved using Dichro-
web [81], CONTINLL algorithm [82, 83] against
reference set 7 [84, 85], with output in mean residue
ellipticity. Endotoxin levels were measured using the
Endpoint Chromogenic LAL Assay (Lonza). Each
stock solution of protein was assayed using a pro-
tein concentration equivalent to the highest concen-
tration added in cellular assays; typical preps
contained between 1 and 8 pg/ml, and any prep
exceeding 10pg/ml was discarded.
Cell adhesion assays

96-well tissue culture plates were coated with
50 ml of tenascin-C, fibronectin or tenascin-C
domains diluted in PBS to concentrations from 1 mM
to 10�9 mM, at 4 °C for 16 h. Wells were washed
twice with PBS then blocked with 10% BSA in PBS
for 2 h at room temperature before addition of 100 ml
of serum free media. HDFs and MDDCs were plated
at 4 £ 105 cells/ml and 1 £ 106 cells/ml in 100 ml of
serum free DMEM and RPMI-1640 media respec-
tively and left to adhere at 37 °C for 60 min. Plates
were washed gently with PBS, and cells were fixed
in 4% PFA for 20 min at room temperature before
staining with 0.1% crystal violet solution for 60 min.
Excess dye was removed with 2-(N-morpholino)-
ethanesulfonic acid (MES) buffer, and cells imaged
with the Nikon Eclipse Ts2R light microscope using
20x and 40x objective lenses. Cells were then lysed
in 100 ml 10% SDS for 5 min. Solubilised dye was
measured at OD590nm using the FluoStar Omega
plate reader.
Immunofluorescence microscopy of cell
morphology and cytoskeleton organization

Lab-Tek 8-well chamber slides (ThermoFisher
Scientific) were coated with 150 ml of 0.01 mM
fibronectin, tenascin-C, or tenascin-C domains at
4 °C for 16 h before washing with PBS and block-
ing in 10% BSA/PBS for 2 h at room temperature.
HDFs and MDDCs were plated at 4 £ 105 cells/ml
and 1 £ 106 cells/ml in 100 ml of serum free
DMEM and RPMI-1640 media respectively and
left to adhere at 37 °C for 60 min. Cells were
stained with mouse anti-human vinculin primary
antibody (SPM227; Abcam; 1:400) at 4 °C for
16 h. Secondary antibody staining was performed
using goat anti-mouse AlexaFluor� 488 nm
(1:1000), AlexaFluor� 568 nm phalloidin (1:400),
and DAPI (1:250), while shielded from light for 2 h
at room temperature. Alongside all experiments
no-primary antibody controls were performed.
Coverslips were mounted as described for confo-
cal immunofluorescence staining, and confocal
immunofluorescence images were obtained using
the Olympus FV1200 confocal microscope, with a
60x objective lens and 2x optical zoom.
Transwell cell migration assays

Transwell inserts with 5 mm pores (Sigma-Aldrich)
were coated with 10�2 mM fibronectin, 10�1, 10�2,
10�3 mM tenascin-C, or 1, 10�1, 10�2, 10�3 mM FnIII
5�7, AD2AD1, BCD, BAD2AD1CD or 10% BSA at
4°C for 16 h. Inserts were washed with PBS and
blocked with 10% BSA/PBS for 1 h at room tempera-
ture before 600 ml serum free media RPMI-1640 with
1%, or 600 ml RPMI-1640 10% FBS 1% PS was
added to the lower chamber. MDDCs at 1 £ 106

cells/ml in 100 ml serum free RPMI-1640 1% PS was
added to the upper chamber and incubated for 3 h at
37°C. Media was then aspirated and cells removed
from the upper chamber using a cotton bud.
Migrated MDDCs on the underside of the Transwell
membrane were fixed in 4% PFA for 20 min at room
temperature, then stained with 0.1% crystal violet
solution for 1 h at room temperature. Excess dye
was removed with MES buffer, and membranes pho-
tographed in 3 locations using the Nikon Eclipse
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Ts2R light microscope with 20x and 40x objective
lens. Migrated cell counts were derived from the
mean number of positively stained cells present in a
40x field, and the migration index (MI) was calcu-
lated by dividing the mean number of migrated cells
in response to chemoattractant, by the mean num-
ber of passively migrated cells in the absence of
chemoattractant; as described in [37].

Cytokine expression assays

M-CSF macrophages were plated at 5£ 105 cells/
ml in 200 ml RPMI-1640 5% FBS 1% P/S in a 96-well
plate. Cells were rested for 16 h prior to stimulation
with 1 ng/ml LPS, 1 mM FBG, 1 mM FnIII 5�7 or 1,
0.5, 0.25, 0.1 0.01 mM AD2AD1, BCD or
BAD2AD1CD. Stimuli were boiled at 95 °C for
30 min, treated with 1 U proteinase K (Sigma-
Aldrich) for 1 h at 37 °C, or pre-incubated with 1 mg/
ml polymyxin-B (PMB) (Merck) for 30 min at 37 °C
where indicated. Cells were pre-incubated with
3 mM TAK242 (Merck) TLR4 inhibitor for 6 h at 37 °
C prior to stimulation where stated. Supernatant was
collected 24 h following stimulation. Cell viability
was assessed by MTT assay and IL-6 and TNFa
cytokine levels assayed by ELISA (BD Biosciences)
as previously described in [27]. OD450nm was
recorded on FluoStar Omega plate reader.

EC50 and Bmax

EC50 refers to the half maximal effective concen-
tration, and Bmax refers to the maximum specific
binding of ligand observed in the assay. EC50 and
Bmax values were calculated using non-linear
regression software on GraphPad Prism 8.0, with
the protein substrate concentration plotted on the X-
axis, and OD590nm from lysed cells plotted on the Y-
axis. Curves were fit with non-linear regression (with
Log10 X-axis); EC50 was calculated as the concen-
tration of ligand at which half-maximal binding was
observed, while Bmax was calculated as the
OD590nm at which maximum specific binding was
detected.

Statistical analysis

Data means, þ SEM, þ STDEV, and statistical
analysis were calculated using GraphPad Prism 8.0
software. Multiple group means of more than 3 sam-
ples were subject to one-way analysis of variance
by ANOVA with either Turkey’s or Dunnett’s multiple
comparison tests, or Fisher’s LSD multiple compari-
sons test where multiple comparisons stand alone to
reduce false negative detection (Type II error),
where appropriate. The analysis of variance of two
independent variables were assessed by 2-way
ANOVA with Sidak’s multiple comparison correc-
tions, or Fisher’s LSD test when appropriate. Two-
tailed paired and un-paired t-tests were used for
experiments involving only two groups where those
samples came from identical or different populations
respectively. P values less than 0.05 were consid-
ered significant.
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