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ABSTRACT

Background Alarmins, endogenous molecules
released on tissue damage have been shown to

play an important role in inflammatory musculoskeletal
conditions including fracture repair and

rheumatoid arthritis. However, the contribution of
alarmins to the pathogenesis of tendon disease is not
fully understood.

Methods We investigated expression of alarmin
proteins (S100A9, high-mobility group box 1 (HMGB1)
and interleukin-33 (IL-33) and hypoxia-inducible factor
1o (HIF-1ar), @ subunit of an oxygen sensitive
transcription factor, in three cohorts of human
supraspinatus tissues: healthy (n=6), painful diseased
(n=13) and post-treatment pain-free tendon samples
(n=5). Tissue samples were collected during shoulder
stabilisation surgery (healthy) or by biopsy needle
(diseased/treated). Immunohistochemistry was used to
investigate the protein expression of these factors in
these healthy, diseased and treated tendons. Kruskal-
Wallis with pairwise post hoc Mann-Whitney U tests
were used to test for differences in immunopositive
staining between these tissue cohorts. Additionally,
costaining was performed to identify the cell types
expressing HIF-1c, S100A9, IL-33 and HMGBH in
diseased tendons.

Results Immunostaining showed HIF-1c; and S100A9
were increased in diseased compared with healthy and
post-treatment pain-free tendons (p<0.05). IL-33 was
reduced in diseased compared with healthy tendons
(p=0.0006). HMGB1 was increased in post-treatment
pain-free compared with healthy and diseased tendons
(p<0.01). Costaining of diseased tendon samples
revealed that HIF-1a,, ST00A9 and IL-33 were
expressed by CD68+ and CD68— cells, whereas
HMGB1 was predominantly expressed by

CD68— cells.

Conclusions This study provides insight into the
pathways contributing to the progression

and resolution of tendon disease. We found

potential pro-inflammatory and pathogenic roles

for HIF-1ae and S100A9, a protective role for

nuclear I1L-33 and a potentially reparative

function for HMGB1 in diseased supraspinatus
tendons.

» We found differential protein expression of
alarmins in healthy and diseased human supra-
spinatus tendons, before and after treatment.

» The cell types expressing S100A9, interleukin-
33 (IL-33) and hypoxia-inducible factor 1o
(HIF-1o) included macrophages and tendon
stromal cells.

» S100A9 and HIF-1oc may have pro-inflammatory
effects in tendon disease, nuclear 1L.-33 may be
protective against pro-inflammatory stimuli and
high-mobility group box 1 may have a potential
role in tendon healing.

» Improving understanding of the role of alarmins
in tendon disease will facilitate identification of
potential therapeutic targets for patients with
tendinopathy.

BACKGROUND
Tendon disease represents a significant
clinical challenge and is associated with
substantial disability among ageing and
athletic populations.' Supraspinatus tendin-
opathy is one of the most common
orthopaedic conditions presenting to clini-
cians with an estimated prevalence of 4%-—
26%.” The importance of inflammation in
the pathogenesis of tendon disease is a
subject of ongoing debate. Over the past
two decades, tendon disease has been char-
acterised as a ‘degenerative condition’.’
More recently, the identification of key
immune cell populations and signalling
molecules as important regulators in the
initiation and propagation of other muscu-
loskeletal diseases, including rheumatoid
arthritis (RA) and spondyloarthropathy, has
led to a re-emergence of interest in the role
of inflammation in tendon disease."”’

The term ‘tendinopathy’ has been popu-
larised to reinforce the notion that the
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underlying disease mechanisms are not fully under-
stood.” However, there is growing support for the
contribution of immune cells and inflammatory media-
tors to the development of tendinopathy.”'” Recent
research showed that numbers of macrophages and
mast cells are significantly increased in tendinopathic
compared with healthy tendon tissues, and that inflam-
matory and fibrotic cytokines, peptides and growth
factors have altered expression profiles in diseased
compared with healthy tendons.'* '> We recently
reported that inflammatory signatures changed
throughout different stages of severity in tissue
samples from patients with supraspinatus tendinop-
athy.'”  However, the mechanisms by which
inflammation is perceived by resident tendon cells
remains poorly understood.

Alarmins, endogenous molecules released on tissue
damage, are key effectors in the activation of the
immune system that may be important in the patho-
genesis of tendon disease.'” Alarmins are structurally
diverse host proteins with intracellular or intra nuclear
functions, which act in both host-defence and tissue
repair.'” These molecules ‘alarm’ the immune system
by upregulating signalling pathways including nuclear
factor-xf (NF-x), interferons (IFNs) and cyclooxyge-
nases, which have downstream effects on tendon repair
processes.'” Studies of alarmins in RA have implicated
these molecules in the failure of acute inflammatory
resolution, resulting in dysregulated processes and
development of chronic inflammation.'® There is a
paucity of research on alarmins in tendon disease.'” *’
To our knowledge, no study has previously investigated
alarmin protein expression in non-ruptured diseased
supraspinatus tendons before and after treatment
using tendon matched healthy control tissues. More-
over, there are little data regarding the potential roles
of S100A9 and HMGB1 in tendinopathy.

The purpose of this study was to investigate expression
of three alarmins in human supraspinatus tendons that
have been implicated in sustaining chronic inflamma-
tion in diseased musculoskeletal tissues: 1) SI00A9 2)
high-mobility group box 1 (HMGBI) and 3) inter-
leukin-33 (IL-33)."" Although there is a growing list of
alarmins in the literature, these are the most thoroughly
studied and implicated in other musculoskeletal diseases
yet have not been investigated in tendinopathy. Addi-
tionally, we investigated expression of hypoxia-
inducible factor-la. (HIF-1a), a subunit of HIF-1, an
oxygen-dependent heterodimeric transcription factor
implicated in pro-inflammatory and profibrotic
diseases.”’ “* HIF-1 has been implicated as a critical
regulator of early tendinopathy but has not yet been
investigated in non-ruptured, diseased tendons.”’ We
investigated protein expression of these mediators in
three cohorts of human supraspinatus tissues: 1) healthy
‘control’ tendons, 2) painful diseased tendons (not torn)
and 3) tendons from patients who became asymptomatic
after subacromial decompression (SAD) treatment. An

additional objective was to identify the cell types
expressing alarmins in diseased tendon tissues. We
hypothesised that expression of S100A9, HMGB, I1L-33
and HIF-loo would be increased in painful diseased
compared with healthy tendons. We further hypothes-
ised that macrophages and resident tendon cells in
diseased tissues would express these proteins.

METHODS

Overview

Ethical approval for this study was granted by the local
research ethics committee, Oxfordshire REC B refer-
ences 10/H0402/24, 09/H0605/111 and South Central
Oxford B reference 14/SC/0222. Full informed consent
according to the Declaration of Helsinki was obtained
from all patients. Tissue was obtained from three well-
phenotyped patient groups: 1) 6 healthy supraspinatus
tendons from patients undergoing shoulder stabilisa-
tion, 2) 13 diseased supraspinatus tendons (intact and
not torn) from patients with shoulder pain undergoing
SAD and 3) 5 pain-free post-treatment supraspinatus
tendons from patients who previously had SAD surgery
for shoulder impingement (tissue collected 1-3years
post-SAD). Samples were collected by a consultant
orthopaedic surgeon during surgery (healthy and
diseased) or under local anaesthetic (treated group).
All patients included in the study completed the
Oxford Shoulder Score (OSS), a validated pain and
functional outcome measure prior to tissue collection
and/or surgery.” All tissue samples were processed,
embedded, sectioned and stained using immunohis-
tochemistry (IHC) to quantify protein expression of
S100A9, HMGBI, IL-33 and HIF-1o. Statistical anal-
ysis and sample size justification were determined from
previous studies that were sufficiently powered using
similar THC protocols."" ' Fluorescent immunos-
taining was also performed on diseased supraspinatus
tissues to identify whether macrophages (CD68+ cells)
previously identified in diseased tendons'’ also
expressed HIF-1a, SI00A9, IL-33 and HMGBI1.

Patient cohort and tissue collection

All patients were recruited from orthopaedic referral
clinics where the structural integrity of the supraspi-
natus tendon was determined ultrasonographically.
Samples of healthy supraspinatus tendon tissues were
collected from patients recruited to the Nuffield Ortho-
paedic Centre (NOC) from orthopaedic referral clinics
for shoulder instability (table 1). During the surgical
procedure a tendon biopsy was collected. Diseased
supraspinatus tendon tissues were collected from
patients presenting to orthopaedic referral clinics for
shoulder pain. Patients presenting to the shoulder
clinic had failed non-operative treatments and had
experienced pain for a minimum of 6 months. Tendon
tissues were collected via ultrasound-guided biopsy
prior to surgical subacromial decompression. The
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Table 1 Patient cohort details for tendon tissue samples used in the current study

Tissue group n Median age (years) History Prior treatment Median OSS
Healthy 6 24 (range: 19-26) Shoulder instability N/A 33 (range: 11-44)
Diseased 13 45 (range: 36-62) Painful tendinopathy N/A 30 (range: 16-36)

Pain-free post-treatment 5 57 (range: 43-72)

Painful tendinopathy SAD

48 (range: 45-48)

N/A, not available; OSS, Oxford Shoulder Score, SAD, subacromial decompression.

biopsy was taken using a Tru-Cut needle 5 to 10 mm
posterior to the anterior edge of the supraspinatus
tendon. This validated biopsy technique is described in
detail elsewhere.”! Post-treatment pain-free supraspi-
natus tendon tissues were collected from patients who
underwent the referral process for chronic shoulder
pain/supraspinatus tendinopathy, had a SAD proce-
dure and who were clinically asymptomatic for at least
lyear after surgery. Patients in the pain-free group
had significant pain before SAD that resolved post-
treatment, evidenced by a post-treatment median OSS
of 48 (range, 45-48). Pain-free post-treatment samples
were collected 1-3years after treatment using a percu-
taneous ultrasound-guided biopsy technique under
local anaesthetic. Exclusion criteria for any patient
included significant problems in the other shoulder,
significant neck problems, RA, systemic inflammatory
disease, osteoarthritis, previous shoulder surgery and
dual shoulder pathological lesions.

Tissue processing

Samples of tendons were immersed in 10% buffered
formalin for 0.5 mm/hour. After formalin fixation,
tendon samples were processed in a Leica ASP300S
tissue processor and subsequently embedded in
paraffin wax; 4um tissue sections were cut using a
RM2135 microtome (Leica Microsystems) and baked
onto adhesive glass slides at 60°C for 30 min and 37°C
for 60 min.

Immunohistochemistry

Prior to antibody staining and antigen retrieval, slides
were baked at 60°C for 60 min. Deparaffinisation and
antigen retrieval was performed using an automated
PT link (Dako, heat-mediated antigen retrieval at high
pH). An Autostainer Link 48 (Dako) was used to
perform antibody staining using an EnVision FLEX
visualisation system. Details of antibodies and their
working dilutions are shown in supplementary table
S1. Using protocols provided by the manufacturer,
antibody binding was visualised using a FLEX 3,3’
diaminobenzidine (DAB) substrate working solution
and haematoxylin counterstain (Dako). After staining,
slides were taken through graded industrial methylated
spirit and xylene and mounted in Pertex mounting
medium (Histolab). Isotype control staining was
performed to confirm specificity of staining, whereby

the primary antibody was substituted for universal
isotype control antibodies. The murine universal
isotype control used was a cocktail of mouse IgGl,
IgG2a, IgG2b, IgG3 and IgM (Dako IR750). The
universal isotype control for rabbits was an immuno-
globulin fraction of serum from non-immunised
rabbits, solid-phase absorbed (Dako IR600).

Image acquisition and quantitative analysis for IHC

All images were acquired on an inverted microscope
using Axiovision software (Zeiss). Twenty images of each
stained section were acquired in a systematic manner
at x100 magnification with oil immersion by a single-
blinded investigator. If the tissue section was not large
enough to capture 20 images, images were taken until
the available tissue was exhausted. Image] (National
Institutes of Health, Bethesda, Maryland, USA) was used
to analyse the acquired images. Previously validated
algorithms that quantify DAB staining by a colour decon-
volution methods were used in analysis.”” *° For each
antibody, the colour deconvolution threshold was manu-
ally adjusted to best represent immunopositive staining.
Depending on expression pattern (cytoplasmic/nuclear
or extracellular), specific algorithms were used to quan-
tify immunostaining. For antibodies that showed nuclear
and/or cytoplasmic staining, a cell ratio was calculated:
positively stained cells/total cells (S100A9, HMGB1 and
IL-33). Once positive cells and total cells were counted
for each image, the results were summed for each sample
to give total positive cells/total cells. For antibodies that
showed staining of the extracellular matrix, a ratio of the
stained area was calculated: stained area ratio = total
positively stained pixels in the image/total pixels of the
image (HIF-la). Once positive pixels and total pixels
were quantified for each image, the results were summed
to give the stained area ratio: total number of stained
pixels/total pixels of all images. For each sample, immu-
nopositive staining was normalised to the number of
haematoxylin-counterstained nuclei within the field of
view to account for cellularity of the tissue sample.

Immunofluorescence

Staining protocols are adapted from a previously vali-
dated protocol.'”” Prior to antibody staining and
antigen retrieval, slides were baked at 60°C for 60 min.
Slides were taken through deparaffinisation and target
retrieval steps (high pH heat-mediated antigen
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retrieval) using an automated PT Link FLEX TRS
system (Dako). Slides were placed in a humid chamber
throughout staining to prevent drying.

Prior to antibody staining, tissues were blocked in 5%
normal goat serum (Sigma G9023) in phosphate buff-
ered saline (PBS) for 45 min at room temperature to
prevent non-specific antibody binding. Slides were
then incubated with the selected primary antibody
combination and diluted in 5% normal goat serum in
PBS at room temperature for 2hours (see online
supplementary table S1). Isotype controls were
completed to confirm staining seen in tendon tissues
was specific; the primary antibody was substituted for
universal isotype control antibodies available from the
manufacturer (Dako). The universal isotype control for
mice was a cocktail of mouse IgGl, IgG2a, IgG2b,
IgG3 and IgM (Dako IR750). The universal isotype
control for rabbits was an immunoglobulin fraction of
serum from non-immunised rabbits, solid-phase
absorbed (Dako IR600).

After primary antibody staining, slides were washed
three times in phosphate buffered saline with Tween
20 (PBST) solution for 5min each time. Slides were
then incubated with three secondary antibodies: 1)
goat antimouse IgGl (Southern Biotech), 2) Alexa
Fluor 568 goat antimouse IgG2a and 3) Alexa Fluor
633 antirabbit IgG (Life Technologies). Secondary anti-
bodies were incubated at 1:200 dilution in PBS
containing 5% normal equine serum (Sigma) for
2 hours at room temperature. After secondary antibody
staining, slides were washed three times in PBST.
POPO-1 nuclear counterstain (Life Technologies) was
then applied to all slides diluted in PBS containing 5%
Saponin (Sigma) for 20min at room temperature.
Slides were then washed with PBST and incubated in a
solution of 0.1% Sudan Black B (Applichem A1407) in
70% ethanol for 5min to quench tissue autofluores-
After staining was complete, slides were
mounted in VectaShield fluorescent mounting medium
(H1000) and a coverslip secured. After mounting,
slides were stored in a humid box at 4°C until imaging.
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Immunofluorescence image acquisition and analysis
Immunofluorescence images were acquired on a Zeiss
LSM 710 confocal microscope using a x40 oil immer-
sion objective following a previously described
protocol.'”  Two-dimensional ~reconstructions were
created using ZEN 2009 (Zeiss).

Statistical analyses

Statistical analyses were performed using GraphPad
Prism V.7 (GraphPad Software). Normality was tested
using Shaprio-Wilk test for normality. Kruskal-Wallis
with pairwise post hoc Mann-Whitney U tests were
used to test for differences in immunopositive staining
between healthy, diseased and post-treatment pain-free
sample groups. These tests were performed on DAB-
stained immunohistochemical images. Statistical signif-
icance was set at p<0.05.

RESULTS

HIF-1a and S100A9 proteins are increased in diseased
supraspinatus tendons

HIF-1ow staining was increased in diseased compared
with healthy supraspinatus tendons (p=0.0002, 6.2-
fold increase; figure 1A, B and D). Healthy tendons
showed low-level extracellular HIF-loo immunos-
taining. HIF-lo staining was reduced in post-SAD
treatment patients whose pain resolved compared with
diseased tissue from symptomatic patients (p=0.03,
3.2-fold decrease (figure 1C)). There was no significant
difference in HIF-lo staining between healthy and
treated tissue (p=0.97). Diseased tendons showed
high-level HIF-lo staining throughout the samples,
although nuclear staining was not observed. Pain-free
treated tissues showed moderate HIF-1ow staining that
was also strongly present in the nucleus.

S100A9 immunostaining was increased in diseased
compared with healthy tendons (p=0.0002, 14.2-fold
increase; figure 2A, B and D). Immunopositive staining
for S100A9 showed low-level expression among tissue
cells in healthy samples. S100A9 staining was reduced in
tendons from post-SAD treatment patients whose pain
resolved compared with diseased tissue (p=0.03, 4.5-

Post treatment pain free
; D
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Representative images of 3,3’-diaminobenzidine immunostaining (brown) for hypoxia-inducible factor 1o (HIF-1¢) in

(A) healthy, (B) diseased and (C) postsubacromial decompression pain-free human supraspinatus tendons. Nuclear
counterstain is haematoxylin (blue). Scale bar=20 um. (D) Quantitative analysis of immunopositive staining for HIF-1o.. Bars
represent median value with 95% Cls. Data were analysed using Kruskal-Wallis test with pairwise post hoc Mann-Whitney U

test; *p<0.05, **p<0.01, ***p<0.001.
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Figure 2 Representative images of 3,3’-diaminobenzidine immunostaining (brown) for S100A9 in (A) healthy, (B) diseased and
(C) postsubacromial decompression pain-free human supraspinatus tendons. Nuclear counterstain is haematoxylin (blue).
Scale bar=20um. (D) Quantitative analysis of immunopositive staining for S1T00A9. Bars represent median value with 95% CI.
Data were analysed using Kruskal-Wallis test with pairwise post hoc Mann-Whitney U test; *p<0.05, **p<0.01, ***p<0.001.

fold decrease (figure 2C). There was no significant differ-
ence between healthy and pain-free treated tissue
(p=0.97). Treated tissues showed similar characteristics
to healthy samples.

IL-33 protein expression is reduced in diseased tendons
Healthy and treated tendon tissues showed similar IL-
33 protein expression profiles (p>0.99; figure 3A, C
and D). IL-33 staining was significantly increased in
healthy compared with diseased tendons (p=0.0006,
2.8-fold increase) (figure 3B). IL-33 staining was also
significantly increased in pain-free post-treatment
compared with diseased tendons (p=0.01, 2.6-fold
increase) (figure 2C). Immunopositive staining of IL-33
showed consistent high-level nuclear staining in healthy
tendon samples. Diseased tendons showed a significant
reduction in nuclear IL-33 staining compared with
healthy or treated tissue; there was some cytoplasmic
and extracellular staining. Treated tendon samples
showed high-level nuclear I1L.-33 staining.

HMGB1 protein is increased in pain-free post-treatment
tendons

HMGBI1 expression was increased in post-treatment
tendon tissues compared with healthy and diseased
tendons (figure 4A-D). There was no significant differ-
ence in HMGB1 staining between healthy and diseased
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L4 &)l =
A’ LS }3‘ s
/ f 3
® PE e
- ~
1] - l
‘N B ';2
’ Y -
e 0 o ..
-
& 7 iy
- > VI N

o

)
)

]

r 4

iy

y Y
.

tendon tissues (p>0.99). Nuclear staining of HMGBI1
was increased in pain-free post-treatment tissues
compared with both healthy and painful diseased
tissues (p=0.006for both comparisons, 6.6-fold
increase from healthy tissue, 5.3-fold increase from
diseased tissue). HMGBI1 immunostaining was
primarily localised to the nuclear and perinuclear
region in the tendon tissues studied.

Macrophages and tendon cells express alarmins

Given that macrophages have previously been identi-
fied in samples of diseased human supraspinatus
tendons, we sought to identify if these CD68+ cells
expressed alarmins and HIF-1a. Confocal images illus-
trating staining for HIF-1o, 1L-33, S100A9, HMGB1
and CD68 are shown in figures 5 and 6. Costaining
revealed that HIF-lo, S100A9 and IL-33 were
expressed by CD68+ cells (macrophages) and CD68—
cells, likely tendon stromal cells. HMGB1 was predomi-
nantly expressed by CD68— cells. The intensity of
HMGB]1 staining appeared to be more marked in peri-
vascular regions (figure 6).

DISCUSSION

This study investigates protein expression in diseased
tendon tissues before and after treatment and reveals
pro-inflammatory roles for HIF-lao and S100A9 in

Post treatment pain free

Positive Nuclei:Total Nuclei

&

Figure 3 Representative images of 3,3’-diaminobenzidine immunostaining (brown) for interleukin-33 (IL-33) in (A) healthy, (B)
diseased and (C) postsubacromial decompression pain-free human supraspinatus tendons. Nuclear counterstain is
haematoxylin (blue). Scale bar=20 um. (D) Quantitative analysis of immunopositive staining for IL-33. Bars represent median
value with 95% Cls. Data were analysed using Kruskal-Wallis test with pairwise post hoc Mann-Whitney U test; *p<0.05,

»p<0.01, **p<0.001.
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Figure 4 Representative images of 3,3’-diaminobenzidine immunostaining (brown) for high-mobility group box 1 (HMGB1) in
(A) healthy, (B) diseased and (C) postsubacromial decompression pain-free human supraspinatus tendons. Nuclear
counterstain is haematoxylin (blue). Scale bar=20 um. (D) Quantitative analysis of immunopositive staining for HMGB1. Bars
represent median value with 95% Cls. Data were analysed using Kruskal-Wallis test with pairwise post hoc Mann-Whitney U

test; *p<0.05, **p<0.01, ***p<0.001.

tendinopathy. Additionally, IL-33 has a potentially
protective role in healthy tendons that is lost with the
onset of tendon disease. These findings support known
mechanisms of chronic inflammation and fibrosis iden-
tified in other musculoskeletal diseases where
abnormal S100A9, IL-33 and HMGBI1 expression has
been implicated in the initiation and propagation of
various chronic inflammatory and autoimmune disor-
ders.'” ** HMGB1 immunostaining was increased in
post-treatment pain-free tendon tissues, suggesting
HMGB1 may play a potential role in tissue healing.

Previous studies have illustrated that inflammation
can become dysregulated over time resulting in fibrotic
repair.'” ?* 7Y 7! There is increasing evidence that acti-
vation of the immune system after tissue injury is, in
part, due to the interactions of alarmins released from
necrotic cells with their associated toll-like receptors
(TLRs).”* Alarmins have known intracellular and extra-
cellular roles in several inflammatory signalling
pathways and have been implicated in affecting resi-
dent cell phenotype.'® In this study, we identified
S100A9, HIF-1o and IL-33 protein expression differed
between healthy and diseased supraspinatus tendon
tissues. Our results provide some support for the
concept that dysregulation of these mediators may
prime tissues to increasingly react to future inflamma-
tory stimuli.'® 2729 33

HIF-1o immunostaining was significantly increased in
diseased compared with healthy and treated tendon

POPO-1 CD68

HIF-1a

tissues. Healthy and treated tendons showed similar low-
level immunostaining, although post-treatment tendons
showed moderately increased levels of immunostaining
than healthy tendons. These results are consistent with
previous findings of HIF-1o in chronic inflammatory/
autoimmune disorders and previous studies in tendon
tissue.'” *" Stabilisation of HIF-10, with subsequent upre-
gulation of HIF-1 is known to stimulate the release of
alarmins S100A9, HMGBI1 and IL-33 in inflammatory
disorders.”" Upregulation of HIF-1 is also known to stim-
ulate expression of vascular endothelial growth factor,
which has shown to form a positive feedback loop by
further stabilising HIF-1a in all cells. Extracellular HIF-
la. has numerous known pro-inflammatory effects in
addition to facilitating alarmin secretion: it protects
myeloid cells against apoptosis and it drives macro-
phages towards an M1 phenotype.”” *° HIF-1 activation
also leads to increased expression of profibrotic media-
tors.”® HIF-1o upregulation likely plays similar roles in
tendon tissue: our results show that S100A9 and IL-33
dysregulation occurred alongside increased HIF-lo
staining.

S100A9 staining was significantly increased in
diseased tendon tissues. Previous studies have shown
that extracellular S100A9 induces pro-inflammatory
responses, including facilitating cell recruitment and
promoting monocyte differentiation.”” ** S100A9 is
implicated in promoting NF-kf expression, resulting
in increased secretion of tumour-necrosis factor-o

IL-33

merge

Figure 5 Representative confocal immunofluorescent images showing antibody labelling for macrophages (CD68, green),
hypoxia-inducible factor 1o (HIF-10) (red) and interleukin-33 (IL-33) (purple) in diseased human supraspinatus tendon tissue.

Nuclear counterstain was POPO-1 (cyan). Scale bar=20 um.
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S100A9

Figure 6 Representative confocal immunofluorescent images showing antibody labelling for macrophages (CD68, green),
high-mobility group box 1 (HMGBH1) (red) and S100A9 (purple) in diseased human supraspinatus tendon tissue. Nuclear
counterstain was POPO-1 (cyan). Blood vessels are circled red. Scale bar=20 um.

(INF-0) and interleukin-1B (IL-1B).*% Overexpres-
sion of S100A9 in ‘stressed’ tissues has been shown
to result in a positive feedback mechanism resulting
in downstream expression of TNF-o.”® ' Continued
insults to tissues can induce cell phenotype changes
over time and predispose tissues to failed healing:
S100A9 from myeloid cells promotes further leuco-
cyte recruitment, priming myeloid cells for more
intense inflammatory responses following injuries.”®
*9 S100A9 has not previously been investigated in
tendon tissues. Increased SI00A9 protein in diseased
tendons seen in this study is analogous to chronic
inflammatory and autoimmune disorders. These find-
ings potentially implicate S100A9 as an important
initiator and propagator of chronic inflammation in
tendon diseases.

IL-33 immunostaining was significantly reduced in
diseased compared with healthy and treated tendons.
These results are consistent with a proposed protective
role of nucear IL-33 against pro-inflammatory
stimuli.*' Physical interaction of nuclear IL-33 with
NF-xfB sequesters NF-kf and curbs any incoming pro-
inflammatory or fibrotic signals from other receptors.
*2 Extracellular 1L-33 can stimulate interferon-y (INF-
v) production and lead to upregulation of NF-kf3
signalling pathways in infiltrating cells.’! However, the
pro-inflammatory ‘alarmin’ role of extracellular IL-33
does not appear to be mutually exclusive with its
protective nuclear function in resident cells."’ Our
results suggest that the protective nuclear IL-33 is
reduced in the resident cells of diseased tissue.

HMGBI1 has become categorised as an alarmin due to
its involvement in mobilisation and activation of
immune cells; its overexpression has been implicated in
chronic inflammatory disorders.'® ** Stimuli for the
secretion of HMGB1 from monocytes, macrophages and
dendritic cells include cellular stress, pathogen-associ-
ated molecular patterns and cytokines, including TNF-
o, IL-1 and INF-y."” The primary receptors for extracel-
lular HMGBI1 are receptor for advanced glycation end
products (RAGE), TLR2 and TLR4. Activation of RAGE
by HMGB1 promotes chemotaxis and cytokine produc-
tion through the upregulation NF-kf pathways.'” '® *
HMGBI has also been suggested to have regenerative
potential. HMGB1 can induce migration of stem cells

towards inflamed regions, promoting repair and
regeneration.**

HMGB1 has not been previously investigated in
diseased human tendon tissues. We hypothesised that
HMGB]1 staining would be increased in diseased tissues
due to its pro-inflammatory and pathogenic role in some
musculoskeletal disorders. Contrary to our hypothesis,
HMGB1 staining was reduced in diseased tendons
compared with both healthy and pain-free post-treat-
ment tendons. These findings suggest HMGB1 may
have potential role in tendon repair and regeneration,
analogous to reports of HMGBI1 function in diseased
cardiac muscle."""°

A limitation of this study was the relatively small
number of patients studied in healthy and post-treat-
ment groups. Also age-related changes may also
contribute to differences in expression between healthy
and diseased tendon tissues. Our healthy tendon
samples were collected from younger patients and this
may have influenced the findings from this study. A
significant advantage of this study is the use of supra-
spinatus tendons in both the diseased and healthy
control groups, avoiding any biological variations seen
in tendons with different structure and function.
Improving understanding of the role of alarmins in
tendon disease will facilitate identification of potential
therapeutic targets for patients with tendinopathy.

CONCLUSIONS

In summary, we found differential protein expression of
alarmins in healthy and diseased human supraspinatus
tendons, before and after treatment. Specifically,
S100A9 and HIF-1o. may have pro-inflammatory effects
in tendon disease, nuclear IL-33 may be protective
against pro-inflammatory stimuli and HMGB1 may
have a potential role in tendon healing. The cell types
expressing SI00A9, IL-33 and HIF-1o included macro-
phages and tendon stromal cells. Pathological activation
of tendon cells through alarmin involvement may
sustain chronic inflammation in tendinopathy. We
propose that tendinopathy is an alarmin-mediated
pathology initiated and propagated in part by increased
expression of HIF-lo. Alarmin activity may facilitate
recruitment of inflammatory cells in the early stages of
tendon disease.

Mosca MJ, et al. BMJ Open Sport Exerc Med 2017;3:6000225. doi:10.1136/bmjsem-2017-000225 7



Open Access 8

Contributors Study concept and design: MJM, SGD, AJC, SJBJ. Acquisition
of data: MJM, SGD. Analysis and interpretation of data: MJM, SGD, SJBS,
AJC. Drafting of the manuscript: all authors. Critical revision of the manuscript
and approval of final version: all authors. Statistical analysis: MJM, SGD.
Obtained funding: AJC. Administrative, technical or material support: KW, BW.

Funding MJM acknowledges the Harvard University Francis H Burr, Class of
1909 Prize Fund and the National Collegiate Athletic Association for financial
support. SGD and SJBS are funded by Arthritis Research UK grants 20 506
and 20 087, respectively. We also acknowledge the Oxford NIHR Biomedical
Research Unit.

Competing interests None declared.

Ethics approval Ethical approval for this study was granted by the local
research ethics committee, Oxfordshire REC B references 10/H0402/24, 09/
H0605/111, and South Central Oxford B reference 14/SC/0222.

Provenance and peer review Not commissioned; externally peer reviewed

Open Access This is an Open Access article distributed in accordance with
the terms of the Creative Commons Attribution (CC BY 4.0) license, which
permits others to distribute, remix, adapt and build upon this work, for
commercial use, provided the original work is properly cited. See: http:/
creativecommons.org/licenses/by/4.0/

© Article author(s) (or their employer(s) unless otherwise stated in the text of
the article) 2017. All rights reserved. No commercial use is permitted unless
otherwise expressly granted.

REFERENCES

1. Khan KM, Cook JL, Bonar F, et al. Histopathology of common
tendinopathies. Update and implications for clinical management.
Sports Med 1999;27:393-408.

2. Murphy RJ, Carr AJ. Shoulder Pain. BMJ Clin Evid 2010;1107:1-37.

3. Rees JD, Stride M, Scott A. Tendons—time to revisit inflammation. Br
J Sports Med 2014;48:1553-7.

4. Wright C, Edelmann M, diGleria K, et al. Ankylosing spondylitis
monocytes show upregulation of proteins involved in inflammation
and the ubiquitin proteasome pathway. Ann Rheum Dis
2009;68:1626-32.

5. Bowness P, Ridley A, Shaw J, et al. Th17 cells expressing KIR3DL2+
and responsive to HLA-B27 homodimers are increased in ankylosing
spondylitis. J Immunol 2011;186:2672-80.

6. Sherlock JP, Joyce-Shaikh B, Turner SP, et al. IL-23 induces
spondyloarthropathy by acting on ROR-yt+ CD3+CD4-CD8-
entheseal resident T cells. Nat Med 2012;18:1069-76.

7. Lloyd AF, Miron VE. Cellular and Molecular Mechanisms
Underpinning Macrophage Activation during Remyelination. Front
Cell Dev Biol 2016;4.

8. Dakin SG, Dudhia J, Smith RK. Resolving an inflammatory concept:
the importance of inflammation and resolution in tendinopathy. Vet
Immunol Immunopathol 2014;158:121-7.

9. Millar NL, Wei AQ, Molloy TJ, et al. Cytokines and apoptosis in
supraspinatus tendinopathy. J Bone Joint Surg Br 2009;91417-24.

10. Millar NL, Hueber AJ, Reilly JH, et al. Inflammation is present in early
human tendinopathy. Am J Sports Med 2010;38:2085-91.

11. Dakin SG, Dudhia J, Werling NJ, et al. Inflamm-aging and
arachadonic acid metabolite differences with stage of tendon
disease. PLoS One 2012;7:e48978.

12. Jelinsky SA, Lake SP, Archambault JM, et al. Gene expression in rat
supraspinatus tendon recovers from overuse with rest. Clin Orthop
Relat Res 2008;466:1612-7.

13. Dakin SG, Martinez FO, Yapp C, et al. Inflammation activation and
resolution in human tendon disease. Sci Trans! Med
2015;7:311ra173-13.

14. Dean BJ, Franklin SL, Carr AJ. A systematic review of the
histological and molecular changes in rotator cuff disease. Bone
Joint Res 2012;1:158-66.

15. Dean BJ, Gettings P, Dakin SG, et al. Are inflammatory cells
increased in painful human tendinopathy? A systematic review. Br J
Sports Med 2016;50:216-20.

16. Millar NL, Murrell GA, Mclnnes IB. Alarmins in tendinopathy:
unravelling new mechanisms in a common disease. Rheumatology
2013;52:769-79.

17. Harris HE, Raucci A. Alarmin(g) news about danger: workshop on
innate danger signals and HMGB1. EMBO Rep 2006;7:774-8.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Chan JK, Roth J, Oppenheim JJ, et al. Alarmins: awaiting a clinical
response. J Clin Invest 2012;122:2711-9.

Millar NL, Murrell GA. Heat shock proteins in tendinopathy: novel
molecular regulators. Mediators Inflamm 2012;2012:1-7.

Millar NL, Reilly JH, Kerr SC, et al. Hypoxia: a critical regulator of
early human tendinopathy. Ann Rheum Dis 2012;71:302-10.
Semenza GL. Regulation of oxygen homeostasis by hypoxia-
inducible factor 1. Physiology 2009;24:97-106.

Rosmorduc O, Housset C. Hypoxia: a link between fibrogenesis,
angiogenesis, and carcinogenesis in liver disease. Semin Liver Dis
2010;30:258-70.

Dawson J, Fitzpatrick R, Carr AJ. Questionnaire on the

perceptions of patients about shoulder surgrey. J Bone Surg Br
1996;78:593-600.

Murphy RJ, Floyd Dean BJ, Wheway K, et al. A Novel Minimally
Invasive Ultrasound-Guided Technique to Biopsy Supraspinatus
Tendon. Oper Tech Orthop 2013;23:56-62.

Ruifrok AC, Johnston DA. Quantification of histochemical staining by
color deconvolution. Anal Quant Cytol Histol 2001;23:291-9.
Rizzardi AE, Johnson AT, Vogel R, et al. Quantitative comparison of
immunohistochemical staining measured by digital image analysis
versus pathologist visual scoring. Diagn Pathol 2012;7:42.
Lawrence T, Gilroy DW. Chronic inflammation: a failure of resolution?
Int J Exp Pathol 2007;88:85-94.

Cannito S, Paternostro C, Busletta C, et al. Hypoxia, hypoxia-
inducible factors and fibrogenesis in chronic liver diseases. Histol
Histopathol 2014;29:33-44.

Deng W, Feng X, Li X, et al. Hypoxia-inducible factor 1 in
autoimmune diseases. Cell Immunol 2016;303:7-15.

Akbar AN, Salmon M. Cellular environments and apoptosis: tissue
microenvironments control activated T-cell death. Immunol Today
1997;18:72-6.

Buckley CD, Pilling D, Lord JM, et al. Fibroblasts regulate the switch
from acute resolving to chronic persistent inflammation. Trends
Immunol 2001;22:199-204.

Yoshioka J, Chutkow WA, Lee S, et al. Deletion of thioredoxin-
interacting protein in mice impairs mitochondrial function but
protects the myocardium from ischemia-reperfusion injury. J Clin
Invest 2012;122:267-79.

Konisti S, Kiriakidis S, Paleolog EM. Hypoxia—a key regulator of
angiogenesis and inflammation in rheumatoid arthritis. Nat Rev
Rheumatol 2012;8:153-62.

Vallabhapurapu S, Karin M. Regulation and function of NF-kappaB
transcription factors in the immune system. Annu Rev Immunol
2009;27:693-733.

Cramer T, Yamanishi Y, Clausen BE, et al. HIF-1alpha is essential for
myeloid cell-mediated inflammation. Cell 2003;112:645-57.
Sitkovsky MV, Lukashev D, Apasov S, et al. Physiological control of
immune response and inflammatory tissue damage by hypoxia-
inducible factors and adenosine A2A receptors. Annu Rev Immunol
2004;22:657-82.

Foell D, Frosch M, Sorg C, et al. Phagocyte-specific calcium-binding
S100 proteins as clinical laboratory markers of inflammation. Clin
Chim Acta 2004;344:37-51.

Roth J, Vogl T, Sorg C, et al. Phagocyte-specific S100 proteins: a
novel group of proinflammatory molecules. Trends Immunol
2003;24:155-8.

Vogl T, Tenbrock K, Ludwig S, et al. Mrp8 and Mrp14 are
endogenous activators of Toll-like receptor 4, promoting lethal,
endotoxin-induced shock. Nat Med 2007;13:1042-9.

Gebhardt C, Németh J, Angel P, et al. S100A8 and S100A9 in
inflammation and cancer. Biochem Pharmacol 2006;72:1622-31.
Ali S, Mohs A, Thomas M, et al. The dual function cytokine IL-33
interacts with the transcription factor NF-xB to dampen NF-kB-
stimulated gene transcription. J Immunol 2011;187:1609-16.

Martin NT, Martin MU. Interleukin 33 is a guardian of barriers and a
local alarmin. Nat Immunol 2016;17:122-31.

Klune JR, Dhupar R, Cardinal J, et al. HMGB1: endogenous danger
signaling. Mol Med 2008;14:1-484.

Palumbo R, Sampaolesi M, De Marchis F, et al. Extracellular
HMGBH1, a signal of tissue damage, induces mesoangioblast
migration and proliferation. J Cell Biol 2004;164:441-9.

De Mori R, Straino S, Di Carlo A, et al. Multiple effects of high
mobility group box protein 1 in skeletal muscle regeneration.
Arterioscler Thromb Vasc Biol 2007;27:2377-83.

Chavakis E, Hain A, Vinci M, et al. High-mobility group box 1
activates integrin-dependent homing of endothelial progenitor cells.
Circ Res 2007;100:204-12.

8 Mosca MJ, et al. BMJ Open Sport Exerc Med 2017;3:000225. doi:10.1136/bmjsem-2017-000225


http://dx.doi.org/10.1136/bjsports-2012-091957
http://dx.doi.org/10.1136/bjsports-2012-091957
http://dx.doi.org/10.1136/ard.2008.097204
http://dx.doi.org/10.4049/jimmunol.1002653
http://dx.doi.org/10.1038/nm.2817
http://dx.doi.org/10.3389/fcell.2016.00060
http://dx.doi.org/10.3389/fcell.2016.00060
http://dx.doi.org/10.1016/j.vetimm.2014.01.007
http://dx.doi.org/10.1016/j.vetimm.2014.01.007
http://dx.doi.org/10.1302/0301-620X.91B3.21652
http://dx.doi.org/10.1177/0363546510372613
http://dx.doi.org/10.1371/journal.pone.0048978
http://dx.doi.org/10.1007/s11999-008-0270-z
http://dx.doi.org/10.1007/s11999-008-0270-z
http://dx.doi.org/10.1126/scitranslmed.aac4269
http://dx.doi.org/10.1302/2046-3758.17.2000115
http://dx.doi.org/10.1302/2046-3758.17.2000115
http://dx.doi.org/10.1136/bjsports-2015-094754
http://dx.doi.org/10.1136/bjsports-2015-094754
http://dx.doi.org/10.1093/rheumatology/kes409
http://dx.doi.org/10.1038/sj.embor.7400759
http://dx.doi.org/10.1172/JCI62423
http://dx.doi.org/10.1155/2012/436203
http://dx.doi.org/10.1136/ard.2011.154229
http://dx.doi.org/10.1152/physiol.00045.2008
http://dx.doi.org/10.1055/s-0030-1255355
http://dx.doi.org/10.1053/j.oto.2013.05.003
http://dx.doi.org/10.1186/1746-1596-7-42
http://dx.doi.org/10.1111/j.1365-2613.2006.00507.x
http://dx.doi.org/10.14670/HH-29.33
http://dx.doi.org/10.14670/HH-29.33
http://dx.doi.org/10.1016/j.cellimm.2016.04.001
http://dx.doi.org/10.1016/S0167-5699(97)01003-7
http://dx.doi.org/10.1016/S1471-4906(01)01863-4
http://dx.doi.org/10.1016/S1471-4906(01)01863-4
http://dx.doi.org/10.1172/JCI44927
http://dx.doi.org/10.1172/JCI44927
http://dx.doi.org/10.1038/nrrheum.2011.205
http://dx.doi.org/10.1038/nrrheum.2011.205
http://dx.doi.org/10.1146/annurev.immunol.021908.132641
http://dx.doi.org/10.1016/S0092-8674(03)00154-5
http://dx.doi.org/10.1146/annurev.immunol.22.012703.104731
http://dx.doi.org/10.1016/j.cccn.2004.02.023
http://dx.doi.org/10.1016/j.cccn.2004.02.023
http://dx.doi.org/10.1016/S1471-4906(03)00062-0
http://dx.doi.org/10.1038/nm1638
http://dx.doi.org/10.1016/j.bcp.2006.05.017
http://dx.doi.org/10.4049/jimmunol.1003080
http://dx.doi.org/10.1038/ni.3370
http://dx.doi.org/10.2119/2008-00034.Klune
http://dx.doi.org/10.1083/jcb.200304135
http://dx.doi.org/10.1161/ATVBAHA.107.153429
http://dx.doi.org/10.1161/01.RES.0000257774.55970.f4

