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Summary
Background Treatment of degenerating tendons still presents a major challenge, since the aetiology of tendinopa-  EBioMedicine 2022;75:
thies remains poorly understood. Besides mechanical overuse, further known predisposing factors include rheuma- 103778

toid arthritis, diabetes, obesity or smoking all of which combine with a systemic inflammation. Published online oo
https://doi.org/10.1016/j.

. . . . . - . biom.2021.103778
Methods To determine whether the systemic inflammation accompanying these conditions contributes to the onset eviom

of tendinopathy, we studied the effect of a systemic inflammation induced by an allergic episode on tendon proper-
ties. To this end, we induced an allergic response in mice by exposing them to a timothy grass pollen allergen and
subsequently analysed both their flexor and Achilles tendons. Additionally, we analysed data from a health survey
comprising data from more than 10.000 persons for an association between the occurrence of an allergy and
tendinopathy.

Findings Biomechanical testing and histological analysis revealed that tendons from allergic mice not only showed a
significant reduction of both elastic modulus and tensile stress, but also alterations of the tendon matrix. Moreover,
treatment of 3D tendon-like constructs with sera from allergic mice resulted in a matrix-remodelling expression pro-
file and the expression of macrophage-associated markers and matrix metalloproteinase 2 (MMP2) was increased in
allergic Achilles tendons. Data from the human health study revealed that persons suffering from an allergy have an
increased propensity to develop a tendinopathy.

Interpretation Our study demonstrates that the presence of a systemic inflammation accompanying an allergic con-
dition negatively impacts on tendon structure and function.
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Research in context

Evidence before this study

Tendinopathy is a painful tendon disorder often entail-
ing considerable patient disability and reduced quality
of life. The causes and underlying mechanisms for the
development of this disease are still far from being
understood and hence treatment options remain lim-
ited. So far, various intrinsic and extrinsic risk factors
have been identified and recent studies suggest that
tendinopathy involves an on-going, tissue-resident
inflammatory process.

Added value of this study

With this study we demonstrate that an increase in cir-
culating pro-inflammatory cytokines due to an allergy-
induced immune response can negatively affect tendon
tissue quality. Induction of allergic responses in mice
through repeated administration of a grass pollen aller-
gen not only resulted in the altered expression of
inflammation-associated proteins within the tendon tis-
sue, but also impaired tendon biomechanical proper-
ties. Importantly, data analysis from a large health
survey study indicated that patients suffering from an
allergic condition have a moderately increased risk to
develop a tendinopathy.

Implications of all the available evidence

Together, our results indicate that elevated blood levels
of inflammatory cytokines and chemokines are suffi-
cient to induce alterations of tendon tissue structure,
resulting in impaired tendon function. Therefore, aller-
gic conditions should be considered as a further risk fac-
tor for tendinopathy.

Introduction

Tendon disorders are common and besides patients’
pain and disability entail considerable healthcare costs
and loss of productivity." Apart from laceration or acute
overload-trauma in healthy tendons, tendon ruptures
frequently occur in tendinopathic tendons, which
undergo tissue degeneration due to overuse condi-
tions or various intrinsic factors (e.g. age).” Unfav-
ourably, tendon tissue is known to possess a very

poor healing capacity and in case of a rupture the
repair tissue is of inferior quality displaying reduced
mechanical properties with an increased risk in
retears, the incidence of retears e.g. in rotator cuff
tendons being more than 50 %.#

Tendinopathy generally refers to various structural
and cellular changes that occur in damaged and dis-
eased tendons, ultimately resulting in reduced tissue
quality, increased pain and impaired function leading to
pain and reduced function. Typical features of tendino-
pathic tendons include fatty and mucoid infiltrations,
calcific deposits, neurovascular ingrowth, hypercellular-
ity, and disoriented collagen fibers.’ Clinically, tendino-
pathies are often characterized by redness, swelling,
pain and a limited range of motion. The underlying cel-
lular and molecular mechanisms are believed to be mul-
tifactorial. Yet, they are still poorly understood, but
consensus exists about the fact that overuse, repetitive
strain, and impingement are key drivers. Additionally,
other extrinsic factors such as smoking, age, and the
use of certain drugs such as corticosteroids or fluoroqui-
nolones are considered further predisposing factors for
tendon pathologies.® To what degree and at which stage
inflammatory processes are involved in the develop-
ment of tendinopathies is still a matter of debate, but
over recent years increasing evidence has been pointing
towards an inflammatory involvement.” *°

Interestingly, many diseases including metabolic
disorders such as diabetes, obesity, hypercholesterolae-
mia and hyperuricaemia have been described to be asso-
ciated with tendinopathy.” ™ Also, spontaneous
quadriceps ruptures have been reported from patients
suffering from primary and secondary hyperparathy-
roidism and chronic renal failure.'®'7 The majority of
these conditions commonly go along with a systemic,
chronic low-grade inflammation,”® characterized by a
two to three-fold increase in circulating cytokines and
numerous other markers of immune system activity."
Consistently, tendon ruptures have been described to
occur in a variety of autoimmune diseases including
systemic lupus erythematosus, rheumatoid arthritis,
gout and psoriasis, all of which are accompanied by a
more or less pronounced chronic inflammation.*® **
Interestingly, in a recent population-based cohort study
significant associations between common allergic dis-
eases and incident rheumatoid arthritis (RA) have been
reported,” indicating that allergic diseases and RA

www.thelancet.com Vol 75 Month January, 2022


http://creativecommons.org/licenses/by-nc-nd/4.0/

Articles

might share a similar underlying etiology related to
chronic inflammatory responses.

Although allergies are linked to systemic subclinical
inflammation, it has not been investigated so far
whether persons suffering from allergies e.g. allergic
rhinitis or asthma also have a higher risk to develop ten-
dinopathies.>* Since patients suffering under these
allergic conditions frequently receive corticosteroid
medication (often over long time periods) and since cor-
ticosteroids have been described to exert a detrimental
effect on tendons, it cannot be determined to which
extent chronic systemic inflammation contributes to
tendon degeneration.® Therefore, the aim of this study
was to investigate whether an allergic condition induc-
ing systemic inflammation negatively affects the struc-
ture and function of tendons and can promote the
development of tendinopathies. To address this ques-
tion, we employed a mouse allergy model to study the
impact on tendon quality and retrospectively analysed
epidemiological data from more than 10.000 patients
collected during a health study to investigate, if patients
suffering from an allergy are at an increased risk to
develop a tendinopathy.*

Methods

Animals

Female C57BL/6 mice (aged 10—12 weeks, 20—25g)
were purchased from Charles River Laboratories, Ger-
many. All animals were acclimatized to standard labora-
tory conditions (14-h light, 10-h dark cycle) and given
free access to rodent chow and water at the animal facil-
ity at the Paracelsus Medical University, Austria. All
experimental procedures were approved by the Austrian
Ministry of Science (BMWFW-66.019/0023-WF/V/3b/
2017) and carried out in compliance with national ethi-
cal guidelines.

Allergy Induction

Mice were rendered allergic by exposing them to a plant
allergen according to a previously published immuniza-
tion regimen known to result in biologically functional
IgE, an increased number of different immune cell pop-
ulations in the bronchoalveolar lavage (BAL) fluid, and
an elevation of both blood cytokine levels and serum lev-
els of Phl p s-specific IgG1 and IgGac.>> *7 Briefly,
recombinant Phl p 5.0101 (Phl p 5) was purchased from
Biomay AG. The animals were randomly assigned to
three groups: controls (n = 55), allergy model (n = 55),
and adjuvant group which received aluminiumhydrox-
ide (Al(OH),) only (n=6). The control group received all
treatments using only the vehicle solution (phosphate-
buffered saline, PBS). Animals of the allergy group
were immunized intraperitoneally (i.p.) with 1 ug Phl p
5 adjuvanted with AI(OH), (Alu-Gel-S from Serva) in
PBS (50% v/v, total volume: 200 ul) at weeks 1, 2, and
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7. In week 11, starting 4 days before endpoint (day 7s),
this group was challenged three times with a daily dose
of 5 ug Phl p 5in 40 ul PBS intranasally (i.n.; on days
71, 74 and 775). During this procedure, all mice (includ-
ing the control and adjuvant group) were briefly anes-
thetized with isoflurane.

Analysis of blood parameters

Blood samples were taken twice, once after the last sen-
sitization step (day 48) and another time at the ending
of the experiment (day 76), and incubated for 1 h at
room temperature. After centrifugation (10 min), the
sera were collected and stored at —80°C until measure-
ments. Serum levels of a selective panel of cytokines
and chemokines (IL18, IL2, IL4, ILs, IL6, ILg, IL1o,
IL13, IL17A, IL1yF, IL22 IFNy, TNF«, CCL2, CCLs,
CCL20) were measured with  BioLegend’s
LEGENDplex™ bead-based immunoassays (Biolegend,
San Diego, U.S.) according to the manufacturer’s
instructions.

In order to mimic allergic conditions, we used a
cocktail containing a number of cytokines which have
turned out to be most significantly elevated upon
allergy-induction and at least three-fold elevated above
control values (Figure 1B, C). This allergy-simulating
cocktail used for in vitro experiments comprised 7 differ-
ent cytokines (IL18, IL4, ILs, ILG, IL17A, IENy, TNFa).

3D tendon-like constructs

In order to better mimic the tendon’s natural environ-
ment, we performed most of our experiments using 3D-
collagen embedded tendon cell cultures. These artificial
tendon-like constructs were established as described
previously.*® In brief, 2.5 x 105 mouse Achilles tendon-
derived cells (passage 2) isolated from at least 6 animals
per preparation were mixed with collagen type I (Pure-
Col™ EZ Gel solution, # 5074, Sigma-Aldrich, Vienna,
Austria; endconcentration 2mg/ml) and spread between
two silk sutures pinned with insect pins in rows on SYL-
GARD 184 (Sigma-Aldrich) coated petri dishes. To
improve formation of the constructs, Aprotinin, Ascor-
bic acid, and L-Proline were added to the cell culture
medium. After contraction of constructs over the course
of 12 days, a cytokine cocktail containing the respective
cytokine concentration measured in the sera of allergic
mice (ing/ml IL1g, mg/ml IL4, 4ng/ml ILs, 2ng/ml
ILG, 3ng/ml IL17A, 12ng/ml IFNy, and 1ng/ml TNFw)
was added to the culture medium. Medium changes
and addition of fresh cytokines was performed every
day. After incubation for 72 h, constructs were harvested
and stored either in TRIReagent (Sigma-Aldrich, Aus-
tria) for further qPCR analysis, fixed in 4% paraformal-
dehyde for immunohistochemical analysis or frozen at
-80°C for subsequent western blot analysis. TNFe,
[FNy, and all interleukins were purchased from Pepro-
Tech (Vienna, Austria) (supplement Table S3).
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Figure 1. Induction of an allergic response in mice. (A) Experimental setup. (B) Multiplex bead array analysis reveals significantly ele-

vated serum levels of TH1/pro-inflammatory (IFNy, TNFe, IL18, IL2, IL6), TH2/Treg related cytokines (IL4, IL5, IL10, IL13), TH17 cyto-
kines IL17A and IL17F and selected chemokines in the blood of allergic mice compared to control or Alum-treated animals; data are

shown as Mean + SEM, *p<0.05, **p<0.01, ***p<0.001, One-way ANOVA (Kruskal-Wallis and Dunn’s Multiple Comparison Test), n

concentrations measured in mouse sera.

(control/allergy) = 16, n (Alum) = 6. (C) Concentrations of selected cytokines used to formulate a cocktail simulating the cytokine
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Preparation of tissue sections

Mouse Achilles tendons and mouse 3D tendon-like con-
structs were fixed in 4% paraformaldehyde for 12 h at
4°C, and after several washes in phosphate-buffered
saline (PBS) and cryo-preservation in 30% sucrose in
PBS were embedded in cryomedium (Surgipath Cry-
ogel®, Leica Microsystems, Vienna, Austria). Subse-
quently, 12 Im cryosections were prepared using a
Leica CM1950 cryostat.

Immunohistochemistry

Immunohistochemical detection of immune cell-related
markers was performed on cryosections of tendons and
3D tendon-like constructs, respectively. After a 5 min
rinse in Tris-buffered saline (IBS; Roth, Karlsruhe, Ger-
many) slides were incubated for th at room temperature
(RT) in TBS containing 10% donkey serum (Sigma-
Aldrich, Vienna, Austria), 1% bovine serum albumin
(BSA; Sigma-Aldrich, Vienna, Austria), and 0.5% Triton
X-100 (Merck, Darmstadt, Germany). Followed by a
5 min rinse, slides were subsequently incubated for dou-
ble or triple immunohistochemistry (overnight at 4°C)
with antibodies directed against EGF-like module-con-
taining mucin-like hormone receptor-like 1 (F4/80,
MCA497RT, Serotec, Oxford, UK; 1:100), Cluster of Dif-
ferentiation 68 (CDG68, #sc20060, Santa Cruz, Dallas,
USA; 1:50), ionized calcium-binding adapter molecule 1
(IBA1, #019-19741, FUJIFILM Wako Pure Chemical
Corporation; 1:100), Cluster of Differentiation 163
(CD163, #ab182422, Abcam, Cambridge, UK; 1:100),
and MMP1 (Proteintech, Rosemont, USA, #10371-2-
AP), all diluted in TBS, BSA, and Triton X-100. For vali-
dation of antibodies we used tendon sections containing
fatty tissue with macrophages interspersed which
stained positive for all macrophage-associated antibod-
ies used.

After a rinse in TBS (four times 5 min) binding sites
of primary antibodies were visualized by corresponding
Alexas88-, Alexas68-, or Alexab47-tagged antisera
(1:500; Invitrogen, Karlsruhe, Germany) in TBS, con-
taining 1% BSA and 0.5% Triton X-1o0 (th at RT) fol-
lowed by another rinse in TBS (four times 5 min). Some
of the slides received an additional nuclear staining
using 4',6-Diamidino-2-phenylindol dihydrochloride
(DAPI). For that, slides were incubated 10 min (1:4000,
stock 1 mg/ml, VWR, Vienna, Austria) followed by rins-
ing in PBS (three times 5 min). All slides were embed-
ded in Fluoromount™ Aqueous Mounting Medium
(Sigma Aldrich, Vienna, Austria). Negative controls
were performed by omission of the primary antibodies
during incubation and resulted in absence of immuno-
reactivity.

Laser confocal microscopy
Confocal imaging was performed using a LSM 700 con-
focal microscope (Zeiss) equipped with 405 nm (3 mW
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fiber output), 488 nm (10 mW fiber output), 555 nm (10
mW fiber output) and 639 nm (5 mW fiber output)
diode lasers, a main dichroic beam splitter URGB and a
gradient secondary beam splitter for LSM 700 using a
1ox EC Plan-Neofluar (1ox/0.3) or a 20x Plan-Apochro-
mat (20x/0.8) objective (Zeiss, Munich, Germany).
Image acquisition was done with ZEN 2010 (Zeiss),
and image dimensions were 1024 X 1024 pixels with an
image depth of 16 bit. Two times averaging was applied
during image acquisition. Laser power and gain were
adjusted to avoid saturation of single pixels. All images
were taken using identical microscope settings based on
the secondary antibody control staining. The immuno-
fluorescence signals were quantified by using Image |
(v.1.53¢c; NIH, USA). After converting the images to grey
scale, immune-positive areas were quantified after
defining a signal threshold, which was applied for all
samples.

Polarization microscopy

For polarization microscopy, unstained cryosections of
mouse tendons (n=11 animals/ group) were imaged
using a 5x objective equipped with a polarization filter
mounted on an Axioplan microscope (Carl Zeiss, Jena,
Germany). Using this filter, organized collagen type I
fibers are visualized in white colour when exposed to
polarized light at an angle of 45°. Since the strength of
polarization is a surrogate of collagen organization this
could be quantified by analysis of the average pixel
intensity (Image ] software).

For determination of nuclear circularity, sections
were stained with 1ng/ml 4',6-Diamidin-2-phenylindol
(DAPI) in PBS for tomin at room temperature. Images
were acquired by confocal laser microscopy (LSM71o,
Zeiss, Jena, Germany) and analyzed using the circular-
ity plugin in Image J. This tool allows to quantify the
degree of roundness of an object, a perfect circle being
ascribed the value 1, a line the value o.

Biomechanical testing

For biomechanical testing, digital flexor tendons were
isolated from control (n=55), and allergy-induced
(n=55) mice. Immediately after isolation, tendons were
wrapped in gauze soaked with PBS to prevent drying
and stored at —20°C until testing. Specimens were
tested on a universal material testing machine (Zwick/
Roell 500N Zwicki, Ulm/Einsingen, Germany). After
application of a preload of 0.1N samples were loaded at
a speed of 0.1 mm/min until failure. Stiffness was calcu-
lated from the linear proportion of the force/elongation
curve and is expressed as N/mm. Tendon material prop-
erties were calculated by converting the load-displace-
ment data into stress-strain data using the tendon
diameter measured and calculated by using two cam-
eras located at an angle of 9o° to each other. Ultimate
stress was defined as the stress at tendon failure. Elastic
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modulus was calculated as the slope of the linear region
of the stress-strain curve. Samples, which had partially
slipped during tension testing were excluded from the
analysis.

Protein lysates, SDS-PAGE and western blot
Tendon-like constructs were washed with ice cold PBS
and lysed in RIPA buffer (Sigma-Aldrich, #Ro278) sup-
plemented with both a protease cocktail Sigma-Aldrich,
#P8340) as well as phosphatase inhibitor cocktail 3
(Sigma-Aldrich, #Poo44). Five individual protein lysate
preparations were made.

Achilles tendons dissected from at least three indi-
vidual animals for each group were flash frozen in lig-
uid nitrogen. Following homogenization with a mortar
and pestle, ground tissue was resuspended in lysis
buffer, incubated on a shaker for 15min on ice and cen-
trifuged at 13.000g for 15min at 4°C to remove cell
debris. At least three individual protein lysates were pre-
pared for each group.

Ten to 15 g of total protein were separated on 10—12%
SDS-polyacrylamide gels in Laemmli buffer. Proteins were
then transferred to a PVDF membrane (Biorad, Munich,
Germany) using 15.6 mM Tris base, 120 mM glycine, and
20% methanol for 1.5h at 9oV and 4°C. Membranes
were blocked in 5% non-fat dry milk powder or 5% BSA
hydrolysate in TBS with 0.5% Tween-20, respectively over
night at 4°C. Immunodetection was performed using pri-
mary antibodies recognizing Mmp1 (Proteintech, #10371-2-
AP), Mmp2 (Proteintech #66366-1-1g), Mmp3 (Proteintech
#66338-1-1g), -Actin (Sigma #A2228), and secondary horse-
radish peroxidase (HRP)-labelled goat anti-rabbit antibod-
ies, respectively (BioRad, Munich, Germany). Bands were
visualized using the Clarity™ Western ECL substrate from
BioRad (#170-5060). Band intensities of at least 3 individ-
ual experiments were measured densitometrically and nor-
malized to whole protein using the Image Lab Software 5.1
from BioRad (Biorad, Munich, Germany).

GAG analysis

To obtain a quantifiable amount of tendon material, we
had to pool flexor tendons from at least 10 animals per
group. The content of sulfated glycosaminoglycan of
tendons from control and ,allergic* mice was assessed
by using the Biglycan GAG assay from Biocolor (Car-
rickfergus, UK) following the manufacturer’s instruc-
tions using a spectrophotometer (TECAN Spark,
Minnedorf, Switzerland). The measurement was
repeated three times and the total GAG amount mea-
sured was normalized to tendon dry weight.

Transmission electron microscopy

For ultrastructural analysis, Achilles tendons from con-
trol, and ,,allergic“ mice (6 animals per group), were dis-
sected out and processed for transmission electron

microscopy as previously described with minor modifi-
cations. In brief, samples were incubated in primary fix-
ative (toomM sodium phosphate buffer pH 7.0
containing 2% glutaraldehyde) for 30 min at RT, then
transferred to fresh primary fixative and incubated for
another 2h at 4°C. After several washes in 200 mM
sodium phosphate buffer [pH 7.0], specimens were
post-fixed in secondary fixative (;0mM phosphate
buffer pH 6.2 containing 1% glutaraldehyde and 1%
osmium tetroxide; Electron Microscopy Sciences, Hat-
field, USA) for 40 min at 4 °C. Subsequently, specimens
were thoroughly washed with distilled water and en bloc
stained in 1% aqueous uranyl acetate for 16h at 4°C.
Samples were dehydrated in a graded ethanol series
(30%, 50%, 70%, 80%, 95%) followed by four changes
of 100% ethanol for 15 min each at RT. Samples were
then gradually infiltrated with a mixture of low viscosity
resin (UltraBed Kit, Electron Microscopy Sciences) and
ethanol according to the manufacturer’s instructions.
Finally, samples were placed in embedding moulds
filled with pure resin and polymerized at 60 °C for 24 h.
Ultrathin sections (8o nm) were cut on a Reichert-Jung
Ultracut ultramicrotome (Leica Microsystems, Vienna,
Austria). Sections were mounted on Formvar coated 75-
mesh copper grids, post-stained with 0.5% uranyl ace-
tate and 3% lead citrate and analyzed with a Zeiss EM
910 electron microscope equipped with a Troendle
sharp:eye 2k CCD camera (Carl Zeiss GmbH, Oberko-
chen, Germany.

To assess differences in the collagen fibril size distri-
bution between the groups we measured the diameter
of 6oo fibrils from each animal and classified them into
16 size categories starting with 20—39 nm and pro-
gressing in 20 nm steps to the last 320-339 nm (using
at least 3 random images per sample).

Quantitative RT-PCR

Total RNA was isolated from tendon-like constructs
(n=4 animals, 3 constructs each) using TRI® Reagent
(Sigma-Aldrich; Vienna, Austria) according to the man-
ufacturer’s protocol. RNA yield was quantified using a
Nanodrop 2000C (ThermoFisher Scientific, Vienna,
Austria) and RNA integrity was verified using an Expe-
rion Automated Electrophoresis system (Biorad,
Munich, Germany). A minimum requirement of the
RNA quality indicator (RQI) >7.5 was chosen. qRT-PCR
was performed as described by Lehner et al. using
TagMan® assays from IDT (Integrated DNA Technolo-
gies, Coralville, IA, USA) targeting all genes listed in
Table 3.?9 Amplification conditions were 50°C for
2min, 95°C for 10 min, followed by 40 cycles of 95°C
for 155 and 6o °C for 1min. All samples were run in
duplicate. CQ values were analyzed using qBasePlus v.
2.4 (Biogazelle NV, Zwijnaarde, Belgium) and normal-
ized relative quantities were calculated by normalizing
the data to the expression of previously validated
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endogenous control genes as described by Vandesom-
pele et al*® As housekeeping genes eukaryotic transla-
tion initiation factor 2B subunit alpha (Eif2b1), pumilio
RNA-binding family member 1 (Pumi), and TATA box
binding protein (Thp) were used. The normalized quan-
tities were then determined for the candidate genes
scaled against the expression values determined for the
controls to generate fold changes in expression.

Ethics

All animal experiments and procedures were carried out
in accordance with Austrian laws on animal experimen-
tation and were approved by Austrian regulatory author-
ities (Project License No. BMWFW-66.019/0023-WF/
V/3b/201y). The Paracelsus 10.000 study was approved
by the local Ethics committee (P10- 415-E/1521/3-2012).
Written informed consent was obtained from all partici-
pants prior to inclusion in the study.

Paracelsus 10.000 study

As part of a large-scale epidemiological health study ini-
tiated and conducted by the University Clinic Salzburg
and the Paracelsus Medical University Salzburg,
10.000 participants aged between 40 and 69 years were
queried regarding their general health and life style hab-
its. In addition to collecting basic physical parameters
such as average blood pressure, weight, and height, sev-
eral sociodemographic factors were surveyed. Two
extensive questionnaires and an in-depth interview
were used to obtain information on lifestyle, work-
related physical activity (e.g. heavy, intermediate, and
little physical loading of the shoulders), and to collect
data on patients history of diseases, medical interven-
tions and medication. All variables used in this analysis
were obtained in one of three ways: either from a ques-
tionnaire filled in by the participants themselves, from a
structured face-to-face interview or from direct physical
measurement. Body mass index (BMI) was calculated
from direct measurement of height and weight on the
study site. We defined obesity to be present when BMI
exceeded 30 kg/m?>.

In the structured interview the interviewer asked
whether certain diseases had ever been diagnosed by a
doctor. The ones used for the purpose of our study were
allergic rhinitis, asthma bronchiale, diabetes type 1, dia-
betes type 2, chronic obstructive pulmonary disease
(COPD), rheumatoid arthritis, psoriasis, colitis ulcerosa
and Crohn’s disease. Since diabetes type 1 was rare, we
pooled both types of diabetes together under ,,diabetes*.
The same applied to colitis ulcerosa and Crohn’s disease
which we therefore subsumed under ,inflamatory
bowel diseases“ (IBD).

In the questionnaire participants were asked
whether they experienced any allergies or intolerances.
Possible answers were ,,No“, ,,Yes, allergy to pollen®,
»Yes, allergy to mites, ,,Yes, allergy to animal hair*,
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,»Yes, food allergy against nuts, fruits, fish or seafood”,
»Yes, intolerance against Fructose, Lactose or Hista-
mine“, ,Yes, allergy against insects“, and ,,Yes, allergy
against drugs®. It was possible to choose more than one
answer. We defined a participant as suffering from
allergy if either a confirmed diagnosis of allergic rhinitis
or asthma bronchiale or ,,Yes“ to any of the possible
allergies in the self-report was reported. Intolerance
against fructose, lactose or histamine was however
excluded from the analysis.

Use of medication was also assessed during the
structured interview. Medication was classified into dif-
ferent categories and only use of glucocorticoids was
included. We differentiated between systemic, inhala-
tive and local use of glucocorticoids, with the latter sub-
suming topical applications as well as injections. For
the purposes of this analysis we defined glucocorticoid
use as either systemic or inhalative use or injections,
however excluding topical application. We further
defined glucocorticoid use as current use only and did
not consider past use.

Cigarette smoking was also assessed via self-report.
Participants were asked whether they currently or ever
smoked cigarettes.

Participants were also queried regarding any manual
labour placing significant strain on the shoulder. Possi-
ble answers were: ,Overhead work (e.g carpenter or
painter)“, ,heavy physical work on the left side (e.g
mason or plumber)*, ,light physical work (e.g. surgeon,
electrician, truck driver or bus driver)“, ,,no physical
work (cubicle work etc)“. For our purposes we consid-
ered overhead work to be relevant. Further, shoulder
pain was assessed. Possible answers were ,,on the left
side“, ,,on the right side“, ,,no nocturnal shoulder pain“.
We considered nocturnal shoulder pain to be present if
one of the first two answers was given. Finally, partici-
pants were asked if they were able to lift a carton of milk
over their head and whether they had an accident lead-
ing to a shoulder injury.

The self-report further provided a free form field to
list all surgeries ever performed on the participants. For
our definition of tendinopathy, we manually selected
relevant tendinopathy-related keywords in this field
which could be classified into the following 3 subcatego-
ries: Carpal tunnel syndrome, tendon calcification, and
tenosynovitis. We defined tendinopathy as either having
had any surgery on this list, OR being unable to lift the
carton of milk OR suffering from nocturnal shoulder
pain. Based on these data, we filtered patients suffering
from one of the reported allergies and displaying one of
the above mentioned tendinopathy-associated features

Statistical analysis

We explored the influence of allergy on tendinopathy
using logistic regression modelling with tendinopathy
as the outcome. We fitted one univariate model with
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only allergy as the predictor (Model 1) and two multivari-
ate models. In the first multivariate model we adjusted
for obesity, age and sex (Model 2). In a third model we
further added glucocorticoid use, cigarette smoking, the
two physical risk factors of accidents with shoulder
injury and overhead work as well as comorbidities that
are either known risk factors for tendinopathy, and like
allergy are also associated with chronic inflammation,
or can also lead to a subscription of glucocorticoids.
These were COPD, psoriasis, rheumatoid arthritis, and
inflammatory bowel diseases. Table St provides infor-
mation about the missingness of the variables used in
Model 3 (see supplements).

In order to evaluate the data set as objectively as pos-
sible, we also performed sensitivity analyses. To this
end, we changed the definition of the outcome. We
selected four different outcome variables combining the
above described tendinopathy related features in differ-
ent ways: 1) nocturnal shoulder pain OR inability to lift
a milk carton overhead (N=2332); 2) nocturnal shoulder
pain AND inability to lift a milk carton overhead
(N=429); 3) one tendinopathy-related keyword from the
list OR nocturnal shoulder pain OR inability to lift a
milk carton overhead (N=2385); 4) one tendinopathy-
related keyword from the list OR nocturnal shoulder
pain AND inability to lift a milk carton overhead
(N=505). Since there was no significant difference
between outcome variables 1 and 2 compared to out-
comes using the variables 3 and 4, only the latter results
are reported, with variable 3 being used for our primary
analysis, and variable 4 being used in the supplements.
All statistical analyses of the Paracelsus 10.000 data set
were conducted using R (Version 4.0.2).

For the statistical analyses of all other experiments
GraphPad Prism v.5.04 (La Jolla, CA, USA) was used.
To assess the number of animals to be used for bio-
mechanical testing, we performed an a priori sample
size calculation using GPower 3.1 choosing 80% power
and effect size of o.5. For all other analysis we based the
number of animals to be used on the results from previ-
ous experiments where significant differences were
observed.

Numerical data is presented as means + SEM. One-
way analysis of variance (ANOVA) for multiple compari-
sons and 2-sample t-test for pair-wise comparisons were
employed after confirming normal distribution of the data
(D’Agostino or Pearson omnibus normality test or Sha-
piro-Wilkinson test). Non-parametric statistics were uti-
lized when the above assumption was violated and
consequently Kruskal—Wallis test for multiple compari-
sons or Mann—Whitney test to determine two-tailed p-
value samples was carried out. To analyse for differences
in collagen fibril size distribution between groups the Lin-
ear mixed model fit by maximum likelihood (‘ImerMod’)
was applied. Numbers of biological replicates and statistical
tests applied are reported in the figure legends. Statistical
significance was set at ¢ = 0.05.

Role of funders

This study was funded by the Fund for the Advance-
ment of Scientific Research at Paracelsus Medical Uni-
versity (PMU-FFF E-15/22/115-LEK). The study was
financially supported by the Land Salzburg, the Salzbur-
ger Landeskliniken (SALK, the Health Care Provider of
the University Hospitals Landeskrankenhaus and Chris-
tian Doppler Klinik), the Paracelsus Medical University
Salzburg and by unrestricted grants from Bayer, Astra-
Zeneca, Sanofi-Aventis, Boehringer-Ingelheim. The
funding bodies had no role in design, conduct, analysis,
interpretation and reporting of this study.

Results

Three months old C57/BL6 mice were sensitized with
recombinant Timothy-grass pollen allergen Phl p 5
adjuvanted with aluminiumhydroxyde (Alum), followed
by a repeated intranasal allergen challenge 11 weeks
after the last sensitization (Figure 1A). For reasons of
simplicity, these sensitized and challenged mice will be
designated as allergic. To test for potential side effects
elicited by the adjuvant, we included a group sensitized
with Alum and challenged with PBS. Control animals
received PBS both for sensitization and challenge.

Allergic sensitization induces inflammatory serum
cytokines/chemokines

To confirm an allergy-induced increase in circulating
cytokines/chemokines, a bead based multiplex immu-
noassay was performed 1 day after the last sensitization
step (day 48) and 1 day after the last intranasal challenge
(day 777). A clear elevation of the majority of cytokines
analysed was already evident after the sensitization
phase (supplement Fig. S1) and an even more pro-
nounced, significant increase of both Th1 and Th2 cyto-
kines was observed post-challenge, including IL4, ILs,
IL13, and ILry, which are considered to be the major
contributors to allergy and asthma. No significant differ-
ence could be detected between the control and Alum-
treated group (Figure 1B). Due to the limited availability
of mouse sera needed for the in vitro experiments we
generated an allergy-like cytokine cocktail by combining
cytokines that were at least three times above the control
level in "allergic" animals (allergy simulating cytokine
cocktail; ASCC). The cytokine concentrations chosen
were based on the highest values measured in the blood
of allergic animals (Figure 1C).

Tendons from allergic animals display altered
biomechanical and structural properties

After clamping in the test fixture and applying a preload
of o0.uN, a photograph was taken of each tendon
(Figure 2A), in order to be able to calculate the cross sec-
tional area which showed a significantly increased value
for the allergy group (Figure 2B). Biomechanical testing
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Figure 2. Biomechanical testing parameters. (A) Flexor tendon diameters (red line) were measured at 0.1N preload using two cam-
eras positioned at an angle of 90° to each other. (B) The cross sectional area of tendons from allergic mice was significantly larger
than that from control animals; *p<0.05, Mann-Whitney U test, n>22. (C) Tendons from allergic animals displayed a significantly
reduced stiffness; *p<0.05, Unpaired 2-tailed t test, n>21). (D) No difference in maximal tensile load could be detected; Unpaired 2-
tailed t test, n>21. (E) Young's modulus and (F) stress to failure were significantly lower in tendons from allergic mice; *p<0.05,
Unpaired 2-tailed t test, n>21. Scale bar: Tmm.

revealed that flexor tendons from allergic mice dis- maximum tensile load (Figure 2D). However, taking
played a significantly (p>o.05) reduced tendon stiffness  into account the significantly increased cross sectional
(Figure 2C), whereas no effect could be seen regarding  tendon area in allergic animals (Figure 2B), both
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Figure 3. Structural and biochemical analysis of mouse Achilles tendons. (A) Examination of histological sections under polarized
light revealed a significantly less dense collagen packing in tendons from allergic mice; *p<0.05, Mann-Whitney U test, n>11. (B)
Collagen fibers were less parallelly oriented in tendons from the allergy group; *p<0.05, **p<0.01, Mann-Whitney U test, n>5. (C, D)
No significant difference between groups could be seen in shape and orientation of cell nuclei; Mann-Whitney U test, n>5. (E) Polar-
ized light microscopic images. Scale bar: 100 pm. (F, G) Ultrastructural analysis of mouse Achilles tendons. Shown are frequencies of
fibril diameters of control and allergic mice determined by TEM (n = 600 fibrils of >5 animals each). Mean + SEM are displayed. Anal-
ysis of electron microscopic images of Achilles tendons did not show a significant difference in fibril size distribution (insert). The sta-
tistical model of Linear mixed model fit by maximum likelihood (lmerMod’) was used yielding a p-value of p = 0.55. Scale bar:
500 nm. (H) Glycosaminoglycan (GAG) analysis revealed a significantly increased amount of GAGs in tendons from allergic animals;
*p<0.05, Unpaired 2-tailed t test, n = 3.
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Young’s modulus (Figure 2E) and tensile stress
(Figure 2F) were significantly reduced in this group
compared to the controls.

In order to examine whether this observed increase
in tendon cross sectional area relates to alterations in
the extracellular matrix, we analysed tendons from the
control and allergy group both at the light and electron
microscopic level (Figure 3). Polarized light microscopy
revealed that tendons from allergic animals not only
showed a significantly looser collagen packing
(Figure 3A), but also a significantly less parallel fibre ori-
entation (Figure 3B).

In contrast, no differences between the groups could
be detected regarding the nuclear aspect ratio and orien-
tation of cell nuclei (Figure 3C, D). The same accounted
for fibril diameter distribution as revealed by ultrastruc-
tural analysis of the Achilles tendons (Figure 3F, G).
Finally, the glycosaminoglycan content of tendons from
“allergic” mice was found to be increased compared to
tendons from control mice (Figure 3H).

Allergic sensitization elicits a matrix remodelling
phenotype in vitro and in vivo

Tendon-like constructs (Figure 4A) were treated with
ASCC for 72 h, changing the media every day to warrant a
stable cytokine concentration over the entire incubation
time, and the mRNA expression of a variety of matrix-,
fibrosis-, and inflammation-related proteins was analysed
(Figure 4B). Similarly, we treated tendon-like constructs
with pooled sera from “allergic” or control mice for 24h,
and performed qPCR analysis targeting the same genes as
analysed in the experiments with ASCC (supplement Fig.
S2). Of the genes of interest, we specifically focused on
those which yielded similar results in both approaches.
Interestingly, we found a significantly increased expression
of Matrix Metalloproteases 1a (Mmp1a), -2 (Mmp2), -3
(Mmps3), Epiregulin (Ereg) and Interleukin 6 (IL6) in both
serum and ASCC-treated 3D-tendon constructs, albeit to a
varying extent (Figure 4B). At the protein level we con-
firmed a significant elevation of MMP1 and MMP2 in ten-
don-like constructs exposed to ASCC (Figure 4C), whereas
no significant difference could be detected for MMP3
expression (data not shown).

To assess whether the activity of a matrix metallopro-
tease is also increased in vivo, we analysed the expression
of MMP2 on cryosections of mouse Achilles tendons.
Indeed, fluorescent staining revealed a significantly
increased expression of MMP2 in tendons from allergic
mice (Figure 5A). Moreover, we found MMP2 to display
both significantly elevated protein levels and enzyme activ-
ity as demonstrated by zymography (Figure 5B, C).

Allergic animals show increased macrophage activation
in tendons

As we had observed an increase in mRNA levels encod-
ing Ereg in ASCC-treated 3D tendon-like constructs and
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we previously had identified a cell population
(“tenophages”) expressing Ereg and macrophage-associ-
ated marker proteins,’’ we next examined if increased
levels of circulating cytokines affect immune cell
marker expression within the tendon tissue. Indeed,
increased expression of F4/80, a marker highly and
constitutively expressed on most resident tissue macro-
phages, of CD68/macrosialin, which is a heavily glyco-
sylated glycoprotein highly expressed in macrophages
and other mononuclear phagocytes, of Ionized calcium
binding adaptor molecule 1 (IBA1), a microglia/macro-
phage-specific calcium-binding protein, and of CD163, a
specific marker for monocytes/macrophages (cell popu-
lations exhibiting strong inflammatory properties), was
evident in cryosections prepared from Achilles tendons
of allergic mice (Figure 0).

Given this increase in expression of immune cell-
related markers within allergic tendons, we speculated
whether this might correspond with an increased activa-
tion state. To address this question, we stained cryosec-
tions from control and allergic animals and 3D-tendon
like constructs which had been incubated with or with-
out the ASCC for markers indicative of macrophage
activation such as the lipid droplet associated protein
perilipin. Interestingly, we found a significantly elevated
expression of peripilin 1 both in vivo and in vitro
(Figure 7A, B).

Allergy is a moderate risk factor for tendinopathy
Based on the data from a large health survey study con-
ducted in the state of Salzburg (Paracelsus 10.000 study),
retrospective statistical analysis of patients’ records regard-
ing a potential relationship between allergic conditions and
reported tendon-related diseases was performed. Overall,
our sample consisted of observations from 10042 study
participants aged between 40 and 75 years. For comparabil-
ity between the different logistic regression models applied
(see Methods section), we used only patient data sets which
included information for all variables included in multivari-
able logistic regression model 3. This dataset consisted of
data from 8575 patients. To test for the validity and plausi-
bility of our approach, we further analysed patients’ data
focussing on risk factors known to be associated with tendi-
nopathies (e.g overhead work/impingement, rheumatoid
arthritis, diabetes, obesity, smoking). Baseline characteris-
tics of study participants and the proportions of persons
displaying the above mentioned risk factors are listed in
Table 1.

Surprisingly, more than a third of all participants
were affected by some form of allergic symptoms
(Table 1). About 20% of all persons had an accident
involving the shoulder and about 4% performed over-
head work. The proportion of obese persons in the study
population was 18.4%, whereas the number of persons
affected by other tendinopathy-associated risk factors
ranged between 0.7% and 4%.

1
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Figure 4. gPCR and western blot analysis on 3D tendon-like constructs. (A) Image of tendon-like constructs spread between silk
sutures mounted on a collagen-coated petri dish. (B) Treatment of tendon-like constructs with an allergy stimulating cytokine cock-
tail (ASCCQ) results in upregulation of selected target genes; *p<0.05, **p < 0.01, ***p<0.001, ****p<0.0001, Mann-Whitney U test (0)
or Unpaired 2-tailed t test (O) depending on normal distribution, n = 9. (C) Western blot analysis of tendon-like constructs exposed
to the ASCC shows a significant upregulation of Mmp1 and Mmp2; Bars represent mean =+ SEM; *p<0.05, Mann-Whitney U test,

n = 4. Scale bar: Tcm.

To investigate if there is a correlation between aller-
gies and signs of tendinopathy, the outcome variable
was defined as follows: participants of the health survey
needed to state at least one of the following terms: noc-
turnal shoulder pain OR inability to lift a milk carton

overhead OR declaration of a tendinopathy-related key-
word, which applied to 2385 participants (Table 2). A
more restricted outcome variable defining tendinopathy
as the presence of a tendinopathy-related keyword OR a
combination of nocturnal shoulder pain AND the
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Articles

A Control

Achilles tendon

B
MMP2 -—
B-actin -
Control Allergy
C

Pro-MMP2
Active MMP2

Control Allergy

8 50 *
= 40
= 35
(4]
et
< 10
o 0 r .
(=)
AN
«° 94‘
O ()
o N
(<€) Lo
. MMP2
>
— 72kD c > x
o 40
ﬁ 300
'(—_U 200
— 42kD g 100
(@] 0 T .
< o N
& ¢
o N\
<€) v
~ MMP2 activity
(% 10000 *%
S
GNJ 6000
'C—E 4000
& 2000 E
—
8 (] T T
AN
& &
0 N\
&) \ol

Figure 5. MMP2 expression in mouse Achilles tendons. (A) Quantification of immunofluorescence staining on cryosections reveals a
significantly increased MMP2 expression in tendons from allergic mice; representative image and quantification; *p<0.05, Mann-
Whitney U test, n > 5. (B) Western blot analysis shows upregulation of MMP2; representative image and densitometric quantifica-
tion, normalization to B-actin; *p<0.05, Unpaired 2-tailed t test, n = 3. (C) MMP2 activity is upregulated in allergic animals as shown
by gelatin zymography; representative image and densitometric quantification, normalization to B-actin; **p<0.01, Unpaired 2-

tailed t test, n = 3. Scale bar: 50 pm.

inability to lift a milk carton was also employed, how-
ever this criterion only applied to 505 patients and is
reported in the supplementary information (Table S2).
Tables 2 and S2 show the odds ratios (OR) for the
predictor variable “allergy” in three different logistic
regression models, the odds ratio being a statistical
measure indicating the strength of a relationship

www.thelancet.com Vol 75 Month January, 2022

between two characteristics. The logistic regression
analysis yielded an OR for the allergy term lying
between 1.16 and 1.13, respectively, depending on how
confounding effects have been controlled for. When cor-
recting for confounders known to increase the risk of
developing a tendinopathy, an OR of 1.13 (95% CI:
(1.02-1.25), p=0.023) was determined, indicating that the
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Figure 6. Macrophage marker expression in vivo: Achilles tendons from allergic mice show a clearly increased expression of (A) F4/
80, (B) CD68, (C) CD163, and (D) IBA-1 (p=0.0519) compared to control animals as evidenced by fluorescent staining of cryosections.
Representative images and densitometric quantification are shown; *p<0.05, Mann-Whitney U test, n > 6. Scale bar: 50 um.
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Figure 7. Perilipin expression in vivo and in vitro. (A) Perilipin is significantly higher expressed in Achilles tendons from allergic mice;
representative image and quantification of perilipin expression, normalized to control settings; *p<0.05, Unpaired 2-tailed t test, n
> 11. (B) In vitro the number of perilipin positive cells in 3D tendon-like constructs exposed to ASCC is increased compared to con-
trols; **p<0.01, Mann-Whitney U test, n > 8. Blue DAPI stain indicates cell nuclei. White arrows point toward perilipin positive cells.
White asterisk indicates adipose tissue. The dotted blue line demarcates the tendon proper. Scale bar: 100 pm.

No Tendinopathy Tendinopathy Total p-value

Allergy 2089 (33.7%) 883 (37%) 2972 (34.7%) 0,005

Sociodemographics Sex (Male) 3057 (49.4%) 1101 (46.2%) 4158 (48.5%) 0,008
Medication Glucocorticoid Use 153 (2.5%) 9 (2.9%) 222 (2.6%) 0,288
Comorbidities COPD 94 (1.5%) 48 (2%) 142 (1.7%) 0,109
Psoriasis 256 (4.1%) 0 (3.8%) 346 (4%) 0,463

Rheumatoid Arthritis 124 (2%) 124 (5.2%) 248 (2.9%) <0,001

Diabetes 190 (3.1%) 110 (4.6%) 300 (3.5%) 0,001

IBD 42 (0.7%) 6 (0.7%) 8 (0.7%) 1

Obesity 1046 (16.9%) 533 (22.3%) 1579 (18.4%) <0,001

Physical Risk Factors Accident involving Shoulder 971 (15.7%) 884 (37.1%) 1855 (21.6%) <0,001
Overhead Work 207 (3.3%) 144 (6%) 351 (4.1%) <0,001

Smoking Current 1068 (17.3%) 468 (19.6%) 1536 (17.9%) 0,011
Former 2199 (35.5%) 930 (39%) 3129 (36.5%) 0,003

Never 2923 (47.2%) 987 (41.4%) 3910 (45.6%) <0,001

Table 1: Baseline characteristics of study participants.
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Term 0Odds Ratio Confidence Interval p-value
Model 1 (Intercept) 037 (0.35,0.39) <0.001
Allergy 1,15 (1.05, 1.27) 0,004
Model 2 (Intercept) 0,22 (0.15,0.3) <0.001
Allergy 1,16 (1.05,1.28) 0,004
Age 1,01 (1,1.02) 0,002
Sex (Male) 0,87 (0.79, 0.95) 0,003
Obesity .41 (1.25,1.59) <0.001
Model 3 (Intercept) 0,22 (0.15,0.32) <0.001
Allergy 113 (1.02, 1.25) 0,023
Age 1,00 (1,1.01) 0,509
Sex (Male) 0,71 (0.64, 0.79) <0.001
Obesity 135 (1.19, 1.53) <0.001
Rheumatoid Arthritis 2,29 (1.75,3) <0.001
IBD 0,99 (0.54, 1.82) 0,966
Diabetes 1,44 (1.11, 1.86) 0,006
Psoriasis 0,91 (0.7,1.17) 0,448
COPD 1,10 (0.75,1.61) 0,631
Smoking (Former) 117 (1.05, 1.31) 0,004
Smoking (Current) 1,32 (1.15,1.51) <0.001
Glucocorticoid Use 0,96 (0.7,1.32) 0,789
Accident involving Shoulder 3,37 (3.01,3.77) <0.001
Overhead Work 1,91 (1.52,2.4) <0.001

Table 2: Odds Ratios, 95% Confidence Intervals for the Odds Ratio and p-values for all terms in the three models when the outcome is
presence of a surgery OR inability to lift a carton of milk overhead OR nocturnal shoulder pain.

Target Gene

ID

Primer 1 sequence

Primer 2 sequence

Acan
Colla
Col3a
Ctgf
Ctss
Cx3cl1
Eif2b1
Ereg
Fn1

L6
Mmpia
Mmp2
Mmp3
Mmp9
Pum1
$100a4
Tbp
Tgf3

Mm.PT.58.10174685
Mm.PT.58.32201658
Mm.PT.58.32580981

Mm.PT.58.42938879.9s

Mm.PT.58.11805898
Mm.PT.58.8767901
Mm.PT.56a.5316520
Mm.PT.58.42931050
Mm.PT.58.8135568
Mm.PT.58.10005566
Mm.PT.58.6903664
Mm.PT.58.9606100
Mm.PT.58.9719290
Mm.PT.58.10100097
Mm.PT.56a.9406036
Mm.PT.58.6293984

Mm.PT.39a.22214839

Mm.PT.58.11254750

CCT TGT CAC CAT AGC AACCT CTA CAG AACAGC GCCATCA
GAAACCTCTCTCGCCTCTTG TGGTGAAGCAGGCAAGC
GACCCTTTTCTCCTGGGATG GAAGATGGCAAAGATGGATCAC
TTGGCTCGCATCATAGTTGG GAGGAGTGGGTGTGTGAC

CAT CAA GAG TCC CAT AGC CAA CCAGCCATTCCTCCTTCTTC

TGA TCC AGA TGC TTC ATG GC ATC CGC TAT CAG CTA AAC CAG
AGCACCAACTATGACAAGATCTG AGTCGCAGCCTGATTTATCTG

GTA GCC GTC CAT GTC AGA AC CTT CTA CAG GCA GTT ATCAGC A
TTGTTCGTAGACACTGGAGAC GAGCTATCCATTTCACCTTCAGA
TCCTTAGCCACTCCTTCTGT AGCCAGAGTCCTTCAGAGA

TGA GCC GTA ACATAG AACAAGT AGC TTG CTC ACA CTT TCC AG
AACTTCACG CTCTTG AGA CTT GAA TGC CAT CCCTGATAA CCT
TGT GGA GGA CTT GTA GAC TGG GAT GAA CGA TGG ACA GAG GAT G
GTG GGA GGT ATA GTG GGA CA GAC ATA GAC GGC ATC CAG TAT C
CATAAGTTGGTACGCAGCCT TCAAGACCAGCATGGCTCTA

TTG AGC TCT GTC TTG TTC AGC CTCTATTCAGCACTT CCTCTCTC
CCAGAACTGAAAATCAACGCAG TGTATCTACCGTGAATCTTGGC

CCG AAT GTC TGA CGT ATT GAA GA

GCG GACTAC TAT GCT AAAGAG G

Table 3: List of assays and respective primer sequences used for qRT-PCR analysis.

odds to develop a tendinopathy is 1.13 times higher com-
pared to non-allergic persons. Among the confounder
variables known to be risk factors for tendinopathies
rheumatoid arthritis
p=<0.001), overhead work (OR=1.91; 95% CI: (1.52-2.4),

(OR=2.29;

95%

CI:

p=<o.001), diabetes (OR=I.44; 95% CI: (1.11-1.80),
p=0.0006), obesity (OR=1.35; 95% CI: (1.19-1.53),
p=<o.001), and smoking (OR ranging between 1.r7 and
1.32 depending on time point of smoking) also revealed
elevated odds ratios. Interestingly, former smoking

(1:7573),
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seems to have a similar effect as the presence of an
allergy.

Discussion
Tendinopathies still present a major medical challenge
for physicians and orthopaedics as treatment options
are limited, not at least due to an incomplete under-
standing of their aetiology. Major risk factors, apart
from repetitive overload, known so far include diabetes,
obesity, several autoimmune diseases and smoking.**
Since there is evidence that persons suffering from dis-
eases associated with a systemic low-grade inflamma-
tion run a higher risk of developing tendinopathies or
sustaining a tendon rupture, we were interested to eluci-
date whether the presence of an allergy would be suffi-
cient to alter the structure and function of tendons.** In
the present study, we therefore investigated the impact
of a systemic inflammation induced by timothy grass
pollen allergy in a mouse model,* the advantage of this
animal model being that no additional, potentially con-
founding factors (e.g. age, obesity, other autoimmune
diseases) influence the effects induced by the allergic
inflammation. The rationale for choosing the allergy
model instead of other inflammatory animal models to
study the effect of a systemic inflammation was to use a
model which would allow to analyse a sufficient number
of persons suffering from a corresponding condition to
be able to perform meaningful statistical analysis.
Respiratory exposure to the grass pollen allergen
resulted in an increase in systemic levels of key cyto-
kines known to be associated with allergic diseases -
IL4, ILs, IL13, and ILr7.3* 3® Three of them (IL4, ILs,
ILr7A) were included into an allergy simulating cyto-
kine cocktail (ASCC) together with TNFe, IL18, IFNy,
and ILG. All the cytokines included were either at least
three-fold higher in the blood sera of allergic animals
compared to control animals, or have been shown to be
significantly elevated in the blood of allergic children.’”
On the functional level, biomechanical testing
revealed a significant decrease in both Young’s modulus
and tensile stress in the allergy group, the cross sec-
tional area being significantly increased compared to
the control group. Interestingly, similar findings were
seen in a study by Hernandez et al. in which they
showed that severe burn-induced systemic inflamma-
tion led to a decrease in stiffness and ultimate force of
rat Achilles tendons.>® Moreover, the authors report a
decrease in organized collagen fibers 14 days after a
burn, which is in agreement with our observation of
looser collagen packing and less parallel oriented fibers
in tendons from allergic mice. As shown by ultrastruc-
tural analysis, the increase of tendon cross sectional
area in the allergic animals is not a consequence of
larger collagen fibril diameters. However, glycosamino-
glycan (GAG) content in the flexor tendons of allergic
animals was significantly increased. This elevated level
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of sulfated GAGs might lead to increased tissue swell-
ing accounting for the change in size, as well as be
related to the observed decrease in elastic modulus and
tensile stress, since there is evidence for a causal GAG-
biomechanics relationship in diseased tendons. In an
equine tendon injury model it has been shown that
injured tendons displayed both a significantly decreased
modulus and ultimate tensile strength with a concomi-
tant increase in glycosaminoglycan content throughout
the tendon,*® which is very well in line with our find-
ings. Moreover, a significant increase in sulfated glycos-
aminoglycan content in human patellar tendinopathy
has been described.**+'

In order to shed light on potential underlying mech-
anisms accounting for the observed structural changes,
we investigated the effects of both mouse sera and cyto-
kine cocktail on the expression of a variety of genes in
3D-collagen embedded tendon cells in vitro, focusing
predominately on matrix remodelling and inflamma-
tion-related proteins. With both approaches we found a
significant mRNA upregulation of matrix remodelling
enzymes Mmpi1, Mmp2 and Mmp3, as well as of ILG, a
key cytokine known to be involved in the pathogenesis
of several chronic inflammatory diseases, and of epire-
gulin, shown to be increased upon inflammatory stimu-
lation in macrophage-like tendon cells.*" The difference
in expression levels in response to the treatment can
likely be explained by differences in incubation time
(24 vs. 72 h), the shorter incubation time owing to a lim-
ited amount of serum, and differences in cytokine com-
position, the ASCC containing only a selected number
of cytokines, whereas the serum applied not only com-
prises the cytokines measured by multiplex bead array,
but furthermore a plethora of components (including
chemokines, cytokines, and lipid mediators) potentially
enhancing or counteracting the effect of the proteins
analysed.

The observed up-regulation of MMP2 on the protein
level both of lysates of tendon-like constructs exposed to
ASCC and in Achilles tendons from allergic mice poten-
tially contribute to the structural changes seen in these
tendons, given that an increased expression of MMP1
and MMP2 has also been reported in human tendinosis
tissue. ** 44

As reported in our previous study, mouse tendons
harbour a sub-population of tendon cells expressing
immune cell-related markers and appear to possess
phagocytic activity similar to macrophages.’" Here, we
show that these markers including F4/80, CD68, and
CD163 are significantly increased in Achilles tendons
from allergic mice compared to control animals. Since a
high expression of CD163 in macrophages is character-
istic for tissues responding to inflammation and
enhanced presence of CD163+ macrophages with an
increase in soluble CD163 (sCD163) has been described
in a variety of human inflammatory diseases, including
asthma, rheumatoid arthritis and diabetes, the
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increased expression of CD163 observed in allergic ani-
mals is consistent.**® Also, the higher expression level
of IBA 1 is in line with previously published results,
demonstrating that IBA1 is significantly upregulated in
mice upon stimulation with ILi/TNFa.*” The altered
macrophage/ tenophage marker profile is indeed also
reflective of alterations in their activation state, since we
found that tendons from allergic animals as well as
ASCC-treated 3D tendon constructs in vitro displayed a
significantly elevated expression of perilipin 1. This pro-
tein is not only present on the surface of adipocyte lipid
droplets (LDs), but has also been reported to be
expressed by activated macrophages, as lipid accumula-
tion in phagocytes is a hallmark of infection and sterile
inflammation.**#° These changes in immune cell func-
tion, such as myeloid cell activation, have been
described to be connected to profound changes in LD
numbers and LD protein composition. Thus, these
lipid-rich, cellular organelles appear to have a vital role
in antigen cross-presentation, interferon (IFN)
responses, production of inflammatory mediators, and
pathogen clearance.”®

Overall, our study demonstrates that the presence of
an allergy-induced elevation of circulating inflammatory
cytokines and chemokines over a relatively short period
of time is sufficient to have a detrimental effect on ten-
don quality and function. The relevance of these find-
ings in vitro and in vivo was further underpinned by the
analysis of data obtained from a large health survey
(Paracelsus 10.000 study). The association between low
level systemic chronic inflammation and the occurrence
of tendinopathies has Dbeen reported in several
studies.”>" Importantly, systemic inflammation accom-
panies also many conditions known to be associated
with the development of tendinopathies, such as per-
forming heavy overhead work, suffering from diabetes
or smoking. To benchmark our search strategy to define
the outcome variable “tendinopathy” (presence of a sur-
gery OR inability to lift a carton of milk OR nocturnal
shoulder pain), we probed the available cohort for the
above mentioned risk factors (Rheumatoid arthritis,
obesity, diabetes, smoking, overhead work). All of them
presented with a significantly elevated odds ratio, which
are well within the range of odds ratios reported by
other studies.’**> >* The data analysed for the present
study are of retrospective and of cross sectional nature.
Due to the difficulty to discriminate between traumatic
and “acute on chronic” injuries, we focussed on tendin-
opathy-related symptoms including nocturnal shoulder
pain, the inability to raise the arm above 9o° and
patient-reported keywords such as calcification, tenosyn-
ovitis and carpal tunnel syndrome and deliberately
excluded all reports on most likely acute tendon or liga-
ment tears, as well as terms which could not be
assigned unequivocally.

The multivariate logistic regression model (model 3)
used adjusts for a potential effect of glucocorticoid use

on tendon health, while also correcting for collider bias
by controlling for other comorbidities which are known
to affect tendons and for which glucocorticoids could be
prescribed. Using this most stringent model, the OR of
patients suffering from allergies to develop a tendinop-
athy was 1.13 (p=0.023). Together, as allergies so far
have not been considered as risk factors for developing
a tendon disease, the results from our study potentially
have implication for future prevention and/ or treat-
ment strategies.

Study limitations

Rodents generally do not naturally develop allergies,
nevertheless mouse models are widely used to recapitu-
late the pathophysiology associated with recurrent expo-
sure to allergens seen in human allergies.” Although
animal models not always recapitulate all aspects of
human inflammatory diseases,’ the allergy model
employed in this study induces the key parameters of
lung inflammation also observed in humans. Further,
experimentally induced tendinopathies in mice result in
features very similar to the pathological changes
observed in humans, such as hypercellularity and irreg-
ular collagen fibril arrangement.’” Therefore, the results
from our preclinical studies indicate, that an allergy-
induced, systemic inflammatory cytokine profile can
promote the development of tendinopathies.

It is important to state that the Paracelsus 10.000
study was a prospective cohort study not specifically and
exclusively focussing on tendon- and ligament-related
injuries in the context of allergies. Therefore, tendinopa-
thies were not explicitly clinically diagnosed by a physi-
cian, but tendon/ligament-related pain conditions and
surgeries were self-reported by the study participants,
potentially introducing a certain degree of bias.

Also, we have to mention that the Paracelsus 10.000
study is not fully representative of the wider Austrian
population for the following reasons: while invitations
were sent out from a list of randomly selected inhabi-
tants of Salzburg and surrounding districts, there are
some factors that make the sample not fully random
and representative. There is generally a bias for city
dwellers and of the approximately 6Go.ooo0 invitations
sent out only 9777 participants responded and partici-
pated in the study. 286 participants were self-recruited
or recruited by other participants. Especially the recruit-
ment rate of approximately 16% could result in a poten-
tial bias. However, we believe that this bias does not
significantly influence the estimation of the relationship
between allergy and tendinopathy and consequently the
results and conclusions presented here.

Missing datapoints are not available due to the fol-
lowing reasons: inadequate completion of the question-
naire on site, failure to return the completed
questionnaire, IT-related issues during completion of
the questionnaire, or refusal to complete the
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Figure 8. Graphical summary (Created with BioRender.com.)

questionnaire. To the extent to which these reasons cor-
relate with the variables taken from the self report
(allergy, tendinopathy, surgeries, smoking, overhead
work, accidents involving shoulder), the data are miss-
ing not at random (MNAR), otherwise they can be con-
sidered to be missing at random (MAR).

Summary

In the present study conducted in a mouse model, we
demonstrate that an allergy-induced systemic inflam-
mation impacts on tendons, both on the functional as
well as on the structural level. Analysis of patients’
records from a health survey study suggest that the pres-
ence of an allergic condition accompanied by an
increase in systemic cytokine and chemokine levels also
affects tendons in human and therefore potentially is a
risk factor for the development of tendinopathies
(Figure 8).
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