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Summary Statement:

Here, we demonstrate the presence of a macrophage-like, CX3CL1/CX3CR1-expressing cell
population within the healthy tendon proper potentially fulfilling a surveillance function.

Abstract:

Tendon disorders frequently occur and recent evidence has clearly implicated the presence
of immune cells and inflammatory events during early tendinopathy. However, the origin
and properties of these cells remain poorly defined. Therefore, the aim of this study was to
determine the presence of myleoid cells in healthy rodent and human tendon tissue and to
characterize them. Using various transgenic reporter mouse models, we demonstrate the
presence of tendon cells in the dense matrix of the tendon core expressing the fractalkine
(Fkn) receptor CX3CR1 and its cognate ligand CX3CL1/Fkn. Pro-inflammatory stimulation of
3D tendon-like constructs in vitro resulted in a significant increase in the expression of IL-1[,
IL-6, Mmp3, Mmp9, Cx3cll, and epiregulin which has been reported to contribute to
inflammation, wound healing, and tissue repair. Furthermore, we demonstrate that
inhibition of the fractalkine receptor blocked tendon cell migration in vitro and show the
presence of CX3CR1/CX3CL1/EREG expressing cells in healthy human tendons. Taken
together, we demonstrate the presence of CX3CL1+/CX3CR1+ “tenophages” within the
healthy tendon proper potentially fulfilling surveillance functions in tendons.
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INTRODUCTION

Tendon pathologies and injuries are one of the most common musculoskeletal disorders,
however due to the tissue’s poor regenerative capacity the healing process is long-lasting
and outcomes are often not satisfactory. Consequently, tendinopathies represent a
substantial social and economic burden (Schneider et al., 2018). The limited availabilty of
effective treatment options not only ows to the multifactorial nature of tendinopathies, but
above all results from our insufficient understanding of the cellular and molecular
mechanisms leading to the onset and progression of the disease. Therefore, gaining a
deeper insight into the nature and function of tendon-resident cells in tissue homeostasis
and disease is imperative for developing new treatment strategies for tendinopathies.

Due to the composition and structure of the extracellular matrix (ECM), tendons are
able to withstand enormous tensile forces, so that spontaneous ruptures rarely occur
without preceding features of tissue degeneration. Besides repetitive overload, smoking,
and the intake of certain drugs, also obesity and various metabolic diseases are recognized
risk factors for the development of tendinopathies. Interestingly, a role of inflammation in
the pathogenesis of tendinopathy has long been debated, the underlying mechanisms being
poorly understood. The presence of myeloid and lymphoid cells such as mast cells, T cells,
and macrophages during early human tendinopathy however highlight a role of
inflammation in tendon disease (Dean et al., 2016; Kragsnaes et al., 2014; Millar et al., 2010).
However, the origin of these immune cells is unclear; whether they invade the tissue from
the circulation and neighbouring tissue, or whether tissue-resident myeloid cells are present
and are activated upon damage, or a combination of both mechanisms. Generally, tissue-
resident macrophages in vivo are not a homogeneous cell population, but heterogeneous in
nature and respond to certain stimuli with overlapping functions and phenotypes and
therefore often can not be classified into simple, polarized categories (Davies and Taylor,
2015). As the majority of these cells are usually situated in the vicinity of blood vessels
(Hume et al., 1984), it seems plausible that this would also apply for tissue-resident myeloid
cells in tendons. However, the presence and distribution of immune cells in healthy tendons
has not been thoroughly investigated so far and due to the hypovascular nature of tendons,
we hypothesize that in tendons resident myeloid cells not only are present in the
perivascular region, but also reside within the dense, collagen-rich tendon core fulfilling a
surveillance function similar to Langerhans cells in the skin or microglia in the brain (Deckers
et al., 2018; Lehner et al., 2016).

In general, the main effectors of inflammation are myeloid cells, most notably
monocytes and macrophages. Among the known factors that control e.g. monocyte
recruitment is the chemokine CX3CL1, or Fractalkine (FKN), and its cognate receptor CX3CR1
(Lee et al., 2018). CX3CR1 is expressed by myeloid and lymphoid lineage cells, including mast
cells and natural killer cells (Mass et al., 2016; Sasmono and Williams, 2012). In addition,
CX3CL1/FKN has been demonstrated to regulate the communication between neurons, glia
and microglia, and CX3CR1-expressing microglia have been suggested to be pivotal in
limiting tissue injury during inflammation and neuro-degeneration (Sheridan and Murphy,
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82  2013). Overall, depending on the tissue type CX3CR1-expressing cells can either contribute
83 to maintenance of tissue homeostasis or play a role in disease progression. These findings
84  prompted us to investigate if the CX3CL1/CX3CR1 axis might also be relevant in tendons.
85  Therefore, the purpose of this study was (1) to assess the presence of tendon core-resident
86 cells in healthy rodent and human tissues expressing immune cell-related markers and (2) to
87  explore the ramifications of pro-inflammatory stimulation on the CX3CL1/CX3CR1 system in
88 3D tendon-like constructs in vitro.

89
90 RESULTS
91 Tendon-resident cells express immune cell-related markers

92 To evaluate the presence of tendon-resident cells expressing immune-cell markers
93 we probed Achilles tendon tissue sections from the transgenic Scx-GFP tendon reporter
94  mouse strain (Pryce et al., 2007). As shown in figure 1A and B, GFP-positive cells located in
95 the dense tendon core co-expressed the widely used pan-macrophage marker CD68, F4/80,
96 a unique marker of murine macrophages, and also the macrophage-specific hemoglobin (Hb)
97  scavenger receptor CD163. Further, immunohistochemical staining also revealed tendon
98 cells co-expressig MHC class Il, a membrane-bound marker for antigen-presenting cells such
99 as macrophages, B-lymphocytes and dendritic cells (Kristiansen et al.,, 2001). To further
100 substantiate the presence of mlyeoid cells in the tendon proper we also investigated Achilles
101  tendon tissue of the transgenic MacGreen reporter mouse strain. These mice express EGFP
102  under the control of the mouse colony stimulating factor 1 receptor (Csf-1r) promoter,
103  labelling mononuclear phagocyte lineage cells (Sasmono et al., 2003). As shown in figure 1C
104  several cells in the tendon proper were positive for EGFP, indicating the presence of myeloid
105  cells. Further, the majority of the EGFP-positive cells also stained positive for Cx3crl (Fkn
106  receptor) and expression of the receptor was also confirmed using a transgenic mouse strain
107  expressing EGFP driven by the Cx3crl promoter (Jung et al., 2000) (Suppl. fig. 1). Finally, by
108  employing double immunolabelling we further demonstrate that the fractalkine receptor
109 and its ligand Cx3cll are both co-expressed by tendon cells (Fig. 2A) and the expression of
110  Cx3crl specifically in tendon cells was also confirmed by probing Achilles tendon sections of
111  the Scx-GFP tendon reporter mouse strain (Fig. 2B).

112 FKN has been described to induce shedding of epiregulin (EREG), a 46-amino acid
113 protein belonging to the Epidermal Growth Factor (EGF) family of peptide hormones, and
114  further to rapidly increase epiregulin mRNA expression 20-fold (White et al., 2010).
115  Therefore, we investigated tendon tissue sections for the presence of EREG. Indeed,
116  epiregulin is also expressed in tendon-resident cells expressing Scx-GFP or Cx3cr1-EGFP (Fig.
117  2C, D). Finally, Cx3crl-positive cells also express both macrophage markers CD68 and CD163
118  (Suppl. fig. 2).

119 Next, to determine whether these cells, apart from their macrophage-associated
120  marker profile, also possess phagocytic activity we exposed unfixed rat flexor tendons to
121  pHrodo™ Green S. aureus Bioparticles™ which upon cellular uptake emit fluoresecence due
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122 to a shift in pH. As shown in figure 3, we detected several positive cells within the tendon
123  core embedded in the dense collagenaous matrix, demonstrating the presence of phagocytic
124  cells within the tendon proper in vivo.

125

126

127  Pro-inflammatory stimulation of 3D tendon-like constructs increases fractalkine and
128  epiregulin expression.

129 Having identified tendon-resident cells expressing immune cell-related markers, we
130 next examined the response of primary tendon stem and progenitor cells (subsequently
131  referred to as TDSPCs) to pro-inflammatory stimuli. We therefore generated 3D type |
132  collagen-embedded tendon cell cultures as previously described (Gehwolf et al., 2019) and
133  analyzed the expression of both tendon-specific and matrix-associated as well as
134  inflammation-related markers after exposure to IL-1B, TNF-a or a combination of both (Fig.
135  4A). As shown in figure 4B, stimulation of the constructs significantly increased the gene
136  expression of IL-18, TNF-«, and IL-6, as well as several extracellular-matrix (ECM)-associated
137  proteins such as lysyloxidase (Lox) and the matrix metalloproteinases (MMPs) Mmpl,
138  Mmp3, and Mmp9. A synergistic effect of Il-13 and TNFa stimulation was seen for several
139  candidate genes, however IL-13-treatment generally had a more pronounced effect on gene
140  expression. No significant effect was evident for the expression of type | collagen (Collal)
141  and type 3 collagen (Col3al). Further, there was little or no impact on the expression of the
142  tenogenic marker proteins Tenomodulin (Tnmd), Mohawk (Mkx) and Scleraxis (Scx).

143 IL-1B exposure led to a moderate 2-fold increase in the expression of the
144  macrophage-related marker CD68, whereas a significant increase (>20-fold) in Fkn (Cx3cl1)
145  and Ereg mRNA quantitites was observed, which was even higher if co-stimulated with TNFa.
146 These results were further underscored by immunofluorescent analysis, demonstrating that
147  pro-inflammatory treatment mainly affected the expression of Cx3cll and Ereg (Fig. 5B).
148  Finally, to obtain quantitative data on protein levels we also performed Western blot
149  analysis on lysates prepared from stimulated and unstimulated 3D tendon-like constructs.
150  Again, a significantincrease in expression was observed for both Cx3cl1 and Ereg (Fig. 5C).
151

152  Inhibition of CX3CR1 signalling blocks tendon cell migration

153 In order to address a putative function of the CX3CL1/CXCR1 signalling axis in tendon-
154  resident cells, we next performed cell migration assays. To inhibit CX3CR1 we applied AZD
155 8797 (Axon Medchem, Groningen, Netherlands), a selective, high-affinity small-molecule
156  inhibitor of CX3CR1. Importantly, early passage rat TDSPCs (p1) retain the expression of both
157  FKN and its receptor (Fig. 6A). Interestingly, treatment with the FKN receptor antagonist led
158  to a reduction of IL-1B-triggered mRNA expression of IL-18 and IL-6 back to control levels
159  (Fig. 6B/C). Analysis of the wound scratch assay revealed that AZD 8797 almost completely
160  blocked migration of TDSPCs on uncoated and type | collagen-coated cell culture dishes (Fig.
161  6D/E).

162
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163
164  CX3CL1, CX3CR1, and epiregulin are expressed in healthy human tendon tissue.

165 Finally, we were interested to see whether fractalkine, its receptor CX3CR1 and
166  epiregulin are also expressed in healthy human tendons. To this end, we probed cryo-
167  sections of human semitendinosus tendons obtained from a healthy, 34 year old male (Fig.
168  7A). Indeed, next to a strong expression at blood vessel walls (Suppl. fig. 3), our analysis
169 revealed the presence of dinstinct cells within the tendon proper expressing CX3CL1,
170  CX3CL1, and EREG (Fig. 7B-D). To conclude, our results clearly demonstrate the presence of a
171  CX3CL1/CX3CR1/EREG expressing cell population in healthy murine and human tendon
172 tissue.

173
174  DISCUSSION

175 Our understanding of the cellular and molecular mechanisms underlying
176  tendinopathies remains very fragmentary. The term tendinopathy encompasses a broad
177  sprectrum of tendon-related diseases and is mainly characterized by activity-related pain.
178  Historically, there has been substantial debate about the terminology and if inflammation is
179  of importance in the development and progression of tendinopathies (Khan et al., 2002;
180 Khan et al., 2000). In contrast, more recent studies elegantly highlight the involvement of
181  immune cells and activation of inflammatory processes in tendinopathy (Dean et al., 2017).
182  However, the origin of these cells remains unknown and it is unclear if they mainly
183  extravasate into the tissue upon injury or metabolic stress or if tendon-resident
184  macrophages or mast cells exist in healthy tendon tissue initiating the first line response.
185  Therefore, we aimed to formally demonstrate the presence of myleoid cells in intact, healthy
186  murine and human tendons and to characterize a population of “tenophages” in the tendon
187  core.

188  In the present study, we demonstrate the presence of cells positive for myleoid cell-related
189  markers located within the dense tendon core region (Fig.1). Interestingly, these cells were
190 also positive for the widely accepted tendon-specific marker Scleraxis, a member of the basic
191  helix-loop-helix (bHLH) superfamily of transcription factors. Hence, it is indeed tendon cells
192  themselves expressing myeloid surface marker proteins. To our knowledge, this is the first
193  description of such a cell population in healthy tendons. Apart from their cell surface marker
194  profile these cells also appear to exert phagocytic activity as evidenced by an ex vivo
195 phagocytosis assay (Fig.3). In addition, by making use of a transgenic mouse model we
196 demonstrate the presence of a population of cells within the tendon proper, expressing Fkn
197 (Cx3cl1) and its cognate receptor Cx3crl (Fig.2). CX3CR1 expression is associated with
198 increased migration and site specific dissemination having been shown to be expressed by
199  endothelial cells, mast cells, monocytes, tissue-resident macrophages, natural killer (NK)
200 cells, microglial cells, neurons and subpopulations of T-lymphocytes (Imai et al., 1997;
201  Papadopoulos et al., 2000; You et al., 2007). The seven-transmembrane domain G protein-
202  coupled fractalkine receptor CX3CR1 mediates several intracellular signalling pathways, such
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203  as the p38MAPK signalling and the Akt pathway (Li et al., 2016; Wu et al., 2016). It has two
204  known functional ligands, the chemokine CX3CL1 (also called neurotactin or fractalkine/FKN)
205 and CCL26 (eotaxin-3), the latter being 10-fold less potent than CX3CL1 (Nakayama et al.,
206  2010). FKN is structurally unigue amongst the family of chemokines and is expressed both in
207  the central nervous system and peripheral nerves, as well as in endothelial cells, dendritic
208 cells and lymphocytes (Bazan et al., 1997; Kanazawa et al., 1999; You et al., 2007). It is
209  constitutively cleaved by the ADAM-metalloprotease ADAM10 and upon cell stress, such as
210 tissue injury, shedding is further promoted by ADAM17 (also known as the TNF-a converting
211  enzyme, TACE), releasing an extracellular soluble fragment. In addition, the cysteine
212 protease Cathepsin S has been shown to selectively cleave FKN (Fonovic et al., 2013). In its
213  soluble form FKN mediates chemotaxis of immune cells, whilst membrane bound FKN acts as
214  an adhesion molecule mediating leukocyte capture and infiltration (Clark et al., 2011; Imai et
215 al., 1997; Umehara et al.,, 2004). FKN has been reported to be released by apoptotic
216  lymphocytes stimulating macrophage chemotaxis and recruiting professional phagocytes to
217  the site of cell death (Truman et al., 2008). Beyond simple recruitment, FKN has also been
218 shown to enhance the ability of macrophages and microglia to execute their phagocytic
219  functions (Tsai et al., 2014). Since accumulation of microruptures preceding tendon tears
220 goes along with cell death and subsequent clearance of the cellular debris is required, it is
221  tempting to speculate that the presence of FKN in the tendon might serve as ,find-me“
222 signal for macrophages invading the tissue from the circulation (Lundgreen et al., 2011;
223  Sokolowski et al., 2014).

224 Geissmann et al. describe two different circulating monocyte populations,
225 CCR2°CX;CR1"®" monocytes (MCs) that home constitutively to tissues and short-lived
226  CCR2'CX;CR1'™Y monocytes that only home to inflamed tissues (Geissmann et al., 2003). The
227  authors suggest that cells derived from resident CCR27CX3CR1"®" monocytes, such as
228  osteoclasts, Kupffer cells, and microglia, are involved in tissue homeostasis (Geissmann et
229  al., 2003). Along these lines, CCR2°CX5CR1"e" (also termed “nonclassical”) monocytes exhibit
230  a unique ability to patrol the resting vasculature and remove debris (Auffray et al., 2007;
231  Carlin et al., 2013). CX3CR1 positive cells in the tendon core might therefore represent such
232 a population of myeloid precursor cells and indicate a role of CX3CR1 in tendon tissue
233 homeostasis. It is also noteworthy, that non-classical MCs generally possess inflammatory
234  characteristics and secrete inflammatory cytokines upon stimulation (Yang et al., 2014),
235  similarto what we have observed for tendon cell-derived 3D constructs in vitro (Fig. 4B).

236 CCR2 CX;CR1"®" monocytes have been described within the parenchyma of multiple
237  tissues, including the brain. Sheridan and Murphy highlight the crosstalk of neurons and glia
238 in health and disease and discuss that the FKN/CX3CR1 ligand/receptor pair seems to have
239  evolved as a communication link between neurons and microglial cells, being crucial not only
240 for maintaining tissue homeostasis under normal physiological conditions, but also being
241  activated under inflammatory conditions such as stroke or Alzheimer’s disease (Sheridan and
242 Murphy, 2013). We speculate that the observed presence of the CX3CL1/CX3CR1 system
243  within the tendon might serve similar surveilling funtions as in the brain and that upon
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244 inflammatory stimulation the system reacts by upregulating FKN thereby attracting
245  additional monocytes from the circulation.

246 Fractalkine has also been shown to induce aortic smooth muscle cell proliferation
247  through an autocrine pathway by initiating phosphorylation of the mitogen-activated protein
248  (MAP) kinases p38, c-Jun N-terminal kinase (JNK) and extracellular-regulated kinase (ERK)
249  1/2, as well as the serine-threonine kinase Akt in osteoarthritis fibroblasts (Klosowska et al.,
250 2009; White et al., 2010). Interestingly, the observed effects of FKN on proliferation of
251  coronary artery smooth muscle cells (CASMCs) are accompanied by transcription and release
252  of epiregulin. In their study, White et al. describe that FKN induces shedding of epiregulin
253  and increases epiregulin mRNA expression 20-fold within 2 hours (White et al., 2010). Here
254  we report the presence of Scx-positive tendon cells also expressing Cx3crl and Ereg.
255  Epiregulin is a 46-amino acid protein belonging to the Epidermal Growth Factor (EGF) family
256  of peptide hormones. It binds to EGF receptors (EGFR) ErbB1 (HER1) and ErbB4 (HER4) and
257  can stimulate signaling of ErbB2 (HER2/Neu) and ErbB3 (HER3) through ligand-induced
258  heterodimerization with a cognate receptor. EREG is initially expressed as an extracellular
259  transmembrane protein, which is cleaved by disintegrins and metalloproteinase enzymes
260 (ADAMs) releasing a soluble form. Epiregulin has been shown to contribute to inflammation,
261  wound healing, tissue repair, and oocyte maturation by regulating angiogenesis and vascular
262 remodeling and by stimulating cell proliferation (Harada et al., 2015; Martin et al., 2017;
263  Murakami et al., 2013; Riese and Cullum, 2014). In renal proximal tubular cells (RPTC),
264  addition of 10ng/ml epiregulin enhanced both RPTC proliferation and migration via
265 activation of the EGF receptor (EGFR), Akt, a downstream kinase of phosphoinositide 3-
266  kinase (P13K), and extracellular signaling-regulated kinase 1/2 (ERK1/2)(Zhuang et al., 2007).
267  Similarly, for adipose derived mesenchymal stem cells epiregulin has been described to
268 promote migration and chemotaxis ability via mitogen-activated protein kinase signalling
269  pathways (Cao et al., 2018). Further, in Caco-2 epithelial cells EREG mRNA and protein levels
270  have been shown to be increased by incubation with exogenous IL-1B (Massip-Copiz et al.,
271 2018). This finding is well in line with our own data revealing that stimulation of 3D tendon-
272 like constructs with IL-1B, or a combination of IL-1B and TNF-a significantly increased the
273  expression of Ereg both on the gene as well as on the protein level.

274 Next to enhancing cell proliferation, FKN also promotes migration. Klosowska et al.
275 demonstrate that FKN effectively induces migration of osteoarthritis (OA) fibroblasts
276  (Klosowska et al., 2009). Similar findings have been reported by You et al. who showed that
277  FKN is an angiogenic mediator in vitro and in vivo. FKN significantly induced migration of
278 human umbilical vein endothelial cells (HUVECs) as well as bovine retinal capillary
279  endothelial cells (BRECs) and promoted formation of endothelial cell capillary tubes on
280  synthetic matrix. Moreover, FKN promoted blood vessel growth in a rabbit corneal pocket
281  neovascularization assay (You et al., 2007). These observations of the pro-migratory effect of
282  FKN corroborate our own data showing that addition of the CX3CR1 specific inhibitor AZD
283 8797 results in significantly reduced migration of rat tendon-derived cells in vitro (Fig. 6).
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284 Interestingly, nuclear factor kappaB (NF-«xB) signaling has recenty been demonstrated
285  to be increased in clinical tendinopathy (Abraham et al., 2019) and it is known that FKN is
286  stimulated by NF-xB -mediated inflammatory processes. Garcia et al. showed that NF-xB-
287  dependent FKN induction in rat aortic endothelial cells is stimulated by IL-1B, TNF-a and
288  lipopolysaccharide (LPS) (Garcia et al., 2000). Moreover, in human lung fibroblasts a
289  dramatic increase in both soluble CX3CL1 protein and mRNA transcripts in a dose- and time-
290 dependent manner has been reported to be synergistically induced by a combination of IL-
291 1B and IFN-y (Isozaki et al., 2011). Again, we observed similar responses in 3D tendon-cell
292  cultures upon stimulation with IL-18, TNF-a, or a combination of both (Fig. 5).

293 In summary, we describe the presence of macrophage-like tendon cells and provide
294  evidence for the expression of the CX3CL1/CX3CR1 axis and the peptide hormone epiregulin
295 in healthy rodent as well as human tendons. Interestingly, not only did we observe
296  perivascular expression of these proteins, but also very distinctly in cells within the dense,
297 collagen-rich matrix of tendons. We therefore propose that this newly identified cell
298  population fulfils a surveillace function and is activated upon tendon tissue injury or
299  pathological stress. Given the role in cell proliferation and angiogenesis upon inflammation
300 and considering that both are hallmarks of tendinopathy, targeting the
301 CX3CR1/CX3CL1/EREG axis could potentially open up new vistas in tendinopathy therapy.

302
303 Materials and Methods
304 Cell culture

305 Primary TDSPCs were isolated from Achilles tendons of 5 rats (Fisher, female, 12 weeks). To
306 this end, rat Achilles tendons were dissected, finely minced and digested in Dulbecco’s
307 modified Eagle’s medium (DMEM) containing 2 mg/ml type Il collagenase (Sigma-Aldrich, St.
308 Louis, MO, USA) for 12 hours at 37 °C and 5% CO2. The isolated cells were placed in DMEM
309 containing 10% fetal bovine serum (FBS), 100 units/ml penicillin, 100 pg/ml streptomycin, at
310 37 °C with 5% CO2. Only passages 1-3 of the obtained TDSPCs were used in this study.
311  Results of at least three independent experiments are presented.

312 Tendon-like constructs

313  In order to better mimick the tendon’s natural environment, we performed most of our
314  experiments using 3D-collagen embedded tendon cell cultures. These artificial tendon-like
315 constructs were established as described by our group (Gehwolf et al., 2019). In brief, 2.5 x
316  10°rat Achilles tendon-derived cells (passage 2) were mixed with collagen type | (PureCol™
317 EZ Gel solution, # 5074, Sigma-Aldrich, Vienna, Austria; endconcentration 2mg/ml) and
318 spread between two silk sutures pinned with insect pins in rows on SYLGARD 184 (Sigma-
319  Aldrich) coated petri dishes. To improve formation of the constructs, Aprotinin, Ascorbic
320 acid, and L-Proline were added to the cell culture medium. After contraction of constructs
321  over the course of 11 days, 10ng/ml IL-1B (PeproTech, Vienna, Austria), 10ng/ml TNF «
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322  (Invitrogen, Carlsbad, USA) and a combination of both cytokines, respectively, was added to
323  the culture medium. After incubation for 24 hours constructs were harvested and stored
324  either in TRIReagent (Sigma-Aldrich, Austria) for further gqPCR analysis, fixed in 4%
325 paraformaldehyde for immunohistochemical analysis or frozen at -80°C for subsequent
326  western blot analysis.

327  Animals

328 C57BL/6 mice (males, 10-12 weeks old, 20-25g) were purchased from the Charles River
329 Laboratories. All animals were acclimatized to standard laboratory conditions (14-h light, 10-
330 hdark cycle) and given free access to rodent chow and water.

331  Colony-stimulating factor 1 receptor (Csf-1r)-GFP and C-X3-C motif chemokine receptor 1
332 (Cx3cr1)-GFP transgenic mice were kindly provided by Dr. Stella Autenrieth from the Medical
333  Clinic of the University of Tibingen and by Prof. Thomas Langmann from the Eye Clinic of the
334  University of Cologne.

335 Female, 12 week old Fisher rats were purchased from Janvier Labs (France, Europe).
336 Human tendon tissue

337 Human Semitendinosus tendons available in the course of cruciate ligament reconstructions
338  were provided by the local university clinic after an Ethics approval (E-Nr. 2374) by the local
339 government and prior patients’informed consent.

340  Preparation of tissue sections

341  Mouse Achilles, human semitendinosus tendons and rat tendon-like constructs were fixed in
342 4% paraformaldehyde for 12 hours at 4 °C, and after several washes in phosphate-buffered
343  saline (PBS) and cryo-preservation in 30% sucrose in PBS embedded in cryomedium
344  (Surgipath Cryogel®, Leica Microsystems, Vienna, Austria). Subsequently, 12 um cryosections
345  were prepared using a Leica CM1950 cryostat.

346  Histology and Immunohistochemistry

347  For descriptive histology cryosections were stained either using Hematoxylin & Eosin or
348  Alcian Blue stain according to standard protocols. In brief, after staining the sections with
349 Weigert hematoxylin for two minutes, the staining was stopped with 1 % acetic acid
350 including a short differentiation step by shortly dipping the slides into HCl/ethanol. After
351  blueing the sections under running tap water for 10 minutes, sections were stained with 1 %
352 eosin Y solution for 1 minute and again immersed in 1 % acetic acid to stop the staining
353 reaction. Subsequently, the sections were dehydrated in an increasing ethanol series (70%,
354  96%, 2x 100%) and incubated twice in Rotihistol. Finally, sections were coverslipped with
355  mounting medium.


https://doi.org/10.1101/693317

bioRxiv preprint doi: https://doi.org/10.1101/693317; this version posted July 4, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

356  For Alcian Blue staining, sections were incubated in Alcian Blue solution (pH 2.5) for 15 min,
357 rinsed in tap water and counterstained with neutral red stain for 1 min. Finally, sections
358  were rapidly dehydrated in absolute alcohol, cleared in Roti-Histol (Carl Roth, Karlsruhe,
359  Germany) and mounted in Roti-Histokitt (Carl Roth, Karlsruhe, Germany).

360 Immunohistochemical detection of immune cell-related markers was performed on
361 cryosections of tendons and tendon-like constructs, respectively. After a 5 min rinse in tris-
362 buffered saline (TBS; Roth, Karlsruhe, Germany) slides were incubated for 1h at room
363 temperature (RT) in TBS containing 10% donkey serum (Sigma-Aldrich, Vienna, Austria), 1%
364  bovine serum albumin (BSA; Sigma-Aldrich, Vienna, Austria), and 0.5% Triton X-100 (Merck,
365 Darmstadt, Germany). Followed by a 5 min rinse, slides were subsequently incubated for
366  double or triple immunohistochemistry (overnight at 4°C) with antibodies directed against
367 FKN/CX3CL1 C-X3-C motif chemokine ligand 1 (CX3CL1, #ab25088, Abcam, Cambridge, UK; 1:
368 100), CX3C chemokine receptor 1 (CX3CR1, #0rb10490, Biorybt, Cambridge, UK; 1:100),
369 Cluster of Differentiation 68 (CD68, #sc20060, Santa Cruz, Dallas, USA; 1:50), Cluster of
370 Differentiation 163 (CD163, #ab182422, Abcam, Cambridge, UK; 1:100), epiregulin
371 (EREG/aal-162, #LS-C314859, LSBio, Seattle, USA; 1:100; #ab195620, Abcam, Cambridge,
372 UK; 1:100), EGF-like module-containing mucin-like hormone receptor-like 1 (F4/80,
373  MCA497RT, Serotec, Oxford, UK; 1:100) and major histocompatibility complex Il (MHCII,
374  #ab157210, Abcam, Cambridge, UK; 1:100), all diluted in TBS, BSA, and Triton X-100. After a
375 rinse in TBS (four times 5 min) binding sites of primary antibodies were visualized by
376  corresponding Alexa488-, Alexa568-, or Alexa647-tagged antisera (1:500; Invitrogen,
377  Karlsruhe, Germany) in TBS, containing 1% BSA and 0.5% Triton X-100 (1h at RT) followed by
378 another rinse in TBS (four times 5 min). Some of the slides received an additional nuclear
379  staining using 4',6-Diamidino-2-phenylindol dihydrochlorid (DAPI). For that, slides were
380 incubated 10 min (1:4000, stock 1 mg/ml, VWR, Vienna, Austria) followed by a rinse in PBS
381 (three times 5 min). All slides were embedded in Fluoromount™ Aqueous Mounting
382  Medium (Sigma Aldrich, Vienna, Austria). Negative controls were performed by omission of
383  the primary antibodies during incubation and resulted in absence of immunoreactivity.

384  In situ phagocytosis assay

385 Rat flexor tendons (n=3) were freshly isolated and halved lengthwise by a scalpel. The
386 tendons were placed in a 12 well cell culture dish with the cut surface pointing upwards in
387  Minimum essential medium supplemented with 10 % fetal bovine serum, exposing the
388 tendon proper. pHrodo™ Green S. aureus Bioparticles™ conjugate for Phagocytosis
389  (#P35367, Thermo Fisher Scientific, Massachusetts, USA) were added to the tendons at a
390 final concentration of 100 pg/ml. These particles are non-fluorescent outside the cell at
391 neutral pH, but fluorescent (488nm) at acidic pH such as in phagosomes, thus allowing to
392 identify cells with phagocytic activity.

393  After 24 h, the tendons were counterstained with DAPI for 5 minutes and analyzed by
394  confocal microscopy.
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Confocal imaging

Confocal imaging was performed using a LSM1 700 confocal microscope (Zeiss) equipped
with 405 nm (5 mW 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 forLSM 700 using a 10x EC Plan-Neofluar (10x/0.3) or
a 20x Plan-Apochromat (20x/0.8) objective (Zeiss, Munich, Germany). Image acquisition was
done with ZEN 2010 (Zeiss), and image dimensions were 1024x1024 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 stainings.

Quantitative RT-PCR

Total RNA was isolated from tendon-like constructs (n=5 animals, 2 constructs each) using
TRI® Reagent (Sigma-Aldrich; Vienna, Austria) according to the manufacturer’s protocol. RNA
yield was quantified using a Nanodrop 2000C (ThermoFisher Scientific, Vienna, Austria) and
RNA integrity was verified using an Experion Automated Electrophoresis system (Biorad,
Munich, Germany). A minimum requirement of the RNA quality indicator (RQl) >7.5 was
chosen.

gRT-PCR was performed as described by Lehner et al. using TagMan® assays from IDT
(Integrated DNA Technologies, Coralville, 1A, USA) targeting all genes listed in Table 1
(Lehner et al., 2016). Amplification conditions were 50°C for 2 min, 95 °C for 10 min,
followed by 40 cycles of 95 °C for 15s and 60 °C for 1 min. All samples were run in duplicate.
CQ values were analyzed using qBasePlus v. 2.4 (Biogazelle NV, Zwijnaarde, Belgium) and
normalized relative quantities were calculated by normalizing the data to the expression of
previously validated endogenous control genes as described by Vandesompele et al.
(Vandesompele et al., 2002). As housekeeping genes eukaryotic translation initiation factor
2B subunit alpha (Eif2b1), polymerase (RNA) Il (DNA Directed) polypeptide A (Polr2a), and
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta (Ywhaz)
were used. The normalized quantities were then determined for the candidate genes scaled
against the expression values determined for the controls to generate fold changes in

expression.
Table 1
Target ID Primer 1 sequence Primer 2 sequence
Gene
Aif1 Rn.PT.58.24212786 | TCGATATCTCCATTGCCATTCAG GATGGGATCAACAAGCACTTC
CD68 Rn.PT.58.37733352 | TGAGAATGTCCACTGTGCTG CATTCCCTTACGGACAGCTTAC
CollA1 Rn.PT.58.8986002 GAGAACCAGCAGAGCCA GAACAAGGTGACAGAGGCATA
Col3A1 Rn.PT.58.35133758 | CCTGGATTACCATTGTTGCC CCCTGGTGGTTCTGGAC
Cx3cl1 Rn.PT.58.7331682 GATAGTGGATGAGCAAGGTCA GCGTTCTTTCATCTGTGTACTCT
Cx3crl Rn.PT.58.8221047 CACGATGTCACCCAAATAACAG CTGGCACTTCCTGCAGAA
Eif2b1 Rn.PT.58.13475352 | TCT CCA TGA TATAGC CAACAGC GGA GTC ACAGCCTGATIT ATC
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TG
Ereg Rn.PT.58.6893979 AGT AGC CGT CCATGT CAGA ACCGTG ATT CCGTCATGT ATC
IL-18 Rn.PT.58.38028824 | TTGTCGTTGCTTGTCTCTCC GTGCTGTCTGACCCATGT
IL-6 Rn.PT.58.13840513 | CCTTCTGTGACTCTAACTTCTCC CAGAGCAATACTGAAACCCTAGT
Lox Rn.PT.58.30075412 | GAA ATCGTA GCAGTA CCCTGT GTC TAT GTA CAACCT GAG ATG
CG
Mkx Rn.PT.58.13871338 | CGTCTAGCATTAGCGAACCAA CTTTACAAGCACCGTGACAAC
Mmp1 Rn.PT.58.7424580 TCA TGA GCC GTA ACATAG AACA GACTTG CTCACACATTCCCA
Mmp3 Rn.PT.58.44652574 | CTGTGGAGGACTTGTAGACTG CTATTCCTGGTTGCTGCTCAT
Mmp9 Rn.PT.58.7383134 GGA GGT CAT AGG TCA CGT AGG GAA CTCACACAACGTCITTCAC
Polr2a Rn.PT.58.35295130 | GGC AGATACACCAGCATA GTG TCCAAGTTCAACCAAGCC AT
Sex Rn.PT.58.31750069 | CTCCTCCTTCTAACTTCGAATCG CACCCAGCCCAAACAGAT
Tnmd Rn.PT.58.35753845 | CACCTGTCACCAAGCCATT GCAGAGTTCCATCTTTAGCCT
Tnfa Rn.PT.58.11142874 | GTCTTTGAGATCCATGCCATTG AGACCCTCACACTCAGATCA
Ywhaz Rn.PT.58.12339560 | CAG CAA CCT CAG CCAAGT AG GACATCTGCAACGACGTACT

Western Blot

Ten to 15 pg of total protein of the tendon-like constructs’ lysate 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 90V 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 primary
antibodies recognizing epiregulin and and CX3CL1 and secondary horseradish peroxidase
(HRP)-labelled goat anti-rabbit antibodies, respectively (BioRad, Munich, Germany). Bands
were visualized using the Clarity™ Western ECL substrate from BioRad (#170-5060). Band
intensities of at least 3 individual experiments were measured densitometrically and
normalized to whole protein using the Image Lab Software 5.1 from BioRad (Biorad, Munich,
Germany).

Migration assay

In order to examine a potential role of fractalkine present in tendon cells on migratory
processes, we performed a migration assay using AZD 8797 (Axon Medchem, Groningen,
Netherlands), a selective, high-affinity small-molecule inhibitor of CX3CR1. To this end, we
seeded rat TDSPCs on both uncoated and collagen coated petri dish. Cells were grown to
confluence and serum starved at 1 % serum for 24 hours in order to arrest proliferation. The
cell monolayer was then scratched by a sterile 200 um pipette tip and further cultivated in
presence and absence of the inhibitor. After 24 hours, images were taken with a microscope
and the distance between the wound margins was measured (Cory, 2011).

Staistical analysis

All experiments were repeated at least three times. Statistical analyses were performed
using GraphPad Prism v.5.04 (La Jolla, CA, USA).
means * standard deviation. One way analysis of variance (ANOVA) for multiple comparisons

Numerical data is presented as
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and 2-sample t-test for pair-wise comparisons were employed after confirming normal
distribution of the data (D’Agostino and Pearson omnibus normality test). Non-parametric
statistics were utilised when the above assumption was violated and consequently Kruskal—
Wallis test for multiple comparisons or Mann—W hitney test to determine two-tailed p-value
samples was carried out. Statistical significance was setat a =0.05.
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623  Figure Legends:

624  Fig. 1: Immunohistochemical staining of immune cell markers on histological sections of Achilles
625 tendons from Scleraxis (SCX)-GFP transgenic mice reveals that SCX-positive cells co-express CD68,
626 MHCII, CD163, and F4/80, respectively (A, B; arrows). Cryo-sections of Achilles tendon from
627  transgenic Csf-1r and Cx3cr1-GFP reporter mice show that cells within the dense part of the tendon
628  are positive for CSF-1Rand CX3CR1 (arrows).

629

630  Fig. 2: Cryosections of Achilles tendons from transgenic Cx3cr1-GFP (A, C) and Scx-GFP (B, D) reporter
631  mice immunohistochemically stained with antibodies recognizing CX3CL1/FKN, its receptor CX3CR1,
632  and EREG respectively. Arrows point towards cells co-expressing the respective proteins.

633

634  Fig. 3: In situ phagocytosis assay on unfixed rat flexor tendons shows that tendon cells lying within
635 the dense collagen matrix (shown by extracellular matrix (ECM) autofluorescence / blue channel)
636  exertphagocyticactivity (greenfluorescence). Two representative regions are shown.

637

638  Fig. 4: 3D tendon-like constructs were stimulated with either IL-18, TNF-a, or a combination of both
639  cytokines (A). Effects on the expression levels of genes encoding for inflammatory proteins (/L-1f,
640 TNFa, IL-6), extracellular matrix-related proteins (e.g. Collal, Col3a1, Lox, Mmp-1, Mmp-3, Mmp-9),
641 and tendon cell-related marker proteins (Mwk, Scx, Tnmd) were assessed by gPCR. Significant
642  changes were detected for IL-1f3, IL-6, Lox, Mmp-1, Mmp-3, and Mmp-9. Bars represent mean £ SEM
643 (for 5 individual animals); *p<0.05, **p <0.01, Mann Whitney test. Dashed green line: control
644  reference.

645

646  Fig. 5: Effects of pro-inflammatory stimulation of tendon-like constructs on mRNA (A), and protein
647  level (B, C). IL-1B or TNF-a or a combination of both cytokines resulted in a significant upregulation of
648  CD68, Cx3cl1l, and Ereg mRNA expression (A). Immunohistochemical stainings confirmed the gPCR
649  findings. Cx3crl remained unaffected by the treatment (B). Furthermore, Western blot analysis
650 revealed a synergistic effect of IL-18 and TNF-a on Cx3cll and Ereg expression (C). *p<0.05,
651  **p<0.01, Mann-Whitney test.

652

653  Fig. 6: Rat tendon-derived cells (passage 1) express Cx3cll and Cx3crl (A). Addition of AZD 8797
654  attenuates IL-1R triggered upregulation of both IL-18 and IL-6 (B, C). Representative images (D)
655  showing wound scratch assays on uncoated and collagen-coated culture plates. Quantitative analysis
656 revealed that the FKN inhibitor AZD 8797 significantly reduces migration (E). *p<0.05, **p<0.01,
657  Kruskal Wallisand Dunn’s Multiple Comparison test.

658
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660

661 Fig. 7: Cryo-sections of intact human semitendinosus tendon (&, 34 years). Alcian Blue and
662  Hematoxylin-Eosin (HE) stainings show the parallel alignment of collagen fibers and elongated cell
663  nuclei characteristic for intact tendons (A). Immunofluorescent images demonstrating the presence
664  of cells expressing CX3CL1/FKN (B), its cognhate receptor CX3CR1 (C), and epiregulin (EREG) (D) in the
665 tendonproper.

666
667  Supplementl
668  Suppl.Fig. 1:

669  Longitudinal cryo-sections of Achilles tendons from Cx3cr1-GFP transgenic mice co-stained with an
670 antibody directed against the Cx3crl protein shows a high degree of overlap (merge), confirming the
671  expression pattern of the Cx3crl1-GFP protein.

672
673  Suppl.Fig. 2:

674  Doublelabelling of longitundinal cryo-sections of Achilles tendons from Cx3cr1-GFP transgenic mice
675  with antibodies directed against the macrophage-related markers CD68 and CD163 revealed co-
676  expression of these markers withthe Fknreceptor (see arrows).

677
678  Suppl.Fig. 3:

679  Cross sections of an intact human semitendinosus tendon (&, 22 years) demonstrating the
680  expression of CX3CL1 and epiregulin in the perivascular region (see white arrows) and the tendon
681  proper(yellow arrows).

682

683
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Fig. 1: Immunohistochemical staining of immune cell markers on histological sections of Achilles tendons from Scleraxis (SCX)-GFP
transgenic mice reveals that SCX-positive cells co-express CD68, MHCII, CD163, and F4/80, respectively (A, B; arrows). Cryo-sections of
Achilles tendon from transgenic Csf-1r and Cx3cr1-GFP reporter mice show that cells within the dense part of the tendon are positive

for CSF-1R and CX3CR1 (arrows).
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Fig. 2

A Cx3cr1-GFP

Fig. 2: Cryosections of Achilles tendons from transgenic Cx3cr1-GFP (A, C) and
Scx-GFP (B, D) reporter mice immunohistochemically stained with antibodies
recognizing CX3CL1/FKN, its receptor CX3CR1, and EREG respectively. Arrows
point towards cells co-expressing the respective proteins.
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Fig. 3: In situ phagocytosis assay on unfixed rat flexor tendons
shows that tendon cells lying within the dense collagen matrix
(shown by extracellular matrix (ECM) autofluorescence / blue
channel) exert phagocytic activity (green fluorescence). Two
representative regions are shown.
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Fig. 4: 3D tendon-like constructs were stimulated with either IL-18, TNF-a, or a combination of both
cytokines (A). Effects on the expression levels of genes encoding for inflammatory proteins (/L-1f3,
TNFa, IL-6), extracellular matrix-related proteins (e.g. Collal, Col3al, Lox, Mmp-1, Mmp-3, Mmp-9),
and tendon cell-related marker proteins (Mwk, Scx, Tnmd) were assessed by gPCR. Significant
changeswere detectedfor/L-1f3, IL-6, Lox, Mmp-1, Mmp-3, and Mmp-9. Bars represent mean + SEM
(for 5 individual animals); *p<0.05, **p <0.01, Mann Whitney test. Dashed green line: control
reference.
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Fig. 5: Effects of pro-inflammatory stimulation of tendon-like constructs on mRNA (A), and protein
level (B, C).IL-1R or TNF-a or a combination of both cytokines resulted in asignificant upregulation of
CD68, Cx3cl1, and Ereg mRNA expression (A). Immunohistochemical stainings confirmed the gPCR
findings. Cx3crl remained unaffected by the treatment (B). Furthermore, Western blot analysis

revealed a synergistic effect of IL-1R and TNF-a on Cx3cll and Ereg expression (C). *p<0.05,
**¥p<0.01, Mann-Whitney test.
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Fig. 6: Rat tendon-derived cells (passage 1) express Cx3cll and Cx3crl (A). Addition of AZD 8797
attenuates IL-1R8 triggered upregulation of both IL-18 and IL-6 (B, C). Representative images (D)
showing wound scratch assays on uncoated and collagen-coated culture plates. Quantitative analysis
revealed that the FKN inhibitor AZD 8797 significantly reduces migration (E). *p<0.05, **p<0.01,
Kruskal Wallis and Dunn’s Multiple Comparison test.
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Fig. 7
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Fig. 7: Cryo-sections of intact human semitendinosus
tendon (&, 34 years). Alcian Blue and Hematoxylin-
Eosin (HE) stainings show the parallel alignment of
collagen fibers and elongated cell nuclei characteristic
for intact tendons (A). Immunofluorescent images
demonstrating the presence of cells expressing
CX3CL1/FKN (B), its cognate receptor CX3CR1 (C), and
epiregulin (EREG) (D) in the tendon proper.
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