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ABSTRACT: Energy storing tendons such as the human Achilles and equine superficial digital flexor tendon
(SDFT) are prone to injury, with incidence increasing with aging, peaking in the 5 decade of life in the human
Achilles tendon. The interfascicular natrix (IFM), which binds tendon fascicles, plays a key role in energy storing
tendon mechanics, and aging alterations to the IFM negatively impact tendon function. While the mechanical
role of the IFM in tendon function is wellestablished, the biologicatole of IFM -resident cell populations remains

to be elucidated. Therefore, the aim of this study was to identify IFMesident cell populations and establish how
these populations are affected by aging. Cells from young and old SDFTs were subjected to sncgll RNA-
sequencing, and immunolabelling for markers of each resulting population used to localise cell clusters. Eleven
cell clusters were identified, including tenocytes, endothelial cells, mural cells, and immune cells. One tenocyte
cluster localisedto the fascicular matrix, whereas nine clusters localised to the IFM. Interfascicular tenocytes and
mural cells were preferentially affected by aging, with differential expression of genes related to senescence,
dysregulated proteostasis and inflammation.This is the first study to establish heterogeneity in IFM cell
populations, and to identify agerelated alterations specific to IFM-localised cells.

Key words:interfascicular matrix, tendon aging, single cell sequencing, tendon cell populations, psigeost
senescence

INTRODUCTION however the causes of this degeneration remain to be
established. The uman Achilles tendon and equine
Tendons transmit musetgenerated force to the skeletonsuperficial digital flexor tendon (SDFT) are the
and specific tendons also play a key role in locomotogredominant energy storing tendons in the human and
efficiency by storing and returning energy with eachorse respectively3, 4]. Indeed, the equine SDFT is a
stride. These energy storing tendons are prone to agelevant and welestablishednodel in which to study
related degeneration and subsequémury [1, 2], tendon aging, due to similarities in structure and function
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with the human Achilles, as well as shared epidemiology3 cm pieces of superficial digital flexor tendon (SDFT)
and aetiology of disease, and poor healing after ifjury were harvested from the midetacarpal region of one
6]. forelimb from each horse on the same daathanasia.

Tendons are rich in extracellular matrix proteinsQne piece was snap frozen in isopentane in liquid nitrogen
predominantly collagen type |, which is arranged in for subsequent histology and spatial analysis of cell
hierarchical manner and interspersed with -nomiches, and the other was digested to obtain cell
collagenous proteing7]. At the largest level of the populations as described below.
hierarcly, tendon fascicles are bound by the
interfascicular matrix (IFM), a looser connective tissu&endon digestion and generation ofsingle cell
matrix rich in proteoglycans, minapllagensand elastin suspensions
[8-11]. Cells, collectively referred to as tenocytes, are
found in both the fascicles and IFM regions, withgreat8§ DF T pi eces wer e washed seve
cell density within theAM [8]. There is also evidenceofModi fi ed Eagl edés Medi um ( DMEI
other cell populations present within tendon, with singleantimycotics, the epitenon wasmoved,and the tendon
cell RNA sequencingscRNAseq) of murine and humancore was finely minced (a few nimunder sterile
tendon revealing several tenocyte populations, as well @nditions. Samples were digested (3 mg/mL geltease
endothelial, mural and immune cell populati¢h®, 13] t ype 2, 1 mg/mL dispase, 100
However, the tendons used in these studies generallyhava ppl e ment ed wi t h 50 U/ mL [
limited energy storing capacity and a less promitiéeM, st rept omycin, 0.5 eg/ mL amphc
therefore it has not yet been established which cdlbvine serum) for 4 h at 37°C with agitation. Samples
populations localise to the IFM, nor how tendon celver e str ai ned ( 4 Osrenovedusiigt er s)
populations may be differentially affected by aging. a dead cell removal kit acco

The IFM plays a key role in the function of energynstructions (Miltenyi Biotec). Cell viability was
storing tendons by allowing slidinghd recoil between determined using trypan blue staining and cells were
fascicles, carrying the load between discontinuous tendoounted using a haemocytometer, followed by
subcomponent$14], providing the whole tendon with resuspension in 0.4 % BSA in PBE &l000 cells/l.
high strain capacity and fatigue resistafitgé-17Jand Vi abi |l ity was O 90 % for all
contributing to the tendonés viscoelastic response
dynamic loading and lonterm stress relaxatid8]. The Single cell RNA sequencing
IFM is disproportionately affected by aging, with IFM
stiffening, reduced fatigue resistance and impairefipproximately 6,500 cells from each sample were
recoverability reported, all associated with an increasgddlr e par ed for scRNAseq using
risk of injury in aging tendon [19-21]. Therefore, reagent kit (10x Genomics) according to the
characterising the role of IFM cell populations i'rTma nuf act ur ens. Qilsraridés nveré poaled tando
maintaining &ndon homeostasis, and establishing hosequenced on an lllumina® NovaSeq 6000 (lllumina®,

IFM cell populations are impacted lagingis crucial to San Diego, USA) on an SP flow cell, generating 28 bp x

elucidate the drivers of agelated alterations in tendon91 bp paireeend reads. Data have been deposited at

structurefunction relationships and how these lead t&MBL-EBI under the project ID PRIEB57256.

increased risk of injury with aging. Theredoithe aim of

this study was to use singtell RNA sequencing, Bioinformatic Analysis

combined with immunolabelling, to identify and localise

IFM-resident cell populations in the equine SDFT anBeads were aligned using Cell Ranger (v.6.0.0) on horse

establish how these populations are affected by aging. genome (EquCab3.0.103). Barcode swapping events and
empty droplets were excluded using DropletUfR] and

MATERIALS AND METHODS subsequent downstream analysis was performed using
Seurat (v4.1.1) in R Studio (v2021.09]28]. Quality

Sanple acquisition and preparation control was performed as follows: élts: >500 unique
molecular identifiers/cell; 256500 genes/cell;

Forelimbs, distal to the carpus, were collected from yourigpgl0Gene Per UMI >0.8; <10% mitochondrial

(n=4; age range:8 years) and aged (n=4; age: >17 yearspads/cell. Any genes expressed in less than 10 cells were
horses euthanised for reasons unrelated to this projegtluded from subsequent analysis. Following data

from a commercial abattoir. Sample collection wasormalization by SCTransforf@4], principal component
approved by the Royal V analgsis and integratio was besfgneed ssinglHarimany ¢ a |
Research Ethical Review Board (URN 2016 1627B). Twi@5]. The O6Fi ndCluster 6 functio
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clusters (0.2 resolution). Pedustering, further manual UMAPs of young and old relustered tenocytes and
quality control revealed the presence of one clustesincloud plotg31], ranking the order of differentiation
comprised of cells originating predominantly from onetate for young relustered tenocytes.

sample. Further analysis of this cluster indicated it likely

consisted of cells derived from the epitenon and therefa@ell communication analysis

it was excluded from any further analysi&enes

differentially expressed (DE) beeen remaining clusters Cell-to-cell communication analysis was performed using
were identified wusing t hthe opeh sourdeAR patkage KalC[BR2]6focdsingnont i o n
Seurat with the default Wilcoxon Rank Sum test and secreted signalling interactions also ternmpatacrine/
log2 fold change (log2FC) threshold of 0.25 and adjusteditocrine signalling interactions. To infer the cell cluster
p value 0.05 (adjusted-yalue based on Bonferroni specific communications, CellChat identified over

correction usig all the features in the dataset). expressed ligandeceptor interactions by identifying
overexpressed ligands or receptors in cell clusters. To
Analysis of agerelated alterations quantify communicationbetween two groups, CellChat

associates each interaction with a probability valod
Genes differentially expressed (DE) between age grougignificant interactions are identified using a permutation
within each cluster were identified using theest (p<0.05). CellChat was therefore used to compare
OFi ndAId MAohket 8on i n Se ugelbcell communicagion bhetween ybund and didtsamples
Wilcoxon Rank Sum test and a log2FC threshold of 0.26 identify interactions between cell clusters that were
and adjusted palue 0.05 (adjusted-yalue based on significantly changed with aging, alongside identifying
Bonferroni correction using all the features in the datasetjow signalling sources and targets changed. In addition,
Of these DE genes, those associated \aging were CellChat identified significantly decreased or increased
identified and classified using ti#ging Atlas [26]. The signalling pathways inaging by comparing the
top 25 genes in each cluster were compared betwdaformation flow for each signalling pathway; the
young and old to identify the number of genes conserveadormation flow is defined by the sum of communication
with aging. To assess changes in inflammatory geipeobability among all pairs of cell groups in the inferred
signatures, DE genes witaging associated with the network. Finally, outgoing and incoming signalling
GOTermdoi nf Il ammat ory r e s|[g7 npateays (wv&eOvishalsddé ying and old samples to

were identified. identify agerelated differences in pathways for each cell
cluster. Heatmaps were used to illustrate the cluster
Analysis of tenocyte clusters communications and pathways along with their

differences with aging.
The tenocyte clusters IFM, FM, and MixT, were re
clustered (0.1 resolution) and genes DE betweestatistical analysis
subclusters and Wi agingidentified as described above
(Wilcoxon Rank Sum test and a log2FC threshold of 0.2&dditional statistical analysis was carried out for the
and adjusted p value 0.05). The top 50 DBErimame comparison of cell percentages per cluster between young
associated genes between subclusters were identified and aged tendons and cell percentages per cycling phase
classified according to matrisome categoj@®, and DE and cluster between young and aged tendons. Normality
matrisomeassociated genes witlging were identified of the data was assessed usinghapireWilk test (p <
Heatmaps with circular layout were created using the ®R05). Normally distributed datasets were analysed with

package [Eirclizebo an unpaired-t est (p < 0.05), using
when unequal variance was noted, and-mormally
Cell differentiation state analysis distributed datasets were analysed with a Mafhitney

test (p < 0.05(Prism v9.0.0).
Cell differentiation state analysis was carried out with the
open source package CytoTRACE (Cellular (Cytoppatial distribution
Trajectory Reconstruction Analysis using gene Counts
and Expression)[30]; a computational method thatLongitudinal cryosections were cut from the sifizen
predicts the differentiation state of cells fromsingdd SDFT sampl es at a thickness
RNA-sequencing data based on thenber of detectably glass slides. Haematoxyliand eosin staining was
expressed genes per cell, or gene counts which @erformed using standard protocols to ensure that all
determinants of developmental potential. Theamples displayed a normal morphology and were free
differentiation state of tenocytes was visualised offom  any  microscopic  signs  of  injury.
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Immunohistochemistry was performed as describeLabs, San Fransco, CA, USA), and sections were
previously to localise markers for eawd#ll cluster; details counterstained with haematoxylin for 30 s, dehydrated
of primary and seconda antibodies, and blocking (Gemini AS Automated Slide Stainer, Thermo Scientific)
conditions are shown in Table $33]. Briefly, tendon and mounted with DPX. Sections were cured overnight
sections were thawed, fixed in ice cold acetone:metharand imaged using brightfield microscopy (DM4000B
(50:50) for 5 minutes, washed with thsiffered saline upright micrescope; objectives: 10x HC PL FLUOTAR
(TBS), blocked and then incubated primary antibody PH1, 20x HC PL FLUOTAR PH2; DFC550 colour
overnight at 4°C. Following TBS washes and hydrogeicamera; LASX version 3.7 software (Leica
peroxide treatment (0.3 %, 15 min), secondary antibodiMicrosystems)). Negative controls were carried out with
were applied at room temperature for 1 h@tiaining was the omission of primary antibod$@pplementaryig. 3).
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Figure 1. 11 cell clusters are present in equine tendon. (AYniform Manifold Approximation and
Projection (UMAP) dimensionality reduction demonstrates the presence of 11 clusters, based on dif

gene expression, namely FM tenocytes fAFMo, |
AMUClOo wm@ao iMwascul ar -¥Fadok yhmphati ceéelhd,ofiTk €le
macrophages fAMGO, neutrophils ANeuodo, and mas

young and old donors (n=4/age grouB) Dot plot showinggenes used to differentiate and identify t
clusters. Scale indicates average expression and ranges from grey = 0 to blue = 2, dot size indi
percentage of cells expressing the gé@¢lmmunolabelling of longitudinal tendon sections reveal &tla
cells within fascicles, and some within the IFM compartment are positive for LOX, and cells within th
compartment show presence of TNXB, the endothelial cell marker PECAM1 validating the presence
endothelial clusters E& and EGL, the mual cell markers MYH11 and RGS5 for both mural cell clust
MuCl and MucC2, and the i mmune cell mar ker
(negative control in Figure S3). Scale bar 75 |iB) Schematic of tendon demonstrating location of
different cell populations identified.

RESULTS identified, based on expression BTPRCand CD74,
which localised to the IFM (Fig.B and C). Thee clusters
11 cell clusters are present in equine tendon were further identified as T cells (TCCL5andCD3E),

ma cr o p h a@3FsRand®0S$3, neutrophils (Neu;
To characterisgoung and aged tendon populations in aMSR1andCSF1R and mast cells (MXKIT) (Fig. 1B).
energy storing tendon, scRNgeq was performed on
SDFT cells isolated from 4 young and 4 old horse&M tenocytes and mural cells are preferentially
(SupplementaryFig. 1). Following quality control and affected by aging
filtering, data were derived from a total of 59273 cells
which clustered into 11 distinct clusters (Figd). Three To establish the effect afjingon tendon cell populations,
tenocyte clusters were identified basedespression®f the size of each cluster and the number of differentially
COL1A1 COL3A1 COMP, DCN, LUMandLOX. The expressed (DE) genes in each cell cluster from young and
largest of these clusters was defined as FM tenocyt@s tendons was assessed. The number of cells in MuC2,
(FM), based on higher levels of expressionC®MP, as a proportion of totalcell number, increased
LOX and THBS4(Fig. 1B), which are localised to the significantly withaging wher eas t he numbe
fascicular matrix[34, 35] The second tenocyte clusterproportion of total cell number, decreased vaiting(Fig.
was defined as IFM tenocytes (IFM) due to theiRA). Many genes within each cluster were also DE with
differenial expression of PRG4 a wellestablished aging (Fig. 2B). Clusters IFM and MuC2 were
marker of IFM cells[9, 36], and TNXB (Fig. 1B), disproportionately affected bgging with 466 and 902
localisation of which was confirmed usingDE genes respectively. The Aging Atl@§] was used to
immunolabelling (Fig 1C). The third tenocyte cluster identify DE genes in each cluster associated agimg
expressed markers found in both IRMd FM tenocyte related dysfunction. Many of the D&ging genes were
clusters COMP, LOX, THBS4, TNXBLUM, PRG4)and associated with senesceneed senescenassociated
is referred to as mixed tenocytes (MixT). Clustering aecretory phenotype, as well as loss of proteostasis (Fig
tenocytes i n t he A Mi x T @C), pdrtiautady eénr IFM and $1uC2dciusterse(FFigD). b y
significantly lower expression of ribosome biogenesid-urther, comparison of the top 25 markers of each cluster
specific genesJupplementaryig. 2A), which was more (most highly expressed cluster differentiating genes)
pronounced in aged tendons. Two mural cell clustebetveen young and old samples revealed-@ggendent
(MuC1&2) were identified which localised to the IFMloss of the top genes characterising each cluster for the
region, based on differential expression of the vasculdM, MixT and MuC2 clusters (Fig2E). Many genes
smooth muscle and pericyte mark®R6S5MYH1land associated with inflammation (GOTerm: inflammatory
ACTA2[37, 38] (Fig. 1B). Immunolabelling for these response, GO:000695437] were also DE withaging
markers revealed the mural cells surrounded vessels in gaaticularly in IFM and MuC2 clusters (FigF). Aging
IFM and were absent in the fascic{€&. 1C). Simiar to also had an effect on cell cycling for the IFM tenocyte and
the MiIxT cluster, clustering of mural cells in the MuC2he MuC1 clusters only, where there was a significantly
cluster was driven by lower expression of ribosomdérger percentage of cells claggifg in S phase in old
biogenesis genesSypplementaryFig. 2B). Vascular samples compared to young samples in the IFM tenocyte
endothelial cells, (EC_V) expressiRrECAM1 VWFand cluster and the opposite for the MuCl cluster
SELE and lymphatic endothelial cells (EC_L), expressinfSupplementaryrig. 4).
PECAM]1 MMRN1andCCL21also localised to the IFM
region (Fig 1B and C). Four immune cell clusters were
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Figure 2. IFM tenocytes and mural cells are preferentially affected byaging (n=4/age group). (A)The percentage o
cells in the majority of clusters was predominantly unaffecteddiyg except for an increase in the proportion of cells
mural cell cluster 2 (MG2; p=0.049, unpairedtt e s t ) and a decrease in the p
unpaired ttest). Significance is indicated byB) The number of differentially expressed genes (DEGs) agihgvaried
between clusters, with the highest numtieDEGs in MuC2 and IFM clusters (Wilcoxon Rank Sum test, log2FC thres
0.25, adj. p < 0.05). Data are plotted on adagale.(C) Aging-related DEGs (Aging Atlaf26]) between young and ol
tendon cells were primarily associated with senescence and the senessmniated secretory pathway (SASE)
Heatmap demonstrating IFM tenocyte and MuC2 clusters had the greatest nuatdiagaflated DEGs and in particule
DEGs associated with senescence and SASP. Scale indicates number of genes and ranges from yellow = 0, ()
Venn diagrams showing the number of top 25 markers in each cluster that are maintaiagthgifin agedependent loss
of the top genesharacterising each cluster is observed for the IFM tenocyte, MixT and MuC2 cl{iStetsatmap showing
IFM tenocyte and MuC2 clusters had most DE inflammatelated genes (GOTerm: inflammatory response, GO:0006
with aging Scale indicates log2F&hd ranges from bluei=2.5, to white = 0, to red = 1.5.
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Figure 3. Sub-clustering reveals the presence of 5 tenocyte subclusters (n=4/age group). T&hocyte subclusters wet
identified as FM_A, FM_B, IFM_A, IFM_B, and IFM_C, based on their marker expreq@ip®ankey diagram showing th
provenance of each subcluster cell in relation to the original clug®rfot plot showing the top 5 differaatly expressed
markers and associated functions in each subcluster (Wilcoxon Rank Sum test, log2FC threshold 0.25, adj. p < 0.
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indicates average expression and ranges from gréyteablue = >1, dot size indicates the percentage of cells asxpyethe
gene.(D) Heatmap showing average expression of the top 50 DE matrisomal genes across tenocyte subclusters in ea
subcluster, with matrisome category indicated (Wilcoxon Rank Sum test, log2FC threshold 0.25, adj. p < 0.05). Scade
average expression and ranges from blue = 0, to white = 1, to redE¥ 3ot plot of established tenocyte lineage genes
their expression across the tenocytes subcludiX and THBS4are predominantly expressed in FM subclusters wi
COL1Aland COL3A1lin IFM subclusters. Scale indicates average expression and ranges fromteybtue = >1, dot siz¢
indicates the percentage of cells expressing the gene.

Sub-clustering reveals the presence of fenocyte lowest matrisome expression but highly expressed
subclusters secreted factorsGF2 andCXCL1 Interestingly, FM ad
IFM subclusters had differentigixpressionsf laminin

Re-clustering of tenocyte populations alone identified Subunits with LAMA2 expressed by FM subclusters
subclusters (Fig3A), 3 of which localised to the IFM, (mostly FM_B) and IFM_B whilst AMA4 and LAMC1
Al FM_Ao6, Al FM_BO6, and nl Padre &pressed hydFMsuliclasters (maiely IEM_A and n d
in the fascicular matr i x IFMABF Mespedivelg).n Simiidry,Mfib8lio ,explessio e d or
the initial IPM or FM identity of reclustered cells (Fig revealed compartmespecific expression witfFBLN1
3B) and on marker similarity with either the IFM or FMmostly expressed in FM clusters aR@BLN2 in IFM
cluster, including DE of ECM gen€0OMP, LOX, PRG4, subclusters.
TNXB COL14A1 FAP (Supplementary Fig. 5). Expression of classical tenocyte lineage genes
Subclusters IFM_A and FM_A mainly comprised of cellsevealed MKX and THBS4 expression in both FM
from the original IFM cluster and FM cluster, subclusters andCOL1A1l and COL3AL expression in
respectively, whilst subclusters IFM_B, IFM_C, andFM_A and IFM_B clusters.SCX and TNMD only
FM_B mainly comprised of cells originating from theshowed trace expression in FM_A subcluster .(BE).
MixT cluster (Fig 3B). The top markers of eachThe more recently identified tenocyte marker IGFBP6
subcluster (most highly expressed markers) revealgtl] also showed predominant expression in the FM_A
markers for thé-M_A subcluster were mainly associatedsubcluster, with lower expression in subclusters IFM_A
with  ECM production whereas FM_B top markersand IFM_B.
showed a high number of mitochondrelated genes.
Further analysis of cluster FM_B, omitting theTenogte aging is predominantly observed in IFM
mitochondriarelated genes in case they were maskingubclusters
other less expresdegenes with significant functions,
revealed markers of FM_B cluster were associated wilthere were no significant changes in the proportional size
response to stress. Markers for the IFM_A cluster showefl tenocyte subclusters withging despite the apparent
gene expression related to the ECM, signalling idecrease in IFM_C subcluster size in old samples and
inflammation, and ECM remodelling. IFM_B top markersoncurrent increase in IFM_B stlbster size, as a
were &sociated with extracellular exosomes and IFM_@ercentage of total cells (FigtA). IFM_A subcluster
showed higher expression of genes related to immuappeared to change shape without any significant size
function (Fig 3C). change. An elongated tip at the bottom of the IFM_A

Analysis of matrisomal genes in young tenocyteluster (Fig4B) with presence of less differentiated cells
clusters revealed distinct matrisome expression patteripsedicted, CytoTRACE) (FigdE and F) and expression
between FM and IFM clusters, tviclusters FM_A and of POSTN and TPPP3 (Fig. 4G) which have been
IFM_A having the highest matrisome gene expressia@ssociated with a progenitor phenotype in tendon cells
and IFM_C having the lowest matrisome gene expressif#R, 43]is observed in young samples whilst absent from
(Fig. 3D). FM clusters had the highest expressidd©N, old samples (Fig4B,E-G). Concurrently, expression of
glycoproteinsCOMP, THBS1 and THBS4 and ECM POSTNand TPPP3 identifiediocalised to the IFM_A
related gened OX (crosslinking) and HPSE2 (matrix  cluster was significantly decreased wéhing (Fig. 4G).
remodelling). IFM clusters hathe highesexpression of IFM subclusters also showed the most DE genes with
collagens such aSOL1A2 COL14A1(exclusive to the aging particularly subcluster IFM_A (FigtC), with DE
IFM) and COL6Alas well as proteoglycarBGN and genes related to the ECM, signalling in inflammation, and
PRG4and glycoproteindNXBandFBNL IFM clusters ECM remod#ing. Subcluster IFM_A also had the most
also showed higher gene expression of calcium bindisgnificantly DE core matrisome genes (FigD).
proteins S100A11 S100A4 and S100A10which are Differential expression of core matrisome genes further
involved in cell cycle progression and differentiation akighlighted a decrease in collagen gene expression in aged
well as cell motility and, when secreted, stimulation aenocytes COL1A1l COL3Al COL6AL3, COL14A)
cytokine production[39, 40] Cluster IFM_C had the with the exception 0€OL4AL2, which increased in the
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IFM subclusters specifically. Other genes encodingmodelling[44] was upregulated. Interestingly, genes
important components of the tendon ECM, such ascoding proteins with an important role in fascicular
proteoglycansASPN BGN and PRG4and glycoprotein matrix composition such as glycoprotei@MP and
TNXB were generally downregulated in agedocytes. THBS4 proteoglycan DCN and crosdinking LOX,
FBN1andMFAP5,which are associated with the elastiappeared to decrease in the FM subclusters and increase
properties of tendons, were also downregulated in afl the IFM subclusters (FigtD andSupplementaryig.
tenocyte clusters withaging whilst SPP1 (encoding 6). Finally, LAMA2 expression increased in all tenocyte
osteopontin) which is involved in tendon matrixsubclusters whildtAMA4decreased in all subclusters.
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Figure 4. Tenocyteaging is predominantly observed in IFM subclusters (n=4/age group). (AJhe percentage o
cells in the subclusters was not statistically significantly affecteabbyg despite an apparent decrease in IFM_C
number.(B) UMAP of tenocyte subclusters in young and old tendons; the distribution of cells in subcluster |
changes witlaging (C) The number of DEGs withgingvaried between subclusters, with the highest number of D
in the IFM_A clusters (Wilcoxon Rank Sumst, log2FC threshold 0.25, adj. p < 0.05). Data are plotted onoatade.
(D) Heatmap showing DE of selected core matrisome genesagitlyin each tenocyte subcluster (Wilcoxon Ra
Sum test, log2FC threshold 0.25, adj. p < 0.05). Scale indicgf28C and ranges from bluei 3, to white = 0, to red
= 2.(E) UMAP of tenocyte subclusters with prediction of differentiation state in the young and old tenocy(E} i
raincloud plot of tenocyte subclusters in young samples by order of least diffgoen{CytoTRACE). Subcluste
IFM_A has the largest number of least differentiated cells in young samples (raincloud plot and UMAP), wt
located particularly in the elongated tip at the bottom of the subcluster. Whereas in old samples, thisl dipraja
the IFM_A subcluster is absent and a reduction in the number of least differentiated cells is noted. Scale rar
blue = more differentiated to red = least differentiated through green, yellow and d@phtgdMAP and violin split
plot of POSTNandTPPP3expression in tenocyte subclusters in young and old tenB@&TNandTPPP3expression,
which has been associated with a progenitor phenotype in tendon cells, is observed in young samples in the
tip at the bottom of subcluster IFM_aikd it is significantly decreased walging Colorindicates expression and rang
from grey = 0 to blue = 3.

FM and IFM tenocyte clusters become the primaryVisfatin, ncWNT, and EGF signalling, IFM tenocytes in
sources of outgoing signalling in aging FGF, SEMAS, and ncWNT signalling, and MixT cells in
MIF signalling (Fig 5C). On the other hand, FM
Toexamine the cell communication between different cettnocytes in young tendons received a strong signal from
types, we performed ceib-cell communication analysis ncWNT signallig and IFM tenocytes from TGFb and
using fiCell Chat o, a packBGFe signdilirgt Temaxydeslatedh eenricshad kegreted u r a t
literaturesupported ligandeceptor interactions[32]. signalling pathways that altered witging were the
Here, we focused on fAsec nAMEmghthveay, ghich Was ennchell in iyourtg eellsaandt i o n
order to avoid overcrowdingue to the abundance ofthe growth factor pathways VEGF, IGF, EGF, FGF, and
ECM-cell interactions and cetlell interactions. We the GAS, PARs and SPP1 pathways, which were
unveiled 230 secreted signalling interactions in youngnriched in old cells. ncWNT signalling in young tendon
tendon cells and 238 secreted signalling interactions in alchs exerted from FM and IFM tenocytes to FM tenocytes
tendon cells (interaction strength 1.939 and 2.326roughWNT11and EGF signalling, which was enriched
respectivef). Mural cells (MuC1), followed by the in old tenocytes, was from FM to IFM tenocytes and was
tenocytes (FM, IFM), predominated in outgoinghroighHBEGF.
signalling in young tendon, whilst incoming signals were
mainly received by vascular endothelial cells {C DISCUSSION
foll owed by macrophages (MG) and T cells (TC) both ir
youngand old tendon (FipA). With aging the FM and This study has unveiled the complexity of cell populations
IFM tenocyte clusters showed the largest change within the tendon IFM for the first time and identified
outgoing secreted signalling, increasing their signallingpecific populations that are disproportionately affected
interaction strength and becoming the primary sourcestyf aging The agerelated dysregulation of proteostasis
outgoing signalling in old tendon celldore specifically, and inflammatiorrelated pthways in IFM tenocytes
the FM and IFM tenocytes clusters increased thdikely has implications for the maintenance of tendon
signalling interaction strength to all clusters apart from tHeECM and reparative capacity, respectively, with the
mixed tenocyte cluster (MixT), with signals to the murapotential to influence the risk of tendon injury with aging.
cells (MuC2) and T cells (TC) showing the biggest Our results demonstrate that the IFM houses a unique
increase. Thesdusters, MuC2, TC and MixT, were alsotenocyte ppulation that can be distinguished from
the target clusters that showed the most changes fascicular tenocytes due to higher expressidgRiB4and
incoming secreted signalling witiging with the MuC2 TNXB and lower expression GfOMP, LOXandTHBS4
and TC clusters showing increased incoming signallinbendon endothelial, mural and immune cell populations
interaction strength withaging and the MixT cluster also localise to the IFM, supporting recent work thesd
deceased interaction strength (F&A). identified the presence of an endothelikdé basement
Pathways such as naanonical WNT were membrane in the IFN45]. Previous scRNAseq studief
downregulated withaging whilst others such as the mouse and human tendons have identified a range of
growth factor pathways VEGF, IGF, EGF, FGF weraimilar cell populations to those identified in the current
upregulated in old tendon (FigB). In particular, FM study, encompassing tenocytes, endothelial cells and
tenocytes in young tende exerted a strong signal inimmune celld12, 13] While these studies have unveiled
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the heterogeneity of tendaell populations, the majority such as the equine SDFT, the SDFT is therefore a highly
of murine tendons lack an identifiable IFM. Furthermoreappropriate model in which to study the effecagingon
agingprocesses differ between lotiged and shortived IFM cell populations. Limitations associated with this
animals, with continual growth of mice throughout theimodel are that the sex, breed and exercise history of the
lifespan, making the mouse an unsuitable model toystudorses are unknown, which may account for the
the IFM inagingtendon[46, 47] It is very difficult to variability between individuals seen in the data, as well as
collect viable, healthy tendon tissues from young humdhe incomplete annotation of the equine geaoBespite
donors making studies on human tendons impractic#these limitations, we were still able to identify a host of
Due to the similarities in telon pathophysiology betweenagerelated alterations in gene expression between
humans and horses and tendon injuries occurrimtfferent cell clusters.

preferentially in elastic tendons with a prominent IFM
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