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Abstract

Tendon injuries are a major clinical problem, with poor patient outcomes caused by abundant scar 

tissue deposition during healing. Myofibroblasts play a critical role in the initial restoration of 

structural integrity after injury. However, persistent myofibroblast activity drives the transition to 

fibrotic scar tissue formation. As such, disrupting myofibroblast persistence is a key therapeutic 

target. While myofibroblasts are typically defined by the presence of αSMA+ stress fibers, αSMA 

is expressed in other cell types including the vasculature. As such, modulation of myofibroblast 

dynamics via disruption of αSMA expression is not a translationally tenable approach. Recent 

work has demonstrated that Periostin-lineage (PostnLin) cells are a precursor for cardiac fibrosis-

associated myofibroblasts. In contrast to this, here we show that PostnLin cells contribute to a 

transient αSMA+ myofibroblast population that is required for functional tendon healing, and 

that Periostin forms a supportive matrix niche that facilitates myofibroblast differentiation and 

persistence. Collectively, these data identify the Periostin matrix niche as a critical regulator of 

myofibroblast fate and persistence that could be targeted for therapeutic manipulation to facilitate 

regenerative tendon healing.
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Introduction

Tendons facilitate skeletal movement through force transfer from muscle to bones and are 

able to bear immense physiological loads due to their hierarchically organized collagen-rich 

matrix structure [1]. However, injuries to tendons are common: for example, even one 

instance of tensile overloading may cause spontaneous Achilles tendon rupture [2-5], while 

flexor tendons of the hands are the tendons most frequently injured by acute trauma [6-8]. 

Tendon injury initiates a fibrotic healing response, which often prevents full functional 

restoration after injury [9, 10]. While in other soft tissues, fibrotic resolution is achieved 

through degradation and clearance of provisional extracellular matrix (ECM) produced 

during the healing process, this outcome is unsuitable for collagenous tissues such as 

tendons, where ECM must instead be remodeled[11]. Moreover, the fibrovascular scar tissue 

response results in a healed tendon that is mechanically inferior to healthy tendon, which 

increases the incidence of re-rupture or repair failure. Despite this burden, the fibrotic 

healing process is not well-understood, which has led to a lack of consensus biological 

treatments to improve tendon healing.

Myofibroblasts are a key regulator of both physiological wound healing and tissue fibrosis. 

Myofibroblasts are capable of a high degree of extracellular matrix (ECM) production, 

while their inherent contractile ability modulates the stiffness of the wound matrix, thereby 

modulating the behavior of other cells embedded within this matrix [12-14]. Myofibroblasts 

are typically defined by de novo expression of αSMA in mechanosensitive stress fibers, 

which facilitates sensing and response to local ECM perturbations. While myofibroblasts 

are crucial for proper wound healing via ECM synthesis and remodeling, inappropriate 

accumulation and/or persistence of myofibroblasts at the site of injury is a major trigger 

for the switch to fibrotic progression[12, 15, 16]. Myofibroblasts can drive the release 

of latent TGF-β from the ECM, while TGF-β promotes myofibroblast differentiation, 

thereby creating a pro-fibrotic feedback loop [17-22]. In addition, physiological resolution 

of healing is inhibited by lack of myofibroblast clearance, either via apoptosis, or reversion 

to their basal fibroblastic state [23-26]. Thus, modulating the behavior of myofibroblasts 

is an attractive option to prevent fibrosis during tendon injury. However, manipulation 

of myofibroblast function via genetic mouse models to modulate αSMA expression is 

confounded by several factors. αSMA is expressed by other cell types, including smooth 

muscle cells in the vasculature [27]. Therefore, mouse models using an αSMA-Cre driver 

would cause off-target effects, and necessitates the identification of more translationally 

tractable markers of the myofibroblast fate. Recently, expression of the matricellular protein, 

Periostin (Postn) has been identified as a potential marker of activated myofibroblasts in 

cardiac fibrosis [28-31], with Periostin-lineage (PostnLin) cells giving rise to myofibroblasts, 

while other studies have demonstrated that the Periostin matrix itself promotes and 

maintains myofibroblast differentiation [32, 33], and mediates tissue fibrosis [34-36]. 

Therefore, we sought to determine if PostnLin cells contributed to a similar population 

of pro-fibrotic myofibroblasts in the tendon, defined the role of the Periostin matrix niche 

in myofibroblast differentiation and persistence during tendon healing, and assessed the 

therapeutic potential of disrupting the formation of the Periostin matrix via inducible 

depletion of PostnLin cells.
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Results

αSMA+ myofibroblasts reside within a Periostin matrix niche in mouse and human tendon 
scar tissue

We first defined the expression pattern of Periostin in healthy mouse (Figure 1A) and 

human (Figure 1B) flexor tendon. During homeostasis, minimal Periostin expression was 

observed in murine tendon, while Periostin was strongly expressed in the epitenon of 

human tendon. We then examined the Periostin expression profile during healing, and 

the relationship between Periostin and αSMA+ myofibroblasts (Figure 1C-E). During the 

early phase of healing (D3 and D7), Periostin expression was observed around the native 

tendon stubs, and very few αSMA+ myofibroblasts were present. By D10, robust expansion 

of the Periostin matrix occurred (p<0.05 vs. D3 & D7), concomitant with an increase 

in αSMA+ myofibroblasts. Interestingly, αSMA+ myofibroblasts were very often found 

embedded within the secreted Periostin matrix (Figure 1E) suggesting ongoing cell-matrix 

communication throughout healing. While the location of Periostin matrix and Periostin+ 

cells changed during healing, the proportion of Periostin+ cells remained steady from 

D10-D28 (Figure 1C), and the close proximity between the Periostin matrix and αSMA+ 

myofibroblasts was retained (Figure 1D). We then examined the relationship between 

Periostin and αSMA+ myofibroblasts in human tendon scar tissue. This peritendinous scar 

tissue, formed in response to an acute tendon injury and following primary repair of the 

tendon, restricts tendon function and is isolated during a ‘tenolysis’ or scar removal surgery. 

Within this tissue there were regions with robust Periostin expression, which overlapped 

with regions enriched for αSMA+ myofibroblasts (Figure 1F), further supporting a strong 

association between the Periostin-rich matrix and myofibroblasts.

Periostin-lineage cells give rise to a transient myofibroblast population at the native 
tendon-healing tissue junction during tendon healing

To determine whether Periostin-lineage (PostnLin) cells give rise to persistent 

myofibroblasts, PeriostinMCM+; Rosa-Ai9F/+ mice were initiated on tamoxifen chow at 

the time of tendon repair surgery to continuously label and trace PostnLin cells (Figure 

2A). PostnLin cells were not observed in uninjured contralateral control tendons (Figure 

2B). By D7, PostnLin cells expand along the epitenon region, and several were found to 

co-localize with αSMA closer to the injured tendon end (Figure 2C). At D14, a population 

of PostnLin; αSMA+ cells was also observed within the bridging scar tissue. However, 

during the remodeling stage (D28), minimal αSMA expression was observed in the PostnLin 

cells surrounding the tendon ends and in the bridging tissue (Figure 2C), and PostnLin+ cells 

were retained in the thickened epitenon throughout healing. Interestingly, while a trending 

decrease in the proportion of PostnLin cells that contributed to the myofibroblast pool 

was observed over time, no significant differences were identified (Figure 2D), suggesting 

that while there may be local changes in PostnLin-derived myofibroblasts over time, the 

proportion of PostnLin-cells that contribute to the myofibroblast fate across the entire healing 

area stays does not drastically change over time.
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PostnLin cell activation peaks at approximately D10 post-injury and PostnLin cells give rise 
to spatially and functionally heterogeneous subpopulations.

Given that PostnLin cells are not the primary contributor to the persistent myofibroblast 

population, and that persistent myofibroblasts are embedded in a robust Postn matrix in 

mouse and human tendon scar tissue, we sought to determine the temporal window(s) in 

which new Postn-expressing cells are added to the overall PostnLin pool to elaborate the 

Postn-rich matrix. Four cohorts of PostnLin mice underwent Tmx labelling during periods 

encompassing early to late healing (Figure 3A). Labelling from D3-4 resulted in very few 

PostnLin cells at D5. In contrast, labelling from D7-8 resulted in the identification of a 

robust PostnLin population (p<0.001 vs labeling from D3-4) (Figure 3B & C). The PostnLin 

population at D16, identified via labelling from D14-15, was significantly decreased relative 

to that labelled from D7-8 (p<0.01), and a similar decrease was observed when these 

cells were labelled from D21-22 and assessed at D23 (p<0.01 vs D7-8) (Figure 3B & C). 

Collectively, these data suggest that the largest contribution to the overall PostnLin pool 

occurs from ~D9-16, corresponding with the early proliferative phase of healing.

To better understand the functional role of the PostnLin cells that are added to the overall 

PostnLin cells during this period, we labelled PostnLin cells at D10-11 post-surgery and 

then traced these cells until D28 (Figure 3D). Interestingly, cells labelled at D10-11 did not 

contribute to the thickened epitenon (Figure 3E, white box), as was observed with tamoxifen 

chow, suggesting that the PostnLin epitenon cells are labelled prior to D10 in the healing 

process. While PostnLin cells labelled at D10/11 persist to D28, consistent with the Tmx 

chow lineage trace, they give rise to only a very small persistent αSMA+ myofibroblast 

population (4.8% ± 1.1 of PostnLin cells are αSMA+ ) (Figure 3E). To examine whether 

this αSMA− subset of PostnLin cells contribute to collagen production, we examined Hsp47 

expression (collagen chaperone protein). Hsp47 was widespread throughout the tendon ends 

and scar tissue with Hsp47+ PostnLin cells in the bridging scar tissue (Figure 3F, white 

arrows). However, there was also a subset of PostnLin cells lining the bridging scar tissue 

that lack Hsp47 (Figure 3F, purple arrows). Collectively, these data suggests that PostnLin 

cells make temporally and spatially-distinct contributions to healing, including giving rise 

to a transient population of myofibroblasts, elaboration of both a myofibroblast-associated 

matrix niche, and a peripheral epitenon-associated matrix niche lacking myofibroblasts.

Periostin matrix is sufficient to induce primary tenocyte activation and myofibroblast 
differentiation

Given the close association between the Periostin matrix and myofibroblasts, we assessed 

the ability of Periostin to promote tenocyte activation and myofibroblast differentiation in 

vitro. Expression of the fibroblast activation marker Fibroblast Activation Protein (FAP) was 

significantly increased (~14-fold, p<0.01) in tenocytes cultured on rPeriostin-coated plates, 

without a corresponding increase in Scx expression (p=0.3), suggesting that this activation 

is occurring without any change in tenogenic potential. In addition, a significant increase 

in αSMA expression (2-fold, p=0.0009) was observed in tenocytes on rPeriostin-coated 

plates, relative to control. No change in Col3a1 expression was observed (p=0.49) (Figure 

4A). Tenocytes cultured on rPeriostin-coated plates underwent a significantly greater degree 

of myofibroblast differentiation, as assessed by incorporation of αSMA into stress fibers 
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(Figure 4B-D) (+47% increase, p = 0.011), relative to tenocytes grown on collagen alone 

(Figure 4B). While most tenocytes in the control culture had some αSMA expression, only 

those cells in which αSMA was incorportated into stress fibers (Figure 4C) were counted 

as mature myofibroblasts. Collectively, these data suggest that Periostin may act as an 

extracellular niche to potentiate fibroblast activation and myofibroblast differentiation via 

cell-matrix crosstalk. To begin to define the potential integrin-mediated mechanisms through 

which rPeriostin may promote activation and differentiation, we assessed changes in integrin 

expression in tenocytes cultured on rPeriostin-coated plates relative to controls. Significant 

increases in integrin β1 (ITGB1) expression area and mean fluorescent intensity (MFI) were 

observed in tenocytes cultured on the rPeriostin matrix, relative to control (Figure 4E). In 

addition, a significant increase in CD61/Integrin β3 MFI was observed in rPeriostin-coated 

cultures. However, no difference in CD61 expression area was observed between groups, 

and no differences in Integrin β5 (ITGB5) and CD51/Integrin αV expression or MFI were 

observed between groups (Figure 4E).

Inhibition of Periostin matrix elaboration impairs tendon functional recovery

As we have shown that a Periostin matrix is sufficient to drive tenocyte-myofibroblast 

differentiation in vitro, we investigated the therapeutic potential of disrupting myofibroblast 

persistence via depletion of PostnLin cells and inhibition of subsequent Periostin matrix 

elaboration. We hypothesized that depletion just prior to the peak addition to the overall 

PostnLin pool (~D9-16) would be most beneficial and cells were depleted from D7-10 

(Figure 5A). However, this approach was not sufficient to disrupt the established Periostin 

matrix, and did not alter αSMA+ myofibroblast content (Figure 5B). Consistent with the 

persistence of the Periostin matrix and lack of impact on the myofibroblast environment, no 

changes in tendon gliding function (Figure 5C), or reacquisition of mechanical properties 

(Figure 5D) were observed with cell depletion from D7-10.

Given the lack of Periostin matrix disruption with the initial depletion regimen, we widened 

the depletion window to D5-14 (Figure 6A). This resulted in an 83% decrease in Periostin 

protein in the healing tendon as measured by western blot (Figure 6B). In addition, a 

significant 52% decrease in Periostin+ area in the scar tissue was observed in depleted 

tendons, relative to WT, via immunofluorescence analysis (p=0.023) (Figure 6C), further 

supporting the efficacy of this depletion regimen. A corresponding reduction in αSMA 

staining was also observed, and although not significant (−26%, p>0.05), this is consistent 

with impaired myofibroblast differentiation with decreased Periostin matrix and PostnLin 

cells (Figure 6D). However, linear regression analysis showed significant positive correlation 

between αSMA and Periostin staining (R2 = 0.6763, p = 0.023), further supporting 

the requirement of a Periostin matrix for αSMA staining indicative of myofibroblast 

differentiation (Figure 6E).

Functionally, PostnLin cell depletion from D5-14 resulted in a marked impairment of gliding 

function (Gliding Resistance: +47%, p = 0.0044, MTP Flexion Angle: −34%, p = 0.0041) 

as well as peak load and stress (Peak Load: −50%, p = 0.0471 and Peak Stress: −50%, 

p = 0.0493) at D14 (Figure 7A & B). Collectively, these data suggest that maintenance 

of a Periostin matrix during the proliferative phase of healing is necessary for functional 
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tendon recovery after injury. Consistent with functional impairments, PostnLin cell depletion 

resulted in substantial disruption in tissue morphology. More specifically, integration of 

Postn-rich scar tissue at the muscle-tendon interface was observed (Figure 7C, yellow 

arrows), compared to a clearer delineation in wildtype repairs (Figure 7C, white arrows), 

suggesting that Postn may play a role in maintaining tissue compartments in the wake of 

injury.

Discussion

Myofibroblasts are critical regulators of the wound healing process, including in the tendon, 

due to their ability to synthesize, contract, and remodel the provisional matrix that restores 

some structural integrity to the injured tissue. Conversely, persistent myofibroblast activity 

is associated with the transition to a fibrotic healing response. As such, modulation of 

the myofibroblast environment is an attractive target to facilitate regenerative healing in 

many tissues. However, because myofibroblasts are typically defined by the presence 

of αSMA+ stress fibers, and αSMA is broadly expressed in multiple cell types 

including the vasculature, manipulating myofibroblasts by altering αSMA expression 

confounds data interpretation and is not translationally tenable. Therefore, identification of 

additional markers of myofibroblasts, and an increased understanding of the tissue-specific 

mechanisms that control myofibroblast differentiation and persistence are needed to identify 

feasible strategies to enhance healing. Recent work has demonstrated that PostnLin cells give 

rise to myofibroblasts following myocardial infarction [37], and genetic deletion of Periostin 

blunts myofibroblast differentiation in multiple cells and tissue types [38, 39]. Therefore, 

we examined the role of both PostnLin cells and the Periostin matrix during tendon healing. 

Surprisingly, we found that PostnLin cells are the not the predominant contributors to the 

persistent myofibroblast population as they are in other organs, but instead contribute to 

a robust Periostin matrix in response to injury in both mice and humans. Further, we 

have shown that this Periostin matrix acts as a niche for myofibroblasts, and by inhibiting 

formation of the Periostin matrix via PostnLin cell depletion, impaired tendon healing results 

as disrupted myofibroblast differentiation.

While the role of Periostin in tendon development and homeostasis is not entirely clear, 

recent work has demonstrated that global deletion of Periostin disrupts tendon homeostasis, 

including impairments in collagen fibrillogenesis and acquisition of mechanical properties 

[40], while overexpression of Periostin in mesenchymal cells results in modest formation of 

tendon-like tissue in an ectopic implantation model [41]. During healing, increased Periostin 

expression is observed after injury in both Achilles tendons [42] and the Medial Collateral 

Ligament [43], consistent with our data demonstrating the development of Periostin-rich 

areas in healing murine tendons and clinical isolates of peritendinous scar tissue. Moreover, 

Periostin−/− results in delayed and mechanically inferior Achilles tendon healing, relative 

to wildtype littermates [40], consistent with delayed healing in both palatal tissue [38] and 

skin [39]. However, it remains to be determined whether these tendon healing deficits are 

primarily due to homeostatic disruptions in Periostin−/− tendons, or the lack of Periostin 

in the healing process. To partially address this, we depleted PostnLin cells at different 

stages of the healing process, which results in an inducible decrease in Periostin and avoids 

homeostatic disruption prior to injury.
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Importantly, these data demonstrate time-dependent effects of PostnLin cell depletion. While 

PostnLin depletion from 7-10 days post-surgery is insufficient to disrupt the established 

Periostin matrix that is deposited prior to day 7, depletion of this subset of PostnLin 

cells does not impair the healing process suggesting that PostnLin cells themselves are not 

required for functional healing during this period. In contrast, depletion of PostnLin cells 

from days 5-14 post-surgery is sufficient to disrupt elaboration of the Periostin matrix, 

resulting in impaired tendon healing and establishing the requirement for both the initial 

formation of the Periostin matrix as well as PostnLin cells during this window. Consistent 

with this, recent work has demonstrated the efficacy of a recombinant Periostin-laden 

engineered construct to enhance tendon healing, likely due to enhanced Tendon Stem 

Progenitor Cell (TSPC) migration [44].

Despite the requirement for PostnLin cells and initial Periostin matrix elaboration in tendon 

healing, along with the encouraging results with rPeriostin-laden constructs to further 

improve tendon healing [44], the strong association between persistent myofibroblasts and 

the Periostin matrix in clinical tendon scar tissue samples supports the need for additional 

investigation. Further studies are required to determine the potential therapeutic benefit 

of targeting the persistent Periostin matrix as an anti-fibrotic therapy, while emphasizing 

the important consideration of therapeutic timing. Global deletion of Periostin reduces 

fibroblast, myofibroblast, and immune cell recruitment during palatal healing [38], and 

reduces myofibroblast content during skin healing [39], further supporting a role for 

Periostin in modulating the cell environment. However, comparisons between different 

tissue wound healing models must consider potential tissue-specific differences in the 

relative peaks of Periostin expression and myofibroblast presence due to slight variations in 

the length of the inflammatory vs. fibroblastic/granulation vs. remodeling phases of healing. 

In addition, global deletion of Periostin disrupts progress of the entire wound healing 

response, and does not facilitate interrogation of the role of Periostin once the healing 

response has switched from physiological to fibrotic. While technical challenges limited our 

ability to disrupt the Periostin matrix once it had formed, the lack of impact on healing 

of depleting PostnLin cells from D7-10 potentially supports the feasibility of targeting the 

Periostin matrix once it has been elaborated. Again, timing is likely to be critical and must 

take into account peak Periostin activation, as Periostin is required for collagen maturation 

and cross-linking [31], as well as regulation of collagen fibrillogenesis [45-47], . However, 

targeted disruption of the persistent myofibroblast niche may represent an as-yet unexplored 

area for facilitating myofibroblast clearance or enhancing their remodeling function to 

promote restoration of a physiological tenogenic program.

The difference in sustained myofibroblast fate of PostnLin cells between this study and prior 

work is likely due to differences in timing of both analysis and labelling of the PostnLin 

population. Prior work traced PostnLin cells following two weeks of tamoxifen chow, 

while mice in this study remained on tamoxifen chow for the entire experiment to more 

comprehensively label and trace the broad PostnLin pool. The contribution of non-PostnLin 

cells to the myofibroblast pool is consistent with contributions from a heterogeneous pool 

of cells contributing to the myofibroblast fate in multiple tissues [48-50]. While it has 

long been recognized that fibroblast heterogeneity is an active determinant in pathologies 

ranging from fibrotic wound healing to cancer[51-56], myofibroblast heterogeneity remains 
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relatively understudied, despite long-term evidence [57]. Exploring origin-dependent 

functional differences between these pools of myofibroblasts may be an important approach 

to appreciate which populations may be driving beneficial remodeling of ECM rather than 

pathologic matrix production. Moreover, these studies may help identify potential functional 

differences between those the PostnLin-derived myofibroblasts in the bridging tissue vs. 

those of a non-PostnLin origin that are retained in the native tendon stubs. However, the 

advent of single-cell and spatial RNA sequencing techniques has given researchers the tools 

to better understand and appreciate the high degree of cellular heterogeneity in various 

disease processes [58-60] and is an important focus for future tendon research.

One of the more surprising findings of this study was the presence of PostnLin cells in the 

thickened epitenon after injury. Recent work [61] has demonstrated the bi-fated potential of 

epitenon cells, including a tenogenic progenitor population and a pro-fibrotic population that 

appears on the periphery of the injury site. Continuously labeled PostnLin cells demonstrates 

robust presence in the thickened epitenon and along the margins of the bridging tissue by 

D28 post-injury. Intriguingly, while myofibroblasts are typically implicated as the primary 

pro-fibrotic population, their absence from the epitenon-derived exterior capsule population, 

and the concomitant enrichment for Periostin matrix and PostnLin cells in this area suggests 

a previously unappreciated, non-myofibroblast role for PostnLin cells in peritendinous 

adhesion formation.

One of central limitations of this study is that the experimental approach we used to disrupt 

the Periostin-matrix during healing concomitantly ablated PostnLin cells. In doing so, the 

cell environment and subsequent cell-cell communication patterns are altered. Future studies 

to disrupt the Periostin matrix while retaining the PostnLin cell population are needed 

to clearly delineate between matrix and cell-autonomous functions of Periostin. Recent 

work has demonstrated the potential of cathepsin K to disrupt the Periostin matrix during 

fracture healing [62]. As such, future work is needed to assess the efficacy of this approach 

to modulate the mature Periostin matrix during tendon healing. In addition, while we 

conducted both PostnLin tracing and immunostaining for the Periostin matrix, it is possible 

that the PostnLin tracing method, using the PostnMCM driver may somewhat underestimate 

the actual PostnLin pool. Finally, in the current study we have broadly focused on Periostin, 

however, recent work has identified functional differences between Periostin isoforms during 

myocardial infarction [63], with the consideration of these isoforms being an important 

future direction in the context of tendon.

Collectively, these data demonstrate that PostnLin cells play a unique role during tendon 

healing, relative to other tissues. In healing tendons, a subset of PostnLin cells give rise to 

a transient population of αSMA+ myofibroblasts, rather than persistent population that is 

observed during cardiac fibrosis. Moreover, elaboration of a mature Periostin matrix serves 

as a critical niche to regulate myofibroblast differentiation and persistence during healing, 

and we have demonstrated the exterior epitenon-derived tissue associated with peritendinous 

adhesion formation is enriched for Periostin matrix and PostnLin cells. As such, we have 

established modulation of the Periostin matrix niche as a key regulator of fibrotic tendon 

healing and manipulation of this matrix as important therapeutic target to enhance the 

tendon healing process.
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Methods

Study Approval and Mouse Models

All studies were carried out in strict accordance with the recommendations in the Guide for 

the Care and Use of Laboratory Animals of the National Institutes of Health. All animal 

procedures were approved by the University Committee on Animal Research (UCAR) at the 

University of Rochester.

To trace Periostin-lineage (PostnLin) cells, Periostin-Mer-iCre-Mer mice (PeriostinMCM 

#029645, Jackson Laboratories, Bar Harbor, ME) (kindly provided by Dr. Eric Small) 

were crossed to ROSA-Ai9 mice (#007909, Jackson Laboratories). The ROSA-Ai9 strain 

expresses the tdTomato fluorescent reporter following Cre-mediated deletion of a loxP-

flanked STOP cassette. Following recombination, all Cre-expressing cells and their progeny 

permanently express tdTomato. To deplete PostnLin cells, PeriostinMCM mice were crossed 

to ROSA-DTA mice (#009669, Jackson Laboratories), which results in deletion of the floxed 

STOP cassette preceding the DTA transgene and subsequent expression of diphtheria toxin 

in all Cre-expressing cells. PeriostinMCM; Rosa-Ai9F/+; Rosa-DTAF/+ mice were used for all 

experiments. The specific TMX (100mg/kg, i.p. injection) regimen used for each experiment 

is provided in each relevant figure.

Murine model of tendon injury and repair

Male and female mice aged 10–12 weeks underwent complete transection and surgical 

repair of the flexor digitorum longus (FDL) tendon as previously described [64]. 

Briefly, mice were given a preoperative sub-Q injection of 15-20μg of sustained-release 

buprenorphine to manage pain throughout healing, and Ketamine (60mg/kg) and Xylazine 

(4mg/kg) given for anesthesia. Following removal of hair and sterilization of the surgical 

site, the flexor digitorum longus tendon was severed at the myotendinous junction (MTJ) 

to reduce strain on the repair site. The FDL in the hind paw was exposed via a skin-deep 

incision on the posterolateral surface and the FDL tendon was located and completely 

transected. The tendon was repaired using 8-0 suture with a modified Kessler pattern. 

The skin was then closed with a 5-0 suture. Mice were monitored and given analgesics 

post-operatively as needed.

Histology and immunofluorescence

Following sacrifice, hind paws (n=3-5 per timepoint) were dissected just above the ankle, 

and skin carefully removed from both the plantar and dorsal surfaces. Hind paws were fixed 

in 10% formalin for 72 hours, decalcified in Webb-Jee EDTA for two weeks, then routinely 

processed and embedded in paraffin. Three-micron sagittal sections were cut, de-waxed, 

rehydrated, and probed with antibodies for tdTomato (1:500, AB8181, SICGEN), αSMA-

CY3 (1:200, C6198, Sigma Life Sciences, St. Louis, MO, USA), αSMA-FITC (1:500, 

F3777, Sigma Life Sciences), HSP47 (1:250, ab109117, Abcam), or Periostin (1:200, 

ab14041, Abcam). The following secondary antibodies were used: Donkey anti-rabbit 

Rhodamine-Red-X (for Hsp47) (1:200, #711-296-152, Jackson Immuno), Donkey anti-goat 

Rhodamine-Red-X (for tdTomato) (1:200, #705-296-147, Jackson Immuno), Donkey anti-
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goat 488 (for tdTomato) (1:200, #705-546-147, Jackson Immuno), Donkey anti-rabbit 647 

(for Periostin) (1:200, #711-606-152).

Nuclei were counterstained with NucBlue™ Live ReadyProbes™ Reagent (Hoechst 33342) 

(#R37605, ThermoFisher) and imaging was performed using a VS120 Virtual Slide 

Microscope (Olympus, Waltham, MA, USA). Select slides were also visualized using a 

Laser Scanning Confocal Microscope I (FV1000 Olympus, Center Valley, PA, USA) to 

examine the cellular interaction with the Periostin matrix. For the Masson’s Trichrome 

staining, coverslips were gently removed in PBS from slides previously stained and 

imaged for immunofluorescence, and then subsequently stained with Masson’s Trichrome to 

examine collagen organization. Quantification of Periostin/Periostin-lineage+ cells, Periostin 

area, and αSMA area was conducted in a blinded semi-automated manner using Visiopharm 

image analysis software v.6.7.9.2590 (Visiopharm, Horsholm, Denmark). A region of 

interest (ROI) was drawn to include the tendon stubs and bridging scar tissue for each 

sample, and automatic segmentation using a threshold classifier was used to define discrete 

cell populations based on fluorescent intensity.

Measurement of gliding function

Following sacrifice, hindlimbs were harvested at the knee. The medial side of the hindlimb 

was carefully dissected to free the FDL from both the tarsal tunnel and myotendinous 

junction, and proximal end secured between two pieces of tape with cyanoacrylate. The 

distal tendon was loaded via the tape with a range of weights from 0g to 19g used to flex the 

metatarsophalangeal (MTP) joint, and the MTP flexion angle was recorded upon application 

of each weight. MTP Flexion Angle and Gliding Resistance were calculated as previously 

described, with lower MTP Flexion Angle and higher Gliding Resistance corresponding to 

impaired gliding function, consistent with increased scar tissue and peritendinous adhesion 

formation [65, 66].

Quantification of biomechanical properties

FDL tendons were harvested from hind paws following gliding testing under a dissecting 

microscope. First the superficial flexor tendon was removed, the length of the FDL tendon 

including the repair site was carefully freed from surrounding connective tissues and 

cut just prior to the bifurcation into the digits. Discrepancy in sample number between 

measurement of gliding function and biomechanical testing resulted from tendon rupture 

during this detachment step, possibly due to strong adhesions to connective tissue. Each 

tendon fragment was prepared for uniaxial testing by placing two pieces of sandpaper on 

each end of the tendon and securing with cyanoacrylate (Superglue, LOCTITE). All the 

steps above were performed with the tissue periodically submerged in PBS to avoid any 

potential tissue drying. Each gripped tendon was transferred into a semi-customized uniaxial 

microtester (eXpert 4000 MicroTester, ADMET, Inc., Norwood MA). The microtester, along 

with the sample, was transferred to an inverted microscope (Olympus BX51, Olympus) to 

visualize the tendon and quantify the gauge length, width, and thickness. The gauge length 

of each sample was set as the end-to-end distance between opposing sandpaper edges and 

was the same for all samples tested. The cross-section of the tendon was assumed to be 

an ellipse, where the width of the tissue represents the major axis and the thickness of the 
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tissue represents the minor axis. Based on the optically measured width and thickness of 

each tendon, the area of the elliptical cross-section was computed. A uniaxial displacement-

controlled stretching of 1% strain per second until failure was applied. Load and grip-grip 

displacement data were recorded and converted to stress-strain data, and the failure mode 

was tracked for each mechanically tested sample. The load-displacement and stress-strain 

data were plotted and analyzed to determine structural (stiffness) and material (modulus) 

properties. Specifically, the slope of the linear region from the load displacement graph was 

determined to be the stiffness of the tested sample. The slope of the linear region from the 

stress-strain graph was taken to equal the elastic modulus parameter of each tested tendon. 

Note that this calculation assumes that stress and strain are uniform within each specimen.

Western Blot Analysis

The tendon repair site was excised from the hind paw of Periostin-MCM; DTA F/+ mice at 

D14 following injury, along with 1–2 mm of native tendon on either side, then immediately 

snap-frozen in liquid nitrogen for storage at −80C until processing. Tissue (n=3 tendon per 

sample) was homogenized in RIPA buffer (including 1X protease/phosphatase inhibitor, 

Cell Signaling #58725) to extract the total protein with the Biomasher II system and 

Powermasher II electric stirrer (Nippi Inc, Tokyo Japan). Samples were spun down at 

13000xg for 5 minutes, and supernatant transferred to a new tube to remove collagenous 

debris. A BCA protein assay was performed to quantify protein yield, following kit 

instructions (BCA Protein Assay kit, ThermoFisher #23225) and 20μg loaded into each 

well of a NuPAGE 4-12% Bis-Tris Gel (Invitrogen, #NP0335BOX, Carlsbad, CA). Gels 

were transferred to a membrane using the iBlot2 system (Invitrogen, IB23001), and then 

probed sequentially with anti-Periostin (1:1000, ab14041, Abcam) and the loading control 

β-Actin (1:2000, Cell Signaling, #4967) in 5% nonfat dry milk in TBST. Imaging was 

performed using the Pico: SuperSignal West Pico PLUS Chemiluminescent Substrate 

(Thermo Scientific, # 34580) and bands quantified with ImageJ.

Primary tendon cell isolation and in vitro studies

C57BL/6J mice (#000664) mice were obtained from the Jackson Laboratory (Bar Harbor, 

ME, USA) and used for all primary tenocyte isolation protocols. For each experiment, 

FDL tendons (n=4) were aseptically excised, pooled, and collagenase digested (0.075% 

collagenase I; #C6885, Sigma) in fibroblast growth medium-2 (FGM-2; #CC-3132, Lonza, 

Basel, Switzerland) for one hour at 37°C with stirring. The collagenase mixture was then 

filtered at 70 μM and cells were pelleted, resuspended in FGM-2, and plated in collagen-

coated plates (rat tail collagen type 1, 5 μg/cm2; #354236, Corning, Tewksbury, MA). Cells 

were maintained under standard culture conditions (37°C, 5% CO2, 90% humidity), with 

complete media exchanges every other day, and upon reaching 70% confluence, cells were 

passaged using 0.05% trypsin-EDTA (#25300–054, Gibco, Waltham, MA). All experiments 

were performed on cells at P1 or P2.

To determine how Periostin may impact tenocyte differentiation to αSMA+ myofibroblasts 

and integrin expression, 4-well chamber slides (Nunc Lab-Tek II Chamber Slide System, 

Thermo Fisher) were pre-coated with collagen I alone as above, or with the addition 

of 5μg/mL recombinant Periostin (R&D Systems, #2955-F2) overnight at 4°C. Primary 
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tenocytes were diluted to 10,000 cells/mL and 500uL was seeded in each well of a 

4-chamber well slide (Nunc Lab-Tek II Chamber Slide System, Thermo Fisher) precoated 

with collagen alone, or with the addition of 5ug/mL recombinant Periostin (R&D Systems, 

#2955-F2). After 24h incubation, cells were fixed in 3% PFA in PBS for 10 minutes, 

washed, permeabilized with 0.1% Triton-X in PBS, then stained with either α-SMA-

Cy3 (1:200, C6198, Sigma Life Sciences), AlexaFluor 568 Phalloidin (1:200, #A12380, 

ThermoFisher), ITGB1 (1:100, PA5-78028, ThermoFisher); CD51 (1:120, MA5-32195, 

ThermoFisher), CD61 (1:50, PA5-118499, ThermoFisher), or ITGB5 (1:200, PA5-118499, 

ThermoFisher) overnight at 4°C. The next day, an Alexa Fluor 488 conjugated goat anti-

rabbit IgG (H+L) secondary antibody (#111-545-003, Jackson Immuno) was used for 

integrin staining (1:600 for ITGB5, and 1:2000 for ITGB1, CD51, CD61). Nuclei were 

counterstained with NucBlue™ Live ReadyProbes™ Reagent (Hoechst 33342) (#R37605, 

ThermoFisher). Slides imaged with the VS120 Virtual Slide Microscope. Ten fields were 

chosen per well for point-counting of fully differentiated myofibroblasts (identified by 

incorporation of αSMA into stress fibers) and quantification in ImageJ. The average of 

the 10 fields for each well constituted a single data point. For quantification of mean 

fluorescent intensity and area, images were quantified in CellProfiler™ using the Measure 
image area occupied module and the measure intensity pipeline after pre-processing with the 

illumination pipeline. Experiments were performed in biological triplicate and experimental 

duplicate.

RNA Isolation and qPCR analysis

For in vitro studies, 200uL TRIzol was added to each well of the 24-well plate seeded 

with primary tenocytes and treated as described above. A P1000 pipette tip was used to 

scrape cells into solution for lysis, and suspension collected to a 1.5mL Eppendorf tube, 

followed immediately by RNA isolation or storage at −20°C. RNA isolation was carried out 

using the Direct-zol RNA Microprep Kit (Zymo Research #R2062) by column purification 

and including a DNAse step to remove DNA contamination. cDNA was generated with 

500 ng of RNA using an iScript cDNA synthesis kit (BioRad, Hercules CA). Quantitative 

PCR was run with gene specific primers (Table 1), and data were normalized to β-actin 

(Actb) and expression in WT samples using the 2−ΔΔCt method to determine the relative fold 

gene expression [67] . All experiments were done in biological triplicate and experimental 

duplicate.

Human tissue samples

Human flexor tendon samples were isolated in accordance with our IRB approved protocol 

(RSRB #54231). Healthy control tendons (n=2) were harvested from the digits following 

traumatic hand amputations. Tendon scar tissue was isolated during ‘tenolysis’ surgery (n=3) 

to remove function-limiting peritendinous adhesions and scar tissue that formed following 

primary surgical repair of flexor tendon lacerations. Tenolysis procedures occurred between 

3-12 months after the primary tendon repair surgery.

Statistics

Statistically significant differences between genotypes or treatments in in vitro and in vivo 
studies were assessed by unequal variance un-paired t-test. All analyses were conducted 
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using GraphPad Prism software (v9.2., La Jolla CA). Data are presented as mean ± SD, and 

p-values ≤ 0.05 were considered significant, with the following conventions: *=p ≤ 0.05, 

**=p ≤ 0.01, and ***=p ≤ 0.001. Mice were randomly allocated to specific experimental 

outcome metrics prior to surgery. Outlier data points for tested for using GraphPad Prism 

software using the ROUT method, and the Q value set at 1%.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Periostin-lineage cells contribute to a transient but not persistent 

myofibroblast population

• Periostin serves as a supportive niche for myofibroblast differentiation

• Periostin is required for functional tendon healing
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Figure 1. Periostin expression is dynamic during tendon healing.
(A) During homeostasis minimal Periostin (Postn, pink) expression is observed in C57Bl/6J 

murine flexor digitorum longus (FDL) tendons, while Postn expression was observed in the 

epitenon of uninjured human flexor tendon samples (B). (C & D) C57Bl/6J mice underwent 

FDL repair surgery and were harvested for histology at D3, 7, 10, 14, 21, and 28. Tissue 

sections were stained for αSMA (green), secreted Postn (pink), and Hoescht (nuclei, blue), 

the percent of Periostin+ cells was quantified over time. (E) A 2D representation of a 3D 

confocal z-stack imaged from an area of the murine scar tissue at D14 post-surgery. Postn 

staining is shown in white, αSMA in red, and nuclei in blue. (E) Human tenolysis tissue was 

processed for paraffin sectioning and stained for αSMA (green), Postn (pink), and Hoescht 

(nuclei, blue). Inset is magnified from the area enclosed by the box in the low power image. 

(*) indicates p<0.05 vs D3, (#) indicates p<0.05 vs D7.
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Figure 2. PostnLin cells transiently contribute to the αSMA+ myofibroblast pool during tendon 
healing.
(A) To trace PostnLin cells, PostnMCM; Rosa-Ai9 reporter mice were fed tamoxifen chow 

from the time of surgery until harvest at D28 post-surgery. (B) Very few PostnLin cells 

(red) were observed in uninjured contralateral control tendons. Nuclei are stained blue with 

Hoescht. (C) At D7 and D14 post-surgery, a small population of PostnLin cells (red) express 

αSMA (cyan), indicative of myofibroblast fate (yellow arrows), however, by D28 very few 

PostnLin-derived αSMA+ myofibroblasts were observed at at the native tendon-bridging 

tissue junction. Native tendon stubs are outlined with dotted white lines. (D) The proportion 

of PostnLin cells that contributed to the myofibroblast pool was quantified over time. N=3 

per time-point.
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Figure 3. PostnLin cells are primarily added to the pool between D7-10, and make time-
dependent contributions to healing.
(A & B) Temporally-dependent contributions to the overall PostnLin pool were defined 

using four different Tmx treatment and harvest regimens. Tmx was given for two days and 

hind paws harvested on the third day of the regimen for immunofluorescent analysis, with 

the following regimens used: TMX D2 & 3, harvest D4 (blue); TMX D7 & 8, harvest 

D9 (red); TMX D14 & 15, harvest D16 (green); TMX D21 & 22, harvest D23 (black). 

PostnLin cells are shown in green, αSMA+ myofibroblasts in red, and nuclei are stained 

blue with Hoescht. Tendon ends are outlined by dotted white lines. The percent of cells 

in the healing tendon that were PostnLin-derived using each labelling regimen is quantified 

in (C). (D) Based on the large addition of PostnLin to the healing environment at this 

time, PostnLin cells were labelled via Tmx administration on D10 & 11, with tendons 

harvested at D28. (E) At D28, minimal overlap between this subset of PostnLin cells (red) 

and αSMA+ myofibroblasts (green) was observed, indicating this subset of PostnLin cells 

does not contribute to the persistent myofibroblast population. (F) Several PostnLin cells 

actively expressed Hsp47 at this time (white arrows), while there was also a large population 

of PostnLin cells that did not express Hsp47 (purple arrows).
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Figure 4. Postn matrix drive tenocyte activation and differentiation in vitro.
Primary murine tenocytes were seeded onto tissue culture plates coated with either collagen 

I alone (control), or collagen I with the addition of 10μg/mL recombinant Periostin 

(rPeriostin). (A) Changes in expression of genes associated with fibroblast activation (Fap), 

myofibroblast differentiation (αSMA), tenogenesis (Scx), and a healing-associated matrix 

(Col3a1) were assessed in tenocytes cultured on control and rPostn-coated plates. n=3 

biological replicates (cells isolated from individual mice), with three technical replicates 

per biological sample. (B-D) The impact of rPeriostin on myofibroblast differentiation 

was assessed via immunostaining for αSMA (red), and nuclei were stained blue with 

Hoescht. The proportion of mature myofibroblasts (αSMA+ incorporated into F-actin 

stress fibers) were quantified relative to the overall cell count. n=6 biological replicates, 

with three technical replicates per biological sample. (E) Changes in expression area and 

mean fluorescence intensity (MFI) of integrin subunits β1/ITGB1, β5/ITGB5, β3/CD61, 

αV/CD51 were quantified between rPeriostin and control cultures. n=3 biological replicates 

(cells isolated from individual mice), with three technical replicates per biological sample. 
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(*) indicates p<0.05, (**) indicates p<0.01, (***) indicates p<0.001, (NS) indicates lack of 

statistical significance.
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Figure 5. Depletion of PostnLin cells from D7-10 post-injury is insufficient to disrupt the mature 
Periostin matrix.
(A) To deplete PostnLin cells and disrupt the established Postn matrix, Postn-MCM; Ai9 F/+; 

DTA F/+ mice were given tamoxifen from D7-10 post-surgery, and tendons were harvested 

at D14 and 21. (B) Deletion of PostnLin cells from D7-10 did not disrupt the established 

Postn matrix (purple), or alter myofibroblast content (αSMA+ cells, green). Nuclei are 

stained blue with Hoescht. (C) No changes in gliding function, including MTP Flexion 

Angle, or Gliding Resistance were observed between groups. (D) No changes in mechanical 

or material properties were observed between groups.
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Figure 6. Depletion of PostnLin cells from D5-14 post-injury disrupts formation of the Periostin 
matrix.
(A) In an attempt to disrupt the Periostin matrix, Periostin-MCM; Ai9 F/+; DTA F/+ mice 

were given tamoxifen from D5-14 post-surgery, and hind paws were harvested at D14. (B) 

Western blotting confirms an 83% decrease in Periostin protein using this depletion regimen 

(n=2 biological replicates with a pooling of three tendons per biological replicate). (C & D) 

Wildtype control and PostnLin-depleted tendons were stained for Periostin matrix (red), and 

αSMA (D, cyan). Nuclei are stained blue with Hoescht. A significant reduction in Periostin+ 

area was observed in depleted tendons, while a trending but not significant decline in 

αSMA was also observed. Less αSMA and Periostin staining is qualitatively observed 

in the depleted mice. (E) Linear regression analysis of αSMA and Periostin staining 

showed a significant positive correlation between myofibroblast content and Periostin matrix 

abundance.
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Figure 7. Depletion of PostnLin cells from D5-14 post-injury impairs functional and 
biomechanical recovery during tendon healing.
(A) PostnLin cell depletion from D5-14 resulted in substantial declines in tendon range of 

motion as shown by a significant decrease in MTP joint flexion angle and a significant 

increase in Gliding Resistance, relative to wildtype repairs (n=12 per genotype). (B) 

Assessment of recovery of mechanical and material properties demonstrated significant 

declines in peak load at failure and peak stress, relative to wildtype. No changes were 

observed in stiffness, cross-sectional area (CSA) or elastic modulus, relative to wildtype. 

(n=9-10 per genotype). (C) Histologically, intercalation of the tendon scar tissue into the 

muscle at the injury site was consistently observed in depleted mice (yellow arrows), in 

comparison to the clearly delineated border in wildtype littermates (white arrows), as shown 

by Masson’s Trichrome staining.
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Table 1.

qPCR Primer Sequences

Gene Sequence (5'- > 3') Reference

Actb Fwd AGATGTGCATCAGCAAGCAG NM_007393.5

Rev GCGCAAGTTAGGTTTTGTCA

FAP Fwd TGTACTGGATCAATCCCACTCT NM_022322.2

Rev GCTCATTCTGGTCAATCCCCT

Scx Fwd TGGCCTCCAGCTACATTTCT NM_198885.3

Rev TGTCACGGTCTTTGCTGAAC

Acta2 Fwd GAGGCACCACTGAACCCTAA NM_007392.3

Rev CATCTCCAGAGTCCAGCACA
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