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Abstract

Traditional tendon-to-bone repair where the tendon is reattached to bone via suture anchors often
results in disorganized scar production rather than the formation of a zonal insertion. In contrast,
ligament reconstructions where tendon grafts are passed through bone tunnels can yield zonal
tendon-to-bone attachments between the graft and adjacent bone. Therefore, ligament
reconstructions can be used to study mechanisms that regulate zonal tendon-to-bone repair in the
adult. Anterior cruciate ligament (ACL) reconstructions are one of the most common
reconstruction procedures and while we know that cells from outside the graft produce the
attachments, we have not yet established specific cell populations that give rise to this tissue. To
address this knowledge gap, we performed ACL reconstructions in lineage tracing mice where
alpha smooth muscle actin (¢ SMACreERT?2) was used to label a SMA-expressing progenitors
within the bone marrow that produced zonal attachments. Expression of a SMA was increased
during early stages of the repair process such that the contribution of SMA-labeled cells to the
tunnel integration was highest when tamoxifen was delivered in the first week post-surgery. The
zonal attachments shared features with normal entheses, including tidemarks oriented
perpendicularly to collagen fibers, Collal-expressing cells, alkaline phosphatase activity, and
proteoglycan-rich staining. Finally, the integration strength increased with time, requiring 112%
greater force to remove the graft from the tunnel at 28 compared to 14 days post-surgery. Future
studies will target these progenitor cells to define the pathways that regulate zonal tendon-to-bone
repair in the adult.
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INTRODUCTION

Tendon and ligament injuries affect approximately 30% of adults in the United States!, with
many tendon injuries occurring near the bony attachment site, or enthesis. Surgical repair
represents one treatment option to improve function and decrease pain. Despite extensive
research aimed at improving surgical outcomes, repair failure remains a common
problem2-8. High failure rates may be due to a tendon environment that does not support a
prompt, effective healing response®. Moreover, healing following tendon-to-bone repair
results in disorganized scar formation rather than re-establishment of zonal tendon-to-bone
attachments. In contrast, when a tendon is placed through a bone tunnel, zonal attachments
with collagen fibers spanning across unmineralized and mineralized fibrocartilage
occurl®-18 While direct tendon repairs typically are not performed through a bone tunnel
(due to anatomic constraints), ligament reconstructions often utilize a tendon graft placed
though bone tunnels. The anterior cruciate ligament (ACL) is one of the most common
reconstructed ligaments. In this study, a mouse model of ACL reconstruction, similar to a
previous work1®-21 is used. Because of the vast array of transgenic mouse models, specific
cell populations can be genetically modified to better understand the mechanisms of the
repair process. There is a critical need to establish the key regulators that lead to zonal
tendon-to-bone attachments in such a model, in order to translate these findings to novel
tendon-to-bone repair therapies in which repair through a bone tunnel cannot be performed.

A staged repair response ensues after tendon grafts are passed through bone marrow tunnels
in the femur and tibia following ACL reconstruction that ultimately leads to zonal tendon-to-
bone attachments at the interface of the tendon graft and adjacent bone marrow10-18.22 The
cellular origin of these attachments is not from tenocytes within the tendon graft but instead
from external populations as demonstrated by studies using GFP allografts or physical
barriers around the tendon graft11:23.24_ As these studies were performed in large animals
with limited genetic models, specific identification of the cellular origin could not be
elucidated. Since these attachments occur at the interface between the tendon graft and the
adjacent bone marrow, presumably mesenchymal progenitors within the bone marrow give
rise to cells that repopulate the tendon graft and form zonal attachments.

There are several murine genetic models used previously to identify resident mesenchymal
stem/progenitor cells that give rise to new bone, cartilage, and tendon tissue following
injury2-30, One such Cre model is driven by the promoter for the alpha smooth muscle actin
(aSMA) gene (Acta2). This model labels a resident multipotent progenitor within the bone
marrow that gives rise to new bone and adipocytes during growth and development. It also
labels quiescent progenitor populations in the periosteum2°:26, paratenon?’-31, skeletal
muscle32, and dental pulp33 that activate in response to injury. Additionally, aSMA is highly
expressed by these cell populations during the early proliferative phase of the repair
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response. Therefore, a SMA could be a potential marker of progenitors within the bone
marrow that may participate in the tunnel integration process following ACL reconstruction.

In the current study, we utilized transgenic lineage tracing and real time fluorescent reporter
mice to measure the contribution of bone marrow progenitors to zonal tendon-to-bone
attachments following ACL reconstruction. The ability of these cells to produce zonal
attachments in the tunnels was assessed using multiplexed mineralized cryohistology where
we can clearly delineate between mineralized fibrocartilage of zonal attachments vs.
adjacent newly formed trabecular bone. The objective of this study was to measure the
contribution of cells expressing a SMA at different stages of the repair process to
fibrochondrocytes within zonal tendon-to-bone attachments and osteocytes within adjacent
bone following ACL reconstruction. Our hypothesis was that quiescent mesenchymal
progenitor cells within the bone marrow were primary contributors to tendon-to-bone
attachments within bone tunnels following ACL reconstruction. Since aSMA is expressed
by amplifying bone marrow progenitors, targeting the cells during this phase will also label
a higher proportion of cells that contribute to the tendon-to-bone attachments and adjacent
bone.

METHODS

Mice

All animal procedures were approved by the University of Pennsylvania’s institutional
animal care committee. The transgenic mouse lines used in this study were described
previously: aSMACreERT22526 R26R-tdTomato Cre reporter (B6;12956-
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, stock # 007905)34, and Collal(3.6kb)-CFP
fluorescent reporter mice (STOCK Tg(Collal*3.6-Cyan)2Rowe/J, stock # 017468)25:35-37,
The three lines were crossed together to yield triple and double (Cre-negative) transgenic
mice. Cre recombination was induced by intraperitoneal injection (80 mg/kg) of tamoxifen
(Sigma-Aldrich Corp.). Demeclocycline (60 mg/kg) injections were given the day prior to
sacrifice to label deposited mineral, specifically the tidemark within zonal attachments.

Experimental design

ACL reconstructions (ACLR) were performed on a total of 61 mice (mean + SD age, 16.0

+ 1.6 weeks old) while uninjured controls were also included (total = 65 mice) (Fig. 1).
Three tamoxifen injections groups were included: i) T_14 group received tamoxifen
injections on 14, 11, and 8 days prior to surgery, ii) T group received tamoxifen injections
on the day of surgery, 3, and 6 days post-surgery, and iii) T7 group received tamoxifen
injections on 7, 10, and 13 days post-surgery. Mice were assigned to either histological or
biomechanical assessment. Histology mice were assigned to the day after the last injection:
uninjured control for T_j4 group (n = 4), 7 days post-surgery for Tg group (n = 6), and 14
days post-surgery for the T7 group (n = 8). Additional mice were harvested at 28 days post-
surgery for T_14 (n =5), Tg (n = 6), and T7 (n = 9) injection groups. Additional mice that
were double transgenic (Cre-negative) were assigned for immunostaining on days 7, 14, and
28 (n = 2 per group). Two biomechanical assays were performed: anterior drawer and tunnel
pullout tests. Anterior drawer tests were performed on mice right after surgery (n = 8) and
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compared to contralateral uninjured limbs. Tunnel pullout tests were performed on mice at
14 (n =7) and 28 (n = 6) days post-surgery. Both male and female sexes were included and
were equally distributed across the treatment groups.

ACL reconstruction procedure using tail tendon autografts

The right knee joint of each mouse was subjected to surgical transection of the ACL
followed by reconstruction (Fig. 2 and S1). Mice were anesthetized with isoflurane (1%
—-3%), given pre-surgical analgesia, and sterilely prepped. An anteromedial incision was
made adjacent to the patellar tendon and the patella was subluxed laterally to access the joint
space (Fig. 2A1). The ACL was transected with a 27G needle. After confirmation of
substantially increased anterior drawer and intact PCL, a 27G needle was used to hand drill
the tibial tunnel originating as close to the native ACL footprint as possible and exiting on
the medial cortex of the tibia within the metaphysis (Fig. 2A2). Then, a new 27G needle was
used to drill the femoral tunnel originating at the native ACL footprint and exiting on the
lateral surface of the femur proximal to the patella (Fig. 2A3). Next 7-8 tail tendons (length
= 3-4 cm) were harvested (Fig. S1D) from the same mouse as a bundle (mean diameter of
bundle = 490 pm) and maintained in PBS to prevent dehydration. A 27G needle was inserted
antegrade into the tibial tunnel and suture was wrapped around the mid-length of the tail
tendon bundle and passed through the needle (Fig. S1E). Once the suture, but not the tail
tendons, were through the needle, the needle was removed and the tendon graft was pulled
through the tunnel from the suture (Fig. S1F). A similar procedure was performed to pass
the tendon graft through the femoral tunnel (Fig. S1G-H). Once the mid-length of the
tendon graft was outside the femoral tunnel, it was passed through and around a 316
stainless steel washer (OD 1.98 mm, ID 1.0 mm; McMaster Carr) to anchor the graft to the
washer (i.e., cow hitch knot) at the outer cortex of the femur (Fig. S1J-K). The knee was
positioned near full extension and then the two ends of the tail tendon graft at the outside of
the tibia were tied to another stainless steel washer using a surgical knot such that the washer
was positioned as closely to the outer cortex as possible (Fig. S1L). The patella was then
placed back to its anatomical position and the patellar tendon and medial retinaculum were
sutured closed followed by skin closure. After recovery from anesthesia, the animals were
returned to their cage and allowed to move ad libitum. At assigned time points, mice were
euthanized via CO, asphyxiation.

Anterior drawer test

Following euthanasia, left hindlimbs were isolated and all extraneous soft tissue was
removed via sharp dissection. All capsule ligaments, including the cruciates and collaterals,
along with the menisci were left intact. The distal half of each tibia was potted in
poly(methyl methacrylate) (PMMA). The potted tibial end was fixed in a custom fixture on
the material testing machine (Instron 5542, Instron Inc., Norwood, MA) that allowed for
adjustment of tibial plateau angle (Fig. 3A). The distal end of the femur was lowered into
another custom fixture that allowed for control of knee flexion by rotating the femur around
the joint center of rotation. The knee joint was tested for anterior and posterior stability by
cyclic loading between +0.4N at 0.1N/sec for 10 cycles and the 10th cycle was used to
quantify maximum anterior and posterior displacements. Samples are defined as: Intact —
intact left knee, ACLT — ACL transected left knee (transected on testing machine after
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testing intact), ACLR — ACL reconstructed right knee, ACLRT — ACLR graft transected
right knee (transected on testing machine after testing ACLR).

Multiplexed mineralized cryohistology

Following euthanasia, hindlimbs were harvested and fixed in formalin for 2 days, transferred
to 30% sucrose overnight, and embedded in OCT. Tape-stabilized, frozen mineralized
sagittal sections3®:38:39 of the knee were collected and each section was subjected to three
rounds of imaging on the Zeiss Axio Scan.Z1 digital slide scanner including 1) fluorescent
reporters, mineralization label, and polarized light, 2) alkaline phosphatase (AP) fluorescent
staining (Vector Blue Alkaline Phosphatase Substrate Kit, Vector Laboratories) with Hoechst
33342 counterstain, and 3) 0.025% toluidine blue (TB) or hematoxylin and eosin (agueous)
staining. Sections were decalcified prior to alkaline phosphatase staining. The sections
displayed in figure 5 were stained with toluidine blue, imaged, then the stain was removed
with Immunocal (Statlab), stained for H&E, and finally imaged again such that 4 rounds of
imaging occurred. Layered composite images of all imaging rounds were assembled and
aligned in image editing software.

Additional Cre-negative double transgenic mice were stained with a mouse anti-aSMA Cy3-
conjugated antibody (Millipore Sigma, clone 1A4, 1:200) and an anti-endomucin antibody
(Santa Cruz, V.7C7, 1:50) with goat anti-rat Alexa Fluor 647-conjugated secondary antibody
(ThermoFisher Scientific, 1:200).

Tunnel pullout test

Following euthanasia, mice were frozen until the day of testing. Limbs were dissected
similar to the anterior drawer test and the femur and tibia were potted in PMMA. The knee
was disarticulated and the femur was mounted on the testing machine such that the tunnel
was aligned parallel to the linear actuator. A 2-0 suture was passed through the washer on
the outer cortex of the femur and loaded uniaxially (0.025mm/sec) until failure. The same
procedure was repeated for the tibial tunnel. Maximum loads were recorded for pullout
strength.

Image analysis

The contribution of SMA-labeled cells to the tunnel integration was assessed at 28 days
post-surgery for each injection group (T.14, To, and T7) by quantifying the number of
tdTomato+ cells within the mineralized fibrocartilage of the tunnel attachments and the
osteocytes in the surrounding trabecular bone. The mineralized fibrocartilage was identified
by highly aligned collagen fibers (polarized light filter) traversing through a fluorescent
tidemark (i.e., demeclocycline). Trabecular bone within 500 pm of the tunnel edge was
included in the osteocyte measurements. The cells were identified by segmenting the cell
nuclei and then corresponding 8-bit values within the tdTomato channel were recorded. An
equivalent minimum threshold was applied to each image to determine the percentage of
cells that were tdTomato+. The percentage of Col1-CFP+ cells and the percent area of
alkaline phosphatase staining were also measured within the unmineralized fibrocartilage of
the tunnel attachments. The region of interest was defined by regions of attachments where
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the tidemark was perpendicular to the collagen fibers and extended 200 um from the
tidemark towards the graft midsubstance.

All data were normally distributed. The anterior and posterior drawer results were compared
between groups (intact, ACLT, ACLR, and ACLRT) via one-way ANOVA with Bonferroni
post-hoc comparisons (p < 0.05). The number of Col1-CFP+ cells and the percent area of
AP staining within the unmineralized fibrocartilage of the attachments were compared
across time points via one-way ANOVAS (p < 0.05). The contribution of SMA-labeled cells
to mineralized fibrocartilage and adjacent bone at day 28 were compared between the
different injection groups (T_14, Tg, and T7) via one-way MANOVA with Tamhane post hoc
comparisons for unequal variance (p < 0.05). The pullout strengths at days 14 and 28 post-
surgery were compared via one-tailed t-test with unequal variance (p < 0.05).

The ACL reconstruction procedure restored 45% of anterior stability of knee

Intact knees experienced 0.11+0.06 mm of anterior displacement at 0.4 N (Fig. 3C).
Following transection of the ACL on the testing machine such that the starting position was
consistent between intact and ACLT knees, the anterior displacement increased to 1.03+0.15
mm (p < 0.05). ACLR knees experienced 0.68+0.20 mm of anterior displacement at 0.4N
and increased to 1.10£0.23 mm following transection of the tendon graft on the testing
machine (p < 0.05). We conducted the test in this fashion because we were concerned that
we would not be able to find the neutral zone of the knee joint when loading the ACLR knee
onto the testing machine. However, we found that both left and right knees, when tested in
their ACL-deficient state, displayed similar levels of anterior displacement (p > 0.05).
Nonetheless, we also calculated the difference in maximum anterior displacement for the
knee prior to (i.e., intact or ACLR) and after transection (i.e., ACLT or ACLRT). The
difference in anterior displacement at 0.4N was 0.92+0.11 mm between intact and ACLT
groups and 0.42+0.21 mm for ACLR and ACLRT groups. Therefore, the ACL
reconstruction procedure restored 45% of anterior stability of the knee.

The ACL reconstruction procedure did have an effect on the posterior stability of the knee as
the surgery often caused partial damage to the posterior cruciate ligament (PCL) (Fig. 3D).
Therefore, intact (—0.16+0.07mm) and ACLT (-0.20+0.07 mm) knees displayed
significantly less drawer in the posterior direction than both the ACLR (=0.50£0.21 mm)
and ACLRT (-0.51+£0.21 mm) knees (p < 0.05). However, the posterior drawer did not
change between intact and ACLT groups, indicating that the PCL was not damaged when the
ACL was transected on the testing machine.

Zonal tendon-to-bone attachments develop through a coordinated spatiotemporal process

Following the bone tunnel injury in the ACL reconstruction procedure, bone marrow
mesenchymal progenitor cells activated within the first week post-surgery and began to
infiltrate the periphery of the tail tendon graft (Fig. 4A1-3) to initiate tendon-to-bone
attachments while the resident cells of the tail tendon graft slowly died over time, leading to
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acellular regions of the graft (Figs. 4A and 5A). The infiltrating cells expressed Col1-CFP as
they initiated the attachment (Fig. 4D). These cells also expressed alkaline phosphatase at
the day 7 time point. However, there was no demeclocycline within the attachments,
indicating mineral had not been deposited. On the other hand, disorganized woven bone with
Col1-CFP+ and AP+ osteoblasts formed along the tunnel periphery (Fig. 4A).

By 14 days post-surgery (Fig. 4B), cells within the attachment produced mineralized
fibrocartilage resulting in organized tidemarks (via demeclocycline) oriented perpendicular
to the collagen fibers (Fig. 4B3), similar to a native enthesis3®. In these attachments, Col1-
CFP+ and AP+ cells were situated within the unmineralized zone with AP being more
concentrated near the tidemark (Fig. 4B2). The adjacent trabecular bone became more
organized by 14 days post-surgery with less woven bone. By 28 days post-surgery, the
attachments continued to mature (Fig. 4C). The number of Col1-CFP+ cells and the AP
activity within the unmineralized regions of the attachments remained consistent over these
time points (Fig. 4D, p < 0.05).

The zonal attachments, while more disorganized, shared common characteristics with native
entheses (Fig. 5A). These characteristics included proteoglycan-rich unmineralized and
mineralized zones of fibrocartilage consisting of collagen fibers traversed by a tidemark
(Fig. 5A2, tidemark denoted by yellow line). The multiplexed cryohistology used in this
study, which combines undecalcified sectioning with multiple rounds of fluorescent and
chromogenic imaging, assisted in identifying the zonal attachments compared to standard
histological stains. Polarized light microscopy was used to visualize the collagen fibers in
combination with demeclocycline imaging to identify tidemarks running perpendicular to
the collagen fibers in order to identify the zonal attachment (Fig. 5A2) vs adjacent
mineralizing bone (Fig. 5A3). In addition, toluidine blue staining was used to identify
proteoglycan-rich regions of these attachments (Fig. 5), which is indicative of fibrocartilage.
The strength of the demeclocycline tidemark and Col1-CFP expression were also increased
in the zonal attachments (Fig. 5A2) compared to native adult entheses (Fig. 5A1 and S2B),
suggesting higher mineral deposition rates and collagen transcription.

aSMA is transiently expressed in the activated bone marrow and early tendon-to-bone

attachments

In order to visualize the spatiotemporal expression patterns of endogenous aSMA in the
repair tissues, samples were stained with an anti-aSMA-Cy3 antibody at days 7, 14, and 28
post-surgery. a SMA staining was concentrated within vascular (i.e., smooth muscle cells)
and perivascular regions of the contralateral uninjured limbs (yellow arrows in Fig. S3A).
Within the repair tissue, a SMA staining was concentrated in the bone marrow adjacent to
the tunnels that responded to the injury (“AM” in Fig. S3B1-2). These regions of the
marrow displayed stronger eosin staining compared to peripheral and uninjured marrow
(“M” in Fig. S3B2 and S3A2, respectively). a SMA staining was also found in cells
infiltrating the graft at day 7 (“A” in Fig. S3B1) but staining diminished in these regions as
the attachments mineralized by day 14 (“A” in Fig. S3C1). The level of staining in the
marrow adjacent to the tunnel diminished from day 7 to day 14 (Fig. S3B2 vs. S3C2) and
was near baseline levels at day 28 (data not shown). Finally, a subset of cells in the adjacent
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marrow and early attachments co-expressed aSMA and Col1-CFP (green arrows in Fig. S3)
while others were Col1-CFP negative, with a subset of negative cells being adjacent to
vessels within the bone marrow (Fig. S4C).

aSMA-expressing bone marrow progenitor cells contribute to the tunnel integration

Since aSMA is expressed by bone marrow mesenchymal progenitor cells2>, we utilized
aSMACreERT2 in combination with the Ai9 R26R-tdTomato Cre reporter to label these
cells via tamoxifen injections at 14, 11, and 8 days prior to surgery (T_14 group in Fig. 6A).
In an uninjured limb on the day after the last injection, tdTomato expression was found in
several cell populations including those within the primary spongiosa (Fig. 6Al), periosteum
(Fig. 6A2), and near the surface of trabecular bone (Fig. 6A3). In addition, a small subset of
cells were tdTomato+ within the patellar tendon midsubstance and epitenon. Strong labeling
was also found within perivascular cells and smooth muscle cells throughout the bone
marrow, joint space, and muscle. Finally, we also analyzed tail tendons from these mice and
found that while there was stronger labeling in the epitenon, only 0.74+0.68% of cells within
the tail tendon midsubstance were tdTomato+ (Fig. S5).

When mice in the T.14 injection group received ACL reconstructions and then were analyzed
at 28 days post-surgery, there were tdTomato+ cells within the tail tendon graft,
unmineralized and mineralized regions of the attachments, and within the surrounding
trabecular bone (Fig. 7A, D, E). The contribution of SMA-labeled cells was similar within
the mineralized fibrocartilage of the attachments (4.0£4.7%, Fig. 7D) vs. osteocytes in the
surrounding trabecular bone (2.9+1.6%, Fig. 7E) (p > 0.05).

Increased aSMA expression during early stages of repair resulted in the Ty injection group
having the highest cellular contribution to zonal attachments and adjacent bone

Since aSMA is induced in response to injury in a variety of mesenchymal tissues including
tendon, periosteum, and bone marrow?5-27:31 (Fig. S3), we studied two additional injection
groups defined as T (injections on 0, 3, and 6 days post-surgery) and T (injections on 7,
10, and 13 days post-surgery). We found a higher percentage of tdTomato+ cells within
mineralized fibrocartilage (MFC) as well as the surrounding trabecular bone in the T group
compared to the T_14 injection group (p < 0.05, Fig. 7D-E), with the T7 group displaying an
increasing trend in the MFC (p = 0.08) compared to T_14. The T group also had a higher
percentage of tdTomato+ cells in both the MFC and bone than the T group (p < 0.05, Fig.
7D-E).

Pullout strength of the femoral tunnel increased with healing time

To directly test the extent of tunnel integration, we conducted tunnel pullout tests for tibial
and femoral tunnels separately (Fig. 8). Therefore, the knee was disarticulated prior to
loading the femur and tibia in separate grips. The knot around the stainless steel washer on
the tibia was not strong enough to resist loads experienced during the test, resulting in the
knot failing before the graft was pulled out of the tunnel. As a result, the tibial tunnel tests
were not included in our analysis. The femoral washer was anchored sufficiently to the
tendon graft with the cow hitch knot and there was no evidence of slipping at the washer
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during the test. The pullout strength of the femoral tunnel was greater at day 28 (1.06+0.27
N) compared to day 14 (0.50+0.25 N) post-surgery (p < 0.05, Fig. 8B).

DISCUSSION

Constructing the spatiotemporal events needed to create a zonal tendon-to-bone insertion
site are critical to producing a functional repair outcome. Traditional tendon-to-bone repair
where the tendon is reattached to bone with suture leads to scar formation instead of a zonal
enthesis. As seen in this study (Figs. 4, 5, and 7), ligament reconstructions where a tendon is
passed through a bone tunnel, such as the femoral and tibial tunnels in an ACL
reconstruction procedure, can yield zonal attachments of the tendon graft to the adjacent
bonel0-18 Therefore, ligament reconstructions can be used to study the mechanisms of
zonal tendon-to-bone repair. While it is well appreciated that cells from outside the tendon
graft contribute to the tunnel integration process:22-24  the specific cell populations that
give rise to zonal attachments and newly formed bone during this process are poorly
understood.

To this end, we utilized the « SMACreERT2 model to specifically target cells participating in
the repair at multiple time points before (T.14) and after (Tg and T7) surgery. This mouse
model was previously shown to target an amplifying osteoprogenitor population within the
growing metaphysis2°. In addition, it labels quiescent adult progenitors within
periosteum?>:26, epitenon?”:31, skeletal muscle32, and dental pulp33 that activate in response
to injury. Unlike growing bone, fewer quiescent mesenchymal progenitors within the adult
bone marrow express a SMA compared to the periosteum, therefore there is minimal
contribution of these cells to intramembranous bone formation within the medullary cavity
following injury9. We found similar results following ACL reconstruction in this study
where the contribution of SMA-labeled cells was rather low (Fig. 7A, D, E) when the cells
were targeted prior to injury (T.14 group) but was significantly improved when tamoxifen
was delivered post-surgery (Fig. 7B, D, E) because aSMA is upregulated in the bone
marrow that responds to the injury (Fig. S3). Overall, the a SMACreERT2 model is an
efficient tool to target bone marrow progenitors that give rise to zonal attachments and newly
formed bone adjacent to the bone tunnels (Fig. 7D, E).

Several coordinated stages occur to form the zonal attachments in the bone tunnels, initiating
with the expansion of the progenitor pool in the adjacent bone marrow (Figs. 6B2 and S3B).
aSMA is expressed by a subset of quiescent progenitors (T_14 group) but is also elevated
within the amplifying progenitor pool following injury (Tg and T7 groups). These
mesenchymal progenitor cells go on to infiltrate the periphery of the tail tendon graft to
initiate attachments by day 7 (Figs. 4A, 6B1, and S6A). On day 14 and onward, the cells
within these attachments further differentiate and mineralize the surrounding matrix to
create zonal attachments consisting of unmineralized and mineralized fibrocartilage zones
(“M” in Fig. 5) with collagen fibers spanning across an organized tidemark (Fig. 5A2).
While not nearly as organized, the zonal attachments share common features with
developing entheses3® beyond the collagen organization and tidemark stated previously.
These attachments contain Col1-CFP+ cells within the unmineralized zones and strong
alkaline phosphatase activity concentrated near the tidemark (Fig. 4B-D). In addition,
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proteoglycan staining (toluidine blue) is found in these attachments (Fig. 5A2). Further
investigation is needed to better define the similarities and differences between the process
that produces these zonal attachments in adults compared to entheses during normal growth
and development. Of particular interest to our lab, future studies will determine whether
pathways that regulate zonal enthesis formation during growth and development also have a
similar role in zonal tendon-to-bone repair in this surgical model.

In addition to the unmineralized and mineralized fibrocartilage of the attachment, SMA-
labeled cells also produce the adjacent trabecular bone to which these attachments are
anchored. The question still remains whether the SMA-labeled cells are a heterogeneous
mixture of progenitors with a subset primed to form attachments while others are primed to
form bone or if a common progenitor exists that gives rise to both tissues. Additional studies
in our lab demonstrated that both attachments and adjacent bone come from GDF5-
expressing cells (data not shown) that may originate from embryonic stages. Similar to the
fate decision that specifies enthesis from tendon midsubstance progenitors in utero*1-43, it
will be important to identify an analogous fate decision in this repair model and the
pathway(s) that regulate such a decision. With the availability of an array of inducible Cre
mouse lines labeling a variety of cell types including osteoprogenitors?8-30 and tenogenic
cells*4, such an analysis can now be conducted. In fracture healing, a SMA-expressing
periosteal progenitors give rise to both chondrocytes and osteocytes in the fracture
callus?5:26, When these periosteal progenitors from an early callus were isolated and
cultured in vitro, they were capable of multipotent differentiation?®, suggesting that it is
possible a common progenitor could give rise to both zonal attachments and adjacent bone
following ACL reconstruction. Determining whether a common cell population needs to be
driven down two separate differentiation paths (zonal attachment vs. bone) or two distinct
cell populations need to be present to form these separate tissues could provide key guidance
for successful tendon-to-bone repair strategies. Future investigation of these mechanisms is
needed and is a focus of our work moving forward.

In addition to the transient expression by a subset of quiescent and amplifying progenitors in
mesenchymal tissues25-27:31,32.37.45 o SMA is also a common marker of
myofibroblasts*®-48. The convenience of a unique molecular marker for these cells have led
to a common misconception that mesenchymal cells that expresses aSMA must be
myofibroblasts*6:49. However, the key defining features of myofibroblasts are the de novo
development of in vivo stress fibers and contractile forces*6:4°, Fibroblasts transiently
differentiate into aSMA-negative protomyofibroblasts before differentiating further into
aSMA-positive myofibroblasts?’49, There is minimal evidence indicating that
myofibroblasts are progenitors or are multipotent, which suggests that the SMA-labeled cells
that produce the zonal attachment and/or adjacent bone did not arise from a myofibroblast
population. However, this point does not negate the possibility that certain tdTomato+ cells
in this study were myofibroblasts. Future studies will work to further identify sub-
populations of SMA-labeled cells that are progenitors giving rise to zonal attachments
and/or bone vs. local myofibroblasts.

This study is not without limitations. First, we were unable to fully restore the anterior
stability of the knee following the reconstruction procedure. This was primarily because the
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tunnels could not be drilled perfectly on the native footprints of the ACL without fracturing
the epiphyses, particularly in the tibia. Second, we were unable to produce perfectly aligned
longitudinal sections along the graft in the tibial tunnel, joint space, and femoral tunnel. This
is in part because the femoral and tibial tunnels were drilled independently of each other so
it is nearly impossible to align both tunnels during fixation. To address this limitation, we
first aligned the block to produce longitudinal sections within the femoral tunnel, then
adjusted the block to attempt to align the tibial tunnel, resulting in poor alignment of the
graft within the joint space. Finally, the tail tendon knot tied around the washer at the exit of
the tibial tunnel failed during the tunnel pullout test. We are modifying our protocol to stably
grip this tissue to address this limitation in future studies.

Identifying the key mechanisms that regulate zonal tendon-to-bone repair requires that we
have model systems that yield zonal repairs and can be spatiotemporally controlled such that
modulation of specific factors can improve or impair these attachments. By doing so, we can
define specific genes or pathways that positively or negatively regulate the process. Findings
in these studies will guide future therapies to target these mechanisms to improve the repair
outcome. With the vast genetic tools available with transgenic mouse lines, the ACL
reconstruction model in this study and the aSMACreERT2 mouse can serve as a test
platform to specifically target cells, genes, and pathways that regulate zonal tendon-to-bone
repair. Future studies will focus on key signaling pathways that have been shown to regulate
zonal enthesis formation during growth and development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: Experimental Design.

aSMACreERT2;R26R-tdTomato;Col1-CFP triple transgenic mice were given three
tamoxifen injections starting on either 14 days before surgery (T_14), the day of surgery (Ty),
or 7 days after surgery (T7). Additional Cre-negative mice were assigned for
immunofluorescence (IF). Mice were analyzed via multiplexed mineralized cryohistology
(B) on defined days (X denotes day of analysis). Additional samples were assigned to either
anterior drawer tests just after surgery or tunnel pullout tests at 14 and 28 days post-surgery

©).

J Orthop Res. Author manuscript; available in PMC 2021 January 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kamalitdinov et al.

Page 15

| B. Tunnel Positions |

A. ACLR Surgery

Fig. 2: ACL reconstruction procedure.
The ACL (arrow in Al) was accessed with an anteromedial incision and excised near the

femoral insertion. The tibial tunnel (2) and femoral (3) tunnels were drilled with 27G
needles. The tail tendon graft (arrow in A4) was passed through the tibial tunnel (4) then tied
to a stainless steel washer (arrow in 5) after passing through the femoral tunnel. Finally, the
graft was tied to another washer outside the tibial tunnel (6) resulting in tunnel positions (red
in panel B) as seen via MicroCT.
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Fig. 3: ACL reconstruction procedurerestored 45% of anterior stability of the knee.
The tibia and femur were loaded in custom grips that allowed for control of flexion angle

(A). Intact and ACLT (transected ACL) states were conducted on left limbs where the ACL
was transected on the machine after testing the intact state (B). The same tests were
performed on ACLR and ACLRT (transected graft in ACLR knee) states in the right knee.
Maximum anterior (C) and posterior (D) displacements for each group were recorded. Bars
denote p < 0.05 (n = 8 per group).

J Orthop Res. Author manuscript; available in PMC 2021 January 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kamalitdinov et al. Page 17

i/
Activity in UMFC

D 60% -

=

w >

© 40% 40% U

o 8

+ o

d >
)

Q 20% 20%

il

©

O

0% 0%

D7 D14 D28
mCol1-CFP m AP

Fig. 4: Establishment of zonal tendon-to-bone attachments with active collagen expression and
mineralization.

Mineralized frozen sections were made at 7 (A), 14 (B), and 28 (C) days post-surgery and
imaged for Col1-CFP reporter (cyan in A, B, C, A2, B2, and C2), demeclocycline (Dem)
(yellow in A1, B1, and C1), collagen structure (A3, B3, C3) during the first round of
imaging. The section was then stained and imaged for alkaline phosphatase (magenta in A2,
B2, and C2) followed by toluidine blue (A, B, C, Al, B1, and C1). Cells infiltrated collagen
fibers of the tail tendon at day 7 (A) but mineralization had not occurred. A noticeable
tidemark (yellow dotted lines in B and C) was seen in the attachments at 14 and 28 days
with mineralized fibrocartilage (* in B1 and C1). Col1-CFP+ cells and alkaline phosphatase
activity were located within the unmineralized zones (UMFC) of the attachments (A2, B2,
C2) and did not change with time (D, p > 0.05) (n =4, 4, and 6 for D7, D14, and D28
groups, respectively). Scale bars = 200um.
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[ Femoral Tunnel \ ACL Enthesis
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Fig. 5: Zonal tendon-to-bone attachments share characteristicswith native entheses.
We used several fluorescent and histological criteria to define the zonal attachments. These

attachments share features with native entheses more so than the adjacent bone. To highlight
these characteristics, this figure includes the remnant of the transected ACL with the femoral
enthesis (A1), zonal attachment near the entrance to the femoral tunnel (A2), and adjacent
trabecular bone (A3). All panels came from the same section that was imaged 4 times. The
first row is toluidine blue which demonstrates strong proteoglycan staining (purple) within
the unmineralized (F) and mineralized (M) fibrocartilage of the ACL enthesis and zonal
attachment compared to weak staining in the adjacent bone. The second row is H&E
staining which highlights the cell morphology within these tissues as well as the established
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tidemark in the ACL enthesis and zonal attachment. The third row is polarized light imaging
which was used to visualize the collagen fibers extending through the unmineralized and
mineralized fibrocartilage of the enthesis (A1) and zonal attachment (A2) compared to weak
polarized light in adjacent bone (B in panels Al and A3). Finally, row 4 is a composite
image of Col1-CFP (cyan) expression and demeclocycline (Dem, yellow) mineralization
labeling demonstrating the expression of Collal within these tissues and the mineral
deposition at the tidemarks (A1-2) and bone surface (A3). Scale bars = 200um. Comparison
to the uninjured ACL enthesis can be found in Fig. S2.
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T_ Bl_ue tdTom

A

Fig. 6: aSMACreERT2 line efficiently targets amplifying progenitor population that contributes

to tunnel integration.

Mice in the T_14 (A), Tg (B), and T7 (C) groups were assessed on the day after the last
injection to determine the cell populations that were labeled. tdTomato+ cells (red) within
the primary spongiosa (A1’), periosteum (A2’), and bone marrow (A3’) were found in the
T_14 group. tdTomato+ cells within the attachments (B1’ and C1’), adjacent bone (B2’ and
C2’) but not peripheral bone marrow (B3’ and C3”) were found in the T and T groups.
Insets are either toluidine blue (Al — C3) or tdTomato (red) with nuclear counterstain (blue)

J Orthop Res. Author manuscript; available in PMC 2021 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kamalitdinov et al.

Page 21

(A1’ - C3’). Panels B and C are from the same samples as Fig. 4A and 4B, respectively.
Scale bars = 200um.

J Orthop Res. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kamalitdinov et al. Page 22

tdTomato
Toluidine Polarized Col1-CFP tdTomato
DAPI

D MFC
~80% 7 —
X

© 60% -

(O]

O

+ 40% -

S

[]

£ 20% -

S

2 0% A

T—14 TO T7
Bone

—~80% A

o\o

© 60% -

Q) — —
O

+ 40% -

ie]

g 209% -

R

B oy A

T1aTo Ty

Fig. 7: The Tqinjection group yielded the highest number of SMA-labeled cellswithin the
attachments and adjacent bone.

Mice from T_14 (A), T (B), and T7 (C) groups were assessed at 28 days post-surgery to
determine the relative contributions of SMA-labeled cells to zonal attachments (D) and
adjacent bone (E). Column 1 is toluidine blue, column 2 is collagen structure (polarized
microscopy), column 3 is tdTomato (red) and Col1-CFP (cyan) cells with demeclocycline
labeling (dem, yellow), column 4 is tdTomato with nuclear counterstain (blue). Dotted lines
indicate tidemark location; * indicates mineralized fibrocartilage; ~ indicates unmineralized
fibrocartilage; B indicates bone. Images were rotated such that the orientation of each
attachment is consistent. Bars in plots denote p < 0.05 (n =5, 6, 8 for T_14, Tg, and Ty
groups, respectively). Scale bars = 200um.
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Fig. 8: Day 28 grafts demonstrated significantly greater pullout strength compared to day 14.
Femurs were mounted in PMMA while a suture was attached to the washer on the femur as

well as the actuator of the testing machine (A). The washer was pulled until the graft was
removed from the tunnel as seen in panel A. The maximum loads were recorded and
compared between the groups (B) with day 28 being significantly greater than day 14 (p <
0.05) (n = 6-7 per group).
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