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H E A LT H  A N D  M E D I C I N E

Activation of CGRP receptor–mediated signaling 
promotes tendon-bone healing
Xibang Zhao1, Guanfu Wu2, Jing Zhang2, Ziyi Yu2, Jiali Wang1*

Calcitonin gene-related peptide (CGRP), an osteopromotive neurotransmitter with a short half-life, shows increase 
while calcitonin receptor-like (CALCRL) level is decreased at the early stage in bone fractures. Therefore, the activa-
tion of CALCRL-mediated signaling may be more critical to promote the tendon-bone healing. We found CGRP 
enhanced osteogenic differentiation of BMSCs through PKA/CREB/JUNB pathway, contributing to improved sonic 
hedgehog (SHH) expression, which was verified at the tendon-bone interface (TBI) in the mice with Calcrl overex-
pression. The osteoblast-derived SHH and slit guidance ligand 3 were reported to favor nerve regeneration and 
type H (CD31hiEMCNhi) vessel formation, respectively. Encouragingly, the activation or inactivation of CALCRL-
mediated signaling significantly increased or decreased intensity of type H vessel and nerve fiber at the TBI, re-
spectively. Simultaneously, improved gait characteristics and biomechanical performance were observed in the 
Calcrl overexpression group. Together, the gene therapy targeting CGRP receptor may be a therapeutic strategy in 
sports medicine.

INTRODUCTION
Each year, more than two million anterior cruciate ligament (ACL) 
injuries occur around the world at an estimated annual cost of 70 bil-
lion US dollars (1, 2). Although most of the patients can restore their 
knee function after ACL reconstruction, the long-term failure rate is 
still over 10% (3). Tendon graft–bone healing quality has been widely 
considered as one of the most challenging factors influencing clinical 
outcomes in patients due to the complexity from soft to hard tissue 
(4). Failed reconstruction requires a second revision surgery, leading 
to economic and physical burden to patients with increased risks suf-
fering osteoarthritis in knee joints (5). Enormous evidence revealed 
that the enhancement of bony ingrowth toward the tendon-bone in-
terface (TBI) may promote the graft healed at the enthesis (6–8).

Recently, a specific vessel subtype called a type H vessel, which was 
identified as highly positive for endomucin (EMCN) and CD31, has 
been reported to favor osteogenic differentiation of the osteoprogeni-
tor cells densely surrounding type H vessels through modulation of 
angiogenesis-osteogenesis coupling effects (9, 10). Type H blood ves-
sels are mainly distributed in the metaphysis, periosteum, and endos-
teum (11). In ACL reconstruction, the bone tunnel will pass through 
the metaphysis region with abundant type H vessels, indicating that 
CD31hiEMCNhi endothelium may be involved in the angiogenesis 
during the tendon-bone healing.

Our previous work reported calcitonin gene-related peptide 
(CGRP), a neurotransmitter rich in periosteum and bone marrow, fa-
vored the expression of pro-osteogenic mediators during bone fracture 
healing through activation of the cyclic adenosine 3′,5′-monophosphate 
(cAMP)/cAMP response element–binding protein (CREB) signaling 
pathway (12). We found the tendon graft wrapped by the CGRP-rich 
periosteum after magnesium (Mg) pretreatment showed enhanced 
osteointegration ability (13). Although CGRP has been recently tried 
for direct use in a patellectomy model to test its role in the TBI healing 

(14), the very short half-life (only 5 min in blood) of this neuro
peptide would undoubtedly affect its long-term use especially in bone 
marrow–rich environment (15). The level of the pro-osteogenic neuro-
peptide CGRP is increased at the fracture site in animals (16–19) and 
patients (20, 21). However, it was reported that the expression level of 
CGRP receptor (CALCRL) at the fracture site was low at the early heal-
ing stage (day 7 after fracture in mice) while markedly increased at the 
middle healing stage (day 14 after fracture) (18). Therefore, it is neces-
sary to increase the expression levels of CGRP receptor on the cells 
located at the predrilled tunnel to initiate activation of CGRP-mediated 
signaling at the early healing stage after surgery. Gene therapy such as 
delivery of short hairpin RNAs (shRNAs) and DNA plasmids at a tis-
sue level is a potential strategy to modulate CGRP signaling pathway 
through regulation of CGRP receptor expression. For example, the 
overexpression of Calcrl was beneficial for osteogenic differentiation of 
osteoprogenitors, resulting in enhanced bone regeneration at the frac-
ture region (12).

As reported in the literatures, the sonic hedgehog (SHH) favors 
nerve axon regeneration (22). SHH was detected in osteoblasts (23), 
indicating the favorable role of osteoblasts in driving outgrowth of 
sensory axons. On one hand, the neurotransmitters [norepinephrine 
(NE) or CGRP] secreted by the TH+ (tyrosine hydroxylase) sympa-
thetic (24) or sensory nerve fibers (12) are closely involved in bone 
modeling and remodeling. On the other hand, osteoclast-derived ne-
trin-1 and osteoblast-secreted SHH have been found to induce nerve 
axon growth (25, 26), indicating that the communication between 
skeletal and neural tissues is critical for bone regeneration (27). There-
fore, the activation of CGRP/CGRP receptor–mediated signaling 
pathway may drive innervation by promoting SHH production in os-
teoblasts, which subsequently activate macrophage recruitment (22) 
and proliferation of endogenous neural precursor cells (26, 28). 
Meanwhile, slit guidance ligand 3 (SLIT3) is highly expressed in os-
teoblasts, which may simultaneously promote the formation of type 
H vessels and ultimately positively regulate bone regeneration (29). 
As the overexpression of the CGRP receptor in the osteoprogenitor 
cells favored their osteogenic differentiation under the stimuli of 
CGRP, the increased number of osteoblasts may contribute to the 
enhanced angiogenesis through secretion of more SLIT3 at the 
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TBI. Collectively, overexpression of CGRP receptor in bone tunnels 
may modulate innervation and angiogenesis, thereby favoring the 
graft osteointegration.

Here, to achieve localized drug retention, we propose in this study 
to inject adenovirus-mediated shCalcrl (adv-shCalcrl)– or Calcrl (adv-​
Calcrl)–loaded hydrogel microparticles (HMPs) into bone tunnels in 
mice that underwent ACL reconstruction. Accordingly, we raised the 
hypothesis that the graft osteointegration at the bone tunnels would be 
significantly promoted in the adv-​Calcrl–treated mice compared to 
that in the control and adv-shCalcrl groups through modulation of 
osteogenesis-angiogenesis and osteogenesis-innervation coupling ef-
fects by up-regulation of osteoblast-derived SHH and SLIT3 levels. 
To test the hypothesis, we attempted to (i) further unravel CGRP 
signaling pathway in osteogenic differentiation of mesenchymal 

stem cells in vitro and (ii) verify whether the activation of CGRP 
receptor–mediated signaling affect the tendon graft healing through 
regulation of angiogenesis and innervation at the TBI.

RESULTS
CGRP promotes the osteogenic differentiation of BMSCs 
through PKA/CREB/JUNB signaling pathway, favoring higher 
expression of SHH
As evidenced by Fig. 1A, compared to the normal osteogenic medi-
um, the addition of CGRP significantly increased gene expression 
levels of Calcrl and osteogenic markers, including Runx2, Sp7, Ocn, 
and Opn in mouse bone marrow–derived mesenchymal stem cells 
(BMSCs). In addition, the formation of the calcium nodules was also 
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Fig. 1. The effects of CGRP on the osteogenic differentiation capability of mouse BMSCs. (A) Real-time polymerase chain reaction (PCR) analysis of Sp7, Runx2, osteocalcin 
(Ocn), osteopontin (Opn), and Calcrl mRNA expression in the bone marrow–derived mesenchymal stem cells (BMSCs) after incubation in OIM with or without CGRP. *P < 0.05, 
**P < 0.01, and ***P < 0.001; n = 3 independent biological replicates. (B) Western blot (WB) analysis of protein levels of RUNX2, OSX, p-CREB, CREB, CALCRL, and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) in BMSCs with or without treatment of CGRP. (C) Quantification of RUNX2/GAPDH ratio, OSX/GAPDH ratio, and p-CREB/CREB ratio, and 
CALCRL/GAPDH ratio by WB analysis from (B). ns, not significant, *P < 0.05, **P < 0.01, and ***P < 0.001; n = 3 independent biological replicates. (D) WB analysis of protein 
levels of OSX, JUNB, SHH, p-CREB, CREB, and GAPDH in BMSCs with or without treatment of CGRP or H-89, a selective inhibitor of cAMP-dependent protein kinase (PKA). d, 
days. (E) Quantification of OSX/GAPDH ratio, JUNB/GAPDH, p-CREB/CREB ratio, and SHH/GAPDH ratio by WB analysis from (D). *P < 0.05, **P < 0.01, and ***P < 0.001; n = 3 
independent biological replicates. The Blank indicates BMSCs without incubation in osteogenic induction medium (OIM).
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significantly increased in both mouse and human BMSCs after CGRP 
treatment during osteogenic differentiation (fig. S4). Encouragingly, 
the CGRP stimuli significantly promoted the osteogenic differentia-
tion capability of rat BMSCs and the murine-derived preosteoblast-
like cell line, MC3T3-E1 (fig.  S5). Consistent with our previous 
findings performed in periosteum-derived stem cells (12), CGRP 
treatment also activates cAMP-dependent protein kinase (PKA)/
CREB signaling pathway during osteogenic differentiation of BMSCs, 
contributing to higher levels of RUNX2 and Osterix (OSX) (Fig. 1, B 
and C). The phosphorylation of CREB favored the expression of 
JUNB, a pro-osteogenic transcription factor, while inhibiting PKA/
CREB signaling by H-89, a specific inhibitor to PKA, suppressed the 
levels of JUNB (Fig. 1, D and E). Of note, the expression level of SHH 
was significantly increased when the BMSCs were induced toward os-
teogenic differentiation. The addition of CGRP in the osteogenic me-
dium significantly increased the expression level of SHH in the 
BMSC-derived osteoblasts. Meanwhile, the addition of H-89 signifi-
cantly down-regulated the expression level of SHH in the BMSC-
derived osteoblasts with and without CGRP stimuli. The consistent 
results were also observed in human BMSCs during the course of os-
teogenic differentiation with or without addition of CGRP and H-89 
(fig. S6).

The HMPs exhibiting excellent rheological performance and 
biocompatibility favor structural stability of adenoviral 
vector for extended release
To prepare HMPs, uniform microdroplets were first prepared by 
microfluidic emulsion technique. As is shown in Fig. 2A, aqueous 
dispersions containing 1% (w/v) thiolated hyaluronic acid (SH-
HA), 3.33% (w/v) hyperbranched poly(ethylene glycol) diacrylate 
macromer (HB-PEGDA), and adenovirus (3.52 × 109 IFU/ml) were 
intersected by the fluorinert FC-40 oil containing 2 wt % Pico-Surf 
in a microfluidic droplet maker to generate uniform microdroplets 
(Fig. 2B). Then, in analogy to a flask in a chemistry lab, each micro-
droplet here acts as a micro-compartment where HMP is produced 
by a Michael addition reaction between SH-HA and HB-PEGDA 
(30). As shown in Fig. 2C, HMPs with a diameter of 150 μm and a 
coefficient of variation of less than 3% were lastly obtained. HMPs of 
this size were used for subsequent experiments unless otherwise 
stated. Typical scanning electron microscopy images of HMPs fur-
ther confirmed that the HMPs were relatively uniform in size and 
that their surfaces were wrinkled because of shrinkage caused by the 
freeze-drying process (Fig. 2D).

The resulting HMPs were then concentrated by centrifugation at 
104 rpm for 10 min before injection. In a continuous flow experiment 

Fig. 2. Synthesis and characterization of HMPs. (A) Proton nuclear magnetic resonance (1H NMR) spectra of HB-PEGDA and SH-SA. (B) Schematic diagram of the prepa-
ration of HMPs in a poly(dimethylsiloxane)-based microfluidic droplet generator device. (C) Micrograph and diameter distribution of the resulting microdroplet templates. 
(D) Representative scanning electron microscopy images of the as-obtained HMPs. (E) Viscosity as a function of shear rate for the HMP clusters. (F) Strain-cycle experiment 
for the HMP clusters, whereby materials are cycled between 0.1 and 1000% stains. (G) The storage (G′) and (G″) modulus were measured under a constant strain of 1% and 
angular frequency ranging from 0.1 to 100 rad/s at 25°C. (H) Cell viability of BMSCs exposed to gradient concentration of HMPs. n = 4. (I) Live/Dead staining of BMSCs in-
cubated with gradient concentrations of HMPs visualized by a calcein AM/propidium iodide (PI) double-staining assay.
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(Fig.  2E), the instantaneous viscosity modulus of the concentrated 
HMPs was measured under a controlled frequency of 1 Hz and a wide 
range of shear rates from 0.01 to 100 s−1. It reveals that concentrated 
HMPs present shear-thinning properties. Next, an oscillatory strain 
alternation between 1000 and 0.1% was applied to these HMP sam-
ples at the same frequency (1 Hz). As shown in Fig. 2F, for a high 
magnitude strain (1000%), the sample exhibits a sol state, as G″ > G′. 
Moreover, when the strain is switched to a low magnitude strain 
(0.1%), the sol exhibits quick recovery to gel state, indicating self-
healing behavior. The characteristics indicate that the concentrated 
HMPs become viscous and easy to flow under the action of external 
shear force, which is beneficial for subsequent injectable treatments. 
When the external force is removed, the HMPs immediately restore 
the elasticity, realizing local drug retention. In addition, frequency 
sweeps showed that concentrated HMPs have a G′ of 500 Pa, and in-
creasing the concentration of SH-HA from 1 to 1.33% effectively in-
creased the elastic modulus of the material to several thousand 
pascals, all else being equal (Fig.  2G). The controllable mechanical 
properties and degradability of the constituent materials make HMPs 
ideal carriers for biomedical applications. Then, the biocompatibility 
and cytotoxicity of HMPs were determined with cell counting kit-8 
(CCK-8) assay and calcein AM/propidium iodide staining, and HMPs 
exhibit a good biocompatibility and low cytotoxicity as potential drug 
delivery systems (Fig. 2, H and I).

Then, the structural stability of adenovirus alone and adenovi-
rus loaded in HMPs was tested and compared to assess which one 
was more suitable for gene transfection. Of note, the quantitative 

polymerase chain reaction (qPCR) testing results showed that 
more than 90% of naked adenoviral vector was degraded after im-
mersion in phosphate-buffered saline (PBS) for 1 day, while the 
encapsulation of adenovirus particles effectively reduced the deg-
radation of adenoviral vector, showing approximate 54, 76, 95, 95, 
and 97% loss after 1, 3, 5, 7, and 9 days, respectively (Fig.  3A). 
Consistently, the agarose gel electrophoresis analysis revealed 
that most of naked adenoviral vector was degraded rapidly in 
PBS. Meanwhile, the product band assigned for the adenoviral 
vector, which was encapsulated by HMPs, was still clearly visual-
ized even after immersion in PBS for 9 days (Fig.  3B). The im-
proved structural stability of adenoviral vectors in HMPs profoundly 
improved the gene transfection efficiency. After immersion in PBS 
for 7 days, the adenoviral vectors, containing a green fluorescent 
protein (GFP), loaded in the HMPs were collected to transfect 
BMSCs. The adenoviral vectors alone (without HMPs loading), 
which were directly kept in PBS for 7 days, were also collected for 
gene transfection. As shown in Fig. 3C, the GFP expression level in 
BMSCs indicates the transfection efficiency, suggesting that the 
HMPs favored the structural stability of the adenoviral vectors 
for higher efficiency of transfection. Accordingly, the shCalcrl or 
Calcrl gene transfection via adenovirus-mediated delivery success-
fully reduced or increased gene and protein expression levels of 
CALCRL in the BMSCs after 3 days after transfection (Fig. 3D), 
contributing to up- or down-regulation of osteogenic markers of 
BMSCs during osteogenic differentiation with or without CGRP 
treatment after 7 days (Fig. 3E).

Fig. 3. Transfection efficiency of adenoviral transfer through the HMP delivery system. (A) Concentration of remaining adenovirus in HMPs or PBS. n = 3 indepen-
dent experiments. (B) Agarose gel electrophoresis of extracted DNA in the remaining adenovirus in HMPs or PBS. (C) The adenoviral vectors, expressing a green fluores-
cent protein (GFP), exhibited enhanced gene transfection efficiency in BMSCs for the adenovirus loaded HMPs compared to the adenovirus alone after immersion in PBS 
for 7 days. (D) Gene and protein expression levels of Calcrl in the BMSCs with or without incubation of adv-shCalcrl or adv-​Calcrl after 3 days. ***P < 0.001; n = 3 indepen-
dent biological replicates. (E) Gene expression levels of Sp7 and Ocn of BMSCs with or without incubation of adv-shCalcrl or adv-​Calcrl after osteogenic differentiation in 
the osteogenic medium with or without addition of CGRP after 7 days. **P < 0.01 and ***P < 0.001; n = 3 independent biological replicates. The Blank indicates BMSCs 
without incubation in OIM.
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The activation of CGRP receptor–mediated signaling 
enhances osseous ingrowth toward the TBI and promotes 
intra-tunnel bone formation
Consistently, the local injection of HMPs loading adv-shCalcrl or adv-​
Calcrl into bone tunnels affected tendon graft osteointegration and 
healing quality according to both hematoxylin and eosin (H&E) 
and Safranin O/Fast Green staining results (Fig. 4A). Apparently, 
compared to the injection of HMPs alone, the administration of adv-​
Calcrl encapsulated in HMPs significantly promoted bony ingrowth 
toward the TBI and accelerated healing process. Although the adv-
shCalcrl treatment impaired the tendon-bone healing in terms of as-
sessment outcomes on histological healing scores and tendon-bone 
contact ratio, there were no significant differences between the adv-​
shCalcrl group and the control group (Fig. 4B). To investigate whether 
the local injection of adenoviral particles loaded in HMPs success-
fully transfected the target tissue in vivo, we performed immunostain-
ing of CALCRL and found that the expression of CALCRL was 
significantly increased in the adv-​Calcrl group but significantly de-
creased in the adv-shCalcrl group at 4 and 6 weeks after surgery 
(Fig. 5). The changes of CALCRL expression levels may lead to activa-
tion or inactivation of CGRP receptor–mediated signaling pathway, 
which was verified by the immunostaining results of JUNB (fig. S7). 
To further study the effects of CGRP receptor on levels of osteogenic 
markers, immunostaining of RUNX2 was also performed. Compared 
to the HMPs alone group, a significantly increased fluorescence inten-
sity of double-positive region for RUNX2 and CALCRL at the TBI 
was observed in the adv-​Calcrl group (4.24 ± 0.35 versus 1.12 ± 0.31 
at 4 weeks, P  <  0.001; 4.19  ±  1.01 versus 0.96  ±  0.29 at 6 weeks, 
P  <  0.01). Meanwhile, the adv-shCalcrl treatment significantly de-
creased the fluorescence intensity of double-positive region of RUNX2 
and CALCRL relative to the control group (0.13  ±  0.01 versus 
1.12 ± 0.31 at 4 weeks, P < 0.05; 0.13 ± 0.03 versus 0.96 ± 0.29 at 
6 weeks, P < 0.05) (Fig. 5).

Therefore, HMPs, as the delivery system of adenoviral particles, 
effectively protected the degradation of the shuttle plasmid and 

significantly improved the osseous ingrowth at the TBI through trans-
ferring Calcrl genes into cells located in bone tunnels. Although bone 
tunnel expansion after ACL reconstruction is a well-accepted fre-
quent phenomenon, a marked increase in bone tunnel size may re-
duce the fixation stability of the graft, thereby impairing the graft 
healing and ultimately causing knee laxity and complicate revision 
(31). To examine whether the activation of CGRP receptor–medicated 
signaling affects intra-tunnel bone mass, the radiographic measure-
ment was performed by micro–computed tomography (CT). As 
shown in Fig. 6, compared to the control group and adv-shCalcrl 
group, the overexpression of Calcrl significantly reduced bone tunnel 
enlargement and increased intra-tunnel bone mass in terms of bone 
tunnel diameter, relative bone volume ratio (BV/TV), bone mineral 
density (BMD), trabecular bone number (Tb. N), trabecular bone 
separation (Tb. Sp), and trabecular bone thickness (Tb. Th), respec-
tively (Fig. 6C). Collectively, all the data supported that the local deliv-
ery of adv-​Calcrl encapsulated in HMPs efficiently promoted the graft 
osteointegration into bone tunnels and also significantly modified 
intra-tunnel bone mass.

The activation of CGRP receptor–mediated signaling favors 
innervation and type H vessel formation at the TBI
Sensory innervation is part of the neural network of the bone tissue, 
contributing to release of osteogenic neurotransmitters at the nerve 
endings, such as CGRP, thereby favoring bone regeneration in the re-
gion rich of neuropeptides (25, 27). Compared to the control group, 
the adv-​Calcrl group significantly increased RUNX2+SHH+ bone tis-
sue around the tendon graft at 1 and 2 weeks after surgery (1.37 ± 0.16 
versus 1.00 ± 0.03 at 1 week, P < 0.01; 1.84 ± 0.05 versus 0.98 ± 0.08 
at 2 weeks, P  <  0.0001), while the adv-shCalcrl group displayed a 
significantly decreased RUNX2+SHH+ bone (0.66  ±  0.05 versus 
1.00 ± 0.03 at 1 week, P < 0.05; 0.27 ± 0.08 versus 0.98 ± 0.08 at 
2 weeks, P < 0.0001) (Fig. 7, A and C). Even at 4 and 6 weeks after 
surgery, as compared to the control group, the adv-​Calcrl group still 
significantly increased SHH expression level, while the adv-shCalcrl 

Fig. 4. Histological staining examination for the TBI. (A) Representative hematoxylin and eosin (H&E) and Safranin-O/Fast Green staining images showing tendon-bone 
healing at 4 and 6 weeks (w) after surgery. The black dashed squares indicated the magnified region at the tendon-bone interzone. Scale bars, 200 μm. (B) Semiquantita-
tive analysis of the tendon-bone healing quality. ns, not significant, *P < 0.05, and **P < 0.01; n = 5.
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group significantly decreased SHH expression level at the TBI (fig. S8). 
Simultaneously, the local injection of adv-​Calcrl–loaded HMPs sig-
nificantly increased the relative density of CGRP+NF200+ nerve fi-
bers (1.49 ± 0.10 versus 1.00 ± 0.13 at 1 week, P < 0.01; 1.99 ± 0.25 
versus 1.11  ±  0.09 at 2 weeks, P  <  0.01), while the adv-shCalcrl 
administration significantly decreased CGRP+NF200+ nerve fibers 
(0.27 ± 0.10 versus 1.00 ± 0.13 at 1 week, P < 0.001; 0.25 ± 0.06 versus 
1.11 ± 0.09 at 2 weeks, P < 0.01) at the TBI (Fig. 7, B and C), indicat-
ing that the activation of CGRP receptor–mediated signaling was 
positively correlated with innervation by CGRP+NF200+ sensory fi-
bers. Encouragingly, when compared to the control group, the adv-​
Calcrl group still showed significantly increased fluorescence intensity 
of CGRP+NF200+ area, while the adv-shCalcrl group exhibited sig-
nificantly decreased fluorescence intensity of CGRP+NF200+ area at 
the TBI at 4 and 6 weeks after surgery (fig. S8).

The enhancement of osteogenic differentiation of BMSCs was ac-
companied with the up-regulation of SLIT3 (29), a proangiogenic fac-
tor influencing the number of type H vascular endothelial cells. We 
then questioned whether the modulation of CGRP receptor–mediated 
signaling affected the type H vessel formation at the TBI. As shown 
in Fig. 8 (A and C), compared to the control group, the adv-​Calcrl 

group significantly increased the osteoblast-derived SLIT3 expression 
level (RUNX2+SLIT3+) (1.86  ±  0.10 versus 1.00  ±  0.04 at 1 week, 
P < 0.0001; 2.11 ± 0.23 versus 1.03 ± 0.04 at 2 weeks, P < 0.001), 
while the administration of adv-shCalcrl significantly reduced the 
osteoblast-derived SLIT3 expression level (0.31 ± 0.08 versus 1.00 ± 
0.04 at 1 week, P < 0.0001; 0.25 ± 0.11 versus 1.03 ± 0.04 at 2 weeks, 
P < 0.01) at the TBI at 1 and 2 weeks after surgery. Simultaneously, 
as compared to the control group, the adv-​Calcrl group showed a 
significant increase in the formation of CD31hiEMCNhi endotheli-
um, while the adv-shCalcrl group significantly reduced levels of 
CD31hiEMCNhi endothelium at 1, 2, 4, and 6 weeks after surgery 
(Fig. 8, B and C).

Our in vitro data showed that the gene and protein expression lev-
els of CGRP receptor (CALCRL) were relative lower in BMSCs and 
then significantly increased after 3 days in the course of osteogenic 
differentiation. As evidenced by the in vivo data, the fluorescence in-
tensity of CALCRL was significantly decreased in the trabecular bone 
of mice at 1 and 2 weeks after surgery relative to that in mice without 
surgery (fig. S9), which may be ascribed to the increased number of 
recruited BMSCs at the injured site. The fluorescence intensity of 
CGRP was significantly increased around the predrilled bone tunnel 

Fig. 5. CGRP receptor–mediated signaling modulates expression levels of RUNX2 and CALCRL at the TBI in mice. (A) Representative immunofluorescence staining 
of RUNX2 and CALCRL at the TBI in mice with various treatments at 4 and 6 weeks after surgery. DAPI, 4′,6-diamidino-2-phenylindole. (B) Quantitative analysis of the rela-
tive fluorescence intensities of RUNX2+, CALCRL+, and RUNX2+CALCRL+ area at the TBI in mice with various treatments at 4 and 6 weeks after surgery. *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001; n = 3. Dashed lines, tendon graft boundary; B, bone; T, tendon; IF, interface. Scale bars, 200 μm.
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in mice from the presurgery to the after surgery (fig. S9). Therefore, 
the activation of CGRP receptor–mediated signaling was an efficient 
strategy to regulate both nerve fiber and type H vessel formation at 
the at the TBI, which may in turn favor new bone formation through 
coupling the densely surrounded osteoprogenitors around type H 
vessels (10) and releasing the pro-osteogenic neurotransmitters, e.g., 
CGRP (12), respectively.

The activation of CGRP receptor–mediated signaling 
improves knee function of mice after ACL reconstruction
Successful ACL reconstruction with appropriate treatment can usu-
ally restore stability and function of knees, so gait analysis and bio-
mechanical testing were further performed to verify whether the 
activation of CGRP receptor–mediated signaling successfully modify 
knee function and stability. The mice underwent ACL reconstruction 
displayed significant decrease in stride length and print area while 
significant increase in paw overlap distance relative to mice in both 
healthy and sham groups (Fig. 9, A to D). Then, the effects of adeno-
viral treatment on gait characteristics and kinetic parameters of mice 
were observed and recorded. Of note, in terms of stride length, as 

compared to the control group, the mice in the adv-​Calcrl group re-
vealed a significant increase at 2, 4, and 6 weeks after surgery 
(Fig. 9B). For print area, the mice showed a significant increase in the 
adv-​Calcrl group compared to that in the control group at 4 weeks 
after surgery (Fig. 9C). In addition, the hind paws of mice exhibited a 
significant decrease of paw overlap distance in the adv-​Calcrl group 
compared to the control group at 4 and 6 weeks after surgery (Fig. 9D). 
Different from adv-​Calcrl treatment, the adv-shCalcrl injection 
showed opposite effects on these kinetic parameters. Therefore, 
these data indicated that the activation of CGRP receptor–medicated 
signaling significantly modified gait behavior in mice with ACL 
reconstruction.

The improved knee function may be correlated with enhanced 
tendon-bone bonding strength. To test this hypothesis, biomechan-
ical testing was conducted to compare failure mode, maximal fail-
ure load, stiffness, and laxity displacement in the femur–tendon 
graft–tibia complex (FTGTC) from mice with various treatment 
(Fig. 10A). After reconstruction, the ligament failure mode covered 
midsubstance, tibial insertion tunnel, and femoral insertion tunnel 
(Fig.  10B). Compared to the control group, the adv-​Calcrl group 
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Fig. 6. Micro-CT analysis results for peri-tunnel bone in tibia. (A) Region of interest (ROI) indicated by the yellow cylinder of 0.8 mm in diameter and 0.54 mm in height 
located around the metaphysis. Scale bar, 1 mm. (B) Representative three-dimensional reconstructed images showing intra-tunnel bone tissue in ROI in different groups 
at the indicated time points. (C) Quantitative analysis of bone tunnel diameters, relative bone volume (BV/TV), bone mineral density (BMD), trabecular number (Tb. N), 
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showed a significant increase in the maximum load to failure at 
6 weeks and a significant reduction in knee laxity displacement at 
4 weeks after surgery (Fig. 10C). On the contrary, the adv-shCalcrl 
injection significantly decreased the maximum load to failure and 
also substantially reduced graft stiffness relative to the control 
group (Fig. 10C). These data revealed that the activation of CGRP 
receptor–mediated signaling was beneficial for higher bonding 

strength and knee stability (less laxity displacement) in recon-
structed subjects.

DISCUSSION
The purpose of this study was to develop an adenovirus-mediated 
gene therapy targeting bone tunnels for enhancement of tendon-bone 

Fig. 7. CGRP receptor–mediated signaling modulates expression levels of RUNX2, SHH, CGRP, and NF200 at the TBI in mice. (A) Representative immunofluores-
cence staining of RUNX2 and SHH at the TBI in mice with various treatments at 1 and 2 weeks after surgery. (B) Representative immunofluorescence staining of CGRP and 
NF200 at the TBI in mice with various treatments at 1 and 2 weeks after surgery. (C) Quantitative analysis of the relative fluorescence intensities of RUNX2+, SHH+, 
RUNX2+SHH+, and CGRP+NF200+ area at the TBI in mice with various treatments at 1 and 2 weeks after surgery. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; 
n = 3. Dashed lines, tendon graft boundary; B, bone; T, tendon; IF, interface. Scale bars, 200 μm.
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healing. We verified that the activation of CGRP/CGRP receptor–
mediated signaling promoted osteogenic differentiation of BMSCs via 
regulation of PKA/CREB/JUNB axis. The osteoprogenitor cells, as the 
predominant cell type transfected by the adenovirus expressing Calcrl 
at the TBI in mice, also increased significantly in the adv-​Calcrl 
group relative to that in the control group. The increased number of 
osteoprogenitors significantly favored the osteoblast-derived SHH 
and SLIT3 expression at the TBI in the adv-​Calcrl group relative to 
that in the control group, which may thereby contribute to signifi-
cantly enhanced regeneration of nerve fiber and type H vessel forma-
tion, respectively.

CGRP, a short neuropeptide with two major forms (α and β) as-
sociated with C and Aδ sensory fibers, is mainly distributed through-
out the central and peripheral nervous systems (32). Recently, 
mounting evidence suggests that α-CGRP initiated signaling highly 
influences bone regeneration (18). Our previous work also reported 
that the entry of magnesium ions from implants into the sensory 
nerve fiber endings stimulated the release of α-CGRP from dorsal 
root ganglion, thereby contributing to marked enhancement of 

osteogenic differentiation capability of osteoprogenitors via cAMP/
CREB signaling pathway (12). Consistently, we verified the pro-
osteogenic effects of CGRP on BMSCs from mice, human, and rats 
(figs. S4 and S5) and further delineated the key components of PKA/
CREB/JUNB signaling axis. A recent reported neuropeptide, neuro-
peptide Y, under the control of autonomic nervous system, also regu-
lated osteogenic differentiation of BMSC through modulation of 
cAMP/PKA/CREB/JUNB signaling (33), indicating the critical role 
of JUNB in differentiation fate of BMSCs. However, because of a 
short half-life under physiological condition, the therapeutic poten-
tial of CGRP in orthopedics is still limited. Therefore, the gene ther-
apy targeting CGRP receptor Calcrl was considered to modulate the 
tendon-bone healing in mice with ACL reconstruction. We encapsu-
lated adenovirus into newly developed microhydrogels, which was 
composed of thiolated hyaluronic acid (SH-SA) as the outer layer 
and poly(ethylene glycol) diacrylate macromer (HB-PEGDA) as the 
core through droplet microfluidic fabrication method. As expected, 
the adenovirus loaded microhydrogels displayed excellent cytocom-
patibility. The microhydrogels, which were degraded within 24 days 

Fig. 8. CGRP receptor–mediated signaling modulates expression levels of RUNX2, SLIT3, EMCN, and CD31 at the TBI in mice. (A) Representative immunofluores-
cence staining of RUNX2 and SLIT3 at the TBI in mice with various treatments at 1 and 2 weeks after surgery. (B) Representative immunofluorescence staining of EMCN 
and CD31 at the TBI in mice with various treatments at 1, 2, 4, and 6 weeks after surgery. (C) Quantitative analysis of the relative fluorescence intensities of RUNX2+SLIT3+ 
and CD31+EMCN+ area at the TBI in mice with various treatments at the indicated time points after surgery. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; n = 3. 
Dashed lines, tendon graft boundary; B, bone; T, tendon; IF, interface. Scale bars, 200 μm.
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in mice (fig. S10), markedly extended the release of adenovirus and 
reduced the degradation of the shuttle plasmid, contributing to a 
prolonged while effective in  situ dose in bone tunnels for gene 
transfection.

As the CGRP-containing nerve fibers distribute abundantly in 
bone marrow (12), indicating that the overexpression of CGRP recep-
tor via adenoviral-mediated gene transfer may be an effective adjunct 
therapy in ACL reconstruction. Consistently, the activation of CGRP 

receptor–medicated signaling significantly favored the bony ingrowth 
into the graft and also significantly increased histologic scores in 
terms of multiple indices, including cellularity, cellular morphology of 
interface tissue, extent fibrocartilage tissue, interface tissue transition 
from bone to tendon, and tidemark. In addition to histological evi-
dence, the morphometric measurement of the intra-tunnel bone by 
micro-CT also validated the treatment efficacy of adv-​Calcrl transfec-
tion in ACL reconstruction. Clinically, the tunnel enlargement and 

Fig. 9. Gait analysis of mice with various treatment after ACL reconstruction. (A) Schematic illustration showing measurement of gait parameters. (B to D) Quantifica-
tion of hind-paw stride length, paw print area, and overlap distance in mice with various treatment at 1, 2, 4, and 6 weeks after surgery. *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001; n = 5.
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the peri-tunnel bone loss are frequently encountered phenomenon 
(34, 35) and increase the risk of knee laxity and revision surgery due 
to the impairment of tendon-bone fixation and integration. Appar-
ently, the bone tunnel widening was significantly reduced and even 
prevented in the adv-​Calcrl group as compared to the other two 
groups. Meanwhile, the local injection of adv-​Calcrl also significantly 
increased intra-tunnel bone mass relative to the other two groups. 
Therefore, we got the solid evidence that the activation of CGRP 
receptor–mediated signaling significantly promoted the graft healing 
through enhancing bone regeneration at the TBI. However, we are 
still not clear about the repair mechanism: pro-osteogenesis alone or 
some biological process–mediated pro-osteogenesis?

The promotion of osteogenic differentiation capability of BMSCs 
in bone marrow would increase the number of osteoblasts, evidenced 
by more RUNX2+ bone adjacent to the graft in the adv-​Calcrl group 
relative to that in the control and adv-shCalcrl groups. In line with 
in vitro results, the adv-​Calcrl group showed higher levels of JUNB at 
the peri-tunnel region relative to the other two groups. The activa-
tion of cAMP/PKA/CREB/JUNB signaling leads to production of 
more osteoblasts, which may exert more effects beyond the compo-
nents of newly formed bone. Most recently, osteoblast secreted SLIT3 
and SHH have been reported to exhibit unique role in promoting 
type H vessel formation (36) and sensory nerve fiber outgrowth (26, 
28), respectively. Notably, on one hand, osteoblasts favor expansion 
of CD31hiEMCNhi endothelial cells through secretion of angiocrine 
factors in a paracrine manner (29). On the other hand, type H blood 
vessels have a dense arrangement of RUNX2+ osteoprogenitors (11), 
indicating improved ability for bone regeneration. In addition, cross-
talk between bone and nerves is also critical during bone modeling 
and remodeling (37). For instance, osteoblast-derived SHH may 
drive sensory axon growth (38), while the newly formed sensory 
nerve fiber endings release pro-osteogenic neurotransmitters, such 
as CGRP, leading to increased number of osteoblasts. Therefore, the 
osteogenesis-angiogenesis and osteogenesis-innervation coupling 
effects may play a pivotal role in the tendon-bone healing. Encourag-
ingly, compared to the control and adv-shCarcrl groups, the adv-​Calcrl 
group showed significant increase in expression of CGRP+NF200+ 
and CD31hiEMCNhi around the tendon graft, indicating promoted 
innervation and more type H vessels at the TBI. Of note, compared 
to the control group, the adv-​Calcrl group showed significantly in-
creased fluorescence intensity of CD31, NF200, and RUNX2 at the 
TBI at different time points, indicating enhanced angiogenesis, 
innervation, and osteogenesis after activation of CGRP receptor–
mediated signaling (fig. S11). In addition, the Manders’ colocalization 
coefficient (MCC) is a metric to describe co-occurrence, so the frac-
tion of one protein that colocalizes with the other can be calculated 
(39). MCC analysis showed 14% of CALCRL overlapping CD31, 13% 
of CALCRL overlapping NF200, and 27% of CALCRL overlapping 
RUNX2 in the control group at 1 week after surgery. Notably, 14% of 
CALCRL overlapping CD31, 15% of CALCRL overlapping NF200, 
and 37% of CALCRL overlapping RUNX2 were observed after adv-​
Calcrl treatment at 1 week after surgery, indicating that the predomi-
nant cell type transfected by adenoviral vector expressing Calcrl gene 
was osteoprogenitor cells. Consistently, the fractions of CALCRL 
overlapping RUNX2 were still significantly higher than the fractions 
of CALCRL overlapping CD31 or NF200 in the adv-​Calcrl group at 
2, 4, and 6 weeks after surgery. To our best knowledge, it is the first 
attempt to investigate the osteoblast-driven innervation and angio-
genesis at the TBI. As expected, we observed the activation of CGRP 

receptor–mediated signaling simultaneously increased type H vessel 
formation and sensory nerve fiber regeneration, which was also ac-
companied by the enhanced bony ingrowth toward the TBI. However, 
there was still lack of direct evidence showing the individual effects 
of the CD31hiEMCNhi endothelium and sensory nerve axons on 
the osteogenic differentiation capability of osteoblast precursors at 
the TBI.

Apart from histological and radiographic assessment, gait charac-
teristics and the tendon-bone bonding strength are also the key 
indices for evaluation of graft healing quality. Generally, better gait 
performance may indicate potential for patients returning to activity 
earlier and lower risk of development and progression of knee osteo-
arthritis (40). Stride length is the distance covered in one gait cycle 
and defined as the anterior-posterior distance from heel strike to heel 
strike of the same foot (41). The stride length, as one of key gait pa-
rameters related to gait speed, is significantly lower in patients with 
knee dysfunction (42). The pain at the surgical wound area (the pre-
drilled bone tunnels and other incisions in soft tissue) may be the pre-
dominant cause affecting the stride length in mice at the early healing 
stage (43), so we observed a significant decrease in the stride length in 
mice at 1 and 2 weeks after surgery no matter what treatment was ap-
plied. In addition, the knee laxity also affected the stride length (44). 
As the adv-​Calcrl treatment significantly enhanced the tendon-bone 
healing and reduced the knee laxity, the stride length was significantly 
higher in the adv-​Calcrl group compared to that in the control group 
at 2 weeks after surgery. The wound healing at the late stage, e.g., 4 and 
6 weeks after operation, can markedly reduce pain, which may pro-
foundly restore the stride length in mice with ACL reconstruction. Of 
note, the knee stability rather than pain may be the main factor affect-
ing the stride length in mice at the late healing stage. Consistently, we 
observed that the stride length was significantly higher in the adv-​
Calcrl group relative to that in the control group at 4 and 6 weeks after 
surgery. Foot (paw) print area or pressure, as one of important gait 
parameters involving pain, is significantly reduced in patients (mice) 
with ACL injury (25, 45). The paw overlap distance, defined as the 
average overlapping distance of ipsilateral paws across successive 
strides, is significantly increased in animals with knee or ankle 
surgeries (46). Similarly, we found that the wound pain and knee sta-
bility affected the values of the two gait parameters, so they showed 
different characteristics at the early and late healing stages.

Then, to verify whether enhanced tendon graft–bone integration 
could contribute to improved biomechanical performance, the dy-
namic laxity assessment and tensile testing were conducted in the 
FTGTC samples. As expected, the activation of CGRP receptor–
mediated signaling significantly reduced knee laxity and improved the 
maximal failure load relative to the control group. The maximum load 
to failure was dependent on the integrity of the graft mid-substance 
and the TBI healing quality. Apparently, the adv-shCalcrl deteriorated 
the tendon-bone healing, which may simultaneously induce graft lax-
ity, so we observed that the load to failure was significantly lower in 
the adv-shCalcrl group relative to that in the control group and the 
adv-​Calcrl group. The graft healing was continuously promoted over 
healing time especially in the adv-​Calcrl group according to the histo-
logic scores, thereby contributing to significantly higher load to failure 
in the adv-​Calcrl group compared to the other two groups at 6 weeks 
after surgery. The laxity displacement may be primarily dependent on 
the tendon-bone healing quality. Therefore, the dynamic knee laxity 
measurement showed that the displacement was lowest in the adv-​
Calcrl group relative to the other two groups at 4 weeks after surgery. 
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Although the displacement was still lower in the adv-​Calcrl group 
relative to that in the control group at 6 weeks after surgery, there was 
no significant difference, indicating the important role of adv-​Calcrl 
in accelerating tendon-bone healing.

Meanwhile, we observed the failure mode located at the bone in-
sertions in the adv-​Calcrl group. Generally, impaired tendon-bone 
healing may lead to slippage of the tendon graft from the bone tunnels 
under cyclic loading during walking, thereby causing knee laxity, 
which would then induce the degeneration of graft mid-substance 
due to the lack of loading (47, 48). This would deteriorate the me-
chanical strength of the graft mid-substance. Of note, as the TBI heal-
ing is also impaired, there are chances for both graft mid-substance 
and the TBI as the biomechanical failure site. Enhanced tendon-bone 
healing would reduce slippage of the tendon graft from the bone tun-
nels under loading, which can dampen the degeneration of the graft 
mid-substance and thereby maintain its mechanical strength. At such 
circumstance, there are also possibilities for both graft mid-substance 
and the TBI as the biomechanical failure site. Together, the two func-
tional assessment outcomes validated that accelerated and promoted 
graft healing into bone tunnels favors gait performance and activity 
recovery, which are critical cues for patients during rehabilitation.

Above all, we developed a delivery system for gene therapy target-
ing CGRP receptor in bone tunnels, aiming to stimulate osteogenesis-
angiogenesis and osteogenesis-innervation coupling effects for 
promoted osseous ingrowth toward the TBI after ACL reconstruc-
tion (fig. S12).

However, there are still some limitations and concerns required to 
address in the future work. First, there would be concerns on the short 
observation period in mice. It is crucial to perform the study with a 
long-term period, which may provide a more convincing evidence to 
demonstrate the clinical potential of such strategy. As reported in the 
literatures, the cancellous bone turnover in mice is ~0.7% per day 
while 0.1% per day measured in humans (49). The bone remodeling 
period is about 2 weeks in mice while 6 to 9 months in humans (50). 
Here, we considered an observation period of 6 weeks in mice, which 
may be equivalent to 1 year or even longer period in humans. In clin-
ics, the fibrous interface was in continuous contact with the osteoid 
tissue and Sharpey-like fibers started to penetrate into the surrounding 
bone tissue at 6 months after surgery. At 10 months, mature indirect 
anchorage was obtained (51). We extended the observation time to 
8 weeks and found that there was no significant difference in the tendon-
bone healing quality in mice (6 weeks versus 8 weeks) (fig. S13), indi-
cating the entry of mature healing stage at 6 weeks in mice with ACL 
reconstruction. Second, as a neurotransmitter, CGRP is also a media-
tor of angiogenesis (52), so the activation of CGRP receptor–mediated 
signaling may simultaneously affect the formation of blood vessels. 
Nevertheless, although the predominant cell type transfected by ade-
noviral vectors expressing shCalcrl or Calcrl genes was osteoprogenitor 
cells (RUNX2+CALCRL+), the local injection of adenovirus loaded in 
HMPs may also transfect other cell types, e.g., endothelial cells and neu-
ral cells. Thus, the tissue-specific Cre-driver mice line may be required to 
exclude the confounding effects. Third, the activation of CGRP receptor–
mediated signaling modulated innervation (or CD31hiEMCNhi endo-
thelium) at the TBI. However, it was not clear whether the type H 
vessel or the innervation at the TBI affects the graft integration toward 
the bone tunnels. Therefore, it will be significant to investigate the 
effects of innervation (or type H vessels) on osseous ingrowth at 
the TBI in the following studies. For instance, SLIT3 or Netrin-1 
and their neutralizing antibodies may be considered for injection 

in tunnels to regulate type H vessel or sensory nerve fiber formation, 
for further identification of osteogenesis-innervation and osteogenesis-
angiogenesis coupling effects during graft healing. Encouragingly, our 
data revealed that the SLIT3-treated mice, exhibiting improved angio-
genesis and innervation at the TBI, showed better gait performance 
and biomechanical behaviors relative to the control group. Meanwhile, 
the SLIT3 neutralizing antibody–treated mice showed the opposite 
results (fig.  S14). It indicated the potential correlation between the 
innervation or angiogenesis and knee function recovery. Fourth, 
CALCRL interacts with receptor activity-modifying protein-1 (RAMP1) 
to generate a CGRP receptor. It is unclear about the role of RAMP1 in 
the tendon-bone healing in mice after adv-​Calcrl or adv-shCalcrl treat-
ment, which is an interesting and important topic to broaden our 
understanding of the significance of the CGRP receptor–mediated sig-
naling pathway in the tendon-bone healing. Fifth, the biosafety con-
cern may be raised for the gene therapy in the treatment of tendon-bone 
injuries. We tested the blood hematological parameters of the untreated 
mice and the treated mice after injection of HMPs loading PBS, 
scramble shRNA, adv-​Calcrl, and adv-shCalcrl. As shown in fig. S15A, 
there was no abnormal alteration in these hematological parameters 
after adenoviral treatment at the early stage. In addition, compared to 
the control group, there was no substantial increase of F4/80-positive 
macrophages around the bone tunnels (fig. S15B), indicating the high 
biocompatibility of our used adenovirus. However, the observation pe-
riod for the potential health risks induced by adenovirus treatment 
was still short, so a long-term assessment period is necessary in the 
future work. Last, although the adv-​Calcrl treatment only caused 
low expression of CALCRL in the tendon graft, the potential effect of 
CALCRL on the fate of the tendon graft is worthy of investigation.

In conclusion, we found that CGRP promoted osteogenic differen-
tiation capability of BMSCs via activation of cAMP/PKA/CREB/
JUNB signaling pathway, which was further evidenced by significant-
ly higher fluorescence intensity of RUNX2+ region at the TBI in the 
adv-​Calcrl group relative to that in the control group. Afterward, we 
prepared a novel microhydrogel to encapsulate adenovirus plasmid 
for gene therapy, with an extended while more stable in situ release, 
aiming to modulation of CGRP receptor expression levels in bone 
tunnels. Encouragingly, the adenoviral plasmid–loaded hydrogels 
exhibited satisfactory cytocompatibility and gene transfection effi-
ciency. The mice with the local injection of adv-​Calcrl showed signifi-
cantly improved graft healing and more intra-tunnel bone mass in 
terms of histological and radiographic assessment relative to the con-
trol and the adv-shCalcrl groups. Simultaneously, the activation of 
CGRP receptor–mediated signaling also favored the formation of 
CGRP+ sensory nerve fibers and CD31hiEMCNhi endothelium at the 
TBI, which was accompanied by improved gait characteristics and 
biomechanical performance. Collectively, the activation of CGRP re-
ceptor–mediated signaling is a potential therapeutic method to mod-
ify the tendon-bone healing in patients.

MATERIALS AND METHODS
Fabrication of HMPs
To prepare the HMPs, a microfluidic droplet maker was fabricated via 
soft lithography by pouring poly(dimethylsiloxane) along with cross-
linker (Sylgard 184 elastomer kit, Dow Corning; pre-polymer:cross-
linker, 12: 1) onto a silicon wafer patterned with SU-8 photoresist (53). 
Then, in a typical experiment, aqueous dispersions containing 1% 
(w/v) SH-HA, 3.33% (w/v) HB-PEGDA, and adenovirus (3.52 × 
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109 IFU/ml) were intersected by the fluorinertTM FC-40 oil containing 
2 wt % Pico-SurfTM in the microfluidic droplet maker to generate uni-
form microdroplets. The collected microdroplets were left at room 
temperature for 6 hours to ensure sufficient gelation and the formation 
of HMPs. Last, to purify the HMPs, 20% v/v 1H,1H,2H,2H-perfluoro-
1-octanol in Novec 7500 oil was added into the samples to remove the 
surfactant.

Encapsulation of adenovirus in micro-hydrogel for 
controlled release
The adenovirus plasmids were designed (fig. S1) and tried the trans-
fection efficiency in BMSCs via detection of GFP as a reporter (fig. S2). 
The adenoviral vectors loaded in the HMPs with a titer fixed at 
4.5 × 1010 IFU/ml were dissolved in the PBS solution at 37°C environ-
ment. At different time points, referring to 0, 1, 3, 5, 7, and 9 days, a 
certain volume (5 μl) of the mixed solution was collected and centri-
fuged for measurement of the amount of adenovirus by real-time 
qPCR analysis using ABI-7500 (Applied Biosystems, Foster City, CA, 
USA). Similarly, the adenoviral vectors alone were set as the control 
for comparison.

Cytocompatibility assessment
BMSCs were isolated from 3- to 5-week-old male C57BL/6J mice 
(54). All cells were cultured in Dulbecco’s modified Eagle’s medium 
(Gibco) supplemented with 15% fetal bovine serum (Gibco) and 1% 
penicillin-streptomycin at 37°C in a humidified atmosphere contain-
ing 5% CO2. BMSCs at passage 2 were seeded in 96-well plate and 
cultured with gradient concentration HMPs for 24 or 48 hours; then, 
the cytotoxicity of HMPs was evaluated by the CCK-8 (GlpBio, 
USA). In terms of the Live/Dead assay (Live/Dead cell imaging kit, 
US Everbright Inc., China), the BMSCs at passage 3 were used for 
measurement of cell viability after incubation with different concen-
trations of HMPs.

Osteogenic differentiation
Mouse, rat, and human BMSCs at passage 3 or 4 were seeded in a 
six-well plate at a density of 1 × 105 cells per well. Osteogenic differ-
entiation was induced in the osteogenic induction medium (OIM), 
which was composed of basic growth medium supplemented with 
100 nM dexamethasone (Sigma-Aldrich, USA), 10 mM sodium 
β-glycerophosphate (Sigma-Aldrich, USA), and 50 μM ascorbic acid 
(Sigma-Aldrich, USA). The culture medium was changed every 3 days. 
Real-time qPCR (table S1) and Western blot analysis were used for 
examination of expression levels of osteogenic markers in nonin-
duced BMSCs (Blank) and induced BMSCs, which were incubated in 
OIM with or without addition of CGRP and H-89 (inhibitor of PKA) 
for 3, 7, and 14 days, respectively. In addition, the presence of calci-
um nodules in BMSCs on days 14 and 21 after osteogenic differentia-
tion was observed by Alizarin Red S staining and then quantitatively 
analyzed by applying 10% cetylpyridinium chloride (Sigma-Aldrich, 
USA) for dissolution for 15 min at 560 nm.

Animals for ACL reconstruction
Ten- to 12-week-old male C57BL/6J mice were provided by the Labo-
ratory Animal Research Center of Sun Yat-Sen University. All the 
operations were performed with the approval by the local Animal 
Care and Use committee (SYSU-IACUC-2020-B0858). All mice were 
housed in a specific pathogen–free animal facility with free access to 
water and laboratory chow. The room is maintained at a controlled 

temperature (23° ± 2°C) and humidity (40 ± 5%). As shown in fig. S3 
(A and B), the surgery was performed according to our previously 
reported protocol (55). Briefly, after appropriate anesthesia (1% sodi-
um pentobarbital, 0.06 ml/10 g body weight), a 3- to 5-mm incision 
was made in the medial skin of left hindlimb to expose the Achilles 
tendon and harvest the medial gastrocnemius tendon with a high-
tension suture (Ethicon 8-0) fixed at both ends. The isolated tendon 
graft was then temporarily stored in PBS. Afterward, an incision was 
made adjacent to the patellar tendon to allow the patellar bone dislo-
cation before the creation of bone tunnel of 0.5 mm in diameter using 
a bone drill along the footprints of ACL through transtibial technique. 
Then, the micro-hydrogels with or without Adv-shCalcrl or Adv-​Calcrl 
loading was injected into the predrilled femoral and tibial tunnels 
after the transection of the native ACL. As the direct placement of the 
tendon graft into the bone tunnel would cause the loss of the injected 
micro-hydrogels, the tendon graft stored in PBS was then transferred 
to the micro-hydrogels with or without adenovirus loading, which 
may favor adenovirus compensation. After the insertion of the ten-
don graft into the bone tunnel, both of the graft ends were sutured 
tightly with surrounding tissues in both femoral and tibial sides. Dur-
ing the tendon graft fixation at the tibial entrance, a constant force of 
~0.1 N was applied to keep the graft tension. Last, the patellar bone 
was relocated to facilitate a layer-by-layer closure in incisions with ab-
sorbable sutures (Ethicon 8-0). In addition, the animal number as-
signed for different testings in each group at the indicated time points 
was described in fig. S3C. Of note, G.W. prepared the micro-hydrogels 
with or without Adv-shCalcrl or Adv-​Calcrl loading and then labeled 
them with different alphabet letters, e.g., A, B, and C, for the following 
use. X.Z. was blinded to the identity of those letter labeled samples, 
which were then used for animal experiments by him.

Western blot analysis
Cells were lysed using radioimmunoprecipitation assay (Solarbio) 
containing protease phosphatase inhibitor cocktail (Solarbio) for 
protein extraction. Protein lysates (20 μg) were separated by SDS–
polyacrylamide gel electrophoresis and transferred to polyvinyli-
dene difluoride membranes for antibody incubation. After blocked 
with Tris-buffered saline, 0.1% Tween 20 (TBST) containing 5% 
skim milk powder, the membrane was probed overnight with pri-
mary antibodies at 4°C and washed with TBST. After that, the 
membranes were incubated with secondary antibodies at room 
temperature for 1 hour. Afterward, the protein bands were visual-
ized using the ECL kit (Monad) and recorded with the Alpha-
FluorChemQ imaging system.

The following primary antibodies were used: RUNX2 (sc-390351, 
Santa Cruz Biotechnology), OSX (ab209484, Abcam), CREB 
(381013, ZenBio), p-CREB (380697, ZenBio), JUNB (sc-8051, Santa 
Cruz Biotechnology), PKA (251816, ZenBio), CALCRL (bs-1860R, 
Bioss), RAMP1 (R25544, ZenBio), SHH (BF0146, Affinity), and 
glyceraldehyde-3-phosphate dehydrogenase (BS65483M, BIOGOT; 
380626, ZenBio). The following secondary antibodies were used: 
goat anti-mouse immunoglobulin G (IgG) H&L [horseradish per-
oxidase (HRP)] (511103, ZenBio) and goat anti-rabbit IgG H&L 
(HRP) (511203, ZenBio).

Tissue collection
Animals were anesthetized with sodium pentobarbital at 2, 4, and 
6 weeks after surgery. Trans-cardiac perfusion was performed with 
saline containing 4% paraformaldehyde and 0.1% sodium heparin 
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(56). Afterward, the operative femoral-tendon-tibial complex was 
completely isolated, then wrapped with saline gauze, and lastly stored 
at −80°C for micro-CT scanning, biomechanical testing, and histo-
logical analysis.

Histological analysis
After fixation in 4% paraformaldehyde for 24 to 48 hours, the knee 
joints were decalcified in 15% EDTA tetrasodium solution. After 
4 weeks, the decalcified tissues were dehydrated through an ascending 
series of ethanol, cleared twice in xylene, and embedded in optimal 
cutting temperature compound (4583, Tissue-Tek) and frozen in 
cryostat (CM1950, Leica). The embedded samples were sectioned at 
7-μm thickness along the coronal plate from anterior to posterior be-
fore H&E and Safranin O/Fast Green staining for histological assess-
ment (table  S2). The microscopic images were acquired using a 
microscope (BDS400, CQOPTEC).

For immunofluorescence, the frozen tissue sections with 20 μm 
were transferred directly into antigen retrieval solution (sodium ci-
trate, pH 6.0). Then, the sections were blocked with the mixture of 3% 
goat serum, 1% bovine serum albumin, and 0.1% Triton X-100 in PBS 
for 1 hour at room temperature. Subsequently, the sections were 
probed overnight with primary antibodies at 4°C and then incubated 
with the secondary antibodies at room temperature for 1 hour. Nuclei 
were stained with 4′,6-diamidino-2-phenylindole, and the images 
were recorded using a confocal laser scanning microscope (FV3000, 
Olympus). The following primary antibodies were used: RUNX2 (sc-
390351, Santa Cruz Biotechnology), CALCRL (bs-1860R, Bioss), 
JUNB (sc-8051, Santa Cruz Biotechnology), SHH (BF0146, Affinity), 
CGRP (sc-57053, Santa Cruz Biotechnology), NF200 (ab207176, Ab-
cam), CD31 (AM32708PU-N, ORIGENE), and EMCN (bs6884R, 
Bioss), and SLIT3 (DF9909, Affinity). The following secondary anti-
bodies were used: goat anti-rabbit IgG(H+L) DyLight 488 (BS10017, 
Bioworlde), goat anti-rabbit IgG(H+L) Dylight 649 (A23620, Abb-
kine), goat anti-mouse IgG(H+L) Dylight 488 (BS21846, Bioworlde), 
and goat anti-mouse IgG (H+L) Dylight 649 (A23610, Abbkine).

Gait analysis
The gait analysis was performed according to our previous proto-
col (57). Briefly, all the mice were equally adapted to walk across 
a runway, 40-cm long and 5-cm wide, for 5 min in the dark. All 
the mice walk freely and as straight as possible. The footprint was 
recorded by a high-speed video camera that was position under 
the glass walkway (RunwayScan, CleverSys Inc). Gait parameters 
(stride length, paw print area, and overlap distance) were mea-
sured for comparison.

Biomechanical tests
After the removal of all the soft tissue but not the reconstructed 
tendon graft, the femur-tendon-tibia complex was fixed in a 0.5-ml 
centrifuge tube with denture base resins. The assessment of dy-
namic joint laxity was performed with the knee in full extension at 
a speed of 2 mm/min in a cyclic loading model between 0.1 and 
1 N on a mechanical testing machine (ZQ-990LB, Zhiqu Precision 
Instrument). After 10 cycles, the resultant displacement was re-
corded in mm. After the laxity test, the tensile test for the maxi-
mum load to failure was conducted at a speed of 2 mm/min until 
an abrupt drop in loading curve. The maximal load and the model 
of failure were recorded. The stiffness was calculated at linear re-
gion of the load-displacement curve.

Micro-CT analysis
The knee joint tissue was fixed in 4% paraformaldehyde for 24 hours 
at room temperature and stored in 70% ethanol. After fixed in scan 
tube, the samples were scanned with a voltage, a current, and an inte-
gration time set as 70 kV, 114 μA, and 230 ms, respectively (SCANCO 
μCT 100, SCANCO Medical AG). For accurate images of trabecular 
microstructure, including BMD, BV/TV, Tb. N, Tb. Th, Tb. Sp, and 
Tb. Th, in a round tunnel of 0.5 mm in diameter, an isotropic voxel 
size of 9 μm was applied.

Statistical analysis
All data are expressed as means ± SD. GraphPad Prism 8 software 
was used for data processing, statistical analysis, and drawing. The 
number of biological replicates was at least 3. Independent Student’s 
t test was used for comparison of data between two groups, while 
one-way analysis of variance (ANOVA) with Scheffe post hoc test 
was applied for multiple comparisons. The Kruskal-Wallis test was 
used for multiple comparisons of data from the semiquantitative 
analysis of the tendon-bone healing quality. The significant level was 
set as 0.05, and the statistical significance was declared as (*) at 
P < 0.05, (**) at P < 0.01, and (***) at P < 0.001. The load to failure 
was set as the primary outcome for the calculation of the sample size 
when the values of type I error α and power (1-β) were set as 0.05 and 
0.8, respectively. Therefore, 121 mice in total were used for gait analy-
sis, histological assessment, radiographic evaluation, and mechanical 
testing in this study.

Supplementary Materials
This PDF file includes:
Figs. S1 to S15
Tables S1 and S2
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