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R E G E N E R AT I O N

Selective promotion of sensory innervation–mediated 
immunoregulation for tissue repair
Kaicheng Xu1,2,3,4†, Kaile Wu1,2,3,4†, Liang Chen1,2,3,4†, Yubin Zhao1,2,3,4, Hengyuan Li1,2,3,4,  
Nong Lin1,2,3,4, Zhaoming Ye1,2,3,4, Jianbin Xu1,2,3,4*, Donghua Huang1,2,3,4*, Xin Huang1,2,3,4*

Sensory innervation triggers the regenerative response after injury. However, dysfunction and impairment of sen-
sory nerves, accompanied by excessive inflammation impede tissue regeneration. Consequently, specific induc-
tion of sensory innervation to mediate immunoregulation becomes a promising therapeutic approach. Herein, we 
developed a cell/drug-free strategy to selectively boost endogenous sensory innervation to harness immune re-
sponses for promoting tissue rehabilitation. Specifically, a dual-functional phage was constructed with a sensory 
nerve–homing peptide and a β-subunit of nerve growth factor (β-NGF)–binding peptide. These double-displayed 
phages captured endogenic β-NGF and localized to sensory nerves to promote sensory innervation. Furthermore, 
regarding bone regeneration, phage-loaded hydrogels achieved rapid sensory nerve ingrowth in bone defect ar-
eas. Mechanistically, sensory neurotization facilitated M2 polarization of macrophages through the Sema3A/
XIAP/PAX6 pathway, thus decreasing the M1/M2 ratio to induce the dissipation of local inflammation. Collectively, 
these findings highlight the essential role of sensory innervation in manipulating inflammation and provide a 
conceptual framework based on neuroimmune interactions for promoting tissue regeneration.

INTRODUCTION
Peripheral nervous system regulates tissue development, homeosta-
sis, and repair (1). It influences the regeneration processes, likely 
through the secretion of neural-related molecules or the differentia-
tion of stem/precursor-like cells (2), and nerve depletion impairs tis-
sue healing outcomes (3). The peripheral nerves can be divided into 
several categories, and they perform different functions in tissue re-
pair. For example, overactivated sympathetic nerves trigger negative 
regenerative events (4), whereas sensory innervation contributes 
more to tissue healing. Numerous studies have shown that sensory 
nerves promoted adipose tissue regeneration (5), bone healing (6), 
and skin repair after ultraviolet-induced damage (7). However, the 
biological mechanism underlying sensory nerve–mediated tissue re-
pair remains unclear, and there is currently no inductive strategy that 
specifically facilitates sensory innervation in regenerative medicine.

Sensory innervation detects and responds to environmental harm-
ful stimuli, such as inflammatory mediators, mechanical damage, and 
intense heat in tissues, including skin, bone, and muscles, following 
acute injury (8). It relays signals to the immune system and directly 
affects immune cell function via neurotransmitters and neuropeptides 
(9), thus actively enhancing pathogen resistance and reducing inflam-
mation (10, 11). For instance, sensory neurons mediate immune re-
sponses by inhibiting cell recruitment, accelerating cell death, and 
enhancing efferocytosis of neutrophils, monocytes, and macrophages 
in mice (12). Therefore, it is reasonable to speculate that sensory in-
nervation facilitates tissue repair, probably through the regulation of 
immunity.

After injury, inflammation immediately triggers a series of im-
mune responses (13). Physiological inflammatory responses protect 

against harmful stimuli and restore the function of damaged tissues 
(14). However, excessive inflammation disrupts the microenviron-
ment, resulting in the overexpression of pro-inflammatory cytokines, 
excessive production of reactive oxygen species (15), and disordered 
sensory innervation (15,  16). This dysregulation of the sensory 
nerves, in turn, aggravates the inflammatory response, resulting in 
delayed tissue healing (17). Thus, the functional protection and pro-
motion of sensory innervation, a key endogenous driver of neuronal 
immunoregulation, are promising components for tissue regenera-
tive treatment.

Nerve tissues are abundant in the metabolically active regions of 
bone tissues (18), in which the regeneration outcome is substantially 
modulated by the immune system (19); therefore, in this study, we 
conducted relevant proof-of-concept research in the context of bone 
defects. We aimed to determine whether sensory innervation can ma-
nipulate the progression of local inflammation and subsequently af-
fect tissue regeneration. Specifically, we constructed a double-displayed 
bacteriophage to function as double-sided adhesive tape, capturing 
autogenous nerve growth factors and localizing to local sensory fibers. 
This dual-functional treatment system specifically promoted sensory 
nerve ingrowth and regulated macrophage-mediated inflammatory 
responses in the microenvironment (Fig. 1). Mechanistically, we found 
that sensory nerves secrete semaphorin 3A (Sema3A) to down-
regulate the expression of XIAP, which further mediates the ubiquiti-
nation of PAX6 to facilitate macrophage polarization. Overall, our 
study aimed to selectively promote sensory innervation–mediated im-
munoregulation after acute injury, and these findings provide a 
promising strategy to use these neuroimmune interactions to promote 
tissue repair.

RESULTS
Sensory denervation is accompanied by 
inflammatory outburst
To determine the potential roles and mechanisms of sensory nerves 
in bone healing, the rates of spontaneous healing of rat mandibular 
defects with and without dissection of inferior alveolar nerve (IAN), 
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also known as simple sensory nerve fibers (20), were compared (Fig. 
2, A and B). The diameter of the mandibular defect was set at 4 mm 
to allow for spontaneous bone healing.

First, microcomputed tomography (micro-CT) was conducted 
to assess the defect repair effects at 2 and 8 weeks after transection of 
IAN (Fig. 2C). The sham group showed an increase in new bone tis-
sue covering the defect area from 2 to 8 weeks, indicating healing 
potential. However, almost no new bone tissue was formed at any 
time point after denervation of IAN (Fig. 2, D and E). The quantita-
tive micro-CT results further validated these observations. The de-
fect coverage percentages were 2.77 ± 1.17 and 3.06 ± 1.07% at 2 
and 8 weeks after denervation, respectively, which were much lower 
than those of the control (13.84 ±  1.39 and 67.25 ±  4.01%, re-
spectively) (Fig. 2, F and G). The volume of newly formed bone in 
the denervated defect was significantly reduced at all time points 
(Fig. 2, F and G). Hematoxylin and eosin (H&E) and Masson stain-
ing histological analyses also showed almost no new bone forma-
tion in the defect area after 8 weeks of denervation (fig. S4, A and 
B). Immunohistochemical staining for alkaline phosphatase (ALP) 
and osteocalcin (OCN), which are indicators of the early and late 
stages, respectively, of osteogenic capacity further revealed the im-
paired bone regeneration outcome after IAN transection (fig. S4A). 
The ALP+ and OCN+ percentages in the sham group were both 
about twice as high as those in the denervation group (fig. S4C). In 

addition, tartrate-resistant acid phosphatase (TRAP) staining and 
immunofluorescence staining of CD31 were performed as well for 
evaluating bone resorption and vascularization during bone repair, 
respectively. The number of TRAP+ cells more than tripled after 
8 weeks of denervation, indicating the overactivated osteoclastic ac-
tivity (fig. S5A). However, the expressed fluorescence intensity of 
CD31 after denervation was notably decreased, suggesting an im-
paired angiogenesis effect caused by IAN transection (fig. S5B). To-
gether, these results indicated that the capacity for spontaneous 
endogenous bone repair, both in the early and late stages of injury, 
was remarkably delayed in the absence of sensory nerves. Consis-
tently, sensory denervation impairing tissue repair has been observed 
in various tissues, including skin, muscle, and cornea. For instance, 
in the skin and muscle, the selective ablation of GINIP+ somatosen-
sory neurons delays wound closure and impairs muscle regeneration 
(7, 12). In the cornea, sensory nerve disruption hinders tissue repair 
(21). In the context of bone tissue, Zhang et al. reported that the tra-
becular volume of rats was notably reduced by capsaicin-induced sen-
sory neuron lesions (22).

Considering that active nerve growth mainly occurs during the 
early stage after injury (23), transcriptome sequencing was conduct-
ed to investigate the potential pathophysiological changes in the 
bone defect areas after sensory denervation for 1 week. The results 
of Pearson’s correlation analysis suggested acceptable specimen 

Fig. 1. Schematic illustration. The promoted bone regenerative processes induced by dual-functional phage-loaded composite hydrogels, progressed with selective 
promotion of sensory innervation and regulation of immune responses via neuroimmune interactions. The phages released from the hydrogel capture the autogenous 
β-NGF in the impaired microenvironment and home to local sensory nerve fibers to facilitate sensory innervation. The sensory neurons subsequently mediate macro-
phage polarization toward M2 phenotype through the Sema3A/XIAP/PAX6 pathway, which further induces the dissipation of local inflammation and improved bone 
healing outcome. β-NGF, β subunit of nerve growth factor; M1 and M2, M1 and M2 polarized macrophage.
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Fig. 2. Sensory denervation impairs bone healing after injury with aggravation of the inflammatory response. (A and B) Schematic representation of the rat man-
dibular defect and IAN innervation models. (C) Time durations of the animal experiments. w, weeks. (D) Photographs of mandibular samples and (E) the corresponding 
3D reconstruction micro-CT images after 2 and 8 weeks of surgery. The black dotted circles in mandible photographs and the blue circles in reconstructed images repre-
sent the initial defect areas (diameter = 4 mm). Scale bars, 1 cm. (F and G) Quantitative analysis of coverage percentage and new bone volume at the defect site. (H) Venn 
diagram of the numbers of DEGs in the denervation and sham groups. (I) Volcano plot of differential gene expression between the two groups. (J) Heatmap of differential 
gene expression in the denervation and sham groups. (K) Enriched KEGG pathways in the denervation and sham groups. (L) GSEA of up-regulated and down-regulated 
macrophage-related genes. (M) Panoramic and partially enlarged images of H&E, Masson, and immunohistochemical stained tissues (for CGRP, dopamine, iNOS, and 
CD206) at 1 and 2 weeks after surgery. Scale bars, 1 mm and 60 μm, respectively. (N to P) Corresponding semiquantitative results of immunohistochemistry analysis 
at 1 week and (Q to S) 2 weeks after surgery. ***P < 0.001; NS, not significant.
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stability in the two groups (denervation versus sham; fig. S1A). Pro-
nounced changes in transcript levels were observed (Fig. 2, H and I), 
as well as in the levels of differentially expressed genes (DEGs) (Fig. 
2J). Approximately 2000 DEGs were identified based on the filtering 
criteria (Fig. 2, H to J). In the IAN resection group, Gene Ontology 
(GO) annotation analysis indicated that these genes were highly en-
riched in known biological processes involved in the immune system 
and responses to stimuli (fig. S1B). Moreover, Kyoto Encyclopedia of 
Genes and Genomes (KEGG) enrichment analysis revealed that most 
DEGs were enriched in several immune-associated signaling path-
ways, including the Jak-STAT (24), NOD-like receptor (25), PI3K-
Akt (26), and B cell receptor signaling pathways (Fig. 2K). These 
results highlighted the potent effects of IAN resection on the local 
immune microenvironment during bone regeneration. Neuropep-
tides and neurotransmitters released from sensory terminals func-
tionally affect innate and adaptive immune cells, such as dendritic 
cells, neutrophils, mast cells, and macrophages, to regulate the im-
mune response and inflammation in the vasculature and lymphatic 
vessels, host-pathogen defense, and inflammatory diseases (21). Con-
sidering that myeloid cells, such as macrophages, constitute most im-
mune cells in injured bone tissues undergoing repair or regeneration 
(27), gene set enrichment analysis (GSEA) associated with macro-
phages was performed, which showed positive enrichment of related 
gene sets in the bone defect area, emphasizing the functional activa-
tion of macrophages in the early stage after sensory nerve dissocia-
tion (Fig. 2L).

This was further supported by histological analysis results (Fig. 2M). 
Immunohistochemical staining for calcitonin gene–related pep-
tide (CGRP) and dopamine, which are specific markers for sensory 
and sympathetic nerves, respectively, indicated nerve ingrowth at 
the site of the bone defects. A large number of CGRP+ cells were 
identified after 1 week in the sham group, and the count increased at 
week 2, suggesting that sensory nerves started to grow into the bone 
defect area in the early stages of bone regeneration, which is consis-
tent with the findings of a previous study (23). However, almost no 
CGRP+ sensory fibers remained after IAN transection throughout 
the inflammatory stage (Fig. 2, M to Q). The staining results for do-
pamine indicated stable expression over the experiment duration, 
with similar expression in both groups. Immunofluorescence stain-
ing in the defect area suggested the same trend. The numbers of 
CGRP+TUBB3+ (βIII-tubulin, a common marker of nerve fibers) 
sensory nerve fibers after IAN transection were significantly de-
creased at 1 week compared to the sham (14.01  ±  8.44 versus 
44.88 ± 5.67%) and further declined at 2 weeks after surgery (fig. S2, 
A and B). However, the numbers of Dopamine+TUBB3+ sympa-
thetic fibers remained unchanged after surgery in the two groups at 
both 1 and 2 weeks (fig. S2, A and B). These outcomes indicate that 
sensory nerves were removed from the bone defect area after IAN 
resection, but the number of sympathetic nerves was unaffected. 
Subsequently, as illustrated by H&E and Masson staining, substan-
tially more infiltrated inflammatory cells were observed within the 
defect area of the denervation group at two time points compared 
with those in the sham group (Fig. 2M). These results were in agree-
ment with the outcomes of transcriptome sequencing, which showed 
that inflammatory reactions occurred and were dysregulated after 
sensory denervation.

To further validate the important role of macrophages induced 
by IAN resection during inflammation, the macrophage functional 
phenotypes were investigated. Immunohistochemical analysis showed 

that inducible nitric oxide synthase–positive (iNOS+) (a M1 marker) 
cells were predominant in the bone defect area in both groups at 
1 week, demonstrating that the tissues exhibited M1 macrophage–
mediated inflammatory responses (Fig. 2, M and R), which was con-
sistent with the findings of previous reports (28, 29). Two weeks 
after injury, the number of CD206+ (a M2 marker) cells was greater 
than the iNOS+ cells in the bone defect area in the sham group, sug-
gesting a physiological transition from M1-mediated inflammation 
to M2-mediated repair (Fig. 2, M and S). However, after IAN resec-
tion, iNOS+ cell infiltration persisted throughout the newly formed 
fibrous tissues at 2 weeks, along with decreased expression of CD206, 
indicating a strong inflammatory response (Fig. 2, M, R, and S). 
Similarly, immunofluorescence staining revealed that the number of 
iNOS+CD68+ and CD86+CD68+ M1 macrophages significantly in-
creased after denervation, whereas the number of CD206+CD68+ 
and CD163+CD68+ M2 macrophages was inversely decreased at 1 
and 2 weeks after surgery (fig. S3, A and B). Notably, after 4 weeks of 
denervation, the M1 percentage in the denervated group still re-
mained a high level compared to the sham (fig. S3, C and D), indi-
cating the delayed M1-dominant inflammation and impaired M1/
M2 transition during bone regeneration without sensory innervation. 
In addition, flow cytometry analysis of macrophages and enzyme- 
linked immunosorbent assays (ELISAs) of tumor necrosis factor–α 
(TNF-α) and interleukin-10 (IL-10) provided further verifications 
of persistent and intense inflammatory responses induced by dener-
vation (fig. S3, E to G).

Overall, these data demonstrated that the absence of sensory 
nerves resulted in the delayed polarization of macrophages toward an 
anti-inflammatory and pro-repair (M2-like) phenotype in the bone 
defect area. This, in turn, sustained the inflammatory stage, leading to 
impaired bone healing. Notably, these findings aligned with those of 
previous reports showing the anti-inflammatory effect and healing 
potential of sensory innervation by regulating the immune microen-
vironment in disease models such as diabetic foot and acute lung in-
jury, as well as in other organs such as skin, joints, and gastrointestinal 
tract (30, 31). Given that sensory denervation leads to greatly intensi-
fied and persistent inflammation in the bone defect area, we hypoth-
esized that artificial promotion of sensory nerve ingrowth would 
produce the opposite effect and thus endogenously drive macrophage 
polarization from the M1 to M2 phenotype, subsequently facilitating 
the shift from the inflammatory stage to the repair stage during the 
early phase of bone repair. This led us to develop a platform that can 
specifically promote rapid sensory nerve ingrowth to achieve pro-
healing immunomodulation for bone regeneration.

Sensory nerve–targeting peptides were screened by 
phage display
To the best of our knowledge, no molecules or drugs that specifi-
cally induce sensory nerve growth have been reported previously. 
To overcome this limitation, we constructed a bioactive molecule 
that facilitates sensory innervation. Specifically, we first screened 
sensory nerve–targeting molecules and then endowed the identified 
molecules with the capacity for sensory nerve induction.

As a novel biological manufacturing technology, bacteriophage 
displays have received increasing attention in the field of tissue engi-
neering in recent years because of their low cost, high biocompatibil-
ity, and efficiency (32). Thus, we first screened sensory nerve–targeting 
peptides using the phage display technique (Fig. 3A). A library of 
M13 phage–displayed random 9-nucleotide oligomer peptides was 
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used to interact with dorsal root ganglion cells (DRGCs) through 
biopanning. After an initial round of negative panning of Schwann 
cells, five rounds of positive panning toward DRGCs were then car-
ried out, with titers of the eluted target-binding phages at 4.3 × 104, 
3.4 × 105, and 3.7 × 105 plaque-forming units (PFU)/ml for rounds 3, 
4, and 5, respectively (Fig. 3A). When the DRGC-binding phages 
were successfully enriched, the DNA of 104 phage plaques (53 and 51 
in the fourth and fifth rounds, respectively) was randomly chosen for 
sequencing to determine the target-binding peptides displayed on the 
phages. As shown in Fig. 3B and table S1, one peptide, ADDFTECHV 
(termed AV), was predominant, with a total of 55 repeats, whereas the 
other screened peptides exhibited fewer repeats, suggesting that AV 
had been evolutionarily selected and potentially had the highest af-
finity for DRGCs. Therefore, AV-displaying phages were selected for 
further validation and investigation. A phage ELISA showed that AV-
displaying phages had the highest affinity for DRGCs, with the max-
imum absorbance value (Fig. 3C), compared to wild-type (WT) phages 
and five other peptide-displaying phages (termed SF, GL, KF, LF, and 
YL, selected based on the sequence data in table S1). Moreover, to 
exclude any nonspecific binding of the peptide, immunofluorescence 
staining was conducted using the reversed sequence VHCETFDDA 
(termed AVR) as the control. As shown in Fig. 3D, the DRGCs were 
clearly visualized by TUBB3 and only a substantially small portion of 

cells were stained by fluorescein isothiocyanate (FITC)–labeled WT 
or AVR phages, demonstrating that there was no specific affinity be-
tween the DRGCs and these two types of phages. In contrast, a high 
FITC signal was detected after adding the AV phages for binding, and 
the quantitative results showed that the fluorescence intensity of 
FITC in the AV group was almost fourfold higher than that in the 
WT and AVR groups (fig. S6). In addition, a similar investigation us-
ing PC-12 cells (a sympathetic nerve cell line, marked by Tyrosine 
Hydroxylase) as a replacement for DRGCs was performed to exclude 
the potential binding of AV phages toward sympathetic nerve (fig. 
S7). Expectedly, no FITC signal was detected in all three groups, in-
dicating the lack of sympathetic affinity of the AV phages. Together, 
these data suggested that AV-displaying phages had a high binding 
affinity for DRGCs, which enabled the specific targeting of sensory 
neurons.

The affinity of β-NGF–binding peptide was successfully 
validated in vitro
The AV peptide had the ability to target sensory neurons; therefore, 
we attempted to endow the AV-displaying phages with the capacity 
to promote sensory innervation. It is well known that a variety of 
factors can influence sensory nerve regeneration, including glial cell 
line–derived neurotrophic factor (GDNF), fibroblast growth factor 2 

Fig. 3. Discovery of sensory neuron targeting peptides and functional verification of an NGF-binding peptide. (A) Schematic diagram of the screening of sensory 
neuron targeting peptides from a library of random M13 phage–displayed peptides. (B) Occurrence frequencies of selected sensory neuron–binding peptides after bio-
panning. (C) The phage ELISA demonstrated the binding between sensory neurons and the phages displayed peptides with a high occurrence frequency in biopanning. 
(D) Fluorescence staining to demonstrate the binding abilities of AV-displaying phages in vitro. The WT, AV-displaying, and AVR (the reversed sequence of AV)–displaying 
M13 phages were labeled with FITC dyes and added to the medium containing sensory neurons (marked with TUBB3). Scale bar, 30 μm. (E) MD simulation of the binding 
between the β-NGF protein (gray) and the identified NK peptide (rainbow). CABS-docking modeling of NK and NKR (reversed sequence of NK) peptides bound to β-NGF. 
(F) Density of the peptide clusters bound to the β-NGF protein. (G) MD simulation snapshots of β-NGF interacting with NK and NKR visualized using Visual MD with a 10-ns 
interval and a total duration of 50 ns. (H) ELISA results of the interaction between β-NGF and the phage-displayed NK and NKR peptides. ***P < 0.001.
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(FGF-2), β-subunit of nerve growth factor (β-NGF), neurotrophin-3 
(NT-3), brain-derived neurotrophic factor (BDNF), and transform-
ing growth factor–β1 (TGF-β1) (33–35). Among these, β-NGF is 
particularly recognized for its essential role in the development, 
maintenance, and function of sensory neurons across various tissues 
(36–38). In the context of bone repair, β-NGF offers unique advan-
tages: It is abundant in bone tissue and is derived from multiple 
sources, including Schwann cells, bone marrow stromal cells, osteo-
blasts, and osteoblastic cell lines (39). Besides, β-NGF is present at 
the earliest stage of bone injury, unlike other factors such as BDNF, 
which appear later (2). These characteristics make β-NGF an ideal 
target for promoting early-stage sensory innervation in local bone 
tissues. However, the abundant free NGF secreted within the inflam-
matory microenvironment cannot be specifically enriched around dam-
aged sensory nerve fibers owing to the lack of chemotactic induction 
(40). To address this limitation, we initially considered chemically 
linking the AV neuropeptide directly to NGF to promote local sensory 
regeneration. However, because of the much larger molecular weight 
of NGF (~17 kDa for rat β-NGF) compared with that of the single 
peptide, it is unfeasible to either make phages directly express the 
related genes of NGF or to connect NGF onto the surface of phages 
(41). In addition, the sensitivity of NGF to inactivation and decom-
position, as well as its high requirements for preservation and steril-
ization, limit its direct clinical application (41). Considering the 
abundance of NGF at the site of fractures in the early stage after in-
jury (13), identifying a peptide with high NGF affinity to recruit au-
tologous NGF that specifically targets sensory nerves to facilitate 
sensory innervation is a promising alternative therapeutic approach.

A previous study reported a high-affinity rat NGF-binding se-
quence, NERALTLGEEGAVVK (termed NK), which remarkably 
promoted neurite outgrowth in vitro with amphiphile nanofibers (42). 
In this study, to confirm the NGF-binding ability of NK peptide, we 
constructed a protein model of β-NGF (Fig. 3E) and predict the 
probable docking sites for NK and its reversed sequence (termed 
NKR, selected for comparison) to bind β-NGF. The cluster density 
and the average root mean square deviation (avg-RMSD) of both 
NK and NKR peptides were assessed (Fig. 3F), and the molecular 
dynamics (MD) simulation at a 10-ns interval indicated that the NK 
peptide had a more stable binding energy for β-NGF compared with 
that of NKR as the latter exhibited instability from 30 ns (Fig. 3G). 
Moreover, phage ELISA was conducted on the NK peptide and its 
reversed sequence. As predicted, NK-displaying phages had the best 
affinity to β-NGF with a fourfold increase in absorbance, whereas 
WT and NKR-displaying phages showed no significant difference in 
absorbance compared with that of the blank group (Fig. 3H). Col-
lectively, both the MD simulation and ELISA results verified the high 
β-NGF–binding affinity of the NK peptide.

Double-displayed nanofibers were prepared 
and characterized
Subsequently, the M13 phages were genetically engineered to dou-
ble display the two characterized peptides (AV, the sensory neuron–
homing peptide, and NK, the β-NGF–binding peptide) (Fig. 4A). 
Specifically, the AV peptide was fused to the exposed terminal of 
the PIII region at one distal end of the M13 phages to obtain M13-AV 
phages. Then, the NK peptide was genetically fused to the exposed 
terminal of the PVIII region on the side surface of the M13-AV 
phages, and the resulting dual-functional phages were termed 
M13-AV-NK phages. DNA sequencing of the M13-AV-NK phages 

detected the base sequences of both AV and NK, confirming suc-
cessful dual display at the desired sites (Fig. 4B). Similarly, nucleic acid 
electrophoresis showed a new band at ~500 base pairs (bp) correspond-
ing to the engineered M13-AV-NK phages, whereas the WT phages 
lacked this band (Fig. 4C). For further comparison, AVR and NKR 
were displayed as alternative sequences for AV and NK, respectively, 
and a total of four types of phages were constructed: WT, M13-AVR-
NK, M13-AV-NKR, and M13-AV-NK (abbreviated here as WT, 
AVR-NK, AV-NKR, and AV-NK, respectively). To confirm the bind-
ing affinity of these four phages for sensory neurons and β-NGF, 
corresponding ELISAs were performed. Although AV- NKR and 
AVR-NK only exhibited a small increase in absorbance, as expected, 
the absorbances of the AV-NK phage for both DRGCs and β-NGF 
were notably increased, revealing that both the AV and NK peptides 
were correctly fused to the phages and their functions (sensory 
nerve–targeting and β-NGF–binding, respectively) were conserved 
after being displayed (Fig. 4, D and E). Immunofluorescence stain-
ing of DRGCs and FITC-labeled phages further verified the ability 
of AV-NK to target sensory neurons. AV-NKR and AV-NK, two 
phages displaying AV peptides on their PIII regions, displayed a 
significant increase in FITC signals, which were colocated with 
TUBB3 signaling from DRGCs. However, almost no M13 phages 
were specifically stained in the WT and AVR-NK groups, suggesting 
their lack of affinity for sensory neurons due to the lack of the AV 
peptide (Fig. 4F). The fluorescence intensities of FITC in the AV-
NKR and AV-NK groups were similar, and they were more than four 
times that of the WT and AVR -NK groups (fig. S8). Together, these 
results indicated that both AV and NK maintained their high affin-
ity for DRGCs and β-NGF, respectively, after being displayed on the 
PIII and PVIII regions, respectively; therefore, the M13-AV-NK phages 
were used for subsequent treatment experiments.

Typically, uncontrolled chemical conjugation is indispensable for 
adhering peptides to nanoparticle surfaces to achieve their intended 
function (43). In this study, sensory neuron–targeting and NGF-
binding peptides were site-specifically fused to coat proteins on the 
surface of nanofibers using a genetic engineering approach. Geneti-
cally engineered nanofibers are cheaper to produce than conven-
tional chemically synthesized peptides or recombinantly expressed 
antibodies owing to their simple amplification and mass production 
using bacteria, which makes them promising for extensive produc-
tion and application. Previous attempts to engineer innervated bone 
biomaterials mainly focused on the exogenous promotion of sensory 
nerve growth, relying on implanted nerve tracts or metal implants 
(18). However, autologous nerve grafts may damage donor areas 
and the ions released from metal implants may induce other poten-
tial side effects. These factors greatly limit the direct clinical applica-
tion of the current strategies. In addition, direct administration 
of exogenous β-NGF may induce excessive sympathetic nerve in-
growth as overactivation of sympathetic nerves can hinder bone re-
pair (44, 45) and potentially trigger inflammatory responses (46), as 
well as pose potential side effects like skeletal pain (47). In the present 
study, these nanofibers enabled an approach for using autologous 
components to drive the ingrowth of impaired sensory nerves, with 
no obvious biological toxicity or other side effects.

M13-AV-NK phages specifically promote sensory nerve 
growth in vitro
Numerous studies have demonstrated the biocompatibility of phages 
(48, 49). In this study, we further examined the biotoxicity of M13- 
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Fig. 4. Construction and functional verification of the dual-function phages. (A) Schematic representation of the doubled-displaying phages. The genetically engi-
neered M13-AV-NK phages displayed sensory neuron–targeting (AV, fused to pIII at the tip) and NFG-binding peptides (NK, fused to pVIII on the side wall). (B) DNA se-
quencing of the dual-displaying phages to verify the successful insertion of the sequences encoding the AV and NK peptides. (C) Nucleic acid electrophoresis images of 
M13-WT and M13-AV-NK phages. (D and E) ELISAs showed the binding abilities of the M13-AV-NK phages for sensory neurons and β-NGF. (F) Fluorescence staining to 
determine the binding abilities of M13-AV-NK phages for sensory neurons (marked with TUBB3). Scale bar, 30 μm. (G) Schematic diagram of the sensory neuron culture 
model with periodic administration of exogenous β-NGF in vitro to simulate the in vivo microenvironment. β-NGF was added to the basic culture medium containing 
sensory neurons, which were pretreated with M13-AV-NK phages, and left for a short period of time before being removed by washing. The same process was conducted 
once a day for 3 days. (H) Immunofluorescence staining and (I) the corresponding quantification of TUBB3 and CGRP expression in sensory neurons. Scale bar, 50 μm. 
(J) Relative mRNA expression levels of Cgrp and Tac1 in different groups at 72 hours. (K) Schematic representation of DRG explant culture in the same model as illustrated 
in (G) and evaluations, including Sholl analysis and axon analysis. (L) Immunofluorescence staining of TUBB3 to evaluate the axon growth of DRG explants in different 
groups after 72 hours of culturing. Scale bar, 500 μm. (M) Sholl plots and (N) axon tracing analysis results of M13-AV-NK–promoted neurite growth in in vitro DRG explants 
cultures with added β-NGF. h, hours. *P < 0.05; ***P < 0.001; NS, not significant.
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AV-NK phage in DRGCs. Live/death staining showed that the ap-
plication of phages (including WT and M13-AV-NK) had no effect 
on the viability of DRGCs as the level of cell death was low (red 
fluorescence) (fig. S9). Next, to verify the therapeutic effect of the 
dual-functional M13-AV-NK phages for sensory innervation in vitro, 
we mimicked the in vivo microenvironment by periodically adding 
exogenous β-NGF to in vitro cell cultures (Fig. 4G) to overcome the 
lack of endogenous β-NGF. Immunofluorescence staining of CGRP 
demonstrated a higher intensity of positive signals in DRGCs in-
duced by M13-AV-NK with the addition of β-NGF, which was ~30% 
higher than the levels observed in the other three groups (Fig. 4, H 
and I). Similar to CGRP, substance P (SP) is a classical neuropeptide 
synthesized from preprotachykinin-A (TAC1) and is specifically 
associated with DRGCs (50). Thus, we measured the mRNA levels 
of CGRP and TAC1 using quantitative reverse transcription poly-
merase chain reaction (qRT-PCR). We found that the mRNA levels 
of CGRP and TAC1 were both up-regulated, particularly the expres-
sion of CGRP, which exhibited a nearly twofold increase (Fig. 4J), 
suggesting that DRGC growth was promoted by M13-AV-NK phages 
via β-NGF recruitment. However, the expression levels of both in-
dicators were significantly lower in the WT, AVR-NK, and AV-NKR 
groups (Fig. 4J), likely due to their lack of ability to bind DRGCs 
and β-NGF.

To better simulate in vivo sensory nerve innervation, explants of 
DRG were cultured in a similar manner of DRGC culturing mode 
(Fig. 4K). First, neurofilament staining of the explants was conducted, 
and the staining images showed that M13-AV-NK phages facilitated 
remarkable neurite extension in the DRG at 72 hours (Fig. 4L). Sholl 
analysis and axon tracing were used to assess neurite branching and 
axon length from the explant body. Compared to the other three 
groups, DRG explants treated with M13-AV-NK phages exhibited a 
significant increase in NGF-promoted branching and axonal growth 
(Fig. 4, M and N), indicating that the dual-displaying phages were 
capable of effectively promoting DRG growth in an NGF envi-
ronment. Together, the above outcomes suggested that the dual-
function M13-AV-NK phages were able to successfully bind the 
free β-NGF and specifically target sensory nerves to accelerate sen-
sory innervation, thus having potential application in vivo.

A double-displayed phage-based bone repair system 
was constructed
On the basis of the observation that M13-AV-NK phages bind 
the free β-NGF that specifically targets DRGCs, we next explored 
whether local delivery of M13-AV-NK phages could specifically fa-
cilitate sensory innervation in vivo. However, the small size of phag-
es poses a challenge for achieving sustained effects. Local application 
of large doses of phages might lead to immediate burst signaling as 
they can rapidly signal to cells, diffuse away from the delivery site, 
and be eliminated by the hepatobiliary and urinary organs of the 
reticuloendothelial system in a short period of time (51). Therefore, 
it is necessary to develop a composite system that enhances phage 
retention and enables sustained release of the phages to achieve 
long-term effects.

β-Tricalcium phosphate (β-TCP) is a bioceramic material that 
has been widely used in clinic as a bone substitute to improve osteo-
articular injuries and diseases. Previous studies have shown that β-
TCP has the ability to effectively load phages (52, 53), due to strong 
interactions between carboxyl groups on phages and matrix-bound 
calcium (54), and gradually release them over while maintaining their 

biological activity (55). On the basis of these properties, β-TCP was 
selected in this study to allow for a more controlled and sustained 
release of phages. The average particle size of β-TCP is 2044 ± 543.5 nm, 
with polydispersity index (PdI) of 0.104 determined by dynamic light 
scattering (DLS; fig. S10). Transmission electron microscopy (TEM) 
showed that the dense nanofibrous phages were attached to β-TCP 
particles, indicating the potential capacity for β-TCP to load phages 
(Fig. 5C).

However, the disadvantages of β-TCP, such as brittleness, insuffi-
cient mechanical strength, and poor bone healing induction ability, 
hinder its direct application for bone repair (56). To address this, a 
hydrogel containing type I collagen, a natural component of bone, 
was used in this study to encapsulate phage-loaded β-TCP because of 
its good osteogenic potential, as well as its injectability, biodegrad-
ability, and biocompatibility (Fig. 5A) (57, 58). Furthermore, colla-
gen I (Col I) is also reported to support axonal growth and guidance 
in neural development and considered to be a good candidate for 
nerve tissue regeneration (18, 59). Gelation of the hydrogels medi-
ated by genipin was demonstrated by the change in color from semi-
transparent white to dark gray, suggesting the successful cross-linking 
(Fig. 5B). Consequently, a localized phage-based bone repair compos-
ite system (termed M13-AV-NK/β-TCP/Col I) was then constructed 
for further experiments (Fig. 5, A and B), with five experimental 
groups: (i) Col I: Col I hydrogel, (ii) g-Col I: genipin–cross-linked Col 
I hydrogel, (iii) β-TCP/g-Col I: β-TCP–incorporated genipin–cross-
linked Col I hydrogel, (iv) WT/β-TCP/g-Col I: WT phage-loaded 
β-TCP–incorporated genipin–cross-linked Col I hydrogel, and (v) 
M13-AV-NK/β-TCP/g-Col I: M13-AV-NK phage-loaded β-TCP– 
incorporated genipin–cross-linked Col I hydrogel.

The releasing efficiency of phages from the M13-AV-NK/β-TCP/
g-Col I hydrogels at different time points was first examined using 
plaque counting, the gold standard method for phage enumeration 
(Fig. 5D). The results showed that the titers of released phages grad-
ually decreased with time, and few phage locus coerulei were ob-
served on the plate at 28 days (Fig. 5, E and F). In addition, as the 
phages were able to efficiently lyse bacteria, an Escherichia coli lysis 
test was conducted to indirectly determine the phage titer by cultur-
ing the released phages with E. coli (Fig. 5D). These results further 
confirmed a long-term phage release as the number of colony-
forming units continuously increased from days 1 to 28, suggesting 
a decreased number of infective phages for the lysis of E. coli (Fig. 5, 
G and H). However, after an initial burst release, only a limited 
number of phages were detected at 7 days released from the M13-
AV-NK/g-Col I hydrogels without β-TCP, and almost no phage 
locus coerulei was observed at days 14 and 28 (fig. S11, A and B), 
indicating the essential role of β-TCP in controlling smooth release 
of phages. The corresponding results of agar plate cultivation of 
E. coli shared the same trend with only about a 7-day lysis efficiency 
(fig. S11C). In summary, these results demonstrated that phages 
were steadily released from the M13-AV-NK/β-TCP/g-Col I hydro-
gels over 28 days, offering a potential platform for long-lasting bio-
logical applications.

Moreover, attenuated total reflectance–Fourier transform infrared 
spectroscopy (ATR-FTIR) showed a characteristic peak at 1123 cm−1 
in the Col I group, representing C─N stretching, which disappeared 
in the other four groups after genipin administration. These results 
further indicated the formation of amide covalent bonds within 
the hydrogels after gelation (Fig. 5I). On the other hand, the storage 
modulus (G′) and loss modulus (G″) results suggested enhanced 
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mechanical properties, caused by genipin, as both G′ and G″ sub-
stantially increased after cross-linking (Fig. 5J). Scanning electron 
microscopy (SEM) revealed irregular phage-loaded β-TCP particles 
homogeneously distributed within a fine nanofibrous structure of 
the collagen hydrogel in the M13-AV-NK/β-TCP/g-Col I complex 
(Fig. 5K). We also observed that DRGCs stretched on the hydrogel 
surface and exhibited normal physiological morphology, including 
elongated axons, potentially indicating that the bone repair composite 
system is a bioactive platform for cell growth (Fig. 5K). In addition, 
hydrogel biocompatibility tests via live/death staining of three-
dimensional (3D) cultured DRGCs showed almost no red-stained 
dead cells in β-TCP/g-Col I hydrogels loaded with phages (fig. S12). 
Thus, the constructed M13-AV-NK/β-TCP/g-Col I complex had fa-
vorable biocompatibility.

The bone repair system specifically promotes sensory 
innervation and alleviates subsequent inflammation
First, a rat dorsal subcutaneous implantation model was conducted 
to evaluate the in vivo degradation rate of the composite hydrogel 

systems (fig. S13A). Both volume and mass of M13-AV-NK/β-TCP/
g-Col I hydrogels declined steadily over time after implantation. 
At day 28, only 25.21 ± 8.45% of hydrogels were remained (fig. 
S13, B and C), indicating the acceptable degradability of the com-
posited systems.

Next, to investigate the effect of sensory innervation specifically 
promoted by the dual-display phage-based system on bone healing, 
a rat mandibular critical-sized defect model was constructed to ex-
clude the effects of spontaneous repair (Fig. 6, A to C). Three types 
of hydrogel complexes were injected into the defect area intraopera-
tively (Fig. 6, A and B): β-TCP/g-Col I, WT/β-TCP/g-Col I, and 
M13-AV-NK/β-TCP/g-Col I (abbreviated as Blank, WT, and M13-
AV-NK, respectively).

Consistent with the in vitro results, the composite hydrogel systems 
showed similar releasing efficiency of phages. While the hydrogels 
presented red autofluorescence, the fluorescence intensity of the 
FITC-labeled M13 phages remaining in the hydrogel gradually 
decreased with time, and only sporadic fluorescence signal was de-
tected after 28 days of implantation (fig. S14, A and B). In addition, 

Fig. 5. Fabrication and characterization of the bone repair composite system. (A) Schematic diagram and (B) the specific construction processes of the M13-AV-NK/β-
TCP/Col I composite hydrogel. (C) TEM images of M13-AV-NK, β-TCP, and M13-AV-NK–loaded β-TCP. The red arrows represent the M13 phages attached to β-TCP particles. 
Scale bars, 2 μm in the bottom left image and 200 nm for the other images. (D) Schematic diagram of the determination of phage release from the M13-AV-NK/β-TCP/Col 
I composite hydrogel. (E) Representative images of the phage locus coeruleus count and (F) the corresponding titer of the phages released from the M13-AV-NK–loaded 
β-TCP complex at different time points. (G) Representative images and (H) quantification of agar plate cultivation of E. coli treated with the released phages from various 
time points. (I) ATR-FTIR spectra of the four different groups. The dotted lines (a to c) represent specific absorption peaks related to genipin-mediated cross-linking. 
(J) Mechanical properties of the different hydrogels. (K) SEM images of the different groups. The red arrow in the lower-right image indicates DRGCs growing on the sur-
face of the M13-AV-NK/β-TCP/Col I hydrogel. ***P < 0.001; NS, not significant. h, hours.
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Fig. 6. Bone repair system promotes sensory innervation in vivo to inhibit the inflammatory response and improve bone healing. (A and B) Schematic representa-
tion of the rat mandibular critical-sized defect model and injection of the M13-AV-NK/β-TCP/Col I hydrogel. (C) Timelines of the animal experiments. (D) Panoramic and 
enlarged images and (E) the corresponding quantitative analysis of H&E, Masson, and immunohistochemical staining (CGRP, Dopamine, iNOS, and CD206) results at 
1 week after implantation. The black asterisks represent residual hydrogels. Scale bars, 1 mm and 60 μm, respectively. (F and G) Micro-CT photographs of mandibular 
samples and the corresponding 3D reconstruction images at 2 and 8 weeks after implantation. The black dotted circles in mandible photographs and the blue circles in 
reconstructed images represent the initial defect areas (diameter = 5 mm). Scale bars, 1 cm. (H and I) Quantitative analysis of coverage percentage and new bone volume 
at the defect site for both time points. (J) Panoramic and enlarged images and (K) the corresponding quantification of H&E, Masson, and immunohistochemistry staining 
(ALP and OCN staining) at 8 weeks after implantation. β-TCP/g-Col I, WT/β-TCP/g-Col I, and M13-AV-NK/β-TCP/g-Col I (abbreviated as Blank, WT, and M13-AV-NK, respec-
tively). The black asterisks represent residual hydrogels. “FT” and “NB” in H&E images indicate fiber tissue and new bone tissue, respectively. Scale bars, 1 mm and 60 μm, 
respectively. **P < 0.01; ***P < 0.001; NS, not significant.
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the in vivo binding affinity of M13-AV-NK phages released from the 
composite hydrogels toward β-NGF was further verified. Although 
almost no phage was observed in the M13-WT group, a large number 
of phages were successfully detected and colocated with β-NGF (fig. 
S15), indicating the excellent binding capacity of M13-AV-NK–based 
composite hydrogels for β-NGF.

Local nerve innervation primarily occurs in the early stages of 
bone regeneration, particularly during the first 2 weeks (23). Thus, in 
this study, the ingrowth of sensory and sympathetic nerves was as-
sessed using immunohistochemical staining of representative mark-
ers (CGRP and dopamine, respectively) 1 week after implantation 
(Fig. 6, C and D). A larger number of CGRP+ nerve fibers were iden-
tified in the M13-AV-NK–treated area around the hydrogel compared 
with that in the Blank and WT groups in both immunohistochemis-
try and immunofluorescence analysis (Fig. 6, D and E, and fig. S16, A 
and B), suggesting that the continuous release of M13-AV-NK phages 
from the hydrogel complex promoted sensory nerve growth in the 
bone defect area. However, there was no substantial difference in the 
number of Dopamine+ sympathetic fibers among the three groups 
(Fig. 6, D and E, and fig. S16, A and B), indicating that M13-AV-NK 
phages did not affect sympathetic nerve growth. Together, these re-
sults suggested that released M13-AV-NK phages could specifically 
accelerate sensory innervation in the early stage after injury in vivo.

As the dominant type of immune cells involved in inflammation, 
macrophages are crucial for inflammatory promotion and resolution, 
as well as in tissue restoration (60). Given that the above results demon-
strated sensory innervation–macrophage interactions (Fig. 2, I to S), 
we assessed the expression of specific markers of macrophages to deter-
mine the changes in inflammation caused by M13-AV-NK-mediated 
sensory innervation. As shown in Fig. 6 (D and E) and fig. S17 (A and 
B), the M13-AV-NK group presented significantly increased infiltra-
tion of M2 macrophages (CD206+CD68+ and CD163+CD68+) and a 
much higher M2/M1 ratio than the Blank and WT groups, which was 
also verified by flow cytometry analysis (fig. S17C). In addition, the de-
creased TNF-α concentration and growing IL-10 concentration further 
suggested a favorable anti-inflammatory microenvironment induced 
by M13-AV-NK–based hydrogels (fig. S17D).

This revealed that the accelerated growth of sensory nerves in-
duced macrophage transition from M1 to M2, which is usually regard-
ed as a symbol of decreased inflammatory responses and transition to 
the bone repair stage (14). In summary, these results confirmed that 
the specific promotion of sensory nerves induced by the M13-AV-
NK/β-TCP/g-Col I system prevented excessive inflammation and fa-
cilitated a faster transition toward the bone repair phase in the early 
stage after injury.

As reported, excessive and prolonged inflammatory responses un-
der some pathological conditions result in microenvironmental dys-
regulation and subsequent disruption of healing processes (19). Various 
drugs (61), metallic materials (62), and hydrogels (58) have been devel-
oped and used to treat inflammation and bone regeneration. Herein, 
we creatively fabricated a double-displayed phage-based hydrogel sys-
tem focusing on effective promotion of sensory innervation to induce 
the functional transformation of macrophage for attenuated inflamma-
tion after bone injury.

The bone repair system improves the outcome of 
bone healing
Considering that rapid sensory innervation and inflammation dis-
persion was induced by M13-AV-NK/β-TCP/g-Col I compound 

system, we further validated whether these physiological changes 
resulted in improved bone healing. Mandibular specimens were 
harvested 2 and 8 weeks after implantation, and the promoting ef-
fect of sensory innervation on repair in vivo was evaluated using 
micro-CT and histological analysis (Fig. 6, F to K). Although only 
a small amount of bone tissue was formed in the Blank and WT 
groups, owing to the limited inherent osteogenic potential of Col I 
hydrogels at 2 weeks postsurgery, the mandibular defects in the 
M13-AV-NK group were partially repaired with new bone tissue 
(Fig. 6, F and G). The osteogenic effect at 8 weeks in the M13-AV-
NK group was significantly pronounced compared with that in the 
other two groups as the defects of the former were almost com-
pletely filled with new bone tissue (Fig. 6, F and G). The quantita-
tive micro-CT results further validated these observations. After 
2 weeks of implantation, the defect coverage percentage of the M13-
AV-NK group was 18.12 ± 1.67%, which was higher than that in 
the Blank and WT groups (14.31 ± 1.47 and 13.29 ± 1.88%, respec-
tively) (Fig. 6H). Furthermore, the bone volume was 1.95 ± 0.13 mm3 
in the M13-AV-NK group, which was significantly larger than 
that in the other two groups (1.11 ± 0.10 and 1.18 ± 0.05 mm3, 
respectively) (Fig. 6H). The defect coverage percentage and new 
bone volume at 8 weeks after surgery exhibited the same trends as 
those at the previous time point (Fig. 6I). Both indices were highest 
in the M13-AV-NK group, in which sensory innervation was in-
duced (93.42 ± 1.99% for the defect coverage and 7.79 ± 0.32 mm3 
for the bone volume) (Fig. 6I). Collectively, these results indicated 
the remarkable benefits of the hydrogel composite system for 
bone healing.

H&E and Masson staining histological analyses at 8 weeks post-
implantation showed that the volume of regenerated bone tissue 
was larger and the area of fibrous tissue surrounding the newly 
formed bone was remarkably smaller in the M13-AV-NK group 
compared with those in the Blank and WT groups (Fig. 6J). In addi-
tion, as shown in the immunohistochemical results, the brown-
stained area of OCN+ cells was larger in the M13-AV-NK group 
compared with those in the other two groups (Fig. 6J), further indi-
cating the enhanced bone healing in the M13-AV-NK group. Nota-
bly, the areas of ALP+ cells at 8 weeks after implantation were not 
significantly different between the three groups (Fig. 6, J and K), 
which might be because ALP is mainly expressed in the early stages 
of osteogenesis. To assess the osteoclast activity and angiogenic ef-
fects of different composite hydrogels, TRAP staining and immuno-
fluorescence staining of CD31 were then performed, respectively. 
Although no remarkable change was observed in TRAP+ cell num-
bers among the three groups (fig. S18A), CD31 was highly expressed 
in the M13-AV-NK group, suggesting positive effects of the anti-
inflammatory microenvironment on vascularization during bone 
repairing (fig. S18B). Together, these results further supported the 
idea that the sensory innervation induced by the dual-displaying 
phage-based hydrogel after injury promoted the endogenous repair 
ability of bone tissue. In addition, no obvious pathological changes 
were observed in the heart, liver, spleen, lung, or kidney, suggesting 
that the composite hydrogels had excellent biocompatibility in vivo 
(fig. S19). Although existing neuralized materials mainly advocate 
the direct promotion of regenerative stage after bone injury, we 
highlighted the immunoregulation mediated by induction of sen-
sory nerve growth occurs in the early stage of the healing process 
and verified the indirect bone repair effect facilitated by neuroim-
mune regulation.
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IAN transection leads to therapeutic failure of the bone 
repair system
To validate whether anti-inflammatory immunomodulation and 
the bone pro-healing effects of the M13-AV-NK/β-TCP/g-Col I sys-
tem were dependent on sensory innervation, we further resected 
the IAN from the rat mandibular critical-sized defect models for 
further investigations (Fig. 7A). The rats with or without denervated 

IANs (termed the denervation or sham groups, respectively) were 
all implanted with M13-AV-NK/β-TCP/g-Col I, euthanized at 1 week 
after surgery for histological evaluation of the early stage and eval-
uated at week 2 or 8 postimplantation to assess osteogenic effects 
(Fig. 7B).

H&E and Masson staining demonstrated that residual hydrogel 
was present in the defect areas after 1 week of implantation (Fig. 7C). 

Fig. 7. IAN denervation leads to therapeutic failure of the bone repair system. (A) Schematic diagram of the rat mandibular critical-sized defect model with IAN de-
nervation. Before M13-AV-NK/β-TCP/Col I hydrogel administration, the IAN was transected from rats in the denervation group, and a sham operation was conducted for 
the control group. (B) Timelines of the animal experiments. (C) Panoramic and partially enlarged images and (D) the corresponding quantitative results of H&E, Masson, 
and immunohistochemistry staining (CGRP, Dopamine, iNOS, and CD206) after 1 week of implantation. The black asterisks represent residual hydrogels. Scale bars, 1 mm 
and 60 μm, respectively. (E) Photographs of mandibular samples and the corresponding 3D reconstruction micro-CT images at 2 and 8 weeks after implantation. The black 
dotted circles in mandible photographs and the blue circles in reconstructed images represent the initial defect areas (diameter = 5 mm). Scale bars, 1 cm. (F) Quantitative 
analysis of 3D reconstruction results, including coverage percentage and the new bone volume of the defect region, of the two groups at different time points. (G) Pan-
oramic and partially enlarged images and (H) the corresponding quantification results of H&E, Masson, and immunohistochemistry staining (ALP and OCN) after 8 weeks 
of implantation. The black asterisks represent residual hydrogels. “FT” and “NB” in the H&E images indicate fiber tissue and new bone tissue, respectively. Scale bars, 1 mm 
and 60 μm. (I) Schematic diagram of early-stage and late-stage inflammatory processes during bone healing in models administered the phage-loaded bone repair sys-
tem with or without IAN transection. *P < 0.05; ***P < 0.001; NS, not significant.
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Immunohistochemical and immunofluorescence images showed a 
significant increase in the expression of sensory nerve–specific mark-
er CGRP in the local microenvironment in the first week (Fig. 7, C 
and D, and fig. S20, A and B), accompanied by increased numbers of 
CD206+CD163+ M2 macrophages in the nondenervated group (Fig. 
7, C and D, and fig. S21, A and B). This indicated early rapid sensory 
neuralization after M13-AV-NK application in vivo and a shift of 
macrophages from the M1 to the M2 subtype, which contributes to 
reducing inflammation. These results were consistent with our afore-
mentioned results. However, after sensory denervation through IAN 
resection, almost no CGRP+ nerve fiber was found (Fig. 7, C and D, 
and fig. S20, A and B), suggesting that M13-AV-NK/β-TCP/g-Col I 
failed to promote sensory innervation in the context of complete sen-
sory nerve removal. Moreover, dense iNOS+CD86+ M1 macrophage 
infiltration was detected in the visualized field of the denervation 
group, whereas low CD206 and CD163 expression was observed 
around the hydrogel (Fig. 7, C and D, and fig. S21, A and B). Flow 
cytometry analysis of callus also showed an extremely skewed M2/
M1 ratio after 1 week of denervation (fig. S21C), combined with the 
abundant TNF-α and scarce IL-10 determined by ELISAs (fig. S21D), 
indicating a severe inflammatory response resulting from sensory de-
nervation. Collectively, these results suggested that the promotive ef-
fects on sensory innervation and the inflammation reduction effects 
of the M13-AV-NK/β-TCP/g-Col I system were highly dependent on 
the extant sensory nerves.

Next, we explored whether the impairment of sensory innerva-
tion and persistence of inflammation after IAN resection would 
damage the induced osteogenesis effect in the early (2 weeks) and 
late (8 weeks) stages of injury. The micro-CT images and the corre-
sponding gross specimens revealed that newly formed bone tissues 
effectively filled the defect areas in the sham group but were sub-
stantially blocked by IAN innervation at both 2 and 8 weeks (Fig. 
7E). The defect coverage percentage of the sham group increased 
from 22.78 ± 2.11% at 2 weeks to 90.69 ± 5.60% at 8 weeks, and that 
of the denervation group significantly decreased from 2.00 ± 0.82 to 
4.69 ± 1.59% at 2 and 8 weeks, respectively (Fig. 7F). Quantitative 
analysis of new bone volumes showed the same trend, with 1.99 ± 
0.11 mm3 versus 0.12 ± 0.04 mm3 at 2 weeks and 7.92 ± 1.06 mm3 
versus 0.47 ± 0.29 mm3 at 8 weeks postsurgery for the sham and 
denervation groups, respectively (Fig. 7F). Similarly, according to 
the H&E and Masson staining, the area of newly formed bone tissue 
in the sham group was approximately nine times that in the dener-
vation group (Fig. 7G). Immunohistochemical staining images 
showed that the areas of ALP+ and OCN+ cells were larger in the 
sham group compared with those in the denervation group (Fig. 7, 
G and H). In addition, although no significant change of TRAP+ cell 
numbers was observed between the two groups (fig. S22A), the ex-
pression of CD31 after denervation was rather remarkably reduced 
more than five times compared to that in the sham (fig. S22B). To-
gether, these results highlighted the indispensable role of sensory 
innervation in bone repair promoted by M13-AV-NK/β-TCP/g-Col I, 
indicating that severe damage of sensory nerves would result in 
persistent inflammation, impaired revascularization and an unfa-
vorable bone healing outcome (Fig. 7I).

The skeletal system has extensive sensory innervation, which en-
ables the detection of changes in bone density and metabolic activity to 
maintain bone homeostasis (18). In addition, sensory nerves can con-
trol adaptation of the skeleton to mechanical loads, probably through 
NGF–tyrosine kinase receptor 1 (TrkA) signaling (1, 63). Specific 

deletion of sensory nerves impairs bone mass accrual, and its malfunc-
tion or loss often leads to increased susceptibility to bone fracture and 
diminished bone regeneration after injury in patients (6). Although 
our phage-based hydrogel was capable of promoting sensory innerva-
tion in the early stages after injury to mediate inflammation alleviation 
and facilitate bone healing, its regenerative effect was dependent on a 
certain degree of residual functional sensory nerves. Thus, complete 
loss of local innervated sensory nerves following IAN resection re-
versed the therapeutic effect of the composite hydrogel, indicating that 
the hydrogel works primarily through sensory nerves rather than oth-
er components, which emphasizes the urgent need for the rescue of 
nerve function after injury (Fig. 7I).

Sema3A is involved in the sensory nerve–mediated 
macrophage polarization
Macrophages are the predominant immune cells involved in inflam-
mation during the early stage after bone injury (27). They actively 
promote and resolve local inflammation and subsequent tissue res-
toration, usually through their phenotypic transition from the M1 
to M2 subtype (64). Various pathogenic conditions cause delayed 
M1/M2 polarization, which leads to aggravation of inflammatory 
responses and impaired tissue regeneration (13). On the basis of our 
previous results indicating a negative change in the M1/M2 ratio 
induced by sensory denervation (Fig. 2), we explored whether sen-
sory nerves could regulate the temporal transition of macrophages 
to drive repair processes in the early stages of bone regeneration.

To determine whether sensory nerves influence macrophage po-
larization in a paracrine manner, we cultured bone marrow–derived 
macrophages (BMDMs) in sensory neuron–derived conditioned 
medium (CM), a mixture of basal culture medium and the superna-
tant from the DRGC culture medium (Fig. 8A). Immunofluores-
cence staining and corresponding quantitative analysis showed that 
BMDMs highly expressed CD206 (an M2 marker), with an almost 
fourfold increase in fluorescence intensity after CM stimulation 
(Fig. 8, B and C). Moreover, the expression of the M2-secreted cyto-
kine IL-10 was up-regulated after CM administration. However, the 
ELISA showed that the expression of TNF-α and IL-1β (both se-
creted by M1 macrophages) were not significantly different between 
the two groups (Fig. 8D). These findings suggested that sensory 
neurons might promote M2 polarization via the paracrine pathway.

As CGRP and SP are the most common neuropeptides secreted 
by sensory nerves (12), Chen and co-workers reported that CGRP 
application in vitro successfully induced murine macrophage M2 
polarization in an acute lung injury model (65), and Xu and co-
workers found that SP was closely related to the macrophage pheno-
type transition in alveolar lavage fluid in pediatric asthma (66). 
Thus, we investigated whether CGRP and SP in the CM were key 
factors in regulating macrophage polarization in the skeletal system 
by specifically inhibiting the function of CGRP or SP in the CM us-
ing specific neutralizing antibodies. Unexpectedly, immunofluores-
cence images and corresponding quantification results demonstrated 
that only the CGRP-neutralizing antibody was found to mildly in-
hibit M2 macrophage polarization, with a limited decrease in the 
red fluorescence of CD206 (fig. S23, A and B). Furthermore, the 
ELISA results for the relevant cytokines also showed that blocking 
both CGRP and SP had no obvious effect on macrophage polariza-
tion (fig. S23C). To figure out why the effect of CGRP was inconsis-
tent with the findings of other in vitro studies, we measured the 
concentration of CGRP in the CM after 3 days of culture. The 
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Fig. 8. Sema3A mediates XIAP expression to promote the M2 polarization of macrophages. (A) Schematic representation of macrophage conditioned culture. The super-
natant of DRGC culture medium was collected and mixed with the conventional culture medium of macrophages in equal proportion to obtain the CM. (B) Immunofluores-
cence staining and (C) quantification of CD206 (M2 marker) and iNOS (M1 marker) expression in macrophages. Scale bar, 30 μm. (D) ELISAs of anti-inflammatory cytokine IL-10 
and pro-inflammatory cytokines TNF-α and IL-1β. (E) Immunofluorescence staining and (F) the corresponding quantification of CD206 and iNOS expression in macrophages 
treated with CM from Sema3A-specific knockdown DRGCs and rSema3A. Scale bars, 30 μm. (G) ELISAs of IL-10, TNF-α, and IL-1β expression after culturing with different CMs. 
(H) Volcano plot of the differential gene expression in macrophages after Sema3A transfection. (I) Heatmap of the mRNA transcription profiles of the top 15 up-/down-
regulated genes. (J) Venn diagram indicating the number of genes overlapping with those collected from the GSEA database (inflammation-related gene sets containing 303 
different genes) and the top 15 up-/down-regulated genes screened using RNA-seq. Two genes (Xiap and Mmp13) were overlapping. (K) Representative Western blotting 
images of XIAP and MMP13 in macrophages after culturing with Sema3A. (L and M) Immunofluorescence images and the corresponding fluorescence intensity of CD206 and 
iNOS expression in macrophages after shXIAP transfection. Scale bar, 30 μm. (N) ELISAs of IL-10, TNF-α, and IL-1β after shXIAP transfection. (O and P) Immunofluorescence 
images and the corresponding quantitative analysis of CD206 and iNOS in XIAP-overexpressing macrophages transfected with pcDNA3.1-XIAP. Scale bar, 30 μm. (Q) ELISAs of 
IL-10, TNF-α, and IL-1β in macrophages overexpressing XIAP. IAN, inferior alveolar nerve; rSema3A, recombinant Sema3A. **P < 0.01; ***P < 0.001; NS, not significant.
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concentration of CGRP secreted by DRGCs reached 7.87 ± 0.67 pM 
(fig. S23D), which was similar to that reported in the blood (67) and 
palatal epithelium (68) in vivo but was much lower than that re-
quired for the in vitro induction of macrophages (69). Collectively, 
these results indicated that there were other active factors in the CM 
that participate in macrophage polarization, instead of the neuro-
peptides at low physiological concentrations.

To screen the potential factors responsible for manipulating mac-
rophage polarization, transcriptome sequencing was then performed. 
The DRGCs were treated with M13-AV-NK and M13-WT phages (as 
the control) using the same method as described in Fig. 4G. Exogenous 
β-NGF was periodically added into the cell culture medium to mimic 
the in vivo microenvironment. Among all the enriched signaling 
pathways listed in KEGG enrichment analysis, a nerve-related path-
way (axon guidance) was specifically identified (fig. S24A). Further 
analysis of neuron-associated DEGs screened out two genes, includ-
ing Sema3A and Semaphorin 6A (Sema6A), which are both axon 
guidance factors, and only the expression of Sema3A was up-regulated 
in the M13-AV-NK group (fig. S24B). These results led us to speculate 
that Sema3A might play a key role in CM-induced macrophage po-
larization. Previous researches have clarified that, in addition to com-
mon neuropeptides like SP and CGRP, sensory nerves communicate 
with tissues via locally released neurotransmitters, axon guidance 
factors, and neurotrophins (39). These molecules collectively partici-
pate in tissue metabolism and the maintenance of homeostasis (21, 70). 
Sema3A, as a member of semaphorin family, was reported closely as-
sociated with immune regulation in various tissues (71). For instance, 
Sema3A effectively reduces the inflammatory response and improves 
cell physiological functions in lung (72) and cardiac tissues (73). 
However, its regulatory effects on macrophages in skeletal tissues re-
main unclear.

On the basis of the above results, we next explored the expression 
change of Sema3A following M13-AV-NK treatment. Both the mRNA 
level and protein expression level were significantly up-regulated after 
application of M13-AV-NK phages, as shown in fig. S24 (C to E). Sim-
ilarly, immunofluorescence staining of TUBB3 and Sema3A showed 
that the fluorescence intensity of Sema3A in M13-AV-NK–treated 
DRGCs increased by nearly two times compared to the control (fig. 
S24, F and G), suggesting that M13-AV-NK phages were able to up-
regulate the expression of Sema3A in sensory neurons through bind-
ing exogenous β-NGF. To figure out whether the in vivo expression of 
Sema3A was elevated with M13-AV-NK/β-TCP/Col I hydrogel ad-
ministration, an immunofluorescence staining of Sema3A was then 
performed after 1 week of implantation. Consistent with in vitro inves-
tigations, Sema3A+ area in the defect region was remarkably increased 
in the M13-AV-NK group (fig. S24, H and I). In addition, sparse 
Sema3A expression was observed in the M13-WT group, which we 
speculate originates from osteoblasts, osteocytes, and other resident 
cells (74, 75). Together, these results indicated that M13-AV-NK phag-
es might boost the Sema3A expression in the microenvironment by 
binding β-NGF to sensory nerves, the ingrowth of which has been pre-
viously verified to manipulate macrophage polarization. Consequently, 
this prompted us to further explore the influence of Sema3A on macro-
phages by specifically knocking down Sema3A.

As shown in Fig. 8E, almost no red fluorescence of CD206 was 
observed after culturing in CM from shSema3A-treated DRGCs, 
indicating inhibition of macrophage M2 polarization caused by 
Sema3A knockdown (Fig. 8E and fig. S25); however, this was reversed 
by subsequent treatment with recombinant Sema3A (Fig. 8E). The 

corresponding quantification (Fig. 8F) and ELISA results (Fig. 8G) also 
verified this finding. Although the expression of CD206 and IL-10 was 
significantly decreased after Sema3A knockdown, the expression of 
iNOS, TNF-α, and IL-1β remained unchanged under all conditions 
(Fig. 8, F and G). These results verified that Sema3A was the key bioac-
tive factor mediating sensory nerve–induced M2 polarization.

XIAP participates in macrophage polarization 
mediated by Sema3A
To further understand the molecular mechanisms by which Sema3A 
modulates macrophages, we analyzed the transcriptomes of macro-
phages following Sema3A stimulation using RNA sequencing (RNA-
seq). After ensuring the intergroup stability of the cell samples (fig. 
S26A), DEGs were analyzed. A volcano plot was generated, which 
indicated a pronounced change in the transcripts of macrophages cul-
tured with Sema3A compared to those of the control (Fig. 8H). Fur-
thermore, KEGG enrichment analysis showed that the IL-17 and 
TGF-β signaling pathways were enriched, which are closely associated 
with macrophage polarization (fig. S26B). To identify the key genes 
involved in macrophage polarization after Sema3A stimulation, the 
top 15 up-regulated and down-regulated DEGs were identified (Fig. 
8I) and compared with genes in the inflammation gene sets from the 
GSEA database. Two overlapping genes, X chromosome–linked in-
hibitor of apoptosis protein (XIAP) and matrix metalloproteinase 
(MMP13), were identified (Fig. 8J). The expression levels of these two 
proteins were measured in Sema3A-induced macrophages. The re-
sults showed that XIAP expression was remarkably decreased com-
pared to that in the control, whereas no obvious change in MMP13 
expression was observed after culturing with Sema3A (Fig. 8K). Con-
sidering that both the transcription and protein levels of XIAP were 
significantly down-regulated after Sema3A induction (Fig. 8, I to K), 
we hypothesized that XIAP plays a crucial negative regulatory role in 
Sema3A-mediated macrophage polarization.

XIAP protein consists of three signature baculovirus IAP repeat 
(BIR) domains regulating protein-protein interactions and a Really 
Interesting New Gene (Ring) domain conferring E3 ubiquitin ligase 
activity (76). A previous study reported XIAP as an antiapoptotic 
factor with ubiquitination substrates for apoptotic caspases and 
Smac (76). Recently, researchers have found that XIAP participates 
in the regulation of inflammation in several tissues. For example, 
XIAP ubiquitinates RIPK2 to regulate the RIPK2-TAB1 inflamma-
tory pathway and promote neutrophil infiltration in melanoma tis-
sues (77). In addition, inhibiting the ubiquitination process of XIAP 
by RIP2 was found to block the NOD2 signaling pathway, resulting 
in inhibition of the development of inflammatory bowel disease and 
sarcoidosis (78). On the basis of these previous findings, we explored 
whether XIAP could mediate immunoregulation, especially macro-
phage polarization, in the skeletal system.

As expected, macrophages were polarized to the M2 phenotype 
after specific knockdown of XIAP through transfection of shXIAP 
(fig. S27A), with significantly increased CD206-related fluorescence 
(Fig. 8, L and M), up-regulated expression of IL-10, and down-
regulated expression of TNF-α (Fig. 8N). However, overexpression 
of XIAP mediated by pcDNA3.1-XIAP (fig. S27B) induced increased 
macrophage polarization toward the M1 phenotype, as demonstrated 
by enhanced green fluorescence signals of iNOS expression (ap-
proximately fivefold that of the control; Fig. 8, O and P) and M1-
related cytokine expression (TNF-α and IL-1β; Fig. 8Q). In addition, 
overexpression of XIAP resulted in a decrease of the concentration 
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of IL-10 in the supernatant by more than 60% compared with that in 
the control (Fig. 8Q), indicating the inhibition of M2 polarization by 
XIAP. Together, these results indicated that Sema3A promoted M2 
polarization, likely via the down-regulation of XIAP expression.

XIAP mediates PAX6 ubiquitination in 
macrophage polarization
Because of the ubiquitin ligase (E3) activity of XIAP, we investigated 
the potential interaction substrate of XIAP during the regulation of 
macrophage phenotype transition. A tandem mass tag (TMT)–based 
quantitative proteomic analysis was conducted to identify the differ-
entially expressed proteins after XIAP knockdown using shXIAP (fig. 
S28), and the top five proteins with up-regulated and down-regulated 
expression were listed in a heatmap (Fig. 9A). In addition to the 
probable ubiquitination substrates of XIAP predicted using the Ubi-
Browser database, we screened Paired-box 6 (PAX6) as a potential 

binding partner of XIAP (Fig. 9B). PAX6 is a transcription factor that 
belongs to the highly conserved PAX family. This protein functions 
as a potent cell fate determinant in various processes, including the 
development of the central nervous system (79). Dysregulation of 
PAX6 activity is associated with developmental disorders and tumor 
formation (79). A previous study has identified the degradation of 
PAX6 by ubiquitination with the E3 ubiquitin ligase MID1 during 
vision development (80). However, whether XIAP can ubiquitinate 
PAX6 remains unknown.

To determine the potential interaction between XIAP and PAX6, 
Western blotting was performed, which confirmed that the expression 
level of PAX6 was negatively correlated with that of XIAP as its signal 
increased after XIAP knockdown (Fig. 9C). Moreover, after cotrans-
fection of Myc-tagged XIAP and Flag-tagged PAX6 (abbreviated as 
Myc-XIAP and Flag-PAX6, respectively) plasmids in human embry-
onic kidney (HEK) 293T cell lines, coimmunoprecipitation (Co-IP) 

Fig. 9. XIAP-mediated PAX6 ubiquitination regulates macrophage polarization. (A) Heatmap of the top 5 proteins with up-regulated and down-regulated expression 
identified by proteomic analysis between macrophages with or without XIAP knockdown. (B) Overlap between selected proteomic results and the UbiBrowser database. 
PAX6 was the only overlapping protein. (C) Representative Western blotting images of PAX6 expression after XIAP knockdown. (D) Co-IP assay to analyze the interaction 
between XIAP and PAX6 after cotransfection of Myc-XIAP and Flag-PAX6 in HEK293T cells. (E) The ubiquitin level of PAX6 was detected in HEK293T cells using an IP assay 
after cotransfection by Myc-tagged XIAP (Myc-XIAP), Flag-tagged PAX6 (Flag-PAX6), and HA-tagged ubiquitin (HA-UB) plasmids. (F) HEK293T cells were transfected with 
plasmids of Myc-XIAP (WT, H467A, or ΔRing), Flag-PAX6, and HA-UB and then subjected to ubiquitin detection. (G) Immunofluorescence images of macrophages (ex-
pressing CD206 and iNOS) after knockdown of XIAP or PAX6 using shXIAP or shPAX6, respectively. (H) ELISAs of IL-10, TNF-α, and IL-1β. (I) Schematic diagram of the pos-
sible mechanism of macrophage polarization mediated by Sema3A via the Sema3A/XIAP/Pax6 pathway. **P < 0.01; ***P < 0.001.
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analysis further revealed that XIAP strongly coimmunoprecipitated 
with PAX6 (Fig. 9D). These results indicated that XIAP directly inter-
acts with PAX6 and may promote its proteasomal degradation.

Next, we investigated the effect of XIAP on the ubiquitination of 
PAX6. Our findings showed that XIAP significantly increased PAX6 
ubiquitination in HEK293T cells transfected with Myc-XIAP, Flag-
PAX6, and hemagglutinin (HA)–tagged ubiquitin (HA-UB) plas-
mids (Fig. 9E). To further verify that the interaction of XIAP and 
PAX6 depended on the E3 ubiquitin ligase functional domain of the 
former, we generated a truncated mutant plasmid Myc-XIAP-ΔRing, 
and a mutant plasmid Myc-XIAP-H467A with active site deletion, 
according to a previous study (81), and cotransfected them into 
HEK293T cells. We observed that both H467A mutation and ΔRing 
truncated mutation of XIAP failed to catalyze the ubiquitination of 
PAX6 (Fig. 9F), indicating that the E3 ubiquitin ligase domain of 
XIAP was required for downstream PAX6 ubiquitination. Collec-
tively, these results revealed that XIAP interacts with PAX6 and in-
duces its ubiquitination for protein degradation.

It has been reported that PAX6 is closely involved in immune regu-
lation. For instance, PAX6 knockdown leads to changes in the expres-
sion of downstream oxidative stress–related genes (82); it also activates 
Iba1-mediatied remodeling of microglial cells for immune surveil-
lance in the nervous system (83). Therefore, we investigated the role of 
PAX6 degradation via ubiquitination in macrophage polarization. Im-
munofluorescence staining for CD206 and iNOS showed that the spe-
cific knockdown of PAX6 by shPAX6 transfection (fig. S29) resulted in 
a notable increase in the green signal of iNOS (Fig. 9G), suggesting 
increased macrophage transition to the M1 phenotype in the absence 
of PAX6. Moreover, PAX6 knockdown completely blocked the M2 po-
larization induced by XIAP knockdown (Fig. 9G). This phenomenon 
was also confirmed by the results of the ELISA of related cytokines 
(Fig. 9H). In addition, to verify the in vivo expression of PAX6 follow-
ing application of the bone repair system, an immunofluorescence 
staining of PAX6 and CD68 (a common marker for macrophages) was 
conducted. The results indicated that the expression of PAX6 collo-
cated with CD68+ macrophages was significantly increased at 1 week 
after implantation of the M13-AV-NK/β-TCP/g-Col I hydrogel (fig. 
S30), which has been proved to induce M2 macrophage polarization 
in the above investigations (Fig. 6, D and E). Together, these results 
clarified that the degradation of PAX6 regulated by the XIAP-mediated 
ubiquitin-proteasome pathway plays a crucial role in promoting mac-
rophage polarization toward the M1 phenotype (Fig. 9I).

Further prediction of the downstream target genes of PAX6 was 
performed using the Gene Transcription Regulation Database (GTRD) 
and the Cistrome Data Browser (CDB) database. Several genes, includ-
ing PDK1, TAZ, and Axin2, were identified. These three molecules have 
been reported as key regulatory factors of the PI3K/Akt (84), Hippo/
YAP (85), and Wnt (86) signaling pathways, respectively, all of which 
are closely involved in macrophage phenotype transition. Consequent-
ly, it is reasonable to speculate that PAX6 affects the transcription of 
multiple target genes to regulate downstream molecular networks, 
thereby mediating Sema3A-induced M2 polarization (Fig. 9I). How-
ever, the specific interaction mechanisms require further investigation.

DISCUSSION
There are some limitations in the present study. First, in vivo valida-
tion of the Sema3A/XIAP/PAX6 axis in sensory nerve–mediated 
macrophage polarization was limited as we only characterized the 

changes in PAX6 expression levels. For a more rigorous investigation, 
in vivo rescue experiments should be conducted in future studies to 
provide deeper insights. Second, the therapeutic effect of the phage-
loaded hydrogel depends on the presence of residual sensory nerves 
around the bone defect area. In cases of severe nerve damage or com-
plete denervation, the treatment is less effective. This suggests that the 
approach may not be suitable for patients with extensive nerve inju-
ries, emphasizing the need for complementary strategies to trans-
plant sensory nerves (87) into bone tissue engineering materials.

Collectively, this study highlighted the immunomodulatory 
role of sensory innervation in the early stage of repairing processes 
after tissue injury. To harness these neuroimmune regenerative 
modulations, we successfully constructed a sensory neuron–homing 
β-NGF–binding phage to specifically promote sensory nerve growth 
by recruiting free β-NGF in the microenvironment. On the basis of 
this dual-functional double-displayed phage, we fabricated a com-
posite hydrogel system to allow long-term release of phages in 
the context of bone defect repair in vivo. The phage-loaded system 
specifically promoted sensory innervation and accelerated the 
transition of inflammation to the pro-repair stage to obtain a prom-
ising bone healing outcome. Mechanistically, sensory innervation 
altered the progression of inflammation by facilitating a temporal 
decrease in the M1/M2 ratio. Further investigations at the cellular 
level demonstrated that sensory neurons express Sema3A to inhibit 
XIAP-mediated PAX6 ubiquitination, subsequently inducing mac-
rophage M2 polarization. Overall, this study presented a prospective 
phage-based strategy for selectively inducing sensory innervation 
and confirmed the perspective that sensory innervation temporally 
alleviates inflammation and accelerates tissue regeneration. Such 
specific regenerative treatments may have broader applications in 
addressing peripheral neuropathy, chronic wound healing, and other 
immunological diseases by using neuroimmune interactions.

MATERIALS AND METHODS
Animal model establishment and in vivo treatment
All animal and cell experimental protocols used in the present study 
were approved by the Ethics Committee for Animal Research, Sec-
ond Affiliated Hospital, School of Medicine, Zhejiang University 
(no. AIRB-2023-1085). Eighty male Sprague-Dawley rats weighing 
250 ± 10 g (6 to 8 weeks old) obtained from the Laboratory Animal 
Center of Zhejiang University were used in total. Rats were random-
ly divided into different groups for surgery or implantation (n = 5). 
No samples, rats, or data points were excluded. To evaluate the ef-
fects of sensory innervation on the physiological process of bone 
healing, a rat mandibular defect model combined with denervation 
of IAN was first established. Briefly, rats were anesthetized with an 
intraperitoneal injection of 2% pentobarbital sodium (0.2 ml/100 g), 
and their left maxillofacial regions were skinned and cleaned with 
iodine. After making a vertical incision, the medial muscles of man-
dible were bluntly dissected along the periosteum until the milky 
white IAN was exposed. A nerve segment was isolated from the 
proximal end of IAN to the edge of mandibular foramen and then 
carefully removed, with a length of 3 mm at least, to avoid self-repair 
of the nerve stump. Next, the lateral muscles of mandible were also 
separated in the same incision, and a full-thickness bone defect with 
4 mm in diameter was trephined by electric drill in the flat area of 
mandibular angle, followed by suturing and a daily intraperitoneal 
injection of penicillin (400,000 units, ST488, Beyotime, China) for 
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3 consecutive days. Sham surgery was conducted for the control 
group with only IAN exposure, and bone defect, but no denervation.

To assess the in vivo neuroregulatory, immunomodulatory and 
osteogenic effects of the composite hydrogels with loaded dual-
functional M13-AV-NK phages, a critical-sized mandibular defect 
with a diameter of 5 mm was prepared in this part. The procedure of 
the surgery was the same as the establishment of mandibular defect 
model as mentioned above, except that the diameter of the defects 
was 5 mm to avoid bone self-healing. Fifty microliters of the differ-
ent hydrogels (β-TCP/Col I, M13-WT/β-TCP/Col I, and M13-AV-
NK/β-TCP/Col I hydrogels) was then separately injected to fill the 
defect region by a syringe, before suturing. In addition, to further 
investigate the decisive effect of sensory nerve during the healing 
processes promoted by the composite hydrogels, IAN was dener-
vated according to the above methods in another set of animal ex-
periments, prior to making the critical-sized defect and injecting the 
M13-AV-NK/β-TCP/Col I hydrogel.

All rats were euthanized by an intraperitoneal injection of overdose 
pentobarbital sodium after 1, 2, and 8 weeks of operation or implanta-
tion. The mandibles were harvested and stored in 4% paraformaldehyde 
for further RNA-seq, micro-CT detection, and histological and immu-
nohistochemical analysis. In addition, the heart, liver, lung, spleen, and 
kidney of rats were also collected at 8 weeks for histological analysis to 
ensure the in vivo biosecurity of composite hydrogels.

In addition, a rat dorsal subcutaneous implantation model was 
conducted to evaluate the degradation rate of the composite hydrogel 
systems in vivo. Briefly, after anesthesia, a transverse incision was 
made in the back skin of rats with a length of 3 to 5 mm. The subcuta-
neous tissues were carefully bluntly separated, and 100 μl of M13-AV-
NK/β-TCP/g-Col I hydrogels was then injected into the subcutaneous 
tissue space, followed by suture. The hydrogels were collected at differ-
ent time points (days 1, 3, 7, 14, and 28 after implantation), lyophi-
lized, and weighed for assessment of the degradation rate.

RNA-seq and bioinformatics analysis
To investigate the physiological changes in local microenvironment 
after sensory denervation, the total RNA from the tissues surrounding 
the mandibular defect was extracted using TRIzol reagent (15596026, 
Invitrogen, USA) according to the manufacturer’s instructions. In ad-
dition, the total RNA of DRGCs cultured with different phages plus 
periodically added exogenous β-NGF (100 ng/ml, 450-01, PeproTech, 
USA) (Fig. 4G) and macrophages cultured with recombinant Sema3A 
(100 ng/ml, HY-P78350, MCE, USA) for 48 hours was also extracted 
for sequencing to explore the potential molecular biological mecha-
nisms. After RNA purification, reverse transcription, and library con-
struction, RNA-seq was performed on NovaSeq X Plus platform 
(PE150) using the NovaSeq Reagent Kit at Majorbio Bio-pharm Bio-
technology Co. Ltd. (Shanghai, China). The significant DEGs between 
samples were identified with |log2FC| ≥ 1 and FDR < 0.001 (DEGseq) 
or 0.05 (DESeq2). All of the data analysis, including functional-
enrichment analysis of GO and KEGG pathway, was carried out on 
the Majorbio Cloud Platform (www.majorbio.com).

Micro-CT evaluation
The harvested mandibles were scanned with a micro-CT scanner 
(Heidelberglaan 100, MILabs BV, Utrecht) after being fixed in 4% 
paraformaldehyde solution for 72 hours. Scanning was performed 
with a resolution of 40 μm per pixel and an exposure time of 75 ms at 
55 kV/0.17 mA, and 1440 projections were collected in total. All 

samples were wrapped in paper soaked in phosphate-buffered solution 
(PBS) to avoid dehydration when scanning. The software (Imalytics 
Preclinical 2.1) associated with the scanner was used for reconstruc-
tion of sections with a low-pass Gaussian filter (stddev = 1.0) and a 
standardized threshold (>1600 HU). Then, the defect in the area of 
mandibular angle was identified by a cylindrical region of interest, and 
two indicators (defect coverage percentage and new bone volume) 
were calculated for quantitative analysis to characterize the bone repair 
effect (fig. S31).

Histological analysis
After micro-CT scanning, all fixed mandibular tissues were decalci-
fied with 10% EDTA solution (pH 7.4, 0105, Amresco, USA) for a 
duration of 20 days, followed by dehydration in 30% sucrose and 
embedding in paraffin. Coronal-oriented sections with a thickness 
of 8 μm were then prepared and stained with H&E, as well as 
Masson’s trichrome. TRAP staining was also used to label activated 
osteoclasts. In addition, tissues from the heart, lung, liver, kidney, 
and spleen of rats were also collected for H&E staining to confirm 
the absence of any in vivo adverse effects resulting from the different 
composite hydrogels.

For immunohistochemistry analysis, slides of each tissue underwent 
processing with primary antibodies against CGRP (1:1000, ab283568, 
Abcam, UK), Dopamine (1:2000, ab209487, Abcam), iNOS (1:2000, 
ab283655, Abcam), CD206 (1:5000, ab64693, Abcam), ALP (1:1000, 
ab65834, Abcam), and OCN (1:1000, AB10911, Sigma-Aldrich, USA), 
followed by incubation of the corresponding secondary antibodies con-
jugated to horseradish peroxidase (HRP). All these slides were sub-
jected to observation and imaging via a light microscopy (Aperio 
GT 450, Leica, GER) and were reviewed in a blinded manner by 
another histologist.

For immunofluorescence staining, slides of each tissue were 
stained using the TSAPlus fluorescence staining kit (G1259, Ser-
vicebio, China), according to the manufacturer’s instructions, with the 
following primary antibodies: TUBB3 antibody (1:2000, ab215037, 
Abcam), CGRP antibody (1:1000, ab283568, Abcam), Dopamine an-
tibody (1:2000, ab209487, Abcam), CD68 antibody (1:2000, ab125212, 
Abcam), iNOS antibody (1:2000, ab283655, Abcam), CD86 anti-
body (1:500, ab238468, Abcam), CD206 antibody (1:5000, ab64693, 
Abcam), CD163 antibody (1:500, ab182422, Abcam), CD31 anti-
body (1:2000, ab182981, Abcam), Sema3A antibody (1:1000, 27836-
1-AP, Proteintech, USA), and PAX6 (1:1000, 67529-1-Ig, Proteintech). 
4′,6-Diamidino-2-phenylindole (DAPI; ab228549, Abcam) was used 
to label the cell nucleus. The staining results were imaged by a con-
focal laser scanning microscope (CLSM; Olympus FV1000) and quan-
tified by ImageJ software.

Flow cytometry
To evaluate the in vivo macrophage polarization induced by sensory 
nerve denervation or composite hydrogel implantation, the callus 
was isolated from bone defect area in mandible at 1, 2, or 4 weeks 
after surgery, diced, and digested for 60 min at 37°C and 150 rpm in 
haluronidase (0.2 mg/ml; H8030, Solarbio, China) plus collagenase 
II (2 U/ml; C8150, Solarbio) in serum-free α-MEM medium. After 
digestion, the suspension was filtered through a 70-μm cell strainer 
(Beckman, USA) and treated with red blood cell lysis buffer (R1010, 
Solarbio). The cytokine staining was performed according to the 
standard protocols, including fixation and permeabilization with a 
BD CytoFix/CytoPerm Kit (554714, BD Biosciences, USA). The 

http://www.majorbio.com
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stained cells were detected by a CytoFLEX flow cytometer (Beckman, 
USA), and the results were analyzed by FlowJo Flow Cytometry 
Analysis Software (Tree Star). The macrophage panels displayed 
in this study include Zombie (423101, BioLegend, USA), CD68 (bs-
20403R-Cy3, Bioss, China), CD86 (200314, BioLegend), and CD206 
(bs-4727R-FITC, Bioss).

Cell isolation and culture
Isolation of DRGs
DRGs were isolated and cultured by standardized method. Briefly, a 
midline longitudinal incision on the back of newborn rats was per-
formed after euthanasia by intraperitoneal injection of pentobarbi-
tal sodium to fully expose the spine and then the spinal cord. Round 
and chrome yellow DRGs were visualized near the intervertebral 
foramen and extracted using microtweezers. The redundant nerve 
roots of dissected DRGs were carefully removed under a stereomi-
croscope, followed by digestion with 0.25% trypsin for 5 min and 
soak in Dulbecco’s modified Eagle’s medium (DMEM) complete 
medium. Next, DRGs were transferred to a confocal dish and cul-
tured in a neurobasal medium (21103049, Invitrogen) containing 
0.3% l-glutamine and β-NGF (100 ng/ml; 450-01, PeproTech) for 
further investigations.
Isolation and culture of DRGCs
The initial steps of DRGCs isolation were the same as DRGs isolation 
described above. After dissection, separated DRGs were washed twice 
with PBS, following sequential digestion with 0.2% collagenase II at 
37°C for 30 min and 0.25% trypsin for another 15 min. Then, the 
DMEM/F12 complete medium was added to terminate the trypsin re-
action, and the cell pellets were suspended after centrifugation. DRGCs 
were incubated in a dish precoated with poly-d-lysine (A3890401, In-
vitrogen) at 37°C and 5% CO2 for first day, and the medium was re-
placed with the DRGC complete medium (CM-R126, Procell, China) 
with additional cytarabine (5 μM, MedChemExpress, USA) on the 
next day to inhibit the growth of other nonneuronal cells. On the 
third day, the culture medium was changed to the pure DRGC com-
plete medium and updated every 3 days until further investigations.

For encapsulation of DRGCs in hydrogels to assess the biocom-
patibility of the repairing system, cells were carefully digested and 
mixed with pre-hydrogel solutions at a density of 1 × 106 cells ml−1, 
which were then seeded onto a cover slide and incubated at 37°C for 
at least 30 min to allow a sufficient solution-to-gelation transition 
process. After gelation, complete culture medium was additionally 
replenished and the DRGCs/hydrogel composites were cultured for 
24 hours before further viability assay.
Isolation and culture of BMDMs
BMDMs were isolated from 6-week-old C57BL/6 mice, which were 
first anesthetized by 2% pentobarbital sodium via intraperitoneal in-
jection and euthanized by cervical dislocation. The femurs and tibias 
were then isolated aseptically and the marrow cavities were com-
pletely exposed, followed by flushing and collecting the bone mar-
row tissues using α-MEM culture medium (12571063, Gibco, USA). 
After lysis of red blood cells using ACK lysis buffer (R1010, Solar-
bio), BMDMs were seeded in a flask with complete culture medium 
containing macrophage colony-stimulating factor (30 ng/m; 315-02, 
PeproTech). The cells were cultured at 37°C in a humidified atmo-
sphere of 5% CO2 and detached on the fifth day of plating for subse-
quent experiments.

Besides, conditioned culture of primary macrophages was per-
formed to determine the polarization effects caused by sensory 

neurons. The supernatant from DRGCs was collected after 3 days of 
culture, centrifuged and mixed with complete culture medium of 
BMDMs at a 1:1 ratio to get the CM. The BMDMs were then cultured 
with this CM until further investigations. To verify the significant 
role of Sema3A in macrophage polarization, recombinant Sema3A 
(100 ng/ml) was added into the CM collected from Sema3A knock-
down DRGCs for observing the phenotype change of BMDMs.

Cell transfection
To down-regulate the expression of specific protein, shSema3A (Gen-
Script Biotech, Nanjing, China) for DRGCs, shXIAP and shPAX6 
(GenScript Biotech) for BMDMs were synthesized and transfected 
into the corresponding cells using Lipofectamine 2000 (11668027, 
Invitrogen) following the manufacturer’s instructions. Cells treated 
with shNC were seen as the control. The short hairpin RNA sequences 
were listed in table S2. To up-regulate the expression of XIAP in 
BMDMs, cells were transfected with the pcDNA3.1-XIAP plasmid or the 
empty pcDNA3.1 vector, cultured for 48 hours, and reaped for further 
study. The transfection efficiency was confirmed by Western blot anal-
ysis. For ubiquitination-related experiments, HEK293T cells (SNL-
015, SUNNCELL, China) were used and cultured in DMEM complete 
medium containing 1% penicillin/streptomycin (V900929, Sigma-
Aldrich) in 5% CO2 at 37°C. Plasmids of Flag-PAX6, Myc-XIAP, and 
its mutants were purchased from miaolingbio (Wuhan, China), and 
ubiquitin was cloned into the pcDNA3.1-HA vector. Transfection of 
293T cells was conducted according to the standard protocol.

Phage display
In vitro phage display was conducted according to the standardized 
protocol (Fig. 3A). Briefly, a library of M13 phages displaying ran-
dom 9-nucleotide oligomer peptides (termed PH.D.-9, obtained 
from Abiocenter Biotechnology Co. Ltd., Jiangsu, China) in the 
amount of at least 1 × 1012 transducing units was cocultured with rat 
Schwann cells (CP-R111, Procell) as a round of negative selection for 
30 min to remove the phages recognizing non-DRGCs. After that, 
the supernatant containing unbound phages was collected and ap-
plied to interact with DRGCs for 1.5 hours of incubation in a hu-
midified container at room temperature for positive panning. Then, 
the cells were rinsed eight times with wash buffer to completely re-
move the DRGCs-unbound phages, and the remained DRGCs-
bound phages were eluted with an elution buffer and amplified using 
E. coli host strain XL1-Blue according to the standard experimental 
protocols. Titering of the amplified phages and ELISA detection 
were conducted before the next round of biopanning. The optical 
density (OD) value detected in ELISA being at least 0.5 higher than 
that of the blank control was considered to be a positive screening 
result. A total of five rounds of positive biopanning were performed, 
and 104 random phage clones were selected for DNA sequencing 
from the fourth and fifth screening. The peptide sequences in each 
round of selection were deduced from the DNA sequence.

For phage amplification, the eluate solution was first mixed with 
XL1-Blue (OD value at 0.8 to 1.0) and incubated at room tempera-
ture for 30 min. The resultant phage-infected bacteria were then cul-
tured at 37°C and 250 rpm stirring for 30 min, followed by addition 
of helper phages in the amount of 2 × 1010 PFU and afterward an-
other 1 hour at 250 rpm. After amplification, the mixture of phages 
and bacteria was centrifuged at 7200g for 10 min, and the superna-
tant was transferred into a sterile flask and incubated with NaCl/
polyethylene glycol (PEG) [2.5 M NaCl and 16.7% PEG-8000 (PEG, 



Xu et al., Sci. Adv. 11, eads9581 (2025)     21 March 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

20 of 24

molecular weight 8000)] at 4°C overnight for phage precipitation. 
The phage solution was centrifuged the next day at 13,000g for 
1 hour and resuspended with PBS for further biopanning or other 
investigations.

For titering of phages, the phage solution was diluted in a 1:10 
volume ratio and mixed with XL1-Blue E. coli at mid-log phase 
(OD600 = 0.5) for 5 min of incubation at room temperature. The so-
lution mixture was then transferred into top agar preheated at 45°C, 
immediately vortexed, and spread onto a prewarmed LB/IPTG/Xgal 
plate, followed by mildly shaking to evenly distribute the top agar. 
After 5 min of cooling, the plate was inverted and placed in a con-
stant temperature incubator at 37°C overnight. The titer of phages 
was calculated by the counts of plaque on the plate (titer = N × D 
PFU/ml, where N and D represent the number of plaques and the 
dilution ratio, respectively).

Enzyme-linked immunosorbent assay
To verify the affinity of the selected phages displaying AV or NK pep-
tide toward the sensory neurons and β-NGF, respectively, phage 
ELISA experiments were conducted. Briefly, DRGCs or β-NGF (di-
luted in coating buffer) were first immobilized in a plate and blocked 
with a blocking buffer. Approximately 109 PFU of phages were then 
added into the plate wells and incubated for 1 hour at 4°C, followed 
by incubation of anti-phage coat protein g8p antibody (ab9225, Ab-
cam) and HRP-labeled goat anti-mouse secondary antibody (ab6789, 
Abcam) at 4°C for an hour each. The color reaction was done by the 
TMB ELISA substrate (ab171523, Abcam), and the absorbance of each 
well was detected at 450 nm by a spectrophotometer (Shimadzu 
UV-3150).

For assessment of in vivo inflammation activity in the bone defect 
area after surgery or implantation, the concentrations of inflammation-
related cytokines TNF-α and IL-10 in the callus of bone defect were 
determined by the relevant ELISA kits (Neobioscience Technology, 
Hong Kong, China), referring to the manufacturer’s instructions. The 
supernatants of macrophages cultured with various treatments were 
also collected to investigate the concentration of IL-10, IL-1β, and 
TNF-α by performing ELISA kits (Neobioscience Technology, Hong 
Kong). In addition, the CGRP ELISA kit (BIOESN, Shanghai, China) 
was used to determine the concentration of CGRP in the DRGCs-
derived CM.

Evaluation of binding affinity of phages
To verify the in vitro binding affinity of phages displaying sensory 
neuron–targeting peptide, DRGCs or PC-12 cells were first incu-
bated with different phages for 24 hours to allow the specific binding 
between sensory neurons and the phages. After fixation, cells were 
blocked and incubated with TUBB3 antibody (1:100, A18132, Ab-
clonal) or Tyrosine Hydroxylase antibody (1:100, A12756, Abclonal) 
at 4°C for 8 hours, followed by incubation of secondary antibody 
and FITC-labeled M13 antibody (1:100, 11973-MM05T-F, SinoBio-
logical, China) at the same time for another 2 hours. The cell nucleus 
was labeled by DAPI. The results were imaged by a CLSM (Olympus 
FV1000) and quantified by ImageJ software.

For in vivo evaluation of the binding affinity of M13-AV-NK phag-
es toward β-NGF, the mandible samples with implantation of different 
hydrogels were collected at 1 week after surgery, fixed, decalcified, fol-
lowed by incubation in 30% sucrose and embedded in Tissue-Tek. The 
samples were cut into 8-μm-thick sections. The slides were incubated 
with NGFB antibody (1:500, bs-0067R, Bioss) overnight at 4°C and 

then incubated with secondary antibody and FITC-labeled M13 anti-
body (1:100, 11973-MM05T-F, SinoBiological). The following steps 
are the same as the in vitro evaluation as mentioned above.

Computational studies of β-NGF–binding peptide
The 3D structure of β-NGF protein was simulated by the I-TASSER 
online server (https://zhanggroup.org/I-TASSER/), and the Cα-Cβ-side 
group protein model (CABS)-docking web server (http://biocomp.
chem.uw.edu.pl/CABSdock/) was next used to generate the peptide-
protein complex model to search for the potential binding sites 
between NK peptide and β-NGF. The best docking model from 
CABS-dock results was chosen based on cluster density and the avg-
RMSD and set as the initial structure. Then, GROMACS software 
(http://www.mdtutorials.com/) was used to perform a 50-ns MD 
simulation at 10-ns intervals, drawing the relative stability of inter-
action between the β-NGF–binding peptide and β-NGF protein.

Construction of genetically engineered sensory neuron–
homing β-NGF–binding phages
To achieve selective promotion of sensory nerves, we displayed the 
screened sensory neuron–homing peptide AV in the pIII region on 
the tip of the M13 phage and the reported β-NGF–binding peptide 
NK in the pVIII region on the side surface of the same phage to 
obtain a dual-functional phage. First, the NK peptide was fused to 
the corresponding site. Briefly, a pair of complementary nucleotides 
(5′-CCGTGGCCCAAGCGGCCAACGAACGTGCACTGACT-
CTGGGCGAAGAAGGCGCAGTGG-3′ and 5′-TGATGGCCGAC-
GGGGCCTTTAACCACTGCGCCTTCTTCGCCCAGAGT-
CAGTGCACGTTC-3′) were designed and used for amplifying and 
forming double-stranded DNA fragments by PCR. Meanwhile, the 
Pcomb3x phage vector was digested by restriction endonuclease 
SfiI for 30 min at 50°C, followed by purification via agarose gel elec-
trophoresis. The purified vector was then ligated with the previously 
annealed DNA fragment using T4 DNA ligase at 22°C for 40 min to 
obtain the recombinant plasmid (p-M13-NK), which could encode 
the NK peptide on pVIII of the M13 phage. After that, the p-M13-
NK plasmids were transferred into the competent XL1-Blue bacte-
rial cells, and the transfected cells subsequently underwent accurate 
heat shock, cooling, and plate cultivation. The positive clones of 
XL1-Blue were then picked up for DNA sequencing to verify the 
correct fusion of the β-NGF–binding peptide. Next, to simultane-
ously display the AV peptide on pIII, the correct XL1-Blue clones 
got in the preceding step were collected and used for amplification 
of the recombinant p-M13-NK plasmids by culturing in LB medium 
for 12 hours at 37°C in a shaker. The plasmids were then extracted 
using a GeneJET Plasmid Miniprep Kit (K0502, Invitrogen), digested 
by corresponding restriction endonucleases, and purified via aga-
rose gel electrophoresis. After ligation of the annealed fragment and 
the p-M13-NK vector using T4 DNA ligase, a double-displayed 
recombinant plasmid (p-M13-AV-NK) was formed, encoding the 
AV and NK peptides fused to the pIII and pVIII regions of the M13 
phages, respectively. The following procedures were similar to those 
described above, including transformation of plasmid into the com-
petent cells and verification by DNA sequencing. In addition, nucleic 
acid electrophoresis was used to further ensure the success con-
struction of the double-displayed phages. Briefly, the DNA of phages 
was extracted using a Phage DNA Isolation Kit (NGB-46800, Norgen 
Biotek, CA) according to the manufacturer’s instructions and the 
electrophoresis was conducted by the standard method. All this part 
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of experiments was performed with the technical support from 
Abiocenter Biotechnology Co. Ltd..

Cell viability assay
The biocompatibility of the dual-functional phages and the compos-
ite hydrogel systems was determined by a live/death cell staining kit 
(C2015M, Beyotime). Three groups of phage were set, including PBS 
(as the blank control), M13-WT, and M13-AV-NK. Briefly, DRGCs 
were cultured with phages, or within the corresponding composite 
hydrogels composed of phage, β-TCP, and Col I hydrogels for 24 hours, 
and then stained using the kit according to the manufacturer’s pro-
tocol. The results were observed by a CLSM.

Functional evaluation of the double-displayed phages
To verify the in vitro promoting effect of the double-displayed M13-
AV-NK phages on sensory nerve growth, DRGCs and DRG explants 
were first incubated with different phages for 2 hours and then 
washed with PBS to remove unbound phages. Next, exogenous β-
NGF (100 ng/ml) was additionally added into the complete medium. 
Cells and explants were cultured with this extra β-NGF for 6 hours 
to allow the sufficient binding between the bound phages and free 
β-NGF, which was then replaced with normal neurobasal medium 
for washing away the unattached β-NGF. These steps of β-NGF 
treatment were performed once a day for a total of 3 days, followed 
by further evaluations (Fig. 4H).

Specifically, the growth of DRGCs was determined by immuno-
fluorescence staining of CGRP and qRT-PCR of characteristic sen-
sory neuron–related markers. For assessing the neurite branching 
and axon growth of DRGs, neurofilament staining was conducted, 
combined with Sholl analysis and axon analysis (Fig. 4l). Briefly, af-
ter manual definition of DRG center in the staining image, concen-
tric circles spaced 10 μm apart were identified, and binarized traces 
of axons were created by using the “Sholl analysis” plugin in ImageJ 
(National Institutes of Health, Bethesda, MD, USA). Then, quantifi-
cation of the trace lengths was conducted using the Simple Neurite 
Tracer for axon length analysis in ImageJ.

Immunofluorescence staining
For in vitro investigations, immunofluorescence staining was per-
formed using standard protocol. Briefly, cells or explants were fixed 
and permeabilized with 0.4% Triton X-100 (T8200, Solarbio) and 
then blocked with 1% bovine serum albumin (A8010, Solarbio) and 
2% goat serum for 1 hour. Next, cells or explants were incubated with 
the primary antibodies, including TUBB3 antibody (1:100, A18132, 
Abclonal, China), CGRP antibody (1:100, A5542, Abclonal), iNOS 
antibody (1:100, ab210823, Abcam), CD206 antibody (1:100, ab64693, 
Abcam), and Sema3A antibody (1:200, 27836-1-AP, Proteintech) fol-
lowed by further incubation with corresponding secondary antibod-
ies in the dark for 1 hour and DAPI for another 5 min. The staining 
results were imaged by a CLSM (Olympus FV1000) and quantified by 
ImageJ software.

Quantitative reverse transcription polymerase 
chain reaction
Total RNA of DRGCs was purified using TRIzol to assess the ex-
pression of sensory nerve marker genes Cgrp and Tac1. We per-
formed qRT-PCR by the ChamQ Universal SYBR qPCR Master Mix 
(Q711-02, Vazyme, China) on an ABI StepOnePlus system (Applied 
Biosystems, Warrington, UK). Amplification of glyceraldehyde-3- 

phosphate dehydrogenase (GAPDH) was used as an internal con-
trol. The primer sequences used for this analysis are provided 
in table S3.

Construction of double-displayed phage-loaded hydrogels
The double-displayed phage-loaded hydrogels were mainly prepared 
by phages, β-TCP, and Col I solution (extracted from rat tail, 354249, 
Corning, ≈10 mg/ml). The whole scaffold fabrication processes are 
shown in Fig. 5 (A and B). Briefly, β-TCP (0.5 mg/ml) was obtained 
via a chemical precipitation method according to a previous study 
(53) and mixed with amplified M13-AV-NK phages at a titer of 
1 × 1010 PFU/ml of the latter. The compound of phages and β-TCP 
was incubated in a shaker at 4°C overnight to allow sufficient attachment 
between these two compositions and subsequently centrifuged to 
collect the phage-loaded β-TCP complex. Next, for preparing the 
pre-hydrogel solution, the Col I solution first underwent pH adjust-
ment to the physiological range (pH = 7.35 to 7.45) by 0.1 M sodium 
hydroxide solution and hydrochloric acid solution and was then ad-
justed to a physiological isotonic state using 10× PBS. After these 
two steps, the prepared M13-AV-NK/β-TCP particles were added 
into the pre-hydrogel solution at a mass ratio of 1:2, followed by mix-
ture of 2% (v/v) genipin solution (0.01 g/ml, G101204, Aladdin, 
China) to cross-link the collagen fibers. Last, the fully mixed solu-
tions were placed into a constant temperature incubator (37°C for 
about 30 min) for solution-to-gelatin transition to form the M13-
AV-NK/β-TCP/ Col I hydrogels. In addition, PBS and M13-WT 
phages were added as the substitutes for M13-AV-NK phages to 
form the β-TCP/ Col I and M13-WT/β-TCP/ Col I hydrogels, re-
spectively, for comparison. All the above steps were performed un-
der aseptic conditions.

Detection of released phages from the composite hydrogels
To detect the release of loaded phages from the composite hydro-
gels, M13-AV-NK/β-TCP/Col I hydrogels were soaked in a buffer 
with 0.15 M NaCl and 200 mM NaH2PO4 (pH = 7) at 4°C. The su-
pernatant containing the released phages was carefully collected at 
days 1, 3, 7, 14, and 28, followed by addition of new buffer into the 
original composite systems every time for allowing subsequent sta-
ble phage release. Then, phage tittering and bacterial plate culti-
vation were conducted for direct or indirect detection of phage 
concentrations (Fig. 5D). The steps of titering by plaque counting 
were the same as described above. For plate cultivation, E. coli was 
treated with the released phages on a constant temperature shaker 
at 37°C for 2 hours. After that, the bacteria suspensions were seri-
ally diluted and evenly spread on agar plates, following incubation 
in a constant temperature bacterial incubator at 37°C overnight. 
The plates were photographed by a camera, and the colony numbers 
on the surface of each agar plate were counted using ImageJ. In ad-
dition, the same experiments were performed using M13-AV-NK/
Col I hydrogels as an alternative to clarify the slow-release effect 
caused by β-TCP.

For assessing the in vivo phage release efficiency of the composite 
hydrogels, the implanted M13-AV-NK/β-TCP/Col I hydrogels were 
collected at different time points, including days 1, 3, 7, 14, and 28 
after implantation from the bone defect area. The harvested hydro-
gels were fixed and incubated with FITC-labeled M13 antibody 
(1:100, 11973-MM05T-F, SinoBiological) for 2 hours at room tem-
perature and then observed using a CLSM (Olympus FV1000) and 
quantified by ImageJ software.
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Characterization of the composite hydrogels
Dynamic light scattering
To assess the particle size distribution and PdI, β-TCP was mea-
sured using a DLS instrument (Zetasizer Nano ZS, Malvern Pana-
lytical, UK).
Transmission electron microscopy
TEM (JEM-1400flash, Japan) was conducted to visualize the ultra-
structure of M13 phages and β-TCP, as well as the attachment be-
tween these two. Samples were carefully added onto the grid using a 
pipette gun, following negative staining by 2% uranium acetate. The 
grids were allowed to air-dry completely before being transferred 
into the TEM chamber, and images were acquired at an accelerating 
voltage of 80 kV.
Attenuated total reflectance–Fourier transform infrared 
spectroscopy
ATR-FTIR spectrometer (Nicolet 5700, USA) was applied to detect 
the infrared radiation spectrum of different hydrogels to monitor 
the genipin-induced cross-linking process. Five groups were set in 
this part, including Col I, g-Col I, PBS/β-TCP/g-Col I, WT/β-TCP/
g-Col I, and AV-NK/β-TCP/g-Col I. The measurement was carried out 
in transmittance mode for 75 scans in total, from 500 to 4000 cm−1 
at a wave number resolution of 5 cm−1 at room temperature.
Mechanical properties measurements
Groups were the same as described above in the “Attenuated total 
reflectance–Fourier transform infrared spectroscopy” section. Briefly, 
for determining the mechanical properties of different hydrogels 
after gelation, a rotational rheometer (RS6000, Hake, Germany) was 
applied with test parameters of 1 Hz and 1% strain.
Scanning electron microscopy
The microtopography of different composite hydrogels was exam-
ined using SEM (SU-8010, Hitachi, Japan). Samples were fixed in 
2.5% glutaraldehyde (P1126, Solarbio) overnight and underwent a 
progressive dehydration process in a series of graded alcohol solu-
tions (concentrations ranging from 30 to 100%) with at least 15 min 
for each concentration step. Then, samples were dried by a critical 
point drying method (Hcp-2, Hitachi), mounted on an aluminum 
stub with gold sputter coating (Hitachi E-1010), and subsequently 
observed under SEM at an accelerating voltage of 3.0 kV. For cellular 
hydrogel sample, DRGCs were cultured on the surface of corre-
sponding composite hydrogel for 24 hours and underwent the same 
protocols as described above before imaging.

Western blotting analysis and Co-IP
Western blotting was performed to elucidate the change of protein ex-
pression levels. Briefly, cells were lysed by radioimmunoprecipitation as-
say lysis buffer (AIWB-012, Affinibody LifeScience, China) containing 
an inhibitor cocktail (87785, Thermo Fisher Scientific, USA), and the 
total proteins were separated by SDS–polyacrylamide gel electrophoresis 
gel after determining the concentration using a bicinchoninic acid 
(BCA) reagent (P0009, Beyotime) and transferred to polyvinylidene 
fluoride membranes (Merck Millipore, Billerica, MA). The membranes 
were then blocked with 5% skim milk for 1 hour and incubated with 
specific primary antibodies followed by an HRP-labeled secondary anti-
body. Last, HRP signals were detected using an enhanced chemilumi-
nescence method (Amersham Biosciences) reaction solution (36208-A, 
Yeasen, China). With regard to Co-IP, an IP buffer (87787, Thermo 
Fisher Scientific) containing the inhibitor cocktail was used for protein 
extraction. The lysates were incubated with the corresponding antibod-
ies and protein-A/G magnetic beads (B23201, Bimake, China) at 4°C 

with gentle rocking overnight. The beads were washed with an appropri-
ate amount of lysis buffer, then eluted, and analyzed by immunoblotting.

The antibodies used in this part of experiments include Sema3A 
(1:1000, 27836-1-AP, Proteintech), MMP13 (1:2000, 181651-AP, Pro-
teintech), XIAP (1:2000, A20846, Abclonal), PAX6 (1:500, A19099, Ab-
clonal), β-actin (1:100000, AC026, Abclonal), Flag-Tag (80010-1-RR, 
Proteintech), Myc-Tag (60003-2-Ig, Proteintech), HA-Tag (#2367, Cell 
Signaling Technology, USA), and anti-rabbit/mouse-HRP (BA1056, 
Boster, USA).

Proteomic analysis
BMDMs were collected after specific knockdown of XIAP by transfec-
tion with shXIAP plasmid and shNC as the control. The proteins were 
extracted according to the manufacturer’s instructions, cryopreserved, 
and sent for a TMT-based quantitative proteomics experiment. Sam-
ples were analyzed by liquid chromatography–tandem mass spec-
trometry, and the data analysis was carried out by using the Sangerbox 
online platform (www.sangerbox.com).

Statistical analysis
All data are presented as the means ± SD from at least three inde-
pendent experiments. Statistical analyses were performed using Graph-
Pad Prism 10 (GraphPad Inc., San Diego, CA). One-way analysis of 
variance (ANOVA) with the Tukey’s post hoc test or Student’s t test 
was conducted to calculate significant differences between groups. 
Also, P < 0.05 was considered as a statistically significant difference 
for all comparisons.

Supplementary Materials
This PDF file includes:
Figs. S1 to S31
Tables S1 to S3
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