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Enabling adenosine signaling to promote
aged fracture healing
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Bone fractures and related complications are a significant concern for older adults, particularly with the
growing aging population. Therapeutic interventions that promote bone tissue regeneration are
attractive for geriatric fracture repair. Extracellular adenosine plays a key role in bone homeostasis and
regeneration. Herein, we examined the changes in extracellular adenosine with aging and the potential
of local delivery of adenosine to promote fracture healing using aged mice. Extracellular adenosine
level was found to be significantly lower in aged bone tissue compared to young mice. Concomitantly,
the ecto-5’-nucleotidase CD73 expression was also lower in aged bone. Local delivery of adenosine
using injectable, in situ curing microgel delivery units yielded a pro-regenerative environment and
promoted fracture healing in aged mice. This study offers new insights into age-related physiological
changes in adenosine levels and demonstrates the therapeutic potential of adenosine
supplementation to circumvent the compromised healing of geriatric fractures.

Aging leads to progressive dysfunction of most tissues and organs, con-
tributing to impaired tissue repair. Although there is limited clinical data
directly demonstrating the sole influence of age on fracture healing out-
come due to the comorbidities often present in the elderly, the impact of
impaired fracture healing in elderly is a significant clinical problem'~. Due
to dysregulated inflammation, altered microenvironment including stem
cell/progenitor function, pre-existing co-morbidities, and greater perio-
perative complications, elderly patients are often unable to return to their
pre-facture level of activity’ . Furthermore, the elderly population suffers
from higher rates of complications during fracture healing that result in
increased morbidity and mortality®’. With the increase in aged popula-
tion, bone injuries with delayed healing pose a tremendous burden to the
healthcare system with an estimated cost of over $25 billion in the US
alone®. Fragility fractures, or fractures due to low-level trauma, are fre-
quent in the elderly and significantly increase hospitalization, disability,
and mortality’. In the United States, 3 million fragility fractures occur
annually, with almost 30% of patients experiencing mortality within
12 months following injury"’. Due to the immense hardship posed by the
geriatric fractures, novel therapeutic interventions to improve bone
healing are of paramount importance.

The clinical management of bone injuries typically involves surgery,
stabilization, administration of analgesics, and physical rehabilitation'' ™.
Fractures that suffer from delayed healing and nonunions typically

require repeated surgical interventions'“ . Therefore, there is a great
need for new therapeutic strategies and pharmacological agents to
improve fracture healing and avoid multiple surgical interventions,
especially in patients with compromised or delayed healing. Fracture
repair studies involving aged animals suggest that the reduction of healing
results from a combination of factors such as altered vascularization and/
or altered functions of both osteoprogenitor and immune cells'™".
Therapeutic interventions involving osteoanabolic molecules that pro-
mote bone tissue regeneration are attractive options to improve tissue
repair and prevent delayed healing or nonunion®*'. Various osteoana-
bolic and angiogenic molecules have been studied in pre-clinical models
to accelerate bone healing or prevent delayed healing and nonunions with
varying outcomes™ .

We and others have demonstrated the beneficial role of adenosine in
bone tissue homeostasis and regeneration” . Adenosine is a naturally
occurring nucleoside that functions through G-protein-coupled adenosine
receptors — Al receptor (ADORA1), A2A receptor (ADORA2A), A2B
receptor (ADORA2B), and A3 receptor (ADORA3)**, The vital effect of
adenosine signaling has been demonstrated in bone repair, as knocking
down ADORA2A or ADORA2B in mice has resulted in impaired bone
healing”*”**. Additionally, the ectonucleotidase CD73 is a key component
involved in adenosine production and is part of both classical and alternative
pathways™. Altered CD73 expression is implicated in bone diseases
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including osteoporosis and impaired bone healing”*’. Previously, we have
identified dysregulation of ectonucleotidase-mediated extracellular adeno-
sine in osteoporotic bone*.

In this study, we examined the changes in extracellular adenosine in
bone tissue with aging. Furthermore, we formulated an in situ curing
microgel delivery system containing adenosine to unravel whether local
delivery of exogenous adenosine could promote fracture healing in aged
mice. Our results showed a significant reduction in extracellular adenosine
in the bone tissue of aged animals. Concomitant with the extracellular
adenosine level, the expression level of the ecto-5'-nucleotidase CD73 was
found to be significantly lowered in aged animals. Local delivery of ade-
nosine showed enhanced fracture healing, which was found to correlate with
the presence of a more pro-regenerative environment within the early callus
through the modulation of immune cell signaling, as identified via scRNA
sequencing.

Results

Decreased levels of extracellular adenosine in aged bone tissue
To examine whether there is an age-related change in the levels of extra-
cellular adenosine, we quantified and compared the concentration of
endogenous adenosine in native whole bone and marrow tissue between
young (3-month-old) and aged (20-month-old) mice. The quantification
showed significantly reduced levels of extracellular adenosine in aged mice
compared to the young (Fig. 1a). The ecto-enzymatic cascade of CD73
(ecto-5'-nucleotidase) works in tandem with CD39 (ectonucleoside tri-
phosphate diphosphohydrolase-1) to generate extracellular adenosine from
ATP, which in turn activates adenosine receptors in a concentration and
context dependent manner”. Given the key role played by CD73 in ade-
nosine generation, we next examined the changes of CD73 expression in
bone and marrow tissue between young and aged mice. Gene expression
analyses showed significantly lower Cd73 expression in aged mice bone
tissue compared to young mice (Fig. 1b). Consistent with the gene expres-
sion, there were significantly less CD73" cells in the bone and bone marrow
of aged mice as evident by the immunofluorescence staining and flow
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cytometric analysis (Fig. 1c, d). We also examined the gene expression levels
of receptors and enzymes involved in the adenosine signaling pathway,
including the adenosine receptors and adenosine deaminase (ADA). No
significant changes in gene expression of Adoral, Adora2a, and Adora2b
were observed between young and aged animals (Supplementary Fig. 1a—c).
In contrast, Adora3 was significantly lower in aged bone tissue (Supple-
mentary Fig. 1d). No age dependent significant change in ADA expression
was detected in the gene expression analysis (Supplementary Fig. le). Pre-
viously, we have shown the key role played by ADORA2B in adenosine
mediated osteogenic differentiation of bone marrow derived progenitor cells
(MSCs) while inhibiting their adipogenesis’*”. Based on these results, we
also examined the Adora2b gene expression in MSC populations among the
aged and young mice. Notably, bone marrow-derived MSCs demonstrated
significantly lower Adora2b expression in aged mice compared to the young
(Fig. le).

Local delivery of adenosine to promote aged fracture healing
Having identified the changes in extracellular adenosine levels in aged bone,
we next examined the potential of local delivery of adenosine to enhance
fracture healing in aged mice by using an injectable biomaterial system
containing in situ curing microgels loaded with adenosine.

Design, synthesis, and characterization of injectable, in situ curing
adenosine delivery system. The in situ curing delivery system consisted
of hyaluronic acid (HA) microgels loaded with adenosine and functio-
nalized with ureidopyrimidinone (UPy) molecules, which facilitated
annealing of the microgels and network formation via hydrogen bonding
(Fig. 2a-d). Details of the synthesis and characterization are provided in
the Methods and Supporting Information (Fig. 2a-d; Supplementary Fig.
2-5). The average size of the microgels was found to be ~159 + 10 um
(Fig. 2e). The microgels remained stable for 28 days (maximum experi-
mental time observed) in both water and growth media containing serum
as no significant change in diameter was observed (Supplementary Fig.
6). UV-visible absorption spectroscopy analysis indicated that the
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Fig. 1 | Perturbation of extracellular adenosine in the aged bone marrow. The
bone of young (Y, 3 mo.) and old (O, 20 mo.) mice were harvested and compared for
their extracellular adenosine levels and cellular expression of CD73. a Extracellular
adenosine levels from bone marrow (mean + SEM, n = 5 mice per group). b Gene
expression of Cd73 in bone and marrow cells (mean + SEM, n = 6 mice per group).
¢ Immunofluorescence staining of CD73. DAPI stains the nucleus blue. Scale bar,

PE-A

100 pum. d Flow cytometric analyses of CD73 expression in bone marrow cells
(mean + SEM, n = 3-4 mice per group). e Gene expression of Adora2b in bone
marrow-derived mesenchymal stromal cells (MSCs; mean + SEM, n = 3 and 2 mice
were pooled per group). Statistical analyses were performed by two-tailed unpaired
t test. **P < 0.01.
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Fig. 2 | Adenosine-containing microgels. Chemical structures of the microgel
components: (a) HA-AEMA, (b) 3-APBA-adenosine, and (c) the UPy linker.

d Schematic depicting microgel scaffold formation due to hydrogen bonding
between the UPy moieties. e Representative image of the adenosine-containing
microgels hydrated in distilled H,O (scale bar: 100 um). f Cumulative release of
adenosine from the microgels in PBS buffer of pH 7.4 as a function of time. g Vial
inversion test comparing 5 wt%, 2 wt%, and 1 wt% microgel scaffolds with UPy.
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h Vial inversion test comparing 5 wt% microgel scaffolds with or without UPy.

i Storage moduli of microgel scaffolds with or without UPy at a frequency of 1 Hz
and 1% strain (mean + SEM). j Viscosity as a function of shear rate comparing 5 wt%
microgel scaffolds with or without UPy. k Extrusion of microgel scaffolds with and
without UPy through an 18-gauge needle. 1 Step-strain measurements for microgel
scaffold containing UPy.

microgel contained ~453 + 27 ug of adenosine per mg of the microgel. To
test the adenosine release from the microgel scaffold, the release kinetics
were determined at pH 7.4 over a period of 28 days. Similar to previous
reports™*, an initial burst release followed by a sustained release of
adenosine was observed until 28 days, where the release began to level off

(Fig. 2f).

The UPy-mediated gelation of the microgels was characterized initially
by visualizing the flow behavior of the solution containing the microgels
functionalized with or without UPy. The UPy-mediated gelation was
investigated for different concentrations of 1, 2, and 5wt%. The UPy-
modified microgels exhibited a solid-like behavior at 5 wt% and did not flow
upon vial inversion (Fig. 2g). In contrast, samples containing microgels
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Fig. 3 | In vivo retention of adenosine-containing in situ curing microgel system.
a Representative IVIS images of mouse fractured tibiae following injection of Cy7-
conjugated adenosine-containing microgels at the fracture site as a function of time.

The fluorescence intensity is reflected using a color map on the right.
b Quantification of fluorescence intensity expressed as a percentage of initial
intensity. (mean + SEM, n =2).

without the UPy modification behaved like a liquid suspension at all con-
centrations, including 5wt% (Fig. 2h). The network formation was also
confirmed by rheological measurements. Frequency sweep measurements
demonstrated UPy mediated gelation at 5 wt%, as a much higher storage
(G') modulus was observed for microgels with UPy than the microgels
devoid of UPy (Fig. 2i). Notably, for the UPy containing microgel, the
storage (G’) modulus was higher than the loss (G”) modulus, which indi-
cated crosslinking of the microgels. As expected, the UPy containing
microgels showed an increase in moduli with an increase in UPy
concentration (Supplementary Fig. 7). Shear rate sweep measurements of
the UPy microgel system demonstrated shear thinning behavior (Fig. 2j).
Consistent with the shear thinning behavior, the UPy modified microgels
could easily be extruded through an 18-gauge needle (Fig. 2k).

Given the dynamic nature of hydrogen bonds, the microgel networks
should be able to self-heal and regenerate the networks following rupture®.
To examine the self-healing ability of the microgel network, we conducted
step-strain measurements. 5 wt% microgel suspensions were subjected to
altering step strains of 1% and 500% (Fig. 21). The G’ and G” values of the
UPy-microgel scaffold inverted at a 500% strain, indicating disruption of the
hydrogen bonds between the microgels. After the strain was removed, the
microgels reorganized and generated the network with 100% storage
modulus recovery.

Adenosine delivery promotes aged fracture healing

To evaluate the ability of the adenosine-loaded injectable microgel scaffolds
to repair aged bone tissues, we utilized a tibial fracture model*>***’. The
retention of the in situ curing microgels following injection was assessed by
using Cy7-conjugated microgels. Longitudinal IVIS imaging for 28 days
following local administration of the microgels to the tibial fracture showed
their localization at the fracture site with minimal loss of radiant efficiency in
the initial 3 days, followed by a gradual decrease of signal to ~42% by 28 days
post-administration (Fig. 3a, b).

Stabilized tibial fractures were treated with either the control microgel
scaffold lacking adenosine, or the microgel units loaded with adenosine.
Treatment-dependent changes in fracture healing were analyzed at various
timepoints of 7, 14, and 28 days. We also analyzed the expression of several
pro-regenerative markers that are known to play an important role in
fracture healing, including the angiogenesis marker VEGF, as well as
PDGFA and IGF1""”. Gene expression analyses of the callus at 7 days
post-fracture showed significantly higher expressions of Vegfand Pdgfa in
adenosine treated groups compared to controls (Fig. 4a, b). IgfI expression
demonstrated an increasing trend in the adenosine-treated group com-
pared to the control, albeit not significant (Fig. 4c). Callus gene expression
analysis was also conducted at 3 days post-fracture, where the Vegf
expression was higher in the adenosine treated group compared to the
control, while Pdgfa and Igfl expressions did not show any significant
changes (Supplementary Fig. 8); the Igfl again displayed an increasing

trend in the adenosine treated group compared to the control (Supple-
mentary Fig. 8c).

To evaluate the healing progression of the fractures, microcomputed
tomography (microCT) and histological staining (Movat’s Pentachrome
and Safarin-O) were used for morphological analysis of the fractured cal-
luses. The 7-day post-fracture calluses did not demonstrate significant dif-
ferences between the control and adenosine-treated groups (Fig. 4d-f).
However, 14- and 28-day post-fractured calluses showed visible differences
in healing with the adenosine group showing an overall improved healing
compared to the control group (Fig. 4d-f). The control group exhibited a
less mature and less organized callus with increased cartilaginous tissue
remaining at 14 days. In contrast, the adenosine-treated group showed
reduced cartilaginous tissue, new bone deposition, and better alignment of
cortices with a smaller distance between them at 28 days (Supplementary
Fig. 9). In addition, the adenosine-treated group displayed near-union of the
cortices, along with a reduced number of cortical fragments remaining in the
callus at 28 days post-fracture (Fig. 4e, f). This was complemented by
microCT parameters at 28 days, which demonstrated a significantly
decreased callus in the adenosine-treated group (TV). Other parameters,
such as bone mineral density (BMD) and bone volume ratio (BV/TV),
showed a positive trend, but no statistical significance (Supplementary Fig.
10a—c). Examination of vascularization in the fracture calluses using
immunofluorescent staining showed significantly increased endomucin-
positive staining in adenosine-treated group at 28 days compared to control,
while the 7- and 14-day time points showed a trend of increasing staining in
the adenosine-treated group (Fig. 4g; Supplementary Fig. 11).

scRNA-Seq analysis of cells in post-fractured callus
To examine the effect of adenosine on cell populations contributing to the
early pro-regenerative environment within the fracture callus, we performed
scRNA-seq analysis on bone marrow cells from the callus. The bone marrow
tissues were harvested 7-days post-fracture from aged animals either treated
with the control microgel lacking adenosine, or the adenosine containing
microgels. Our analysis focused on immune cells, as immune cell signaling is
critical to the resolution of inflammation and induction of the regenerative
phase of fracture healing”. Initial unbiased clustering revealed 11 cell
clusters in the composite UMAP (Fig. 5a). Distinct cluster analysis revealed
both the control and adenosine treated groups exhibiting all 11 cell clusters
with varying cell numbers and proportions (Fig. 5a-c). For both groups,
granulocytes were the most abundant cells population; however, the ade-
nosine treated groups showed a decreased number of granulocytes com-
pared to the control group. Moreover, adenosine treatment resulted in an
increase in T cells, B cells, and progenitor cells within the callus (Fig. 5a—c).
To determine if adenosine treatment influenced overall gene expres-
sion within the callus, we examined the gene expression across all cell
clusters. Some of the top genes that were significantly decreased in the
adenosine treated group compared to the control group were the
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Fig. 4| Local delivery of adenosine promotes bone regeneration in aged mice. The
fractured tibiae of old (20 mo.) mice treated with control (microgel without ade-
nosine) or adenosine-loaded microgels were harvested and analyzed for gene
expression analyses or histology. Gene expression of (a) Vegf, (b) Pdgfa, and (c) Igfl
at 7 days post-fracture (mean + SEM, n = 5 mice per group). Statistical analyses were
performed by two-tailed unpaired ¢ test. *P < 0.05. d Representative 3D recon-
structed images (both whole and cut views) and radiographs of the fractured tibia
treated with control or adenosine-containing microgel scaffolds at 7-, 14-, or 21-days

following injury (white boxes outline the callus region) scale bar: 1 mm. Repre-
sentative (e) Movat’s Pentachrome and (f) Safranin-O stained images of fractured
tibiae treated with control or adenosine-containing microgel scaffolds at 7-, 14-, or
21-days following injury. scale bar: 900 um. g Representative immunofluorescence
images of endomucin (red) staining demonstrating vascularization of fractured
calluses treated with control or adenosine-containing microgel scaffolds at 7-, 14-, or
21-days following injury (scale bar: 200 pm).

transcription factor CCAAT/enhancer binding protein beta (Cebpb), che-
mokine (C-X-C motif) ligand 2 (Cxcl2), cytokine interleukin 1 beta (I11b),
and thrombospondin 1 (ThbsI) (Fig. 5d; Supplementary Fig. 12a-d). These
findings suggest a decrease in pro-inflammatory factors that are known to
effectively negatively influence bone regeneration following treatment with
adenosine.

As granulocytes comprised the most abundant population, we sought
to explore them further for their potential transcriptomic differences using
RNA velocity. RNA velocity enables determination of transcriptional
dynamics within single cells, using various solvers of differential equations

(i.e. stochastic, deterministic, dynamic)’’. We performed RNA velocity on
the unbiased clusters of post-clustering labeled granulocytes for both the
experimental groups in our scRNA-seq dataset, and observed a clear
dynamical progression towards a cluster, cluster 4, enriched in the callus of
the control group (Fig. 5e). Of note the cluster 4 was abundant in the control
group compared to adenosine treated group. The velocity vectors appeared
to change direction before returning towards the cluster 4. To understand
this, we further performed differential velocity t-testing to identify genes
driving the velocity vectors from cluster 3 to cluster 4, discovering I11b as the
highest ranked gene for cluster 3 in both adenosine and control groups.
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Fig. 5| scRNA seq of 7-day fractured callus in aged mice. Single-cell transcriptomic
analysis of fractured callus in aged mice treated with control (microgel without
adenosine) or adenosine-loaded microgels. a Uniform manifold approximation and
projection (UMAP) of complete dataset with annotated cell clusters split by
experimental group. b Numerical abundances of each identified cell type, colored by
experimental group. ¢ Heatmap illustrating marker gene expression for each of the
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select genes between aged mice treated with control or adenosine-containing
microgel scaffolds. e RNA velocities of granulocyte clusters projected onto UMAP
(red inset shows velocities from cluster 3 to cluster 4). f Scatter plot depicting
abundance of spliced and unspliced reads for I11b gene expression between control-
and adenosine-containing microgel treated calluses (solid purple line shows inferred
trajectory; dashed line shows inferred steady-state ratio).
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Figure 5F depicts a phase portrait demonstrating the induction of Il1b gene
expression through the spliced:unspliced RNA ratio, and a relative decrease
in the induction of II1b expression in adenosine treated groups (purple curve
in Fig. 5f). Taken together, the expression dynamics of Il1b may be affected
by adenosine treatment, thereby influencing the resultant granulocyte

subtypes.

Discussion

Aging has been shown to negatively affect the cellular and molecular pro-
cesses associated with fracture repair’. Inadequate neovascularization®* and
decreased osteoprogenitor/stem cell function™ are identified as some of the
factors contributing to poor healing outcomes in the elderly’. Therefore,
therapeutics that can overcome the age-related deficits in bone repair could
significantly improve the fracture healing. Previously, we have shown that
localization of extracellular adenosine at the fracture site promoted fracture
healing in young mice via improved angiogenesis and osteoblastogenesis”.
Bone degenerative diseases like osteoporosis are associated with reduced
extracellular adenosine in the bone tissue*', which led us to investigate the
possibility of altered adenosine signaling as a contributing factor to impaired
fracture healing in aged animals.

Our results show that the extracellular adenosine and CD73 expression
are substantially decreased in the aged bone tissue. The decrease in CD73
expression in conjunction with an unaltered adenosine deaminase expres-
sion, which irreversibly deaminates adenosine to inosine™, between young
and aged animals indicated that the reduction of adenosine levels in aged
bone tissue is associated with decreased extracellular adenosine production
rather than increased adenosine catabolism. Taken together, these findings
provide new insights into the physiological perturbations of adenosine
signaling in aged mice that could potentially contribute to delayed fracture
healing.

While gene expression analyses of adenosine receptors of the whole
bone marrow showed no significant change for A1 and A2 adenosine
receptors between the young and the old, significant difference in
ADORA3 was observed. Although understandings of the role of
ADORA3 in bone health remains minimal, studies have shown that it
plays a key role in reducing inflammation via neutrophils and mast
cells” . We speculate the Adora3 decrease may result in deficient reso-
lution of inflammation in aged mice, a process required for normal bone
healing™”’. ADORA3 agonism has been shown to significantly decrease
the release of inflammatory cytokines such as I115°**". This is supported
by our scRNA sequencing results which demonstrated a decrease in Il1b
expression in the adenosine-treated group.

Previously, we have shown that harnessing the transient increase in
endogenous adenosine following injury at the fracture site promotes bone
healing in young mice*. However, since endogenous adenosine levels are
significantly decreased in aged mice, sequestering the nucleoside in situ at
the fracture is not a viable treatment option. Therefore, we developed a local
delivery system consisting of microgels serving as both building blocks for a
3D scaffold and a drug carrier to deliver adenosine locally at the fracture site.
Local delivery of adenosine will circumvent the challenges associated with
the ubiquitous presence of adenosine receptors as well as the short half-life
of adenosine in circulation, in which local delivery could improve its
bioavailability and mitigate the off-target effects. The microgels encoded
with ureidopyrimidinone (UPy) moieties, which is known to rapidly
dimerize via quadruple hydrogen-bonding, facilitates annealing of the
microgel units to form a dynamic 3D scaffold. The reversible network
formation contributes to the shear thinning behavior, which in turn facil-
itates its injectability and ease of administration®.

The aged mice treated with adenosine showed improved fracture
healing as suggested by the microCT and histochemical analyses. Con-
comitant with the accelerated fracture healing timeline, the early fracture
calluses showed an increase in pro-regenerative growth factors and a
decreased inflammatory environment. Previous studies have shown that
adenosine promotes Vegf expression and angiogenesis through A2A

receptor signaling’”, while its effect on Pdgfa and Igf1 expression remains

unknown. The increase in Vegf was complemented by an increase in
endomucin positive staining at early time points during healing.

The adenosine treated groups showed improved healing at all time-
points when compared to the controls. The healing timeline was expedited
in the adenosine treated groups, as evident by the reduction in cartilage
template at the mid stage of healing when compared to the controls. While
this study focused on adenosine delivery to promote fracture healing in aged
mice that display low levels of endogenous adenosine, our previous studies
with 3-month-old young mice demonstrated that biomaterial-assisted
sequestration of transiently upregulated adenosine following a fracture can
enhance healing”. Hence, although the control group does not receive
exogenous adenosine, it is possible that the material could sequester
extracellular adenosine, if present, albeit at low levels in aged mice. This
could explain some of the varied healing parameters in control group.

Animals with delayed endochondral healing have previously demon-
strated to exhibit compromised healing and inferior biomechanical prop-
erties of the neo-bone”, and treatments that can accelerate endochondral
ossification have been shown to attenuate impaired healing™. Together,
these data indicate the possible role of adenosine in creating a pro-
regenerative environment through modulation of immune cell signaling
and vascularization to promote fracture healing. While the results of this
study suggest that adenosine delivery promotes fracture healing, the quality
and functionality of the newly formed tissue require further investigation.
Specifically, the study lacks mechanical characterization of the repaired
bone, which is essential to assess the structural integrity and healing quality
of the tissue.

In summary, our results identified a significantly lower adenosine level
in aged animals compared to their younger counterparts. The lower levels of
extracellular adenosine were correlated with the significantly lower
expression of CD73 in aged bone. Supplementing extracellular adenosine at
the fracture site by using a biomaterial— injectable building blocks and
adenosine—accelerated fracture healing in aged mice. The scRNA
sequencing indicates that the local delivery of adenosine altered the immune
cell signaling to induce both vascularization and osteogenesis, and thereby
creating a pro-regenerative environment. This study demonstrates the
therapeutic potential of using adenosine treatment to bolster the impaired
healing capacity of aged fractures. While the work here demonstrates per-
turbations of aged adenosine signaling and the ability of adenosine delivery
to generate a pro-regenerative environment to expedite aged fracture
healing, further investigation is needed to unravel the specific down-stream
pathways involved and the spatiotemporal changes.

Methods

Animal studies

All animal studies were performed with the approval of Institutional Animal
Care and Use Committee (IACUC) (A151-20-07) through Duke University
and in accordance with the guidelines from the National Institutes of Health
(NIH). 3-month-old and 20-month-old male C57BL/6] mice (Jackson
Laboratory) were used for cell isolation and in vivo studies. Young and old
mice were also used for flow cytometry analysis and the adenosine assay.
The number of mice used per group are indicated in the corresponding
figure legends. All euthanasia procedures were carried out in compliance
with the ARRIVE 2.0 guidelines and adhered to the recommendations of the
American Veterinary Medical Association (AVMA). Mice were euthanized
via inhalation of isoflurane followed by a secondary physical method to
confirm death. Mice were placed in an induction chamber pre-filled with
3-5% isoflurane in oxygen delivered at a flow rate of 1-2 L/min. The animals
were monitored for signs of deep anesthesia, confirmed by the loss of
reflexes (e.g., pedal withdrawal reflex) and absence of voluntary movement.
To confirm death, mice were subjected to a secondary method of euthanasia,
cervical dislocation.

Adenosine assay
Bone marrow was collected from both femurs and tibiae. Plasma was iso-
lated from the bone marrow flush by centrifugation at 2000 rcf for 20 min at
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4 °C, and the supernatant was collected and mixed with an adenosine-buffer
solution containing 0.2 mM dipyridamole, 5uM erythro-9(2-hydroxy-3-
nonyl)- adenine, 60 uM alpha, beta-methylene-adenosine 5-diphosphate,
and 4.2 mM ethylenediaminetetraacetic acid (EDTA). An Adenosine Assay
Kit (Fluorometric; Abcam, ab211094) was used to quantify the extracellular
adenosine content in the plasma. Each sample was mixed with the desig-
nated reagents consisting of Adenosine Detector, Adenosine Convertor,
Adenosine Developer, and Adenosine Probe in the Adenosine Assay Buffer,
and the mixture was incubated in dark for 15 min. Adenosine concentration
was determined based on fluorescence intensity at 535 nm (excitation)/
590 nm (emission) using a microplate reader; known concentrations of
adenosine were used as standards.

Quantitative reverse transcription PCR

Ribonucleic acid (RNA) from tissues or cells were extracted with TRIzol,
phase-separated with chloroform, and precipitated in isopropanol. One
microgram of RNA was reverse transcribed with iScript cDNA Synthesis Kit
(Bio-Rad, Hercules, CA, 1708891), according to the manufacturer’s
instructions®. Quantitative PCR was performed with iTaq Universal SYBR
green reagent (Bio-Rad, 1725124) using denaturation at 95 °C for 30 seconds
for one cycle, and amplification (denaturation + annealing/extension) at
95 °C for 5 s and 60 °C for 30 s for 40 cycles on a polymerase chain reaction
cycler (Bio-Rad, CFX96 Touch). The primer sequences are: Cd73 (forward,
GGTCC ACCCTG AAGAA GGCT; reverse, CTCTG TTCCA GGGCT
TTCGG), Ada (forward, CGGAG AGAAC CGGGA ACAG; reverse,
TGGTT TCTGG CTTGA TGGCT), Adoral (forward, CCCCA TCGTCTA
TGCCTTCC; reverse, CATCG GAAGT GGTCG TTCCA), Adora2a (for-
ward, GCCAG AGCAA GAGGC AGGTA T; reverse, TCCCA AAGGC
TTTCT CACGG), Adora2b (forward, ATCTT TAGCC TCTTG GCGGT
G; reverse, GACCC AGAGG ACAGC AATGA T), Adora3 (forward,
GCTGTA GACCGA TACCTIG CG; reverse, GGAAAC TAGCCA
GCAAAG GC), Vegf (forward, TGGACCCTGGCTTTACTGCT; reverse,
CAATCGGACGGCAGTAGCTT),

Pdgfa (forward, GTCCAGGTGAGGTTAGAGG; reverse, CACGGA
GGAGAACAAAGACQC), Igfi (forward, CAACATCTCCCATCTCICT
GGA; reverse, TTGGGTTGGAAGACTGCTGA), 18S ribosomal RNA
(forward, ACCAG AGCGA AAGCA TTTGC CA; reverse, ATCGC
CAGTC GGCAT CGTTT AT). The expression level of each target gene was
normalized to both the housekeeping gene and their respective controls. The
expression level was presented as fold change expressed as 2724,

Flow cytometry analysis

Long bones of mice were dissected and washed with PBS. The bones were
pulverized, and marrow flushed with PBS. Cell debris was removed by
passing through a 70 um cell strainer. Cells were pelleted using cen-
trifugation at 300 x g, and the supernatant was removed. The cells were then
treated with Red Blood Cell Lysis Buffer (Thermo Fisher, Waltham, USA)
for 5 min at 25 °C. Cells were again centrifuged and the supernatant was
removed. Flow Cytometry Staining Buffer (Thermo Fisher, Waltham, USA)
was then added to the cells. The cells were stained with the LIVE/DEAD
Fixable Near-IR Dead Cell Stain Kit (Thermo Fisher, L10119) for 30 min at
25 °C. Cells were washed twice with PBS and incubated with CD73 primary
antibody (Thermo Fisher, 12-0731-82; 1:100 dilution) at 4 °C for 30 min.
Cells were then washed twice with PBS, and flow cytometry was performed
on BD FACSCanto II (BD Biosciences, 338962). Flow]Jo software (version
10.6.1) was used to analyze the results. OneComp eBeads Compensation
Beads (Thermo Fisher, 01-1111-41) and ArC Amine Reactive Compensa-
tion Beads (Thermo Fisher, A10346) were used for compensation.

Reagents and chemicals for biomaterial synthesis

Hyaluronic acid (MW 40 kDa, HA40K) was obtained from Lifecore, USA.
2-Aminoethylmethacrylamide (2-AEMA, 24833-5) was acquired from
Polysciences, USA. Sodium hydroxide (NaOH, 795429), 17-azido-
3,6,9,12,15-pentaoxaheptadecan-1-amine (901155), N-hydroxysuccinimide
(NHS, 130672), 2-amino-4-hydroxy-6-methylpyrimidine (UPy, A58003),

hexamethylene diisocyanate (NCO, 52649), acryloyl chloride (A24109),
mineral oil (M5904), and adenosine (A4036) were obtained from Milli-
poreSigma, USA. 3-acrylamido phenylboronic acid (3-APBA) (A3199) and
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC.HCI,
D1601) were purchased from TCI Chemicals, USA. Triethanolamine
(AC139560010) and triphenylphosphine (PPHj, 14112) were purchased
from Fisher Scientific, USA. The dialysis bags (MWCO 3.5kDa) were
obtained from Repligen, USA. ABIL EM90 surfactant (420095-L-151) was
obtained from Universal Preserv-A Chem INC, Germany. Hexane, acetone,
ethanol, dichloromethane (DCM), and dimethyl sulfoxide (DMSO) were
ACS grade and purchased from MilliporeSigma, USA. Methanol was pur-
chased from Fisher Scientific, USA, and of ACS grade. Genesys 10S UV-VIS
spectrometer was used to record UV-visible spectra. FTIR spectra were
recorded using the Thermo Electron Nicolet 8700 FTIR spectrometer. NMR
spectra were recorded using an FFSC 400 MHz Agilent/Varian Inova
spectrometer.

Synthesis of 2-aminoethylmethacrylamide (2-AEMA)-conjugated
hyaluronic acid (HA-AEMA)

HA-AEMA was prepared by conjugating 2-aminoethlymethacrylamide (2-
AEMA) to hyaluronic acid (HA) through activation of the carboxylic acid.
In short, HA (400 mg) was dissolved in MES buffer of pH 5.5 at a con-
centration of 10 mg/mL. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC.HCI, 384 mg) and N-hydroxysuccinimide (NHS,
230 mg) were added to the HA solution in 15 min intervals. 2-AEMA
(164 mg, 1 equivalent with respect to the carboxylic acid groups of HA) was
added to the reaction mixture after 30 min and allowed to react for 24 h at
25 °C. The resulting reaction mixture was dialyzed and lyophilized to obtain
HA-AEMA. The degree of AEMA conjugation, determined via "HNMR,
was 17+1 (Supplementary Fig. 3).

Synthesis of Cy7-conjugated hyaluronic acid

Cyanine 7 (Cy7) fluorescently labeled HA was created by Cy7 amine con-
jugation to the HA-AEMA through amide coupling reaction between the
amine groups of Cy7 and the free carboxylic acid groups of HA-AEMA.
100 mg of HA-AEMA was dissolved in a 1:1 deionized water: DMSO
mixture at a concentration of 5 mg/mL. To this solution, 69 mg of EDC.HCI
and 41.4 mg of NHS were added at 15 min intervals. 6 mg of Cy7 dissolved
in 1 mL of DMSO was added to the reaction mixture and reacted at 25 °C for
2 days. The resulting product was dialyzed against 10:1 deionized water:-
DMSO mixture for 24 h using a cellulose acetate dialysis bag with MWCO
3.5 kDa. This was followed by 5 days of dialysis against deionized water. The
resulting HA-AEMA-Cy7 product was then lyophilized and stored
at -20°C.

Synthesis of UPy linker

UPy linker was synthesized in a stepwise procedure. First, 17-azido-
3,6,9,12,15-pentaoxaheptadecan-1-amine  (1.1g) and triethylamine
(729 mg) were reacted with acryloyl chloride (487 mg) in dichloromethane
at 25 °C overnight. The resulting solution was washed with 1N HC],
saturated sodium bicarbonate, and brine solution, and dried using the
rotary-evaporator to obtain N-(17-azido-3,6,9,12,15-pentaoxaheptadecyl)
acrylamide, which was characterized via "HNMR (Supplementary Fig. 4).
Next, N-(17-azido-3,6,9,12,15-pentaoxaheptadecyl)acrylamide (1.1 g) was
dissolved in methanol and reacted with triphenylphosphine (1.1 g) over-
night. The reaction mixture was dried via rotary-evaporation and dissolved
in excess distilled water. The solution was washed multiple times with ethyl
acetate. Finally, the water layer was freeze-dried to obtain the product, N-
(17-amino-3,6,9,12,15-pentaoxaheptadecyl)acrylamide. ~ Separately, 2-
amino-4-hydroxy-6-methylpyrimidine (10 g) was dissolved and reacted in
excess hexamethylene diisocyanate (107 g) at 100°C overnight under an
argon environment. The product, 1-(6-isocyanatohexyl)-3-(6-methyl-4-
0x0-1,4-dihydropyrimidin-2-yl)urea, was precipitated, washed with pen-
tane, and dried under vacuum. Finally, N-(2-(2-(2-aminoethoxy)ethoxy)
ethyl)acrylamide (816 mg) and 1-(6-isocyanatohexyl)-3-(6-methyl-4-oxo-
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1,4-dihydropyrimidin-2-yl)urea (410 mg) were dissolved in N,N-dime-
thylformamide and reacted at 55 °C for 24 h. The resulting UPy linker, N-
(1-((6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)amino)-1,10-dioxo-
14,17,20,23,26-pentaoxa-2,9,11-triazaoctacosan-28-yl)acrylamide, was
precipitated using a 50:50 diethyl ether:acetone mixture, dried in a vacuum
oven at 40 °C, and characterized via "HNMR (Supplementary Fig. 5).

Synthesis of adenosine-containing microgels

The microgels were synthesized through an inverse emulsion suspension
co-polymerization as described previously”. First, adenosine was con-
jugated to 3-(acrylamido)phenylboronic acid (3-APBA) at ~pH 11 to
obtain an adenosine-PBA complex. Briefly, 3-APBA (191 mg) was dissolved
in water (750 pL) by adjusting the pH to approximately 11 by using 5N
NaOH. Adenosine (267 mg) was added to the PBA solution and dissolved to
obtain a clear solution. This solution was then added to 75 mg of freeze-
dried HA-AEAM and allowed to dissolve. Separately, the UPy-linker
(75 mg) was dissolved in water (250 uL) in presence of 5N NaOH (at pH
10). Both the solutions were mixed and 2,4,6-trimethylbenzoylphosphinate
(LAP) was added to obtain the final concentrations of HA-AEMA: 7.5 wt%;
3-APBA: 1 M; adenosine: 1 M; UPy-linker: 7.5 wt%; LAP: 0.30 wt%. This
solution (1 mL) was added in a continuous organic phase of 10% ABIL EM-
90 surfactant in mineral oil (20 mL) under constant agitation of ~100 rpm.
The microdroplets were exposed to UV irradiation (365 nm) for 20 min to
obtain microgels. The gel particles were then washed in a series of hexane,
isopropanol, deionized water, and freeze-dried. Microgels without 3-APBA
were synthesized similarly using acrylamide (1 M) and used as controls.

Characterization of microgels

The size of the microgels was determined by optical microscopy. Microgels
were suspended in DI water, allowed to hydrate for 24 h, and imaged using
the Axio Vert.Al microscope. Image] was used to determine the average
diameter. The stability of the microgels was also determined by optical
microscopy. Briefly, microgels ( ~5mg) were suspended in DI water or
growth medium (containing a-MEM, FBS (10%, v/v)) for 28 days. At
predetermined timepoints, microgel samples were removed and imaged
using the Axio Vert.A1 microscope. The images were then quantified using
Image] to determine the average diameter.

Adenosine content within the microgels. The adenosine loading
capacity was measured using UV/vis spectroscopy. A standard curve was
created by using a range (4-125pg/mL) of known adenosine con-
centrations in 0.1 M acetate buffer of pH 3.5. Adenosine loaded microgels
(~ 5 mg) were suspended in 1 mL of 0.1 M acetate buffer (pH 3.5). The
samples were then placed at 37 °C for 24 h and centrifuged at 6000 x g for
10 min. The supernatant was collected and measured by using UV/vis
spectroscopy at 260 nm.

Adenosine release kinetics. The adenosine-loaded microgels ( ~ 5 mg)
were hydrated in 1 mL of PBS buffer (0.1 M, pH 7.4), a 3D microgel
scaffold was allowed to form and placed at 37 °C. At predetermined time
points, 20% of the supernatant liquid was collected and replaced with
fresh buffer. UV/vis spectroscopy was then used to determine the amount
of adenosine released from the scaffolds. The free adenosine content in
the buffer was quantified as a function of time, measured via UV/vis
spectroscopy at 260 nm. The standard curve created using known con-
centrations of adenosine (4-125 pg/mL) in 0.1 M PBS buffer of pH 7.4
was used to determine the unknown concentration of adenosine in the
solution.

Rheological characterization of the microgel-based scaffolds

The HA-MA-PBA microgels were prepared in PBS (pH 7.4) and tested with
arotational rheometer (AR-G2, TA Instruments). A parallel plate geometry
was used to test both samples (8 mm). Frequency sweep measurements were
carried out from 0.1 to 10 Hz at a strain amplitude of 1%, and all mea-
surements were carried out in triplicates. To evaluate the microgel network’s

ability to self-heal (or regenerate following rupture), step-strain measure-
ments were recorded at 1 Hz with 6 cycles of 1% and 500% strain, with each
strain being applied for 180 s.

Tibial fracture and microgel scaffold implantation

Mice were anesthetized with 2% isoflurane and administered with sustained
release buprenorphine (1 mg/kg, ZooPharm) via subcutaneous injection
before beginning surgery. First the skin proximal to the knee was removed
and the knee joint exposed. The right tibia was then stabilized through
insertion of a 0.7 mm pin from the tibial plateau through the medullary
cavity. Following stabilization, a fracture was created at the midshaft of the
tibia with blunt scissors. Finally, 30 uL of a7.5 wt% microgel system was
injected around the fracture site. Following administration, the wound was
closed with wound clips and two drops of bupivacaine (0.5%, Hospira) were
applied topically along the incision line.

Microgel retention in vivo

In total, 30 puL of Cy7-containing microgels (7.5 wt%) was administered at
the murine tibial fracture site via injection. At designated timepoints fol-
lowing administration, the mice were anesthetized with isoflurane and
imaged via an IVIS Kinetic system (excitation filter, 745 nm; emission filter,
ICG; excitation time, 100 ms). The Cy7 epi-fluorescence intensity at the
fracture site was quantified from images taken at Day 0 and designated as the
starting value. The percent of remaining fluorescence intensity at each
subsequent time point was determined up to a 28-day post microgel
administration, where the animals were euthanized.

Microcomputed tomography (UCT)

The fractured tibiae were collected, and pins removed. The samples were
fixed in 4% paraformaldehyde (PFA) for 1 day at 4 °C. Following fixation,
the samples were rinsed with PBS and loaded into a uCT scanner (vivaCT
80, Scanco Medical) along with phantom. The samples and phantom were
scanned at 55 keV with a pixel resolution of 10.4 um. The scanned images
were reconstructed using the uCT Evaluation Program V6.6 (Scanco
Medical). Radiographs and 3D images were generated using pCT Ray V4.0
(Scanco Medical). Total callus volume (TV), bone mineral density (BMD),
and bone volume (BV) ratio (BV/TV) was calculated using the phantom as a
reference from 100 contiguous slices. Cortical alignment was determined by
measuring the distance remaining between cortices at 28D post-fracture of
the 3D rendered images using Image] (n = 6-7 per group).

Histological staining

Tibial fracture samples were fixed using 4% paraformaldehyde (PFA) at4 °C
for 24 h and decalcified using 14% ethylenediaminetetracetic acid (EDTA,
pH 7.4) for 2 weeks at 4 °C. The samples were gradually dehydrated using
various concentrations of ethanol and incubated in Citrisolv (Decon
Laboratories, 125160) until equilibrated. Following dehydration, samples
were submerged in a mixture of 50% (v/v) Citrisolv and 50% (w/w) paraffin
(General Data Healthcare, H-PF) for 30 min at 70 °C. These samples were
embedded in paraffin and sectioned at 5 pm with a rotary microtome (Leica,
RM2255). Prior to staining, sections were deparaffinized. To visualize the
extent of fracture healing, the sections were stained with either Safranin-O
(Saf-O) or Movat’s Pentachrome stain. For Movat’s Pentachrome stain,
samples were stained with Movat Pentachrome Stain Kit: Modified Russel
Movat (ScyTek Laboratories Inc, MPS1). Specifically, the samples were
stained with Elastic Stain (30 mL 5% Hematoxolin (SkyTek HSV250);
15 mL 10% Ferric Chloride (SkyTek FCC125); 15 mL Lugol’s Iodine (SyTek
LIS125)) for 20 min, Alcian Blue for 25 min (SkyTek ANC125), Biebrich
Scarlet-Acid Fusion (SkyTek BSU125) for 2 min, and Metanil Yellow
10 min (SkyTek MYQ125). For Saf-O staining, sections were stained for 1 h
with 1% Safranin-O (Sigma-Aldrich, Cat.# S8884) and counter-stained for
1 min in 0.02% Fast Green (Sigma-Aldrich, Cat.# F7258). Sections were
gradually dehydrated using various concentrations of ethanol until equili-
brium was reached. Sections were mounted using Cytoseal Mountant 60
(Epredia, 23-244257) and imaged using a Keyence BZ-X700 microscope.
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Image] was used for quantification of histological images: Safranin-O
staining was quantified by percentage of positive staining within the callus
area; Endomucin staining was quantified by measuring the intensity of
positive staining within the callus area.

Preparation of cell suspensions and cell sorting for scRNAseq
To obtain single-cell suspensions from calluses of tibiae, mice were eutha-
nized, and calluses were minced using a scalpel in 100 U ml™" DNase I
(Millipore Sigma, 10104159001), 1% bovine serum albumin (Sigma-
Aldrich) and PBS for 20 min at 37 °C. The cell suspension was filtered using
a40 pm strainers and centrifuged at 300 x g for 5 min and treated with RBC
lysis buffer (Millipore Sigma, 11814389001) for 10 min. Cells were stained
with propidium iodide and viable cells were sorted using DiVa cell sorter
(BD Biosciences) for scRNA-seq preparation. Cell suspensions were loaded
onto a 10x Genomics Chromium Controller Single-Cell Instrument (10x
Genomics) mixed with reverse transcription (RT) reagents, gel beads, and
oil to generate single-cell gel bead-in emulsions (GEMs). GEM-RT was
performed using an Eppendorf Mastercycler Pro using the following cycle:
53 °C for 45 min, 85 °C for 5 min. After RT, GEMs were broken, and the
single-strand cDNA was purified using DynaBeads MyOne Silane Beads
(Thermo Fisher Scientific). cDNA was then amplified using the Eppendorf
Mastercycler Pro using the following cycle: 98 °C for 3 min, 11-13 cycles of
98 °C for 155, 67 °C for 20s and 72 °C for 1 min, 72 °C for 1 min. The
amplified cDNA product was further purified using the SPRIselect Reagent
Kit (0.6 x SPRL; Beckman Coulter). Indexed sequencing libraries were
constructed using the reagents in the Chromium Single-Cell Library Kit 3°
v2 using the following steps: (1) fragmentation, end repair and A-tailing, (2)
SPRIselect cleanup, (3) adapter ligation, (4) post-ligation cleanup with
SPRIselect, (5) sample index PCR, and (6) post-index PCR cleanup.
Sequencing libraries were transferred to BGI and were loaded onto a
MGISEQ-2000 platform (MGI Tech) for sequencing.

scRNA-seq data analysis

10X Genomics reads were converted to FASTQ files using bcl2fastq
command-line tool. FASTQ files were aligned to the mm1l0 reference
transcriptome, filtered, and counted using the CellRanger 7.0.0 pipeline.
Matrix files were used to construct Seurat (version 4.3.0) objects in R sta-
tistical software (version 4.1.3). Seurat objects were filtered and normalized
on a per-sample basis to remove cells with exceedingly high or low UMIs
and high mitochondrial gene expression. Unbiased clustering, marker gene
identification and differential gene expression testing were all performed in
Seurat. Cell type labels were generated through alignment with the ImmGen
database™. After filtering, all samples were integrated into a single Seurat
object using the SCTransform integration workflow. FindConservedMar-
kers function was used to identify cluster marker genes. FindMarkers was
used to identify differentially expressed genes between control and
adenosine-treated calluses. Full and split-group UMAPs were generated
with Seurat’s DimPlot function. UMAPs including gene expression were
generated with Seurat’s FeaturePlot function and the heatmap was gener-
ated using Seurat’s DoHeatmap function. For RNA Velocity: Loom files
were generated on a per-sample basis from the original BAM files output
from the CellRanger pipeline using the command-line tool, Velocyto
(version 0.17.17). An H5AD file was exported from Seurat and imported
into python for downstream analysis. Loom file data was merged with the
Seurat H5AD data to form a complete annotated data set of the single-cell
sequencing experiment. Using scvelo (version 0.2.5), velocities were com-
puted through the stochastic solver and plots created using scvelo’s plotting
functions scvelo.pl.velocity_embedding grid and scvelo.pl.scatter. For
granulocyte analysis, the annotated data set was subset to include only the
granulocyte clusters identified from unbiased clustering in Seurat (see
ScRNA-seq data analysis). Velocities and differential velocities were calcu-
lated using scvelo.tl.velocity_graph and scvelo.tl.rank_velocity_genes for
each granulocyte cluster. The rank_velocity_genes function utilizes a pre-
computed velocity graph and performs Welch’s t-test with an overestimated
variance on the velocity expression. Consequently, for each gene, the

dynamics (i.e., velocity vector) of that gene is compared between clusters
using the t test.

Statistical analyses

All numerical data are expressed as means plus or minus standard error of
the mean. Data were subjected to one-way analysis of variance (ANOVA
with post hoc Tukey-Kramer test for multiple comparisons), or two-tailed
Student’s t-test. P-values of less than 0.05 were considered statistically sig-
nificant and indicated with an asterisk. All statistical analyses were per-
formed with GraphPad Prism 9.1.0.

Data availability

Further information and requests for resources and reagents should be
directed to and will be provided by the lead contact, S.V. (shyni.-
varghese@duke.edu). RNA-sequencing data generated in this study has
been deposited at The Gene Expression Omnibus (GEO) database, sup-
ported by the National Center for Biotechnology Information (NCBI), and
are publicly available as of the date of publication (Accession Number:
GSE272155). Any additional information required to reanalyze the data
reported in this paper is available by the lead contact upon request.
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