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Abstract

Activation of the canonical Wingless‐related integration site (Wnt) pathway has

been shown to increase bone formation and therefore has therapeutic potential for

use in orthopedic conditions. However, attempts at developing an effective strategy

to achieve Wnt activation has been met with several challenges. The inherent hy-

drophobicity of Wnt ligands makes isolating and purifying the protein difficult. To

circumvent these challenges, many have sought to target extracellular inhibitors of

the Wnt pathway, such as Wnt signaling pathway inhibitors Sclerostin and Dickkopf‐
1, or to use small molecules, ions and proteins to increase target Wnt genes. Here,

we review systemic and localized bioactive approaches to enhance bone formation

or improve bone repair through antibody‐based therapeutics, synthetic Wnt sur-

rogates and scaffold doping to target canonical Wnt. We conclude with a brief re-

view of emerging technologies, such as mRNA therapy and Clustered Regularly

Interspaced Short Palindromic Repeats technology, which serve as promising ap-

proaches for future clinical translation.
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1 | INTRODUCTION

This article provides an overview of Wingless‐related integration site
(Wnt) signaling pathways and summarizes therapeutic strategies to

activate the canonical Wnt pathway in order to enhance bone for-

mation. We first review traditional and novel molecules, ions, anti-

bodies, and proteins that have been used to activate theWnt pathway,

then we discuss how tissue engineering approaches designed to

achieve local delivery may improve both safety and efficacy. Engi-

neered materials such as hydrogels, liposomes, or scaffold doping

offer strategies to integrateWnt‐pathway activators to mitigate some
of the potential limitations seen with systemic administration.

Three Wnt signaling pathways have been described: the canon-

ical Wnt pathway (β‐catenin‐dependent) and two non‐canonical (β‐
catenin‐independent) pathways, including, the Wnt‐Planar Cell Po-
larity pathway and the Wnt/Ca2+ pathway (Hosseini et al., 2019). The

canonical Wnt pathway is a highly conserved pathway which plays a

central role in tissue development, regeneration and serves as a key

anabolic regulator of bone repair and homeostasis (Kirstetter

et al., 2006; Komiya & Habas, 2008; Wang & Wynshaw‐Boris, 2004).
Canonical Wnt signaling modulates cytosolic transcription factor β‐
catenin to activate genes involved in osteoblast differentiation and

bone matrix maintenance (Manolagas, 2014; Schupbach et al., 2020).

Canonical Wnt pathway reduces osteoclast differentiation through

secretion of osteoclast receptor antagonist, osteoprotegerin (Lacey

et al., 1998; Yasuda et al., 1998). While some studies have indicated

that bone healing is also modulated by the non‐canonical Wnt

pathways, it is unknown if these pathways serve as positive or

negative modulators (Schupbach et al., 2020). Due to its established

role in osteogenesis, activation of the canonical Wnt pathway is a

promising approach to promote bone regeneration or accelerate

bone healing.

There are a total of 19 Wnt ligands (secreted glycoproteins

which activate Wnt) which target 10 different receptors in the friz-

zled (Fzd) protein family with multiple co‐receptors required to

activate a downstream response (Liu et al., 2013; Siman‐Tov
et al., 2021). Each Wnt ligand may stimulate different Wnt path-

ways depending on the receptor and co‐receptor combination, yet
there are several ligands strongly associated with canonical Wnt

(Wnt1, Wnt3a) (Liu et al., 2013; Siman‐Tov et al., 2021). Wnt ligands

undergo extensive post translational modifications with one of the

most significant modifications to these proteins being lipidation. Due

to canonical Wnt's involvement in stem cell maintenance, stem cells

require an excess supply of the enzymes catalyzing fatty acylation

(Hosseini et al., 2019). In fact, dysregulations in the fatty acyl chains

of Wnts are associated with various embryonic developmental ab-

normalities (Ng et al., 2019; Nile & Hannoush, 2016). Lipid modifi-

cations serve to anchor the Wnt ligands to the endoplasmic reticulum

membrane, prevent misfolding, regulate signal transduction and

facilitate long range signaling (Hosseini et al., 2019). While essential

for function, the hydrophobic nature of the Wnt proteins makes them

difficult to engineer and deliver therapeutically using conventional

strategies.

The canonical Wnt pathway is stimulated through binding of a

Wnt ligand to the Fzd receptor, a seven transmembrane‐span re-

ceptor, and the low density lipoprotein receptor‐related proteins

(LRP5/6) co‐receptor (Brown et al., 1998; Kato et al., 2002;

Wodarz & Nusse, 1998) (Figure 1a). Once the ligand binds to the

receptor complex, the cytoplasmic tail of the LRP5/6 co‐receptor is
phosphorylated, opening a binding site for Axin (Tamai et al., 2004;

Zeng et al., 2005). This co‐cluster of proteins (LRP5/6, frizzled and

Disheveled (Dsh/Dvl)) recruit Axin and GSK3 complex to form the

destruction complex, which is key in regulating the stability of β‐
catenin (Dajani et al., 2003; He et al., 2004; Mao et al., 2001).

Following Axin's recruitment, the destruction complex is dis-

assembled and β‐catenin enters the nucleus to stimulate transcrip-

tion of targeted genes (Ikeda et al., 2000; Xing et al., 2003).

Specifically, β‐catenin modulates the T‐cell factor/lymphoid enhancer
factor family of transcription factors regulating multiple pathways

associated with proliferation and differentiation (Bienz &

Clevers, 2003; Cong et al., 2003; Tolwinski & Wieschaus, 2004).

Relative to bone formation, target genes that are activated upon

stimulation of canonical Wnt include transcriptional cascade RUNX2

(runt‐related transcription factor 2) and Osterix, which have been

shown to transcribe osteoblast markers Collagen 1, Osteopontin

(OPN), Osteocalcin (OCN) and Alkaline phosphatase (ALP) (Felber

et al., 2015). In the absence of Wnt ligands, β‐catenin is phosphory-

lated and sent to the proteosome for proteolytic degradation (Aberle

et al., 1997; Orford et al., 1997).

Given the canonical Wnt pathway's central role in promoting

bone formation, it is an attractive therapeutic target for bone

regeneration (Liu et al., 2013; Minear et al., 2010; Xu et al., 2014).

However, there are several challenges associated with therapeutic

activation of the Wnt pathway, predominantly with the lipid modifi-

cations of Wnt ligands that make isolating and purifying the protein

difficult and expensive (Cadigan & Liu, 2006; Liu et al., 2013).

Currently available clinical interventions target the inhibitors of the

canonical Wnt pathway in age‐related diseases, such as osteoporosis
and cancer (Baron & Rawadi, 2007; Krishnamurthy & Kurz-

rock, 2018). Although there is more recent evidence that demon-

strates an antibody‐based treatment modality can improve bone

formation (Haffner‐Luntzer, 2021), this review highlights a broader

range of strategies to activate the canonical Wnt pathway using

engineering approaches.

Dysregulation within the canonical Wnt signaling pathway has

been associated with various age‐related conditions. Age‐associated
aberrations within Wnt/β‐catenin signaling pathway are tissue

dependent. For example, an increase in Wnt/β‐catenin signaling has

been associated with age‐related pathology of muscle, specifically

sarcopenia (Brack et al., 2007). Conversely, a decrease in Wnt/β‐
catenin signaling is correlated with age‐related disorders of bone,

such as osteoporosis (Harada & Rodan, 2003). Dysregulation of Wnt

signaling pathways in age‐related diseases will need to be further

studied to understand effects of systemic and local Wnt activation

therapies across the lifespan in order to elucidate best practices for

clinical use.
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F I GUR E 1 Schematic of the canonical Wingless‐related integration site (Wnt) signaling pathway and mechanistic approaches of how
various bioactive agents target the canonical Wnt pathway. (a) In the absence of Wnt ligands, β‐catenin is phosphorylated, triggering
ubiquitination by the destruction complex. In the presence of Wnt ligands, destruction complex disassembles. This allows for β‐catenin to

accumulate in the cytoplasm and translocate to the nucleus, stimulating transcription of target genes. (b) Antibodies targeting Sclerostin, an
inhibitor of Wnt, allow for Wnt ligands to bind and activate the pathway. (c) Dickkopf‐related protein 1 (Dkk1) binds to the LRP receptor
inhibiting Wnt ligands from activating the pathway. Antibodies specific to Dkk1 allow for Wnt ligands to bind to the LRP receptor and
stimulate the pathway. (d) Lithium Chloride, an inhibitor of GSK‐3β, facilitates disassembly of the destruction complex [Colour figure can be
viewed at wileyonlinelibrary.com]

2 | WNT ACTIVATING THERAPEUTICS

In terms of specificity and therapeutic potential, protein delivery is

typically superior to small molecule drugs. However, proteins have

low stability in physiological environments (Boraiah et al., 2009). For

this reason, therapeutic efficacy in protein delivery is usually achieved

by delivering supraphysiological doses of proteins, causing several

side‐effects (Wang et al., 2018). This hampers the clinical translation

of protein delivery and is the main reason why the vast majority of

FDA‐approved drugs for clinical use are small molecule drugs instead
(New Drugs at FDA: CDER's New Molecular Entities and New Ther-

apeutic Biological Products, 2021). Moreover, specific to the Wnt

pathway, since the ligand is lipidated, unmodified therapeutic delivery

of this protein is ineffective. As such, alternative approaches have

been tested to achieve targeted activation of canonical Wnt signaling.

Re‐purposing some of these compounds to target the Wnt pathway

could accelerate clinical translation. In this section, we discuss

bioactive agents which have been used in pre‐clinical and clinical

studies to activate Wnt and stimulate bone regeneration. In the

following section, we assess tissue engineering strategies to deliver

these bioactive agents.

2.1 | Sclerostin antibodies

Sclerostin is a well‐defined inhibitor of the canonical Wnt signaling

pathway. Sclerostin is a small glycoprotein transcribed from the SOST

gene secreted by osteocytes. Sclerostin binds to the LRP5/6 co‐
receptor on the cell surface of osteoblasts preventing association

with the Frz receptor and thereby inhibiting canonical Wnt pathway

activation (Figure 1b) (Li et al., 2005; Semënov et al., 2005) Sclerostin

antibodies activate canonical Wnt signaling by inhibiting the inhibitor

of the Wnt pathway to enhance bone formation and are one of the

most translational strategies to date. Their use has been shown in

several preclinical and clinical studies for the treatment of osteopo-

rosis and is elegantly reviewed by Clarke (Becker, 2014; Clarke, 2014;
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Li et al., 2009; Markham, 2019; McClung et al., 2014; Ominsky

et al., 2017; Yang et al., 2011).

Romosozumab (EVENITY™) is an FDA‐approved monoclonal

antibody that inhibits sclerostin. EVENITY™ is approved for the

treatment of severe osteoporosis in postmenopausal women at high

risk of fracture in 37 countries, including the U.S., Japan, and Canada

(Markham, 2019). The approved EVENITY™ dose is 210 mg admin-

istered subcutaneously once a month for 12 months. In addition to a

systemic effect in osteoporosis, the sclerostin antibody has also been

tested as a bioactive approach to improve fracture healing. As

recently reviewed, most preclinical studies suggest that systemic

administration of EVENITY™ enhances bone formation and may

accelerate fracture healing (Alaee et al., 2014; Cui et al., 2013; Ke

et al., 2012; Ominsky et al., 2011, 2017; Virk et al., 2013). Based on

these pre‐clinical successes, an international, Phase‐2, randomized
and placebo‐controlled clinical trial tested the efficacy of EVENITY™
on fracture patients with open reduction and internal fixation of

intertrochanteric or femoral neck hip fractures. No significant dif-

ferences were found in the median time to radiographic evidence of

fracture healing between EVENITY™ and placebo treated groups

(Schemitsch et al., 2020). Similarly, in a study evaluating the effect of

EVENITY™ on tibial diaphyseal fractures, radiographic evaluation

after 6 months revealed no significant differences in the time to

radiographic and clinical healing between treatment groups (Bhan-

dari et al., 2020). EVENITY™ is considered an osteoanabolic treat-

ment yet it has been reported to only have transient effects on

increasing bone formation (Chavassieux et al., 2019). Thus, it has

been proposed that the therapeutic efficacy derives from its anti‐
resorptive properties, which result in decreased bone turnover rate

and an increase in bone density (Chavassieux et al., 2019). Taken

together, these data suggest systemic delivery of sclerostin anti-

bodies are effective in building bone to treat osteoporosis, but this

therapeutic approach is not effective for bone repair applications.

2.2 | Other antibody‐based approaches to modulate
Wnt

Based on the translational success of EVENITY™, multiple other an-

tibodies to Wnt pathway inhibitors have been tested for treating

osteoporosis or as a fracture healing therapeutic. Here, we focus on

summarizing data utilizing these antibodies for bone repair. One

approach utilizes an antibody to Dickkopf‐related protein 1 (Dkk1),

which, like sclerostin, is a soluble protein that binds to LRP5/LRP6

co‐receptor to inhibit canonical Wnt signaling (Figure 1c). As Dkk1

overexpressing mice are characterized with osteopenia, preclinical

models have shown that the inhibition of Dkk1 with anti‐Dkk1 an-

tibodies has increased bone mass (Pinzone et al., 2009; Yaccoby

et al., 2007). Other studies analyzing levels of Dkk1 in cells sur-

rounding a fracture callus report elevated levels in human nonunion

fractures (Jin et al., 2015). To test the use of anti‐Dkk1 antibodies as
a potential anabolic agent in fracture healing, murine fracture models

were treated with anti‐Dkk1 antibodies and showed radiographic

evidence of enhanced callus formation (Bajada et al., 2009).

Dickkopf‐related protein 1 treatment appears to necessitate a critical
window for administration to enhance fracture healing, with studies

showing that treatment is not effective unless started immediately

post‐fracture (Komatsu et al., 2010). Importantly, osteoanabolic ef-

fects of Dkk1‐inhibition through treatment with anti‐Dkk1 anti-

bodies only results in bone formation when Sclerostin is deactivated

(Witcher et al., 2018). Using this information, groups have tested

therapeutic potential using combinatorial treatments of Wnt in-

hibitors, Dkk1 and Sclerostin (Choi et al., 2021). Choi et al. deter-

mined significantly enhanced therapeutic efficacy using this dual

antibody treatment on cancellous bone, but not for cortical bone

(Choi et al., 2021).

Additional approaches for targeting Wnt/β‐catenin pathway in-

hibitors using antibody‐based therapeutics include targeting the

growth factor midkine or secreted frizzled‐receptor 1 (sFRP1).

Antagonizing midkine, which targets LRP family of receptors, has

helped accelerate fracture healing in mice by increasing bone volume

density, bone formation, and osteoblast activity (Haffner‐Luntzer
et al., 2016; Liedert et al., 2014). However, more research is needed

to determine whether midkine represents a viable bioactive target to

enhance fracture healing. Secreted frizzled‐receptor 1 is a glyco-

protein that negatively modulates Wnt signaling through binding and

inhibition of Wnt ligands (Komiya & Habas, 2008). Mice deficient in

sFRP1 resulted in slower age‐related bone loss and decreased

apoptosis in osteoblasts (Ohnaka et al., 2009; Yao et al., 2010).

Secreted frizzled‐receptor 1 antagonists could serve as an additional
therapeutic target for osteoporosis and the ability of sFRP1 to

mitigate its progression is currently being studied preclinically

(Bodine et al., 2009). Additionally, it has been reported that the loss

of sFRP1 expression improves fracture healing in vivo (Gaur

et al., 2010; Xu et al., 2014). While antibody‐based therapeutics show
promising results in increasing bone mass, further tests on the dosing,

timing, and route of delivery of these antibodies for fracture repair

need to be executed in both pre‐clinical and clinical studies.

The four R‐spondin proteins, derived from roof‐plate specific

spondin (Rspo) gene, are implicated in various biological functions

including skeletal repair (Kamata et al., 2004; Kazanskaya

et al., 2004). Within the last decade, there have been several

breakthroughs in R‐spondin signaling and stimulation of canonical

Wnt pathway activation (Binnerts et al., 2007; Kazanskaya

et al., 2004; Nam et al., 2006). Specifically, several groups reported

that R‐spondins amplify Wnt activation when co‐delivered with Wnt

ligands (Binnerts et al., 2007; Wei et al., 2007). The mechanism of

how R‐spondins synergistically activate the canonical Wnt pathway

has yet to be elucidated, yet it is generally thought that R‐spondins
do not bind directly with Fzd receptor (Jin & Yoon, 2012a; Wei

et al., 2007). Despite limited mechanistic details, many groups show

that R‐spondins synergistically stimulate bone repair through

enhanced osteoblast differentiation following treatment with R‐
spondin1 and Wnt3a in vitro (Lu et al., 2008; Nagano, 2019;

Sharma et al., 2013). Additionally, R‐spondin1 disrupted osteoclast

expansion, reduced bone erosion, and enhanced cartilage integrity
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following intraarticular injections into an osteoarthritic mouse model

(Krönke et al., 2010). R‐spondin2 has also been shown to promote

osteoblastogenesis during skeletal repair by modulating bone

morphogenetic protein (BMP) signaling (Friedman et al., 2009; Knight

et al., 2018). Despite these published roles in potentiating Wnt ac-

tivity, fundamental details addressing R‐spondins role in activating

canonical Wnt and bone repair are still needed to effectively harness

its therapeutic potential (Jin & Yoon, 2012b; Knight &

Hankenson, 2014).

2.3 | Synthetic Wnts

Recent interest has been geared toward developing surrogate Wnt

ligands for the activation of canonical Wnt pathway (Chen

et al., 2020; Janda et al., 2017). Janda et al. generated synthetic Wnt

surrogates to be non‐lipidated, water‐soluble Wnt ligands which

induce Fzd‐LRP5/6 receptor heterodimerization, identified as a key

molecular regulator for canonical Wnt pathway activation. Treatment

of synthetic Wnt surrogates resulted in accumulation of nuclear β‐
catenin and upregulation of ALP, suggesting activation of canonical

Wnt, in a murine hepatomegaly model (Janda et al., 2017). Despite

these advances in generating synthetic Wnt surrogates, many groups

have questioned the surrogate specificity for activating the Fzd

pathway since Wnt ligands are cross‐reactive for multiple receptors
(Tao et al., 2019). To combat this selectivity concern, Tao et al. has

developed tetravalent synthetic antibodies specific for any Fzd re-

ceptor. Further, they reported that activation of both binding sites

within LRP6 resulted in greater intracellular signaling (Tao

et al., 2019). Future directions in synthetic Wnt development entail

elucidating the specific mechanisms involved in Wnt receptor acti-

vation, and determining the therapeutic capacity of synthetic Wnts

for bone repair applications.

2.4 | Lithium Chloride

In addition to extracellular modulation of the Wnt pathway with

antibodies to Wnt inhibitors, Wnt pathway activation can be modu-

lated at the intracellular level by targeting the destruction complex.

Lithium is a chemical element that has been compounded with salts

and given orally as a psychoactive medication to treat bipolar dis-

order by increasing mTOR phosphorylation (O’Connell et al., 1991;

Xiao et al., 2020). Dysregulation of mTOR pathway has been found in

patients who suffer from bipolar disorder and once mTOR signaling is

activated, the production of synaptic proteins and inhibition of

autophagy result in nerve growth and synaptic transmission (Park

et al., 2022). Interestingly, the pleiotropic effects from lithium was

shown through its change in patient bone mineral density and was

subsequently discovered that lithium activates canonical Wnt

signaling. Lithium specifically inhibits GSK‐3β in the destruction

complex, enabling β‐catenin to stimulate Wnt‐responsive genes

(Figure 1d). (Clément‐Lacroix et al., 2005; Klein & Melton, 2019)

Numerous preclinical studies confirm that lithium has significantly

enhanced fracture healing by improving bone mass, volume, and

formation when administered several days after fracture (Chen

et al., 2007). Due to its success preclinically, a double blind, ran-

domized controlled clinical trial has begun evaluating the clinical

efficacy of lithium treatment in long‐bone fractures, but have yet to
report any conclusions (Nam et al., 2020).

2.5 | Fluoride

Fluoride is the ion of the highly reactive element fluorine and it can

influence the Wnt signaling pathway by inhibiting the destruction

complex (Grynpas et al., 2019; Pan et al., 2014). Specifically, fluoride

stimulates phosphorylation of Akt and GSK‐3β, thereby blocking

activity of the destruction complex and increasing nuclear localiza-

tion of β‐catenin (Pan et al., 2014). Additionally, exposure to fluoride
was shown to decrease the secretion of other inhibitors of the WNT

pathway, such as Dkk‐1 and SOST, in a time and concentration‐
dependent manner (Liu et al., 2012). In murine models, fluoride

increased the enzymatic activity of ALP and decreased activity of

osteoclast‐derived serum tartrate‐resistant acid phosphatase, indi-

cating enhanced osteoblastic differentiation and reduced bone

resorption (Li et al., 2016). However, fluoride has displayed adverse

effects, including potentially dangerous levels of toxicity and

decreased gene expression levels of bone morphogenetic protein 2

and type I collagen (COL1A1) when treated at high doses (Grynpas

et al., 2019; Li et al., 2016). Additionally, fluoride has been shown to

have pleiotropic effects and it has been characterized to suppress

mTOR pathway, significantly downregulating mTOR related genes,

inhibiting cell proliferation and increasing autophagy when delivered

at high doses (Kuang et al., 2018; Ma et al., 2021). While fluoride

demonstrates a promising approach to enhancing bone formation

both in vitro and in vivo, there has been no published research eval-

uating its effects on fracture repair (Grynpas et al., 2019).

2.6 | Strontium

It has been found that strontium can substitute calcium in bone,

increasing bone formation (Buehler et al., 2001). Mechanistically,

strontium substitution serves as an osteoanabolic by promoting

osteoblastic differentiation (Stefanic et al., 2018) and proliferation

(Wu et al., 2017), increasing ALP activity (Khan et al., 2016; Mog-

hanian et al., 2017), promoting angiogenesis (al Qaysi et al., 2015),

and increasing calcium deposition (Su et al., 2015) and mineralization

(Ehret et al., 2017; Sato et al., 2016). Strontium also enhances oste-

oblast activity through calcium‐sensing receptors which activate the

Ras/mitogen‐activated protein kinase signaling pathway and trigger

cell replication (Peng et al., 2009). Furthermore, strontium acts

directly on the Wnt pathway by decreasing the expression of scle-

rostin (Rybchyn et al., 2011) and increasing the expression of Wnt11

and Wnt3a (Fromigue et al., 2010; Saidak & Marie, 2012).
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Independent studies have demonstrated links between strontium and

the Wnt pathway, showing that strontium‐induced osteogenesis

were managed by the canonical Wnt pathway through regulation of

sFRP1 and DKK1 (Fromigue et al., 2010; Wang et al., 2021). Stron-

tium ranelate (StRan), PROTELOS®, is a newly‐approved drug for

lowering the risk of vertebral fracture in postmenopausal women. In

addition to treating osteoporosis, preclinical studies have shown that

StRan can promote bone repair by accelerating osteogenesis and

improving bone formation in a calvarial defect (Yang et al., 2011).

Similarly, in an ovariectomized rat model of osteoporotic fractures,

2 months of treatment with StRan increased bone volume within the

fracture callus (al Qaysi et al., 2015) and improved callus strength

(Habermann et al., 2010). While clinical trials of StRan report its

efficacy in reducing the risk of new vertebral fractures in post-

menopausal women, no clinical data has shown a benefit in fracture

repair (Deeks & Dhillon, 2010).

2.7 | Other Wnt modifiers

Several other families of Wnt modulators have recently been

determined to antagonize and deactivate Wnt proteins, such as Tiki,

while other modulators serve as an agonist of canonical Wnt

pathway, like Porcupine. Tiki proteins have been found to act as

metalloproteases by cleaving and deactivating Wnt ligands (Zhang

et al., 2016). These glycosylphosphatidylinositol‐anchored proteins

(GPI‐Aps) are localized to the plasma‐membrane through the GPI

moiety and inhibit canonical Wnt ligands (Li et al., 2022). Porcupine is

another protein which post‐translationally modifies Wnt proteins

through catalyzing their lipidation, imperative for Wnt ligand secre-

tion (Proffitt & Virshup, 2012). Specifically, both Wnt1 and Wnt3a

have been found to be lipidated through porcupine, promoting their

Wnt activity (Galli et al., 2007). While these proteins have been

implicated in the canonical Wnt pathway, few studies have deter-

mined their therapeutic efficacy in bone repair. As porcupine in-

hibitors have been studied for use as a cancer treatment, Funck‐
Brentano et al. examined potential adverse effects on bone health

finding deleterious amounts of bone loss and bone resorption (Funck‐
Brentano et al., 2018; Lung et al., 2021).

3 | TISSUE ENGINEERING STRATEGIES TO
ACHIEVE DELIVERY

The two main obstacles that drug delivery strategies must overcome

to ensure therapeutic efficacy are: (i) the stability of the cargo and (ii)

targeting the area of interest. While some of the molecular modu-

lators of the Wnt pathway discussed above have demonstrated

pharmaceutical benefits for treatment of osteoporosis (e.g., increased

bone density following EVENITY™ treatment), few of these modula-

tors have been tested in fracture repair. Although systemic ap-

proaches are often simple, the non‐selective nature of their delivery
results in variable concentrations delivered to the region of interest.

As an example, the systemic delivery of strontium ranelate without

proper targeting strategies results in biodistribution of less than 1%

of the drug to the bone (Wang et al., 2018). Due to the vast nature of

cellular responses in which Wnt plays a role, systemic administration

of bioactive agents targeting Wnt to enhance bone formation poses

the risk of off‐target effects (Krishnamurthy & Kurzrock, 2018). For

example, lithium has been shown to enhance bone mass through the

inhibition of GSK‐3β enzymes, but studies now reveal that its long‐
term usage is associated with elevated incidence ratios of renal

cancer (Kahn, 2014). Even sclerostin monoclonal antibodies, like the

newly approved EVENITY™, have reported adverse events such as

injection‐site erythema, hemorrhage, headaches, and arthralgia

(Padhi et al., 2011). While these therapies can be further designed to

circumvent adverse events, side effects are an inherent risk with

systemic delivery.

To circumvent the limitations associated with systemic delivery,

including poor biodistribution and aberrant side effects, there is an

opportunity to engineer more effective approaches to activate the

Wnt pathway at a local level. An overview of the potential applica-

tions for systemic versus localized Wnt‐activation strategies can be

found in Figure 2 (Erdine & de Andrés, 2006). Localized delivery of a

bioactive agent involves integrating the drug with a drug adminis-

tering device or process to control the rate of release and target a

specific tissue type. Various approaches have been used to activate

canonical Wnt pathway locally, including embedding bioactive agent

into a delivery carrier, using bioactive agents as a dopant for scaf-

folds, or incorporating them in hydrogel platforms. A schematic of

these tissue engineered approaches to deliver Wnt‐activating ther-

apeutics is shown in Figure 3. While these approaches have been

successful in vitro and in vivo applications, they have yet to be

translated to the clinic. This section highlights local approaches for

targeting canonical Wnt pathway.

3.1 | Liposomes

The most direct pathway to locally activate canonical Wnt signaling

would be through delivery of the ligand. Lipid nanoparticles, inspired

by the lipid bilayer of liposomes, can be an effective delivery vehicle

to circumvent the limitations of delivering hydrophobic Wnt proteins.

Liposomal Wnt‐ligand therapies serve as a promising clinically

translatable approach due to its preclinical successes (Leucht

et al., 2013; Popelut et al., 2010). In one embodiment, Chen et al.

sought to transiently activate Wnt in murine bone grafts by adding a

liposomal Wnt3a formulation (Chen et al., 2018). Following treat-

ment, the cells in the bone graft showed elevated Wnt signaling,

increased cell proliferation and reduced apoptosis, resulting in three‐
fold increase in bone formation as compared to bone grafts alone

(Chen et al., 2018). Similarly, other studies have reported that lipo-

somal Wnt delivery injected into skeletal defects enhanced bone

regeneration three times more than the control (Minear et al., 2010).

Leucht et al. has highlighted the therapeutic potential for transiently

upregulating canonical Wnt in patients with reduced skeletal healing
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potential, such as an aged demographic (Leucht et al., 2013; Minear

et al., 2010).

3.2 | Scaffold dopants

A promising approach to deliver ions is to use them as a dopant in

biomaterials. This approach enables the local delivery of small Wnt‐
activating ions, such as strontium or fluoride, while utilizing the

biomaterial scaffold to interact with the adjacent tissues. Minerali-

zation of biomaterials, typically through the addition of synthetic

hydroxyapatite or calcium phosphate, is a common procedure used to

increase scaffold strength and promote osseointegration with the

surrounding microenvironment (Kavitha et al., 2015; Kim &

Kim, 2021; Lee et al., 2019; Liu et al., 2019; Müller et al., 2017; Park

et al., 2016). Moreover, mineralization of metal‐based implants ob-

tained through coating with hydroxyapatite or bioglass was found to

alleviate inflammation caused by the corrosion of the implant (Cui

et al., 2020).

Strontium is one of the most used dopants in mineralized bio-

materials and strontium‐doped biomaterials consistently promote

improved osteogenic effects in vitro and in vivo (al Qaysi et al., 2015;

Meka et al., 2016; Weng et al., 2017). For example, strontium‐doped
hydroxyapatite induced osteogenic differentiation of MSCs through

upregulation of β‐catenin expression to produce new bone formation

both in vitro and in vivo (Cui et al., 2020; Müller et al., 2017; Yang

et al., 2011). Based on the successes of these strontium‐doped hy-

droxyapatite systems, Kavitha et al. has studied the synthesis pa-

rameters of strontium doped hydroxyapatite powder for the purpose

of scaling up the process to maintain desired powder characteristics

and optimal strontium concentrations to fabricate in bulk (Kavitha

et al., 2015). Similarly, bioactive borate glass cement containing

strontium was also found to enhance osteogenesis in vivo and in vitro

(Cui et al., 2020). Another strontium containing cement comprised of

calcium phosphate was reported to have new bone formation and

enhanced osseointegration at the bone‐implant area of the cements
in vivo as compared to the strontium‐free bone cements (Pina

et al., 2010; Thormann et al., 2013). While there only a few published

studies for the use of strontium‐doped materials in vivo, they have

promising results for the treatment of osteoporotic‐related fractures
(Schumacher & Gelinsky, 2015).

As with strontium, biomaterials can be doped with fluoride to

enhance osteogenesis. Cooper et al. studied fluoride's capabilities in

accentuating osseointegration of sandblasted titanium implants

(Cooper et al., 2006). They found that fluoride modified titanium

implants resulted in increased osteoblast differentiation capacity in

vitro and twice as much bone formation on the implant in vivo (Bor-

kowski et al., 2020). Hydroxyapatite scaffolds have also been

F I GUR E 2 Clinical overview of systemic versus localized drug or small molecule delivery approaches (Erdine & de Andrés, 2006). [Colour
figure can be viewed at wileyonlinelibrary.com]
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F I GUR E 3 Tissue engineering strategies to achieve delivery of Wingless‐related integration site (Wnt)‐activating therapeutics. Localized,
engineered approaches frequently involve the use of biomaterial platforms to deliver targeted therapeutics. This schematic depicts tissue

engineering strategies integrating biomaterial platforms and targeting moieties which are reviewed in this manuscript. References: 1. Minear
et al., 2010; 2. Popelut et al., 2010; 3. Leucht et al., 2013; 4. Chen et al., 2018; 5. Tao et al., 2019; 6. Balmayor et al., 2016; 7. Khorsand
et al., 2017; 8. Yuchen Wang et al., 2016; 9. Kavitha et al., 2015; 10. Müller et al., 2017; 11. Yang et al., 2011. [Colour figure can be viewed at

wileyonlinelibrary.com]

engineered to release fluoride ions at a controlled rate, increasing

proliferation and osteogenesis of MC3T3 cells in vitro (Borkowski

et al., 2020). Similarly, titanium containing fluoride‐doped phosphate

nanobioglasses enhanced osteogenesis in vitro resulting in higher

amounts of bone formation in vivo (Sankaralingam et al., 2021).

3.3 | Hydrogels

Hydrogels, networks of hydrophilic polymers, have been used in a

large number of studies to target bone repair as they can be

absorbable, integrated with adjacent tissues and do not require sur-

gical removal (Bai et al., 2018; Gresham et al., 2021). Hydrogels can be

synthesized from natural or synthetic materials and have a wide range

of applications due to their flexibility and potential for injectability

(Ahmed, 2015). Many studies have employed hydrogel systems to

deliver growth factors and/or cells for the promotion of bone

regeneration, but few have used this approach specifically to activate

Wnt signaling (Alaohali et al., 2021; Bai et al., 2018; Gresham

et al., 2021). Alaohali et al. used a hyaluronic acid‐based hydrogel to

deliver a GSK‐3 inhibitor to promote bone formation in dental ap-

plications (Alaohali et al., 2021). In this application, the hydrogel was

injected into a murine molar defect, crosslinked using UV light to

facilitate drug encapsulation, and the drug was control released

through degradation, stimulating dentine formation (Alaohali

et al., 2021). Similarly, Wang et al. utilized a hydrogel‐based system to

deliver bone targeting nanoparticles with a peptide targeting GSK‐3β,
showing that fracture healing was accelerated in a murine fracture

model (Wang et al., 2016). Other groups utilized a thermo‐responsive
hydrogel platform as a scalable, cost‐effective strategy to enhance the
production of Wnt3a protein (Li et al., 2018).

4 | FUTURE DIRECTIONS

There remains an unmet clinical need developing strategies to acti-

vate the canonical Wnt pathway in bone repair and bone regenera-

tion. Emerging technologies, such as mRNA, have had exciting

developments leading to clinical translation. To date, few of these

technologies have been applied to activating canonical Wnt pathway.

However, these new strategies can be used to navigate the current

limitations seen in developing Wnt‐activating therapeutics.

4.1 | mRNA delivery

Delivery of mRNA is an attractive new bioactive approach as it does

not require genomic integration (Mukherjee & Thrasher, 2013; Zohra

et al., 2007). Protein expression through mRNA delivery is sustained

for a limited time which is ideal to stimulate bone formation and
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minimize adverse events for application to fracture healing (Agholme

et al., 2010). Until recently, the use of mRNA as a therapeutic has

been limited due to challenges associated with mRNA stability,

cytotoxicity of the delivery platform, and induction of innate

inflammation (Mockey et al., 2006; Ramunas et al., 2015; Sultana

et al., 2017; Zohra et al., 2007). New technology to mitigate these

undesirable effects through modification of mRNA constructs and

delivery platforms has recently led to the successful mRNA COVID‐
19 vaccines (Pilishvili et al., 2021; Roy, 2021). Recent work pio-

neering mRNA therapies to promote bone regeneration through

coding for BMP2/9 has shown promise, yet all studies use a bio-

mimetic scaffold which requires surgical implantation (Balmayor

et al., 2016; Khorsand et al., 2017). An alternative would be to use

microparticles as an injectable delivery vehicle for therapeutic

mRNA. Recent studies have shown that delivering mRNA via mineral‐
coated microparticles increased transfection and cell survival in vitro

(Fontana et al., 2019) and in vivo (Khalil et al., 2020). Using mRNA‐
based approaches to target the Wnt pathway will circumvent the

solubility challenges encountered when delivering Wnt proteins and

capitalize on the endogenous cellular machinery to add the post‐
translational modifications essential to ligand function.

4.2 | CRISPR gene editing

As with mRNA strategies, gene editing technology has vast potential

in tissue engineering. The newest of the genome editing technologies,

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR/

Cas9), has accelerated translation from bench to clinic. Many groups

have proposed various methods for leveraging this technology for the

regeneration of bone, yet this approach has yet to be fully explored.

While CRISPR genome editing has been used to develop osteoporotic

murine models (Lambert et al., 2016; Liu et al., 2019; Ubels

et al., 2020), several investigators are currently exploring the ther-

apeutic capacity of using CRISPR technology in therapies. The most

current clinically effective CRISPR‐Cas9 applications involve genetic

engineering of cells ex vivo. One group recently used CRISPR/Cas9

and single guide RNAs as a platform to restore the expression of type

I collagen to combat osteogenesis imperfecta, a genetic disorder

characterized by bone fragility and repeat fractures (Jung

et al., 2021). Another group has employed CRISPR technology to

engineer stem cells as an alternative therapeutic approach to combat

osteoarthritis (Brunger et al., 2017). Brunger et al. engineered stem

cells to maintain resistance toward IL‐1‐induced degradation and

inflammation. This approach implies that when cells are inserted in

diseased or injured tissues the host inflammatory response may

compromise the therapeutic potential of the implant. Importantly, ex

vivo CRISPR gene therapy has now moved into human clinical trials

as an immunotherapy treatment and these trials will help to establish

safety and efficacy of this technology (Hsu et al., 2020; Khalaf

et al., 2020; Uddin et al., 2020).

The RNA targeting CRISPR‐Cas technologies may be the most

promising in vivo therapeutic approach for bone repair and/or

trauma. The RNA‐targeting Cas9 platform (RCas9) works by cleaving

ssDNA strands, and can also be designed to specifically target RNA

sequences using sgRNAs (O’Connell et al., 2014; Pickar‐Oliver &

Gersbach, 2019). Therapies aiming to reduce expression of toxic or

potentially lethal RNAs have been employed in patient cells ex vivo

(Batra et al., 2017). While RCas9 shows promise in treating nonge-

netic derived injuries, it has yet to be employed for use in bone repair

but could be possibly be used to silence inhibitors of Wnt/β‐catenin.
Despite the most clinically effective CRISPR‐Cas9 applications

involving genetic engineering of cells ex vivo, the first human clinical

trials using in vivo genome editing have recently been performed to

treat various genetic diseases (Frangoul et al., 2021; Maeder

et al., 2019). Further studies utilizing in vivo CRISPR technologies

need to establish a robust safety profile of the developed therapies

and their capacity in acquiring off‐target effects in order to employ in

vivo technologies using CRISPR‐based platforms (Brunger

et al., 2017; Pickar‐Oliver & Gersbach, 2019).

5 | CONCLUSIONS

While the canonical Wnt signaling proves to be a complex pathway to

target therapeutically, this review presents promising engineering

approaches to circumvent limitations in activating Wnt specifically

for bone regeneration. First, we reviewed Wnt‐activating therapeu-
tics designed to stimulate canonical Wnt when delivered systemi-

cally. Systemic delivery of bioactive agents requires targeting the

entire skeletal system, limiting the clinical application to diseases like

osteoporosis. We subsequently discussed strategies to deliver

bioactive molecules and ions locally, which may be a preferable

strategy for bone regeneration and fracture repair applications. Local

delivery approaches, including liposomes, scaffold doping, and

hydrogel‐based systems show promise, but these strategies have not

yet been translated clinically. In addition to these approaches, several

emerging methods should be considered as novel strategies to acti-

vate the canonical Wnt pathway.
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