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Abstract

Several tissue engineering strategies in the form of protein therapy, gene therapy, cell therapy and
its combinations are currently being explored for oral and cranio-facial regeneration and repair.
Though each of these approaches has advantages, they all have common inherent drawbacks of
being expensive and raising safety concerns. Using RNA (encoding therapeutic protein) has
several advantages that have the potential to overcome these limitations. Chemically modifying the
RNA improves its stability and mitigates immunogenicity allowing for the potential of RNA to
become an alternative to protein and gene based therapies. This brief review article focuses on the
potential of RNA therapeutics in the treatment of disorders in the oral and craniofacial regions.

Introduction

In dentistry, protein therapy utilizing growth factors or other proteins are approved for select
clinical indications and are currently in clinical use. A commonly employed recombinant
protein for craniofacial indications is recombinant human bone morphogenetic protein - 2
(rhBMP-2), which was cleared by the Food and Drug Administration in the United States for
select clinical indications in dentistry (Pilipchuk et a/.,, 2015). Growth factors such as
recombinant human platelet derived growth factor-BB (rhPDGF-BB) and proteins such as
enamel matrix derivative are also available in clinical dentistry for select indications and are
used with varying degrees of clinical success (Pilipchuk et a/., 2015).

Recombinant human BMP-2 is efficacious in augmenting maxillary sinus in humans (in
order to place dental implants) but less effective than the use of autogenous bone (Freitas et
al., 2015). Common side effects associated with rhBMP-2 use include significant facial
swelling, erythema, edema or sensory loss. In order to compensate for the limited
bioavailability of proteins due to short half-lives, growth factors are employed at
supraphysiological doses, which can lead to local or systemic complications (Tannoury and
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An, 2014). Another major drawback of protein therapy is their high manufacturing cost.
These drawbacks have led to the exploration of alternative molecular approaches that can
overcome these pitfalls. One potential approach is gene therapy but gene therapy strategies
using viral and non-viral vectors have their own set of challenges, most importantly safety
concerns and lower transfection efficacy, respectively (Kimelman Bleich et al., 2012). Apart
from tissue regeneration, there are several other areas such as cancer therapeutics, stem cell
biology/cellular reprogramming, salivary gland therapeutics and pain management, where
gene therapy is actively explored and they all have oral and craniofacial relevance. In this
brief review, we describe one strategy that has the potential to overcome the above said
limitations of both viral and non-viral gene therapy and hence has the potential to replace
gene therapy in dentistry.

Messenger RNA Therapeutics

The idea of delivering mRNA has gained significant interest over recent years. The concept
is very similar to plasmid DNA (pDNA) based therapies but instead of DNA, it’s the RNA
that encodes the target protein that is delivered. RNA, upon entry into cells (with or without
the aid of vectors) via lipid rafts and scavenger receptors, can get transcribed into the target
proteins directly in the cytoplasm, circumventing the need for nuclear entry (Figure 1).
Delivering mRNA has other significant advantages over DNA delivery that includes the
following (Sahin et al., 2014):

* Nuclear entry is a rate limiting step in DNA therapy but not for RNA therapy.
» There is no risk of insertional mutagenesis.
»  RNA therapy works in non-dividing mammalian cells.

e The protein is produced by the cells and therefore undergoes the normal
modifications and folding prior to secretion, making it native and non-
immunogenic.

«  mRNA production does not include complex steps and thus represents a powerful
molecular means to synthesize intra-cellular proteins.

Major barriers in using MRNA over DNA, include its inherent instability and
immunogenicity. RNA undergoes several modifications within the cells that allow them to
remain stable and therefore, these modifications are required /n vitro before it can be used
for clinical applications. In addition, mMRNA is highly immunogenic. In the intracellular
space, mRNA binds to specific, endosomal Toll-like receptors (7 and 8) as well as certain
cytoplasmic receptors and induce a strong inflammatory response. Therefore, modifications
are also required in mRNA to mitigate their immunogenic properties. Recent work has
shown that the binding affinity of mMRNA to innate immune receptors can be reduced
(Kariko et al., 2008). Partial substitution of combinations of various nucleotides to more
closely mimick those observed in endogenous transcripts, can yield mRNA transcripts with
further increased stability (Kormann et a/., 2011). For example, a twice weekly local
application of cmRNA (surfactant protein-B) in the form of aerosol restored 71% of the
wild-type SP-B expression in the mouse model of lethal congenital lung disease, and treated
mice survived until the end of the study period (after 28 days) (Kormann et al., 2011). It
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should be pointed out that the design of chemically modified mRNA (cmRNA) may have
substantially different effects in specific organs /in vivo.

In recent years, a number of studies have demonstrated the safety and efficacy of mMRNA
therapeutics for a variety of applications including gene editing (utilizing ZFN mRNA,
TALEN mRNA or CRISPR-Cas9 mRNA), cellular reprogramming, allergy toleration,
protective RNA vaccination, cancer immunotherapy and protein replacement therapy (Sahin
et al., 2014). In a recent study, nuclease-encoding chemically modified mMRNA (nec-mRNA,
a special form of cmRNA) was described as a novel vehicle for delivering genome-editing
components directly to the lung (Mahiny et al., 2015). Using a murine model of SP-B
deficiency, nec-mRNA-encoded ZFNs were able to demonstrate the first report of life-
prolonging gene correction specifically in the lung tissue (Mahiny et al., 2015).

Almost all of the above studies involve systemic or topical delivery of cmRNA. Though it
can be applicable in some domains of dentistry, due to the accessible nature of oral and
craniofacial structures, a direct local delivery of cmRNA is far more relevant in this field
than a systemic delivery approach.

Potential Applications

Bone Tissue Engineering

Bone tissue engineering strategies typically involve the use of recombinant proteins such as
rhBMP-2 (protein therapy), cells (cell therapy), gene encoding growth factors and
morphogens, biomimetic scaffolds, and their combinations. Our group successfully
demonstrated the application of non-viral gene based delivery system to enhance bone
regeneration (Elangovan et al., 2014). We employed a gene activated matrix (GAM)
consisting of collagen containing nanoplexes of polyethylenimine (PEI) complexed with
plasmid DNA encoding platelet derived growth factor-BB. We demonstrated the superior
bone regeneration capacity of GAM in calvarial defects in rats. For example, In vivo studies
showed significantly higher new bone volume/total volume (BV/TV) % in calvarial defects
treated with the complex-activated scaffolds following 4 weeks of implantation (14- and 44-
fold higher) when compared to empty defects or empty scaffolds, respectively. (Elangovan et
al., 2014). This study clearly demonstrated the potential of nucleic acid based therapies
loaded in collagen matrices for bone regeneration. Due to the inherent advantages with using
cmRNA over DNA, our group recently tested the /n vivo efficacy of cmRNA encoding
BMP-2 for bone regeneration application in rats using the same animal model (Elangovan et
al., 2015). This is the first study to explore the use of cmRNA therapeutics for any tissue
regeneration applications. In bone marrow stromal cells, we investigated the transfection
efficiency, cytotoxicity, osteogenicity and /n vivo bone regenerative capacity of cmRNA
encoding BMP-2 and complexed with the cationic non-viral vector polyethylenimine (PEI).
We also made comparisons with PEI complexed with pDNA encoding BMP-2. The PEI-
cmRNA polyplexes were fabricated at an amine (N) to phosphate (P) ratio of 10 and
characterized for transfection efficiency using human bone marrow stromal cells (BMSCs).
In addition, the expression of bone-specific genes, osteocalcin and alkaline phosphatase was
assessed in transfected BMSCs and bone matrix deposition was evaluated to validate the
functionality of transfection. In all of the above assessments, we demonstrated the
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superiority of PEI-cmRNA (BMP-2), when compared to its pDNA counterpart. Using a
calvarial bone defect model in rats, we demonstrated the superior bone regeneration capacity
of PEI-cmRNA (encoding BMP-2)-activated matrices compared to PEI-pDNA (BMP-2)-
activated matrices. Our proof of concept study clearly demonstrated that collagen scaffolds
loaded with non-viral vectors complexed to cmRNA encoding BMP-2 is an effective
strategy for local bone regeneration (Elangovan et al., 2015).

Periodontal Tissue Engineering

Periodontal tissue engineering involves the application of tissue engineering principles to
regenerate the lost periodontium (that comprises of periodontal ligament, bone and
cementum) on a previously diseased root surface. As of now, for periodontal tissue
engineering, innovative biomimetic scaffolds, protein (growth factor) therapy, cell/gene
based approaches and their combinations were explored (Cochran et a/., 2015). Scaffolds
containing cmRNA encoding a growth factor that is known to have a positive effect on
periodontal regeneration such as platelet derived growth factor (PDGF) should be explored
as this has the potential to overcome several limitations that exists with current periodontal
regenerative strategies.

Cancer Therapeutics

Both pre-clinical as well as human clinical trials have clearly demonstrated the safety and
efficacy of cmRNA based immune therapeutics for various forms of cancers. This strategy
utilizes cmRNA encoding a specific tumor antigen that can be utilized to stimulate an
antigen specific anti-tumor immune response including CD8+ T-cells. For example, mMRNA
encoding several different antigens including, oncofetal antigen, chimeric antigen, survivin,
and melanoma-associated antigen gp 100 has shown promising results in animal studies
(Sahin et al., 2014). Several human clinical trials were conducted that systemically delivered
cmRNA encoding a cocktail of different tumor specific antigens and demonstrated safety
and efficacy in inducing vaccine directed immune cells that led to improved clinical
outcomes in patients with a variety of cancers including metastatic melanoma (Weide et a/.,
2009). Several highly aggressive forms of cancer occur in the head and neck region and oral
squamous cell carcinoma is one of the most commonly occurring aggressive cancers. The
utility of gene therapy targeting squamous cell carcinoma is currently being investigated in
several trials and certainly cmRNA can substitute DNA and possibly enhance the outcomes.

Stem Cell Engineering and Genetic Reprogramming

In 2006, a Nobel prize winning breakthrough by Yamanaka and his team led to the creation
of induced pluripotent stem cells (iPS). They showed that transfecting somatic cells such as
fibroblasts with a cocktail of four transcription factors (KIf4, c-Myc, Oct3/4, Sox2) led to
the conversion of differentiated somatic cells into pluripotent cells (Takahashi and
Yamanaka, 2006). Initially viral vectors were utilized to transfect these factors into cells,
which was followed by the use of non-viral vectors (Okita et al., 2008). The lower
transfection efficiency and a slight possibility of insertional mutagenesis were major
limitations that led to several recent /n vitro investigations utilizing cmRNA (encoding the
required transcription factors) to produce iPS cells from a variety of somatic cells (Sahin et
al., 2014; Mandal and Rossi, 2013). CmRNA was shown to be as efficient as viral DNA
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based approaches in generating iPS with conversion efficiency of more than 2% and took
only 17 days for the emergence of embryonic stem cell-like colonies (versus 4 weeks with
viral gene delivery approaches (Warren et al., 2010). With several potential and proven
applications of iPS in dental research ranging from bone regeneration to whole tooth
regeneration, cmRNA has a definite role to play in the near future in these areas (Liu et al.,
2014).

Salivary Gland Applications

Several studies were performed in the past to explore direct local gene therapeutics in
salivary glands for a range of applications from protein replacement to correction of salivary
gland pathologies. Being exocrine in nature, it makes logical sense to transfect the cells in
these glands to produce the target protein of interest that can be actively secreted into saliva
which can ultimately reach the blood stream (Baum et a/., 2002). Range of genes from those
encoding growth hormones (such as insulin) to membrane proteins such as aquaporin-5
(Shan Z et al., 2005), has been explored delivered using viral vectors. In addition, gene
therapy encoding anti-inflammatory cytokine such as interleukin-27 in mice was able to
inhibit the immunological damage seen in auto-immune conditions such as Sjoédgren’s
syndrome, ultimately improving salivary gland function (Lee et al., 2002). Being easily
accessible, direct local delivery of cmRNA encoding the required factors can be successfully
employed in salivary glands for the above mentioned applications.

Other Potential Application - Pain Management

Gene therapy offers a potential strategy to eliminate pain, which is a major part of patient
management in dentistry. In addition, several patients suffer from severe chronic pain in the
oro-facial region. Past studies utilizing viral vectors demonstrated reduction of pain by
delivering genes encoding endorphin peptides or opiate peptides (Guedon et al., 2014;
Tzabazis et al., 2014; Nasirinezhad et al., 2015). This is another potential area for cnRNA
therapeutics in dentistry.

We can safely predict that therapeutic strategies involving cmRNA will have a significant
translational impact in oral, dental and craniofacial applications. Our study on the utilization
of cmRNA for bone regeneration will hopefully be the starting point for several studies in
the dental field to test its safety and efficacy in the important domain of regenerative oral
therapeutics and other key areas such as stem cell biology and cancer therapy.
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crmRNA Transfection

DNA Transfection

Figure 1.
Schematic depicting the molecular mechanism including uptake and the mostly likely

release mechanism of cmRNA in RNA based therapeutics in comparison with plasmid DNA
based therapeutics.
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