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ABSTRACT

Review Article

Gene Therapy Applications in Dentistry:

A Review

DINESH FRANCIS SWAMY', SAPNA SADA RAUT DESSAI?, ELAINE SAVIA BARRETTO?, KATHLEEN MANUELA DSOUZA*

Gene therapy involves transfer of new genetic material or manipulation of the existing material for the purpose of treating human
disease. It involves transfer of genetic material — ex vivo and in vivo and may conceivably revolutionize clinical practice in the
coming years. Although progress has chiefly been in the medical domain, research has moved to various dental conditions as well.
This review is presented to highlight various applications of gene therapy in dentistry in the areas such as salivary gland disorders,
chronic pain, DNA vaccines, bone repair, implantology, head and neck cancer, orthodontic therapy, periodontal repair and tooth

regrowth.
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INTRODUCTION

Gene therapy is a field of biomedicine that involves replacing or
repairing defective genes in the diseased cell genome to restore
normal cell function without causing any toxicity to non-target
tissues. Since the first attempt at human gene therapy in 1980
[1], scientists and clinicians have been constantly researching and
conducting trials [2].

Gene therapy can be somatic gene therapy or germ line gene
therapy. Somatic gene therapy involves alteration of the genes in
selected cells that are not gametes or undifferentiated cells. The
effects of these changes are restricted to treated individuals. On
the other hand, germ line gene therapy introduces permanent,
inheritable changes to the genome of the individual, by targeting
gametes. The state of gene therapy research is confined for ethical
and technical reasons almost in its entirety to somatic cell gene
therapy [3]. Typically, therapeutic genes are identified, isolated and
cloned and then introduced into a vector. A vector is a vehicle that is
used to deliver the gene of interest to the target tissue [Table/Fig-1].
A vector should deliver precise amount of material into each target
cell. Vectors that have been experimented and used include viral
and non-viral vectors. Viruses provide the most efficient form of gene
transfer. Various viral vectors in experiment today are retroviruses,
adenoviruses, adeno-associated viruses and herpes viruses. Non-
viral vectors include electroporation, microinjection, use of ballistic
particles, calcium vectors, lipid vectors and protein complexes [3].
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[Table/Fig-1]: Introduction of gene into the vector and transfer of the vector into
the target cell.

Although considered largely experimental, research is moving to
clinical applications, with several commercial gene therapies now
available for certain genetic conditions. Many dental conditions and
dental applications are also being researched presently all over the
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world [4, 5]. Following is a brief review of gene therapy in dentistry.

Gene Therapy for Bone Repair

Bone loss may be a consequence of several oral conditions such as
periodontal disease, trauma, neoplastic pathology, reconstructive
surgery or may be deficient as aresult of congenital defects. Currently,
efforts at addressing such bone defects revolve primarily around
using substitute materials that are either synthetic or harvested. The
ideal goal would be to have directed regeneration of bone to meet
the necessary needs. This would require manipulation of the critical
aspects of bone physiology i.e., osteoinduction, differentiation of
osteoblasts and the production of osteoid matrix, osteoconduction
and mechanical stimulation [4].

This is where members of the Transformation Growth Factor (TGF)
super-family such as Platelet Derived Growth Factors (PDGFs),
Insulin-like Growth Factors (IGFs), Transforming Growth Factor-$3
(TGF-Bs) and Bone Morphogenic Proteins (BMPs) have been
employed for tissue engineering. When introduced to a site in
sufficient concentration, they induce repair by creating molecular cues
for native Mesenchymal Stem Cells (MSCs) to migrate, proliferate,
differentiate and begin the cascade of osseous extracellular matrix
production [6].

While most of these molecules act with overlapping roles, it is the
group of BMPs (specifically BMP-2, BMP-4 and BMP-7) that have
shown the maximum promise in their direct ability to induce bone
formation, both when delivered in in vitro cultures [7] as well to local
sites in vivo [8]. However, a problem encountered is that BMPs are
degraded and have a short half-life and require sustained high dose
delivery. Gene therapy has shown the ability to overcome these
issues. The two basic gene therapy strategies employing BMPs are:
(1) the delivery of BMP-related genes directly into the area of interest
in vivo and (2) the seeding of ex vivo genetically-modified cells into
a scaffold which is then implanted [3]. Both approaches permit the
sustained delivery of elevated levels of BMPs to target tissues [6].

Studies have shown the ability of Ad-BMP-7 adenovirus vectors
to transfer genes encoding for BMP-7 directly into tissues (direct
gene transfer) and have monitored the expression of the transduced
gene products from the neighbouring vector-inoculated cells [9, 10].
Similarly, the in vivo applicability of BMP-2 gene delivery to tissues
of mandibular defects by means of an adenoviral vector has been
tested successfully [8].

The ex vivo methods have been validated in several studies where

gene transfer is accomplished in harvested cells (typically stem cells
of mesenchymal origin, bone marrow derived, adipose derived or
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dedifferentiated muscle or fibroblast derived stem cells) in a tissue-
culture environment and the transduced cells are then placed back
in the host. This has been successfully shown in studies attempting
BMP-gene transfer into MSCs [11, 12] and PDGF-gene transfer into
periodontal cells [13]. Ex vivo methods are convenient since it does
not invoke any immune response, the target cell for transduction
can be chosen according to the site and multiple genes {such as
vascular endothelial growth factor (VEGF) as well as BMP can be
transduced into a single cell} [14]. This is counter balanced by
the morbidity of harvesting cells pretreatment and the difficulty in
isolating certain cell lines and subsequently expanding them.

Gene Therapy for Salivary Gland Disorders

Tumours and their surgical resection, autoimmune disorders such
as Sjogren’s syndrome, postradiation fibrosis are some conditions
that can cause loss of salivary gland tissue and therapy that can
restore or regenerate damaged salivary glands tissue is much
desired. Salivary glandular tissue lends itself well to gene therapy
since it is easily accessible via retrograde instillation of medicines
through the salivary ducts and is anatomically encapsulated from
adjacent structures, thereby reducing concerns associated with
viral vector transduction.

An additional application of salivary gene therapy, owing to the
abundant exocrine salivary protein expression is the possibility of
secreting genetically engineered substances. These may be used
to secrete particular substances and overcome single protein
deficiencies or to deliver therapy to local areas i.e. oesophageal,
pharyngeal, oral areas [15].

Research groups using various animal models have reported salivary
gland gene transfer for hormones such as growth hormone and
insulin [16, 17]. These studies found the expression of transgene-
proteins in bloodstream, i.e., endocrine activity from the salivary
glands, which may be useful to treat systemic protein deficiency
disorders.

Antimicrobial and anticandidial peptides such as histatin-3 have
also been transduced into salivary glands by means of cDNA,
offering a novel approach to the management of candidial infections
in the upper-GIT using naturally occurring antifungal proteins [18].
This has potential application since Candida spp. are common
opportunistic infection and are a notorious cause of mucositis in
HIV-compromised individuals.

Postradiation salivary hypofunction has been addressed in primates
by the modulation of non secretory cells which have survived
radiation into a secretory phenotype by means of an insertion of
a gene, aquaporin 1 (AQP1), by means of an adenovirus vector,
AdhAQP1 [19].

In Sjégren’s-syndrome, the destruction of glandular tissue maybe
isolated to salivary and lacrimal tissue, or may be accompanied by
secondary autoimmune diseases such as rheumatoid arthritis. Due to
the autoimmune nature of the disease, infiltrating CD4+ cells release
proinflammatory mediators (cytokines interleutin-2, interferon-y,
tumour necrosis factor-a) as well as anti-inflammatory mediators
(interleutin-4, interleutin-6, interleutin-10). The upregulation of
genes coding for anti-inflammatory cytokines, therefore, has been
pinpointed to offer relief for dry mouth, keratoconjunctivitis. This has
been done in several studies by means of a recombinant adenovirus
rAAV2hVIP, encoding the human-VIP gene (Vasoactive Intestinal
Peptide) [20-22].

Gene Therapy for Chronic Pain Management

Chronic, intractable, neurologic pain within the oro facial distribution
is a serious challenge to manage for the dental professional.
Promising gene therapy in animal models may hold the key to solve
these conditions. Researchers at the Mount Sinai School of Medicine
have engineered a virus carrying a gene for an endogenous opioid,
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which is injected directly to the spinal fluid adjacent to the dorsal
root ganglia. Since the dorsal root ganglia acts as a gateway to
higher pain centres and opioids produce a morphine like blockade
of this pain gateway, results lasting for up to three months have been
achieved [23]. Similarly, naturally neurotropic viruses such as herpes
simplex based vectors or lipid encapsulated plasmids coding for
anti-inflammatory interleutin-10 have been employed to selectively
inoculate neural and glial cells and inhibit allodynic neurotransmitters
[24]. Researchers have also attempted direct gene therapy to the
articular surface of the temporomandibular joint [25].

Gene Therapy for DNA Vaccinations

An effective caries vaccine or periodontal vaccine has been an
elusive dream, with many researchers only achieving mixed success.
Instead of delivering an attenuated microbe or isolated protein to the
immune system, as was attempted earlier, DNA transfer of specific
genes of selected microbes to salivary tissue has been experimentally
attempted. In the study, Porphyromonas gingivalis fimbriae antigen
was expressed by salivary cells after gene transfer resulting in the
formation of antigens of s-IgA and IgG classes against the microbe,
which would target the periodontal pathogen [26]. Additionally, the
antigen would compete with the live organisms for attachment in
dental plague. Similar DNA vaccine attempts have been made for
Mutans Streptococci as well [27].

Gene Therapy for Implant Osseointegration

Since alveolar bone loss is the primary reason for implant failure,
and since the implant is a biologically passive structure, there is
a strong interest in controlling the interaction of the bone implant
interface by adjunctive means. Adenovirus-vectors encoding
human Platelet Derived Growth Factor- (PDGF-B) have been used
to accelerate bone fill and improve bone density thereby improving
implant osseointegration [28]. Recently, calcium phosphate nano-
particles have been used as a non viral vector to transduce PDGF-
gene plasmids to human fibroblasts [29].

Gene Therapy for Head, Neck, Oral Cancer

Gene therapy in cancer treatment broadly aims at expressing
a gene product that will result in cancer cell death. This may be
accomplished by various strategies: (1) addition of a tumour
suppressor gene (gene addition therapy) e.g. p53 in cancer cells,
(2) deletion of a defective tumour gene (gene excision therapy), (3)
down regulation of expression of genes that control tumour growth,
(4) enhancement of immune surveillance, (5) activation of pro drugs
that have a chemotherapeutic effect and cause toxicity only to the
tumour cells (‘suicide gene’ therapy), (6) antiangiogenic therapy to
inhibit tumou angiogenesis, (7) “cancer vaccination” with genes for
tumour antigens [30].

Gene addition therapy: The p53-expression alteration has
been widely implicated in a variety of cancers as an early event
in carcinogenesis, and p53 tumour suppressor gene addition has
been attempted using a variety of viral vectors in various animal
and clinical trials to trigger a pro-apoptotic anti-tumour effect
[Table/Fig-2]. Retroviral, adeno-associated viral, herpesviral and
adenoviral vectors have been tried, and of these adenoviral vectors
have proven more successful than others, as they are capable of
gene addition in both dividing as well as resting cells, without any
permanent additions to the host genome. Even more successful has
been the use of oncolytic viruses, which are designed to replicate
only in cancerous cells lacking p53, to produce tumour regression
in refractory cancers [31] or to reduce or produce precancerous
dysplastic lesion regression [32].

Mutation of the p27 gene has been associated with the inhibition
of cell apoptosis in various cancers including Oral Squamous
Cell Carcinoma (OSCC) and the effect of delivery of genetically
engineered p27, which is resistant to the usual enzymatic

Journal of Clinical and Diagnostic Research. 2017 Oct, Vol-11(10): ZEO1-ZEO5



www.jcdr.net
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[Table/Fig-2]: Addition of gene p53 into the tumor cells and removal of the mu-

tated p53 gene of the cell thus suppressing further multiplication of cancer cells.

degradation has been tested significantly inhibit tumour growth [33].
Other tumour suppressor gene addition candidates have been the
retinoblastoma-1 gene and p16 gene.

Oncolytic viruses: Oncolytic viruses are DNA or RNA viruses that
replicate only in tumour cells. The adenovirus ONYX-015 virus
is a replication defective cytomegalovirus lacking the E1B viral
protein, preventing replication in cells with a normal p53 pathway.
This permits selective targeting of cancers with p53 mutations.
ONYX-015 has been tested successfully in a Phase Il human trial
on subjects with head and neck carcinomas to produce highly
selective tumour cell lysis and significant tumour regression [32] and
in several Phase Il and Phase Il trials in refractory head and neck
cancers [34]. In the form of Advexin© (Introgen Therapeutics, USA),
ONYX-015 has been incorporated into a mouthwash in a clinical
trial to administer p53 to premalignant cells, selectively resolving the
dysplastic changes in up to 37% of cases [35].

Gene-excision therapy: Gene-excision therapy is another
strategy to inhibit the growth of cancer cells. Here, early growth
factor response factor 1, which controls cell growth and cell cycle
progression including the expression of pro-neoplastic molecules
such as TGF-B1, PDGF-a, is inhibited from phosphorylation by the
action of Okadaic acid, a toxic polyether molecule [36].

Down-regulation of oncogene expression: Oncogene expression
can be down regulated by the delivery of short chains of antisense-
RNA complimentary to oncogenic DNA nucleotides. The resultant
DNA/RNA complex is identified as a foreign message and is cleaved
out enzymatically reducing the expression of genes such as the
oncogenes of the bcl-family, myc, fos, and ras. This ‘antisense
RNA’ strategy can be used not only to affect tumour growth but
also the oncogenic viruses such as human papilloma virus, human
t-lymphotropic virus and cytomegalovirus. The degree of down
regulation is directly proportionate to the quantum of antisense RNA
nucleotides that can be delivered to the tumour, and delivering such
amounts is often a challenge [37]. However, clinical trials testing the
ability of epidermal growth factor receptor delivered by liposome to
affect oral non-Hodgkin lymphoma tumour growth have reported
low toxicity, high efficacy and high titres [38].

Immunotherapy: This strategy involves administering antigens
or adjuvants to the body’s own immune system or modifying
the immunogenicity of cancer cells to increase their detection
and destruction. Patients with carcinomas often present with
numerous deficits in the functioning of immune cells such as NK
cells, T-lymphocytes and dendritic cells. These deficits may involve
generalized host immune deficits or they may be the result of
localized cancer tumour evasion [39].

General passive immune activation, by administering cytokines
such as Granulocyte- Macrophage Colony-Stimulating Factor (GM-
CSF), alpha-Interferon (a-IFN), gamma-Interferon (y-IFN), Interleukin
2 (IL-2) and Interleukin 12 (IL-12) act by increasing the anti-tumour
response [39, 40]. General active immunity can also be stimulated
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by co-administering either whole replication defective cancer cells,
or, purified tumour antigens as isolates or mixtures, with cytokines,
or lab grown antigen presenting-cells, along with cytokines as
adjuvants [39].

Tumour evasion happens when cancer cells express surface
proteins that inactivate activated T-cells on binding. By developing
monoclonal antibodies targeting the binding sites of activated T-cells
such as anti-PD-1 (anti-Programmed cell Death Receptor-1) and
anti-CTLA-4 (anti-Cytotoxic T-Lymphocyte-Associated protein-4),
these immune checkpoints are inhibited from being turned off by the
cancer cells, permitting destructive immunity to clear the neoplastic
cells. Checkpoint blockers such as ipilimumab, pembrolizumab,
nivolumab have been approved for human use and another antibody
MPDL3280A is currently undergoing clinical trials [41].

Suicide gene therapy: The addition of suicide genes by viral
vectors is another strategy for treating carcinomas where genes
coding for a pro-drug are transfected to cells, via herpes virus or
adenovirus. When these enzymes are synthesized intracellularly,
they metabolize drugs which trigger cell death. The Herpes Simplex
Virus-Thymidine Kinase (HSV-TK) triggers metabolism of ganciclovir
to ultimately terminate DNA-synthesis [Table/Fig-3].

A (:O

: Triphosphate

compound
[Table/Fig-3]: How introduction of gene HSV-TK helps in coding for enzyme that

GANCICLOVIR

converts ganciclovir to triphosphate compound which is toxic to cancer cells.

Gene Therapy to Keratinocytes

Keratinocytes are already used within medicine predictably, and
protocols to graft, proliferate, differentiate or dedifferentiate and
transplant sheets of keratinocytes already exist. These cultured
keratinocytes are grafted to defects where they persist and maintain
normal epithelial morphology. To these existing protocols, gene
therapy can be added thereby allowing certain therapeutic genes to
be added to a structure easily accessible to vectors and can easily
be monitored. In the worst case, the epithelium can be excised.

Such keratinocytes transduced with genes to secrete biologically
active molecules which can then be grafted to sites of interest.
Precisely this approach was employed by a research group to
express Factor IX in oral mucosal keratinocyte cultures [42], while
others have attempted to transduce BMP-7 in an attempt to
induce repair at bony defects [43]. Another area of research is the
persistence of expression of molecules by the genetically modified
tissue.

Gene Therapy for Orthodontic Tooth Movement

The activity of osteoclasts which are necessary for tooth remodelling
during orthodontic therapy is mediated by the RANK-RANKL-OPG
interaction. Here, RANKL refers to Receptor Activator of NF-kappa
B-Ligand (RANKL) which is a receptor that binds to the RANK
molecule and permits osteoclast precursor activation. Thus, inducing
RANK-RANKL binding results in accelerated osteoclastogenesis
and hastens orthodontic tooth movement by up to 150% and it may
also be employed to overcome orthodontic challenges in moving
ankylosed teeth [44].
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On the other hand, Osteoprotegerin (OPG) is a competing receptor
that also binds with RANK. However, OPG-RANK binding has
an opposite effect to RANKL-RANK binding whereby osteoclast
activation is blocked. Hence, tooth remodelling is slowed and
orthodontic tooth movement is delayed up to 50% [45].

Control of the OPG gene transfer and RANKL gene transfer to
periodontal tissues is being examined with interest by various
research groups as a means of modulating orthodontic tooth
movement.

Dentin and Periodontal Regeneration

Dentinal or pulp injury secondary to carious, restorative or
traumatic process is traditionally treated by means of a pulp
capping procedure, which induces dentin bridge formation. Apart
from calcium hydroxide, biomolecules such as porcine enamel
matrix derivative (Emdogain) [46] have been made commercially
available and biomolecules expressed during dentinogenesis such
as Odontogenic Ameloblast Associated Protein (ODAM) [47],
Amelogenin, OP-1, TGF-B, BMP-4 and BMP-2 have been shown
to work experimentally by direct instillation [48]. However, a matter
of concern is that several of these biomolecules favour osseous
healing which may predispose to ankylotic healing of periodontal
tissues.

Dentist as a Teeth Bioengineer

Knowledge of the entire gamut of genes that control tooth
formation is presently inconceivable, but in the distant future
advances in research may permit the discovery and manipulation
of the various genes and gene products that form the teeth and
their supporting structures. In such a scenario, bioreactors may
permit the engineering of tooth structures in vitro or in vivo. Already
the discovery of ‘master genes’ that control morphogenesis and
regionalization such as FGF-8 (Fibroblast Growth Factors, BMP-4,
PAX-9, WNTs (Wingless Integrated) and SHHs (Sonic Hedge Hog),
offer a road to explore ahead [49, 50].

Dentist as Gene Therapist

As explained earlier, salivary glands offer convenient access for
gene therapy, which may elevate the role of the oral healthcare
professional to that of a gene therapist [51]. Via gene therapy to
the salivary glands, a window to the other parts of the body may
be realized. Apart from modulating their usual exocrine expression
through gene therapy, tissue engineering can manipulate the
glands to have an endocrine role as well, permitting various distant
therapeutic targets or systemic actions.

Future Challenges and Directions

While single nucelotide polymorphisms and single gene disorders
are amenable to detection, analysis and genetic manipulation, the
vast majority of traits and disorders are polygenic. In addition to
involving numerous genes acting in concert, these genes are also
situated at different loci. Further, susceptibility to such traits amongst
individuals is dissimilar due to environmental factors exerting varying
degrees of influence [52]. Also, genetic etiology for particular trait
may be associated not only with disease causing genes but even
with unrelated genes. Unravelling these complex interactions
between genes is the biggest hurdle to making personalised
medicine realisable.

To counter, these are several disruptive technologies that have the
potential to greatly impact genetic research. Clustered regularly
interspaced short palindromic repeats sequences enable rapid
genetic editing [53]; gene-sequencers and computer processing
power are scaling rapidly enabling whole genome sequencing to be
done quickly and cost-effectively [54]; and algorithmic deep learning
is helping to analyse gene expression and regulation [55].
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CONCLUSION

Gene therapy has the potential to disrupt existing therapies or
create therapies where none previously exist and undoubtedly,
will revolutionize dentistry in the years to come. This review has
presented some of the current approaches in gene therapy vis-a-vis
dentistry. Clinical success is already apparent in several human trials
and each success inches towards a future of predictive, preventive,
personalised medicine.
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