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ABSTRACT

The concept of a one-health approach in regenerative medicine has gained tremendous momentum in the scientific
and public communities in recent years. Knowledge derived from this approach informs innovative biomedical re-
search, clinical trials, and practice. The ultimate goal is to translate regenerative strategies for curing diseases and
improving the quality of life in animals and people. Building and fostering strong and enthusiastic interdisciplinary
and transdisciplinary collaboration between teams with a wide range of expertise and backgrounds is the corner-
stone to the success of the one-health approach and translational sciences. The veterinarian’s role in conducting
clinical trials in client-owned animals with naturally occurring diseases is critical and unique as it may potentially
inform human clinical trials. The veterinary regenerative medicine and surgery field is on a steep trajectory of dis-
coveries and innovations. This manuscript focuses on oromaxillofacial-region regeneration to exemplify how the
concept of interdisciplinary and transdisciplinary collaboration and the one-health approach influenced the authors’
work experience at the University of California-Davis.

As we are adjusting to the new normal following
a turbulent pandemic on the planet, we truly
recognize the fundamental importance of a global
perspective and approach to understanding and
improving the health and well-being of people and
animals.12 The concept of one health and the con-
nection between human and animal health has never
been so clear to understand and explain (Figure
1). The concept of one health, albeit with different
terms, can be traced back in history. For example,
Egyptian papyri treated human and animal diseases
similarly to “the flock of God” in 1,800 BC.3 Another
example is the Zhou Dynasty in China that devel-
oped an integrated public health system that in-
cluded medical doctors and veterinarians in the 11th
through 13th centuries.® Fast forward to the 19th
century and scientists such as Rudolf Virchow linked
human and veterinary medicine as a form of com-
parative medicine based on discovering similarities
in disease process between species.4 This concept of

naturally occurring disease in animals that may serve
as a model of human disease was also proposed by
August Krogh, a winner of the Nobel Prize in Physiol-
ogy or Medicine, in a Science paper in 1929.5 In this
paper, he recognized the significance of naturally oc-
curring diseases. Further, he emphasized that collab-
orative work with zoologists was critical.
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Figure 1—An illustration of the oromaxillofacial region
as a potential and promising model for a one-health
global approach in regenerative medicine and tissue
engineering.

When these concepts were realized in the 1950s,
oncologic clinical trials in client-owned dogs with natu-
rally occurring cancer were begun, and such trials are
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currently at the forefront of novel anticancer therapeu-
tics translational efforts.6-® The valuable experience
gained from using canine cancer models has inspired
other disciplines. Specifically, regenerative medicine
and tissue engineering integrate this approach to yield
a more effective and rapid translation of novel discov-
eries to advance human and animal well-being.

The present narrative review focuses on the
oromaxillofacial region as a potential and promis-
ing model for a one-health approach in regenerative
medicine and tissue engineering (Figure 1). We will
also reflect on our collective experience and achieve-
ments with interdisciplinary and transdisciplinary
collaborations at the University of California-Davis.

Regenerative Medicine
in Clinical Practice

A regenerative approach
to inflammatory mucosal disease
Chronic oral mucosal inflammatory disorders occur
in people and pets and are characterized by ulcerated
and proliferative inflamed mucosa.?-1! Typically, these
lesions are chronic and result in considerable morbid-
ity. Depending on the treatment, the lesions may be
nonremissive. The diagnosis is usually made by clinical
and histological examination in humans and pets.%11
In that context, our group has proposed feline
chronic gingivostomatitis (FCGS) as a novel, natu-
rally occurring disease model of human chronic oral
inflammatory diseases (including oral lichen planus,
stomatitis, oral Crohn disease, and pemphigus).1213
However, while several similarities exist, we recog-
nize the importance of not overlooking the differ-
ences between feline immune-mediated oral muco-
sal inflammatory disease and human autoimmune
inflammatory disease. Regardless, it is plausible that
regenerative therapies proven successful in cats may
be beneficial to people with oral lichen planus, for
example. Therefore, in the past 10 years, our trans-
disciplinary group embarked on a clinical trial in
cats with nonresponsive FCGS using autologous or
allogeneic, adipose-derived, mesenchymal stromal
(stem) cells (ASCs) administered systemically.14-16
FCGS is a severe and painful oral inflammatory
disease that has 2 phenotypes: ulcerative and prolif-
erative. This condition is estimated to affect 0.7% to
12% of cats presented to veterinary practices and is
typically managed by full-mouth tooth extractions or
extraction of the premolar and molar teeth.” How-
ever, about 30% of cats are refractory to treatment,
requiring lifelong therapy with antibiotics, cortico-
steroids, and analgesics.’® Because the disease is
typically debilitating, owners of severely affected
cats refractory to treatment may elect euthanasia.l’
Recent studies have illuminated part of the patho-
genesis of FCGS. They suggested a complex and mul-
tifactorial immune-mediated mechanism led by CD8+
cytotoxic T cells that likely results from underlying viral
disease (ie, calicivirus), loss of self-tolerance to anti-
gens, and alterations in innate and adaptive immuni-
ty.1920 Histologically, lesions in cats are characterized

2

Brought to you by University of California-Davis | Unauthenticated | Downloaded 02/18/22 04:35 PM UTC

by lymphocyte-rich inflammation with a predominance
of effector T cells present primarily in the epithelial mu-
cosa and B cells exclusively in the submucosa.1®

The finding of the roles of T- and B-cell activa-
tion in FCGS and the knowledge that ASCs have a
potent ability to downregulate immune cell activa-
tion drove our motivation to use ASCs to treat FCGS
in 4 separate clinical trials.21-24 In the first 3 trials,
FCGS-affected cats with teeth previously extracted
received 2 IV injections of 2 X 107 ASCs 4 weeks
apart.14-16 |n the first trial, 7 cats received autolo-
gous ASCs; in the second trial, 9 cats received un-
matched, allogeneic ASCs from specific pathogen-
free donor cats. In the third trial, we embarked on
a multi-institutional pilot study that included both
autologous and allogeneic ASCs and studied the
potential of shipped ASCs to reproduce the success
rate of the initial 2 trials. Finally, in the fourth trial,
we examined the efficacy of allogeneic ASCs on
FCGS cats prior to full-mouth tooth extractions (an
early-intervention study).2®

In the first clinical trial (ie, autologous ASCs), we
demonstrated safety and approximately 70% efficacy
(Figure 2).15 Cats that responded to systemic ASC

Figure 2—Photographs of a cat with nonresponsive feline
chronic gingivostomatitis (A) that was enrolled in a clinical
trial, received 2 IV injections of 2 X 107 ASCs 4 weeks apart,
and responded with a cure (B). (Adapted from Quimby
JM, Borjesson DL. Mesenchymal stem cell therapy in cats:
current knowledge and future potential. J Feline Med
Surg. 2018;20[3]:208-216. Reprinted with permission.)



therapy exhibited either complete clinical resolution
or a substantial reduction in clinical disease sever-
ity complemented by histological resolution or pro-
found improvement of the oral lesions. We detected
reduction of total circulating CD8+ T cells, resolu-
tion of neutrophilia, and reduction of serum proin-
flammatory cytokines (IL-18 and IFNy). This initial
study demonstrated the clinical potential of ASCs as
a therapeutic method for oral inflammatory lesions.

An unexpected discovery was made during the
initial phase of the clinical trials. Approximately 50% of
the cell lines obtained from the fat of cats developed
giant foamy multinucleated cells (syncytial cells).12
These alterations were associated with proliferation
arrest and death of the cells, rendering them unsuit-
able for autologous application. We determined that
syncytial cell formation and proliferation arrest were
caused by the feline foamy virus, a spuma-retrovirus
present in approximately 50% of cats.?2 Upon expan-
sion of ASCs, the virus becomes active and its prolif-
eration induces a cytopathic effect in the cell cultures,
slowing down and eventually hindering ASC prolifera-
tion. This unexpected discovery hindered the large-
scale expansion of autologous ASCs and inspired us
to embark on an allogeneic ASC clinical trial.

In the second clinical trial, we investigated the
use of fresh allogeneic ASCs for treatment of FCGS
in a similar fashion as was done in the first trial.2* We
also radiolabeled the cells and tracked them systemi-
cally. We demonstrated that allogeneic ASCs admin-
istered systemically are safe and have approximately
57% clinical efficacy and that clinical resolution took
longer, compared with the autologous ASCs clinical
trial. The radiolabel tracking revealed that most cells
were entrapped by the lungs promptly after admin-
istration, as was observed by other groups.14.26-28 A
higher fraction of radiolabeled cells were identified
in the oral cavity of FCGS-affected cats, compared
with healthy control cats.1426-28 We concluded that
fresh allogeneic ASCs are safe but appear to have
lower clinical efficacy with a delayed response as
compared with autologous ASCs and that the mech-
anism of action for autologous and allogeneic ASCs
may differ in this model of oral inflammation.4

In the third trial, we expanded our work to multi-
center settings. We determined that feline ASCs can
be commercially shipped to distant locations while
maintaining their viability, function, and pheno-
type.16 Here, we reproduced our findings and dem-
onstrated that shipped feline ASCs administered
systemically resulted in favorable clinical, histologi-
cal, and systemic responses in approximately 70% of
cats with FCGS. We repeatedly confirmed that ASCs
induced immunomodulation in cats with chronic oral
mucosal inflammatory lesions characterized by CD8+
T-cell inflammation and T-cell activation.6

Finally, a clinical question was raised: can we
treat cats with ASCs as an early intervention and
avoid full-mouth tooth extractions? Inspired by
this question, we performed a pilot study on 5 cats
with FCGS before tooth extractions. We adhered to
the same approach as in the previous 3 studies.?®
While the treatment was determined to be clini-
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cally safe, we did not observe a meaningful clinical
response. Furthermore, none of the cats exhibited
immune modulation, as noted in the previous stud-
ies. We concluded that systemic administration of
ASCs before full-mouth tooth extraction lacks sub-
stantial clinical efficacy, and we do not recommend
it at this time.2®

Apart from the clinical ramifications of these trials
on feline health, our group investigated the mecha-
nisms of ASC immune modulation with the prospect
of translating these findings to a clinical trial in hu-
man patients suffering from oral inflammatory con-
ditions, such as lichen planus. We found that feline
ASCs modulate lymphocyte proliferation through sol-
uble mediators that mirror human ASC secretion pat-
terns.2? We determined that feline ASCs have similar
gene expression profiles to human ASCs, as revealed
by transcriptome analysis (unpublished data). In a dif-
ferent study, we demonstrated that feline ASCs utilize
PGE, and an intracellular adhesion molecule-1/leu-
kocyte function-associated antigen-1 ligand interac-
tion to inhibit T-cell proliferation with a resultant cell
cycle arrest in GO-G1.30 These data elucidate some of
the mechanisms by which feline ASCs interact with T
cells and help define other T cell-mediated disease
targets in cats that may be amenable to ASC thera-
py. These data will also inform human clinical trials
in regenerative medicine.

Regeneration of critical-size
mandibular bone defects

Regenerating critical-size mandibular bone de-
fects in dogs has received attention from the medi-
cal community and the general public in the past
several years.31-35 Mandibular critical-size defects
typically occur due to trauma or amputation second-
ary to cancer or as a sequela of severe periodontitis.
The ideal treatment to restore jaw functionality and
the patient’s well-being is to provide anatomically
correct mandibular reconstruction. The latter can
potentially be achieved through bone regeneration
to allow appropriate biomechanics and pain-free
mastication. The use of recombinant human bone
morphogenetic protein 2 (rhBMP-2) delivered via
absorption onto collagen matrices has been FDA
approved for spinal fusion and for some dental ap-
plications. Based on selected reports describing ex-
tralabel use of rhBMP-2 for mandibular reconstruc-
tion in humans3®®37 and anecdotal reports on its use
in dogs,3338 our group has refined and instituted the
routine use of rhBMP-2 in dogs. The strategy we de-
veloped was used in canine patients following tumor
excision, defect nonunion fractures, and trauma ne-
cessitating mandibular reconstruction (Figure 3). In
our work, the use of rhBMP-2 applied onto a scaf-
fold has been highly successful and predictable for
bone regeneration. Dogs experiencing naturally oc-
curring mandibular defects, similar to human condi-
tions, may be instrumental in refining techniques,
understanding the regenerative process, and obtain-
ing valuable information on potential complications.
Lessons learned in canine patients can pave the road
toward solving this intractable problem in humans.



Figure 3—Reconstructed CT images of a dog that sus-
tained a gunshot injury to its right mandible, creating a
critical-size bone defect (A). The injury and bone defect
were repaired with a regenerative approach with a titani-
um locking miniplate and recombinant human bone mor-
phogenetic protein-2 infused on a compression-resistant
matrix (ie, scaffold), resulting in complete regeneration
and remodeling of the mandibular defect (B)

The temporomandibular joint

Laboratory animals are traditionally used as
models for temporomandibular joint (TMJ) research
and are crucial to the study of basic disease mech-
anisms and potential therapeutics.?® With that in
mind, TMJ disorders such as degenerative joint dis-
ease, osteoarthritis, septic arthritis, and ankylosis
seen in the TMJ of companion animals may better
reflect the disease complexity. Specifically, factors
such as genetic diversity and the environmental and
physiological effects that play a role in the disease’s
pathogenesis may be very similar in companion ani-
mals sharing the same habitat as their human own-
ers.® In addition, the medical standards of care, sur-
gical approaches, and specialist training in humans
and companion animals have many similarities.?

We studied naturally occurring TMJ disorders in
companion animals for over 10 years. We discovered
that degenerative TMJ disease is the most common
TMJ disorder in dogs and the second most common
in cats.49 Importantly, the clinical manifestation of
TMJ degeneration in dogs and cats is very simi-
lar if not identical to that seen in humans (Figure
4) 4142 |n both dogs and people, clinical signs may
not correlate with the presence and severity of CT

4

Brought to you by University of California-Davis | Unauthenticated | Downloaded 02/18/22 04:35 PM UTC

Figure 4—Computed tomographic images of the tem-
poromandibular joint of a human (A) and a dog (B) that
both had chondral and subchondral bone defects in the
mandibular head of the condylar process, demonstrat-
ing that degenerative or arthritic changes of the tem-
poromandibular joint in dogs are similar if not identical
to those seen in humans.

findings. This is clinically relevant, as regenerative
therapeutics for improving TMJ degeneration can
be used in clinically affected dogs on a clinical trial
basis and may provide an excellent model based on
the information elaborated on earlier. However, as
in other models of diseases, there are anatomical
and structure-function differences between dogs
and humans, such as the thin and relatively poorly
developed TMJ disk in dogs, the kinematic of the
joint, and the joint space limitation in dogs.3® Other
disorders of the TMJ in dogs and cats that may be
excellent candidates for regenerative solutions that
are similar to conditions in humans include fractures
and septic arthritis.

Challenges of a One-Health
Approach in Regenerative Medicine

Diversity is innate to all species, and with that
in mind, all naturally occurring animal models have
limitations. Our regenerative work is no exception,
and results from the clinical trials should always be
interpreted with caution regarding the predictive
value for translation. For example, multiple breeds of
dogs or cats from various geographic locations and
backgrounds increase variability and would require




longer study time for recruiting cases, execution of
the study, and follow-up time. Specifically for regen-
erative medicine, there is also known variability in
cell function between species.3043 These limitations
are difficult to overcome.

Veterinary clinical trials focus on providing a
therape]Jutic solution to companion animals and
may not be designed with considerations of inform-
ing human clinical trials. Many trials also lack sta-
tistical power, randomization, appropriate control
groups, and blinding. There is also a tendency to re-
port such studies as a pilot study with no follow-up.
These deficiencies may discourage funding agencies
from supporting veterinary clinical trials that are
based on the concept of a one-health approach and
give a base for a critique on using naturally occurring
animal models for translation.

Finally, not all diseases that naturally occur in
animals have human counterparts. For example, hu-
man diseases that are a major cause of morbidity and
mortality such as coronary heart disease, Parkinson
disease, and Huntington disease do not currently
have a naturally occurring animal model.?

Ethical Considerations

First and foremost, providing regenerative ther-
apeutics to animals with naturally occurring disease
should aim to benefit the animal. With cutting-edge
innovative work that is often experimental, we em-
phasize the ethical aspects of protecting both pets
and their owners. In addition, like clinical trials in
children or incapacitated adults, pets depend on
their owners to make medical decisions on their be-
half and to accept or decline a clinical trial or experi-
mental treatment.244

Although the regulations and standards are
well-defined for humans and laboratory animals,
the rules on clinical research in client-owned ani-
mals are not as clear.#4 To address this shortcoming,
the AVMA has put forth a clear policy statement.
It states that clinical veterinary research should be
conducted with oversight ensuring the safe and
ethical treatment of veterinary patients while pro-
viding appropriate disclosure to and soliciting in-
formed consent from clients.#> In this regard, each
clinical trial involving client-owned animals should
be thoroughly reviewed by an institutional animal
care and use committee and a clinical trial review
board. Clients should clearly understand their role
and sign an informed consent form. Finally, all avail-
able diagnostic and treatment options, risks, ben-
efits, and prognoses should be explained, and con-
flicts of interests must be disclosed. Importantly,
economically challenged pet owners should not be
exploited. All possible standard-of-care treatment
options should be available to their pets before en-
rolling in a clinical trial.

Future Opportunities

As was discussed at the beginning of this review,
it is now more apparent than ever that a one-health
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approach to medicine recognizes the intercon-
nectedness of human and animal health. The latter
should be leveraged by academic and funding enti-
ties to foster stronger interdisciplinary and transdis-
ciplinary collaborations between teams with a wide
range of expertise and backgrounds. Importantly,
since these aspects begin with appropriate educa-
tion, including clinical research in veterinary train-
ing, curricula should strengthen the role and impact
of veterinary medicine in the one-world, one-health
approach. Looking beyond the horizon, creating du-
al-degree educational programs for veterinary and
human medicine degrees may produce a new group
of clinician-scientists who can lead the one-health
approach. Dual-degree training programs such as
MD-PhD and DVM-PhD are already being offered at
multiple institutions. Also, postgraduate research
training fellowships and career development awards
are effectively solicited by the NIH.

Creating innovative and visionary symposia
focusing on specific areas of clinical research is of
strategic benefit. For example, the Craniomaxillofa-
cial Disorders and Solutions in Humans and Animals
Symposium created among leaders in the field from
the University of California-Davis, University of Cali-
fornia-Los Angeles, and Cornell University gathered
professionals working in the field of oromaxillofacial
disorders such as veterinarian clinician-scientists,
basic scientists, biomedical engineers, physicians,
and dentists.4¢ This symposium was an outstand-
ing display of networking and collaborations that
resulted in new and translational collaborations and
therapy developments. Another multidisciplinary ex-
ample that works in the spirit of one health is the
Temporomandibular Joint Bioengineering Confer-
ence, which comprises an international forum of bio-
engineers, scientists, physicians, and veterinarians
aiming to advance technology and therapy related
to TMJ disorders in humans and animals.%” There
are already several other symposia such as the In-
tegrated Human and Veterinary Aerodigestive Team
Symposium, the Joint Human and Veterinary Cardi-
ology Symposium, and the Zoobiquity conference.
These team symposia have proven to be exceptional
forums for developing and fostering collaborations
and engaging colleagues outside their narrow disci-
plinary community.

Finally, to overcome the challenges of support-
ing the one-health approach in regenerative medi-
cine, it is the task of the leaders in the field to steer
public opinion and raise public awareness. Changes
in public opinion may, in turn, encourage major
funding entities such as various institutions of the
NIH, the California Institute for Regenerative Medi-
cine, and the Department of Defense in supporting
multi-institutional companion animal clinical tri-
als led by transdisciplinary regenerative medicine
research teams.

Conclusions

In recent years, we have witnessed substantial
advances in veterinary regenerative medical research
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and clinical trials. Approaching this work from the
perspective of one health is instrumental for improv-
ing the lives of animals and humans. Veterinarian cli-
nician-scientists have a strategic role in forming and
fostering interdisciplinary and transdisciplinary col-
laborations. Incorporating veterinary regenerative
clinical trials on novel therapeutic approaches may
provide unique predictive data and accelerate the
development of drugs that address pressing needs
in human health. Importantly, advocating for fund-
ing from local and government agencies to support
these clinical trials led by transdisciplinary regenera-
tive medicine research teams is of major importance.
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