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INTRODUCTION

Mesenchymal stem/stromal cells (MSCs) have become a popular therapeutic strategy after their
introduction into equine clinical practice for the treatment of tendon injuries in the early 2000’s (1).
They have since been used to treat other orthopedic diseases in the horse and, more recently, small
companion animals where they have also been investigated for the treatment of neurological and
cardiac abnormalities. Domestic mammals provide an ideal “proving ground” for this technology
prior to its widespread use in human beings because of the aetiopathological similarities with
equivalent human diseases. However, these investigations have involved the use of a wide range
of cell products for both research and clinical use which are often poorly characterized and poorly
described, with variable outcome descriptors, making objective assessment of safety and efficacy
difficult, and comparison between studies impossible. While this was not unexpected when the
technology was in early development, much evidence on the nature and function of MSCs has been
obtained over the last 20 years. Despite this, there continues to be poorly standardized studies that
lack scientific rigor and result in skepticism amongst clinicians regardingMSCs as a clinical therapy
that impedes progress in this field. As such, there is an unmet need to standardize key parameters
relating to clinical stem cell research in animals to improve the quality of the research reporting
and provide greater confidence in the technology.

In this position statement, we aim to provide guidelines for reporting research involving the
use of MSCs in veterinary settings of research and clinical therapy. We have focused on orthopedic
conditions in horses and dogs, where themajority of research has been performed, and defineMSCs
according to the characteristics set out in Figure 1A and similar to the definition used in the human
MSC arena (2).

DEFINING THE CELLS

We propose that there should beminimal definition criteria for the identity of the cells based on cell
characteristics. However, we recognize that for autologous cells being used in clinical applications
it is impractical to fully characterize cells from every case (patient). Even within the research field it
is unlikely that laboratories will have the resources to characterize every population of cells which
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FIGURE 1 | (A) Characteristics of MSCs. (B) Suggested minimal and optimal definitions of equine and canine MSCs.

they derive, and there are practical limitations to performing
every characterization descriptor while maintaining cells at a low
passage number/population doublings for the experiment under
investigation. We therefore propose that individual research
laboratories or groups follow accepted (published) protocols for
the production of MSCs which are described in sufficient detail
so that they can be reproduced, or referred to such a description
in an appropriate publication. In addition, batch testing of cells
being used for research and for any use of allogeneic cells
in clinical applications should then be performed to ensure
consistency and quality control. As a minimum this should be
performed the first time a protocol is applied or whenever a
protocol is changed.

Minimal criteria for defining human MSCs, set out by
the ISCT (International Society for Cellular Therapy), are in
widespread use and include plastic adherence, specific protein
surface antigen expression and multipotent differentiation
potential (2). However, since these criteria were defined, our
understanding of the in vivomechanisms of action of adipose and
bone marrow derived-MSCs, as commonly isolated and applied
in veterinary protocols, have shifted away from the belief that
they will undergo direct differentiation into tissue rebuilding
cells, to the demonstration that these cells produce a multitude
of factors that have immune suppression and trophic effects and
confusion as to the identity of MSCs remains in all species (3–5).

In veterinary medicine, early publications struggled to report
on all the criteria set out by the ISCT. This was mainly due to

a lack of cross-reacting antibodies to the equivalent cell surface
antigen. However, multiple markers for MSCs in dogs and horses
have now been reported and species-specific antibodies are now
more widely available commercially, although there are still
conflicting reports on the exact expression profiles for many
of these cell markers. We therefore propose that, a minimum
number of species-specific positive and negative markers are
used (Figure 1B) with the percentage of positive cells reported.
However, we point out that the expression of these markers
may vary between species. For example, CD73 is expressed by
human (2) and canine MSCs (6, 7) but not equine MSCs (8–10).
Furthermore, the culture method used (11) and origin of the cells
(5, 12) may affect expression and so must be reported along with
the heterogeneity of marker expression within the cell population
and between donor animals. This will help to better understand
the expression profiles in the horse and dog to build toward
a stronger consensus on the most appropriate combination of
surface markers to examine than is currently available. In all
reports evidence of specific cross-reactivity of the antibodies to
the species being investigated must be provided or referenced.

To date, no in vitro potency assay to predict MSC efficacy in
vivo has been defined (13). Furthermore, different assays may
be required to predict efficacy for different clinical contexts.
No specific marker has been identified which accurately reflects
the immunomodulatory abilities of MSCs and in vitro read
outs commonly involve peripheral blood mononuclear cell
proliferation suppression assays. We therefore suggest that, at
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the present time, an optimal characterization of MSCs would
involve the use of in vitro immune suppression assays in
addition to a tri-lineage differentiation assay [to bone, cartilage
and fat, assessed using staining of the cultured cells (2) with
quantification performed through dye leaching]. Even though
the mechanism of action of MSCs is no longer believed to be
through direct differentiation of MSC into tissue cells, the tri-
lineage differentiation assay provides a marker of stemness of
the MSC.

In addition to these characteristics, and similar to guidelines
proposed for human cell therapies (14) publications using
veterinary MSCs should state:

• The tissue source for the recovery of the MSCs.
• Preparationmethod (e.g. enriched orminimally manipulated).
• Culturemethod (including passagingmethod, completemedia

formulation and type/source of serum).
• Passage number and cell seeding densities.
• Method for banking of research and clinically applied

cells (15) (total cell number and concentration, passage,
cryopreservation media, freezing conditions).

Furthermore, papers using MSCs for in vivo applications
should state:

• Whether autologous or allogenic cells are used.
• ANTIGENICITY where allogenic cells are used (e.g.,

MHC expression).
• Cell dose.
• Dosing schedule.
• The vehicle used to suspend and deliver the cells into

the animal.
• The method of delivery.
• Other medications delivered with the cells.

The vehicle itself may have independent or co-dependent effects
on the impact of the MSCs. Given this, experimental studies
should have a control group treated with the vehicle alone and
studies based on clinical cases should have a robust comparison
control group if possible. Furthermore, where biological products
are used to deliver the cells the preparation methods must also
be described in enough detail that the methodology can be
accurately repeated. For example, platelet rich plasma (PRP) is
commonly used as a delivery vehicle, but different preparation
methods, as is common in the literature, can result in significant
heterogeneity of the final product that is injected into the
animal (16).

REPORTING OUTCOMES

We propose key inclusion and exclusion criteria combined with
objective outcome measures that relate to specific mechanisms
identified for MSCs in clinical orthopedic studies. Outcome
measures have been highly variable between different veterinary
studies. We propose obligatory usage of the now well established
inclusion criteria and outcome definitions as proposed by
Cook et al. (17) shown below. Although some aspects of
definitions used here may be debated, the critical issue is that

universal application of their definitions allows for an improved
comparison between different studies.

Inclusion Criteria
Clinical research inherently has a variety of clinical variables,
and highly specified and narrow inclusion criteria may prevent
completion of a veterinary clinical study. It is however important
that those variables should be presented in the paper to
allow further interrogation of results, particularly for “outliers”
as necessary. Minimum recording should include the patient
signalment and disease characterization as follows:

• Details of treatment focus: which joint, tendon or ligament.
• Pre-treatment disease state (severity and duration prior

to enrollment) and methods that were used to make
the assessment.

• Medications/concurrent therapy.
• We recommend inclusion of a clinical summary table,

documenting any change in medication/other unexpected
events, against summary outcome result for each enrolled
animal. This would allow readers to interrogate individual
animal results or outliers.

Disease and Outcome Assessments
Measures
Disease status assessment needs to be matched and aligned
to treatment outcome assessments. We do not arbitrarily
recommend specific assessment criteria as they need to be
appropriately tailored to the disease in question, however,
wherever possible an objective measure is preferred. They
may include one or several of the following categories and
ideally applied in combination, as no single assessment is fully
comprehensive when evaluating the complex aspects of structural
disease, functional limb usage and assessment of pain.

Imaging assessments: should involve themost relevant imaging
modality and include lesion measurements, or disease grading
such as osteoarthritis scoring systems. Wherever possible a
recognized scoring system (18) or method of lesionmeasurement
should be made.

Functional assessments: are ideally objective such as kinetic
(force plate, or the more clinically accessible pressure mats),
and kinematic (activity monitors/accelerometers), which can
maximize objectivity and minimize care-giver placebo influence.
Historically, assessment methods frequently include subjective
clinician assessments of visual lameness scores, which have
been proven to be unreliable. Goniometry and measures of
muscle volume can also be considered if their methodology of
measurement is accurately described and consistent.

Client reported outcome measure assessments (CROMS):
patient assessments have become an integral part of human
clinical outcome assessment and certain ones are recognized by
the FDA and EMA and are included in some human phase III
clinical trials. Although CROMs are semi-objective and there is
wider variance compared to gait analysis, there are several studies
in dogs now showing that gait analysis and CROMs show the
same outcome in trials. Study design is important and care-giver
placebo effect needs to be considered which is not an issue with
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gait analysis, however they can provide measures of the “disease
construct” which is not simply identified by gait/locomotion
change. Examples include LOAD (Liverpool Osteoarthritis in
Dogs) (18), CBPI (Canine Brief Pain Inventory) (19), COI
(Canine Orthopedic index) (20), HCPI (Helsinki Chronic Pain
Index) (21).

However, these assessment measures should be integrated to
allow a global assessment of outcome as per Cook et al. (17)
with modifications:

• Full function—restoration to, or maintenance of, full
intended level and duration of activities and performance
from preinjury or pre-disease status (without medication).
This should equate to low scores on clinical metrology
questionnaires, indicating negligible identification of pain or
impact on quality of life.

• Acceptable function—restoration to, or maintenance of,
intended activities and performance from preinjury. This
should equate to intermediate scores on clinical metrology
questionnaires, indicating presence of some pain and some
impact on quality of life.

• Unacceptable function—all other outcomes (such as persistent
lameness, reinjury, retirement, or euthanasia because of the
disease), with high scores on clinical metrology questionnaires
indicative of significant pain and poor quality of life.

When reporting clinical outcomes it is important to record:

• Whether the assessor was blinded to treatment.
• Who the assessors were (notional acknowledgment of their

experience; veterinary graduate, new, experienced, advanced
or specialist) and how many assessors took part.

• The pre-treatment state using an assessment measure which
will also be used to assess response to treatment. i.e., how
severely painful or lame, or size of tendon defect prior
to treatment.

Reporting Time Frames
Most studies to-date have had varied follow up periods from 30
days through to two years for both dogs and horses. We endorse
the study period terminology established by Cook et al. as follows:

• Perioperative (pre, intra, and postoperative)−0–3 months:
• Short term—>3–6 months.
• Mid term—>6–12 months.
• Long term—>12 months.

Currently many studies fall within the perioperative definition
and we encourage more studies to extend into the short to mid-
term, but acknowledge the difficulty and loss to follow-up seen in
clinical studies as durations increase.

If studies have been carried out in accordance with the
criteria we propose then the study outcomes will help to
fill our knowledge gap irrespective of the duration of study.
Nevertheless, longer periods of follow up clearly offer better
scientific evidence of outcomes, particularly if the follow up is
carried out periodically over time, as studies measuring the long
term efficacy of the cells in improving clinical outcome are rare.

CONCLUDING REMARKS

We propose that the aforementioned framework be applied as
our understanding and application of other technologies to this
field develops. The markers commonly used to define MSCs
do not readily differentiate them from fibroblasts (22), and
over time, better combinations or more reliable surface antigens
may present themselves. As an example, a Clinical Indications
Prediction (CLIP) scale has been developed for human MSCs
which uses TWIST1 expression levels to predict the therapeutic
efficacy of MSC populations for different disease indications
(23). To undertake a similar approach for MSCs in veterinary
species would require comparisons of global gene and protein
expression data between MSCs and other cell types and there are
currently limited datasets available. Over time these approaches
will become less cost prohibitive for the veterinary sector and
adapting these new approaches does not preclude the continued
application of the outlined principles; consistency in reporting,
usage of recognized and standardized assessment criteria, and
application of universally accepted study definitions.

To conclude, veterinarians and owners still rightly question
if and how MSCs will help their pets. We propose that these
guidelines should be utilized in publications and presentations
to drive higher scientific standards and relevant regulation,
and enable better comparison between studies to give greater
confidence to the stakeholders of the veterinary field.

AUTHOR CONTRIBUTIONS

RM conceived the paper. DG and RM wrote the first draft of the
manuscript. All authors contributed to manuscript revision and
read and approved the submitted version.

REFERENCES

1. Smith RK, Korda M, Blunn GW, Goodship AE. Isolation and implantation

of autologous equine mesenchymal stem cells from bone marrow into the

superficial digital flexor tendon as a potential novel treatment. Equine Vet J.

(2003) 35:99–102. doi: 10.2746/042516403775467388

2. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause

D, et al. Minimal criteria for defining multipotent mesenchymal stromal cells.

The international society for cellular therapy position statement. Cytotherapy.

(2006) 8:315–7. doi: 10.1080/14653240600855905

3. Caplan AI. Mesenchymal stem cells: time to change the name! Stem Cells

Transl Med. (2017) 6:1445–51. doi: 10.1002/sctm.17-0051

4. Sipp D, Robey PG, Turner L. Clear up this stem-cell mess. Nature. (2018)

561:455–7. doi: 10.1038/d41586-018-06756-9

5. Viswanathan S, Shi Y, Galipeau J, Krampera M, Leblanc K, Martin

I, et al. Mesenchymal stem versus stromal cells: international society

for cell & gene therapy (ISCT R©) mesenchymal stromal cell committee

position statement on nomenclature. Cytotherapy. (2019) 21:1019–24.

doi: 10.1016/j.jcyt.2019.08.002

6. Kafarnik C, McClellan A, Dziasko M, Daniels JT, Guest DJ. Canine corneal

stromal cells have multipotent mesenchymal stromal cell properties in vitro.

Stem Cells Dev. (2020) 29:425–39. doi: 10.1089/scd.2019.0163

7. Russell KA, Chow NHC, Dukoff D, Gibson TWG, LaMarre J, Betts DH, et al.

Characterization and immunomodulatory effects of canine adipose tissue-

Frontiers in Veterinary Science | www.frontiersin.org 4 March 2022 | Volume 9 | Article 817041

https://doi.org/10.2746/042516403775467388
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1002/sctm.17-0051
https://doi.org/10.1038/d41586-018-06756-9
https://doi.org/10.1016/j.jcyt.2019.08.002
https://doi.org/10.1089/scd.2019.0163
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Guest et al. Criteria for Reporting MSC Applications

and bone marrow-derived mesenchymal stromal cells. PLoS ONE. (2016)

11:e0167442. doi: 10.1371/journal.pone.0167442

8. Harman RM, Patel RS, Fan JC, Park JE, Rosenberg BR, Van de Walle

GR. Single-cell RNA sequencing of equine mesenchymal stromal cells from

primary donor-matched tissue sources reveals functional heterogeneity in

immune modulation and cell motility. Stem Cell Res Ther. (2020) 11:524.

doi: 10.1186/s13287-020-02043-5

9. Ranera B, Lyahyai J, Romero A, Vázquez FJ, Remacha AR, Bernal ML,

et al. Immunophenotype and gene expression profiles of cell surface

markers of mesenchymal stem cells derived from equine bone marrow

and adipose tissue. Vet Immunol Immunopathol. (2011) 144 147–54.

doi: 10.1016/j.vetimm.2011.06.033

10. Paebst F, Piehler D, Brehm W, Heller S, Schroeck C, Tárnok A, et al.

Comparative immunophenotyping of equine multipotent mesenchymal

stromal cells: an approach toward a standardized definition. Cytometry A.

(2014) 85:678–87. doi: 10.1002/cyto.a.22491

11. Radcliffe CH, Flaminio MJ, Fortier LA. Temporal analysis of equine bone

marrow aspirate during establishment of putative mesenchymal progenitor

cell populations. Stem Cells Dev. (2010) 19 269–82. doi: 10.1089/scd.2009.0091

12. TryfonidouMA, Schumann S, Armeanu S, HarichandanA, Sivasubramaniyan

K, Mollenhauer J, et al. Update on canine MSC markers. Cytometry A. (2014)

85:379–81. doi: 10.1002/cyto.a.22469

13. Galipeau J, Krampera M, Barrett J, Dazzi F, Deans RJ, DeBruijn J,

et al. International society for cellular therapy perspective on immune

functional assays for mesenchymal stromal cells as potency release

criterion for advanced phase clinical trials. Cytotherapy. (2016) 18:151–9.

doi: 10.1016/j.jcyt.2015.11.008

14. Murray IR, Chahla J, Safran MR, Krych AJ, Saris DBF, Caplan AI, et al.

International expert consensus on a cell therapy communication tool: DOSES.

J Bone Joint Surg Am. (2019) 101:904–11. doi: 10.2106/JBJS.18.00915

15. Bahsoun S, Coopman K, Akam EC. The impact of cryopreservation on bone

marrow-derived mesenchymal stem cells: a systematic review. J Transl Med.

(2019) 17:397. doi: 10.1186/s12967-019-02136-7

16. Chahla J, Cinque ME, Piuzzi NS, Mannava S, Geeslin AG, Murray IR,

et al. A call for standardization in platelet-rich plasma preparation

protocols and composition reporting: a systematic review of the clinical

orthopaedic literature. J Bone Joint Surg Am. (2017) 99:1769–79.

doi: 10.2106/JBJS.16.01374

17. Cook JL, Evans R, Conzemius MG, Lascelles BD, McIlwraith CW, Pozzi

A, et al. Proposed definitions and criteria for reporting time frame,

outcome, and complications for clinical orthopedic studies in veterinary

medicine. Vet Surg. (2010) 39:905–8. doi: 10.1111/j.1532-950X.2010.

00763.x

18. Walton MB, Cowderoy E, Lascelles D, Innes JF. Evaluation of construct and

criterion validity for the ’Liverpool Osteoarthritis in Dogs’ (LOAD) clinical

metrology instrument and comparison to two other instruments. PLoS ONE.

(2013) 8:e58125. doi: 10.1371/journal.pone.0058125

19. Brown DC, Boston R, Coyne JC, Farrar JT. A novel approach to

the use of animals in studies of pain: validation of the canine brief

pain inventory in canine bone cancer. Pain Med. (2009) 10:133–42.

doi: 10.1111/j.1526-4637.2008.00513.x

20. Brown DC. The canine orthopedic index. Step 1: devising the items. Vet Surg.

(2014) 43:232–40. doi: 10.1111/j.1532-950X.2014.12142.x

21. Hielm-Björkman AK, Rita H, Tulamo RM. Psychometric testing of the

Helsinki chronic pain index by completion of a questionnaire in finnish by

owners of dogs with chronic signs of pain caused by osteoarthritis. Am J Vet

Res. (2009) 70:727–34. doi: 10.2460/ajvr.70.6.727

22. Halfon S, Abramov N, Grinblat B, Ginis I. Markers distinguishing

mesenchymal stem cells from fibroblasts are downregulated with passaging.

Stem Cells Dev. (2011) 20:53–66. doi: 10.1089/scd.2010.0040

23. Boregowda SV, Krishnappa V, Haga CL, Ortiz LA, Phinney DG. A clinical

indications prediction scale based on twist1 for human mesenchymal stem

cells. EBioMedicine. (2016) 4:62–73. doi: 10.1016/j.ebiom.2015.12.020

Conflict of Interest: JI is employed by CVS Group plc. With the University

of Liverpool, JI is the joint license holder for the LOAD client-reported

outcomes measure.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Guest, Dudhia, Smith, Roberts, Conzemius, Innes, Fortier and

Meeson. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org 5 March 2022 | Volume 9 | Article 817041

https://doi.org/10.1371/journal.pone.0167442
https://doi.org/10.1186/s13287-020-02043-5
https://doi.org/10.1016/j.vetimm.2011.06.033
https://doi.org/10.1002/cyto.a.22491
https://doi.org/10.1089/scd.2009.0091
https://doi.org/10.1002/cyto.a.22469
https://doi.org/10.1016/j.jcyt.2015.11.008
https://doi.org/10.2106/JBJS.18.00915
https://doi.org/10.1186/s12967-019-02136-7
https://doi.org/10.2106/JBJS.16.01374
https://doi.org/10.1111/j.1532-950X.2010.00763.x
https://doi.org/10.1371/journal.pone.0058125
https://doi.org/10.1111/j.1526-4637.2008.00513.x
https://doi.org/10.1111/j.1532-950X.2014.12142.x
https://doi.org/10.2460/ajvr.70.6.727
https://doi.org/10.1089/scd.2010.0040
https://doi.org/10.1016/j.ebiom.2015.12.020
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Position Statement: Minimal Criteria for Reporting Veterinary and Animal Medicine Research for Mesenchymal Stromal/Stem Cells in Orthopedic Applications
	Introduction
	Defining the Cells
	Reporting Outcomes
	Inclusion Criteria
	Disease and Outcome Assessments Measures
	Reporting Time Frames

	Concluding Remarks
	Author Contributions
	References


