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Therapeutic Efficacy of Fresh, Allogeneic

Mesenchymal Stem Cells for Severe Refractory Feline

Chronic Gingivostomatitis

BOAZ ARZI ,a KAITLIN C. CLARK ,b AYSWARYA SUNDARAM,b MATHIEU SPRIET,a

FRANK J.M. VERSTRAETE,a NAOMI J WALKER,b MEGAN R. LOSCAR,c NASIM FAZEL,d

WILLIAM J MURPHY,d NATALIA VAPNIARSKY,e DORI L. BORJESSONb
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ABSTRACT

Mesenchymal stem cells (MSCs) have potent immunomodulatory functions and are a promising
therapy for immune-mediated inflammatory disorders. We previously demonstrated the efficacy
of fresh, autologous, adipose-derived MSCs (ASCs) to treat feline chronic gingivostomatitis (FCGS),
a chronic oral mucosal inflammatory disease similar to human oral lichen planus. Here, we investi-
gate the use of fresh allogeneic ASCs for treatment of FCGS in seven cats. Radiolabeled ASCs were
also tracked systemically. Each cat received two intravenous injections of 20 million ASCs, 1 month
apart. Oral inflammation, blood lymphocyte subsets, anti-fetal bovine serum antibody levels, ASC
crossmatching and serum proteins and cytokine concentrations were determined. Four of the 7
cats (57%) responded to treatment [complete clinical remission (n5 2) or substantial clinical
improvement (n5 2)]. Three cats were nonresponders. Prior to therapy, most cats had increased
circulating CD81 T cells, decreased CD8lo cells, and a decreased CD4/CD8 ratio, however clinical
resolution was not associated with normalization of these parameters. Nonresponders showed
more severe systemic inflammation (neutrophilia, hyperglobulinemia and increased interferon
gamma and tumor necrosis factor alpha concentration) prior to ASC therapy. Clinical remission
took up to 20 months and no clinical relapse has occurred. A higher fraction of radiolabeled ASCs
were identified in the oral cavity of FCGS affected cats than the control cat. The administration of
fresh, allogenic ASCs appeared to have lower clinical efficacy with a delayed response as compared
to the fresh, autologous ASCs. In addition, the mechanism(s) of action for autologous and allogenic
ASCs may differ in this model of oral inflammation. STEM CELLS TRANSLATIONAL MEDICINE

2017;00:000–000

SIGNIFICANCE STATEMENT

This study is the first to demonstrate the safety and efficacy of fresh, allogeneic adipose derived

stem cells systemic therapy for a naturally occurring, inflammatory disease in cats. We demon-

strate that this therapy resulted in delayed clinical and histological resolution and immune mod-

ulation as compared to autologous therapy. We also demonstrated that the mechanism(s) of

action for autologous and allogenic adipose-derived MSCs (ASCs) may differ in this model of

oral inflammation. Finally, we show that ASC in cats are initially engrafted to the lungs and that

a higher fraction of cells were identified in the oral cavity of feline chronic gingivostomatitis

affected cats than control.

INTRODUCTION

Stem cell-based therapy and research have made

exceptional progress in the last decade. Apart

from their capacity to regenerate damaged tis-

sues, mesenchymal stem cells (MSCs) possess

unique immunomodulatory capabilities and have

improved the outcome of clinical diseases with

aberrant immune responses [1–4]. We recently

published on the safety and efficacy of autologous

adipose-derived mesenchymal stem cells (ASCs)

to treat naturally occurring feline chronic gingivos-

tomatitis (FCGS). FCGS is a large animal model of

immune-mediated oral mucosal inflammatory dis-

eases of humans including oral lichen planus

(OLP), recurrent aphthous stomatitis, pemphigus,

and pemphigoid [1]. In both human and cats,

these diseases result in painful mucosal lesions

that markedly reduce quality of life and often

require long-term immunosuppressive therapy
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with significant associated risks and side effects.While the patho-

genesis of these oral mucosal inflammatory diseases is complex

and heterogeneous, the histological process consistently involves

tissue infiltration primarily by activated, effector T and B cells,

with a skew toward a Th1 phenotype [5–7].

Knowledge and clinical experience derived from veterinary

medicine and specifically from naturally occurring diseases in client-

owned pets, such as FCGS, that mimic human diseases serve to

inform the best practices for human clinical trials [8, 9]. Naturally

occurring diseases in dogs and cats that display the defining attrib-

utes of similar or identical diseases in humans hold promise for pro-

viding predictive and reliable proof of concept when evaluating

new therapeutics [8]. Importantly, naturally occurring diseases in

companion animals reflect the complex genetic, environmental and

physiologic variation present in outbred populations.

FCGS is a painful and debilitating severe oral mucosal inflam-

matory disease of cats that is estimated to affect 0.7%–12% of the

general cat population [10–15]. Clinical signs are moderate to

severe oral pain and discomfort, including inappetence, reduced

grooming, weight loss and ptyalism [11, 12, 16]. Approximately

70% of cats respond to the current standard of care for FCGS,

which is full or near-full mouth tooth extraction by either com-

plete resolution (28.4%) or substantial improvement (39%) [11].

The remaining �30% of cats do not respond to tooth extraction

(refractory FGCS). These cats, like humans with oral inflammatory

diseases including OLP, pemphigus, and pemphigoid, require life-

long therapy with antibiotics, corticosteroids, and pain medication

As with the aforementioned human oral mucosal diseases, there

is no cure and spontaneous disease resolution has not been

reported in cats with FCGS [15]. Due to the debilitating nature of

FCGS, severely affected cats that do not respond to treatment are

often euthanized. The etiology of FCGS remains elusive but is

thought to be due to the host immune system responding inap-

propriately to chronic oral antigenic stimulation secondary to

underlying oral disease or clinical/subclinical viral infections

[16–19].

MSCs are nonhematopoetic cells harvested from tissues such

as adipose tissue, bone marrow, liver, placenta, and umbilical cord

blood. These cells are plastic-adherent, fibroblast-like cells capable

of high proliferation and tri-lineage differentiation [20, 21]. MSCs

can inhibit T-cell proliferation, alter B-cell function, downregulate

MHC II on antigen presenting cells and inhibit dendritic cell matu-

ration and differentiation [22–25]. ASCs have been isolated and

characterized in several species including humans [26–32].

Autologous ASCs have shown promise for cell-based thera-

peutics in veterinary medicine [1]. The benefits of autologous

ASCs include that they are nonimmunogenic, safe in humans and

animals, and have been used clinically for nearly a decade with no

significant adverse reactions reported other than transient fever

in humans, occasional transfusion reactions in cats and self-

resolving inflammatory flares in horses [31, 33, 34]. The use of

autologous ASCs have practical drawbacks including the time

required for isolation and proliferation of sufficient cell number

for treatment. In addition, a subset of cats are unable to receive

autologous ASCs due to the deleterious effect of feline foamy

virus on ASC expansion [26, 35]. Allogeneic ASCs have the practi-

cal advantage of increased availability, higher quality control and

standardization between treatments, decreased cost and reduced

anesthetic events for the recipients [36]. Systemic administration

[i.e., intravenous (IV) injection] of allogeneic ASCs appears to be

safe with no significant adverse events reported [34, 37].

Currently, allogeneic ASCs are used in several human clinical trials

[38, 39]. However, unlike autologous ASCs, allogeneic ASCs may

have low immunogenicity, and may provoke an innate immune

response (instant blood-mediated inflammatory reaction) and/or

antibody development [40–42]. Treatment of FCGS with autolo-

gous ASCs resulted in cure or substantial clinical improvement in

71% of cats, suggesting that FCGS may be a promising disease tar-

get for allogeneic ASC therapy.

The purpose of this study was to evaluate the clinical, histo-

pathological, and immunologic effects resulting from systemic

administration of fresh, allogeneic ASCs in a cohort of cats with

refractory FCGS. We also investigated the immediate fate of sys-

temically administered ASCs via scintigraphic tracking. We

hypothesized that systemic allogeneic ASC therapy would be safe

and result in systemic immunomodulation, reduction of oral

inflammatory lesions, and improvement of clinical signs. We also

hypothesized that radiolabeled ASCs would accumulate in the oral

cavity of cats affected with gingivostomatitis. We found that ASCs

administered systemically resulted in complete clinical remission

or substantial clinical improvement in 57% of the cats (four out of

seven). This improvement correlated with reduction of inflamma-

tory lesions.

MATERIALS AND METHODS

Study Population

This study was conducted with approval of the Institutional Ani-

mal Care and Use Committee, and the Clinical Trials Review Board,

University of California—Davis (UCD). All owners signed an

informed consent. Seven client-owned cats with refractory FCGS

were recruited to the study. Inclusion criteria included cats

affected by FCGS with no other primary co-morbidities. These cats

did not respond to full-mouth tooth extraction performed at least

6 months prior to enrollment. If corticosteroid or other immuno-

suppressive therapy had been prescribed, it was discontinued 2

weeks prior to and for the entire duration of the clinical trial. Full-

mouth dental radiographs were obtained to confirm the absence

of retained root tips and to rule out any other underlying lesions.

All cats were screened and tested negative for feline immune defi-

ciency virus and feline leukemia virus infection.

Study Design

The study design is illustrated in Figure 1 (Fig. 1A, 1B). Cats that

met the inclusion criteria had blood collected for a complete

blood count, serum biochemistry profile, blood lymphocyte phe-

notyping, and serum cytokine analysis prior to treatment and at 3

and 6 months post treatment. In addition, the presence of anti-

bovine serum albumin (anti-FBS) antibodies was evaluated prior

to and at 6 months post ASC administration. Oral biopsies were

collected prior to ASC administration (n5 7) and at 6 months post

administration (n5 3). Clinical disease severity was evaluated

using a stomatitis disease activity index (SDAI) scoring system

[43]. The SDAI scoring was performed at the time of study enroll-

ment and at 6 months [Supporting Information Figure] [43].

Briefly, the cats’ owners completed a brief questionnaire and

scored appetite, activity level, grooming behavior and perceived

oral comfort on a scale of 0 to 3. Lesion severity was also scored

by 2 veterinary dental specialists (BA, FV), experienced in FCGS

evaluation, as 0 (no lesion), 1 (mild), 2 (moderate) or 3 (severe).

The SDAI score for each cat was calculated at each time point
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(range5 0, no disease, to 20, severe disease). A final examination

was performed at 6 months after the first ASC treatment. How-

ever, cats were followed up continually and data are presented

from the final recheck as well. During the study period, the cats

received only opioid analgesic management (i.e., buprenorphine

or oxymorphone) without any immunosuppressive, antibiotic or

nonsteroidal anti-inflammatory medication.

ASC Isolation and Expansion

Adipose tissue was obtained from three specific pathogen free

(SPF) cats that were euthanized for reasons unrelated to this

study. ASC isolation and expansion was performed at the Regener-

ative Medicine Laboratory at the William T Pritchard Veterinary

Medical Teaching Hospital, UCD, exactly as previously described

[1, 26]. Only fresh, expanded, early passage (P2 or P3) cells were

used for treatment.

ASC Phenotyping

Surface protein expression for ASC activation, identity, and purity

was determined using flow cytometry as described previously

[17]. All antibodies were purchased from the Leukocyte Antigen

Biology Laboratory, UCD, unless otherwise indicated. Antibodies

included MHC II (42.3; activation), CD18 (FE3.9F2; purity), CD90

(CA1.4G8; identity), and CD105 (SN6; eBioscience; identity). For

unconjugated antibodies, a mouse IgG-phycoerythrin (PE)

antibody (Jackson ImmunoResearch Labs, West Grove, PA) was

used for secondary labeling. Canine CD8a (CA9.JD3), rat immuno-

globulin G-allophycocyanin (IgG-APC) (eBR2a; eBioscience, San

Diego, CA), and mouse IgG-APC (MCA928; AbD Serotec, Raleigh,

NC) were used as isotype controls. Samples were run on a flow

cytometer (Cytomics FC500; Beckman Coulter, Brea, CA). Flow

cytometry data were analyzed using FlowJo flow cytometry soft-

ware (Tree Star, Inc.; Ashland, OR).

PBMC Proliferation Assay

To assess ASC potency, each ASC line was tested for its ability to

inhibit lymphocyte proliferation using a mixed leukocyte reaction

(MLR). Peripheral blood mononuclear cell (PBMC) isolation and

MLRs were carried out exactly as described [1]. In brief, PBMCs

were activated with 5 microgram concanavalin A (Con-A; Sigma-

Aldrich), stained with a viability dye (Fixable Viability Dye eFlour780;

eBioscience, San Diego, CA), proliferation was measured via BrdU

incorporation (BrdU Flow Kit; BD Biosciences; San Jose, CA), and

analyzed on a flow cytometer (Cytomics FC500). Flow cytometry

data were analyzed using FlowJo flow cytometry software (Tree

Star, Inc.).

ASC Treatment

All cats received 2 IV transfusions of 20 3 106 (�5 million ASCs/

kg) fresh allogeneic ASCs as previously described for autologous

Figure 1. Study design layout and clinical outcome in cats receiving ASC therapy for FCGS. Images demonstrating the study design (A) and
timeline (B) as well as the signalment and clinical data (C) for seven cats affected by FCGS enrolled in the clinical trial. Abbreviations: DMH,
domestic medium hair; DSH, domestic short hair; FBS, fetal bovine serum; FCGS, feline chronic gingivostomatitis; SPF, specific pathogen free.
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MSC therapy [1]. Cryopreserved ASCs were revived for 72 hours in

culture prior to administration. Fresh ASCs were prepared and

transferred to glass vials. ASCs were administered over a period of

20–30 minutes by dividing the total dose into four separate ali-

quots (�5 million cells at a time) to prevent ASC adherence to

syringe plastic. All cats were hospitalized for 24 hours to monitor

for adverse reactions.

Histology and Immunohistochemistry

Oral biopsies were fixed en bloc in 10% neutral buffered formalin,

embedded in paraffin, sectioned, mounted, and stained with H&E

according to standard laboratory protocols. Immunohistochemis-

try was performed on 4-mm thick, formalin-fixed, paraffin-embed-

ded tissue sections, as previously described, with antigen retrieval

performed in Dako Target Retrieval Solution (S1699) for 30

minutes at 958C [1]. Primary antibodies and dilutions were: rat

anti-CD3 (clone 3–12, diluted 1:10, Leukocyte Antigen Biology Lab,

UCD); and rabbit anti-CD20 (NeoMarker RB-9013-P1; 1:300;

Thermo Fisher Scientific, Pittsburgh). Sections were then incu-

bated with a Streptavidin-HRP label (anti-rabbit link, or anti-rat

link; Biocare Medical’s 41 Detection System GR608, or GR607

and HP604, respectively). Detection was visualized with Vector

NovaRED for peroxidase (SK-4800), per manufacturer’s instruc-

tions. Sections were counterstained in Mayer’s hematoxylin. Non-

specific background was evaluated with duplicate sections that

received diluent in place of the primary antibody. Biopsies were

interpreted by a board-certified veterinary pathologist (NV).

Hematology and Serum Biochemical Profiles

Complete blood counts (Bayer ADVIA 120; Bayer Diagnostics, Tar-

rytown, NY, http://healthcare.bayer.com) and biochemical profiles

(Cobas c501; Roche Diagnostics International, Risch, Switzerland,

http://www.roche-diagnostics.ch) were run, as previously

described, to monitor for any adverse responses to ASC therapy

[1].

Cytokine ELISAs

Serum was isolated from whole blood and stored at 2808C until

analyzed. Enzyme-linked immunosorbent assays (ELISAs) for inter-

feron gamma (IFN-g, Feline IFN-gamma Duoset ELISA, R&D Sys-

tems, Minneapolis, MN), tumor necrosis factor alpha (TNF-a,

Feline TNF-a DuoSet, R&D), and interleukin 6 (IL-6, Feline IL-6

Duoset, R&D) were run on stored serum (0, 3, and 6 months post

ASC administration) per manufacturer’s instructions [1]. All ELISA

samples were read on a Synergy HT Multi-Mode microplate

reader with Gen5 software (Biotek,Winooski, VT).

Anti-Bovine Serum Albumin (BSA) ELISA

The anti-BSA ELISA was performed as previously described [1].

Briefly, 96-well ELISA plates (Thermo Fisher Scientific) were coated

with 1 mg BSA (Fraction V, Thermo Fisher Scientific) overnight at

48C. Feline serum samples were diluted 1:5,000 along with nega-

tive and positive assay controls. Following sample incubation,

diluted rabbit anti-feline IgG H&L-HRP (Southern Biotech, Birming-

ham, AL) was added to each well. TMB Peroxidase Substrate (KPL,

Gaithersburg, MD) was added and samples were read on a micro-

plate reader with Gen5 software (Biotek). Data is presented as a

fold increase of color relative to the negative control for each

patient.

Lymphocyte Phenotyping

100 ll aliquots of whole blood (EDTA) were labeled with 25 ll

mouse antibodies directed against anti-feline CD4 (clone

FE1.7B12), CD8a (clone FE1.10E9), or CD21 (clone CA2.1D6) (Leu-

kocyte Antigen Biology Laboratory, UCD) as previously described

[1]. Each antibody was detected using a PE-conjugated donkey

anti-mouse IgG H1L F(ab’)2 (Jackson Immunotech, West Grove,

PA). All samples were read on a Beckman Coulter FC500 Flow

Cytometer with, and analyzed using FlowJo software (Treestar).

MSC Crossmatch

To determine if cats developed antibodies to allogenic ASCs after

administration, we modified a flow cytometric MSC crossmatch

procedure that we developed for use in horses based on a proce-

dure developed to identify transplant associated anti-MSC alloan-

tibodies. This assay was performed as previously described [41]

with the following changes. Paired pre- and post-injection (6

months) sera from 5/7 cats was available for the crossmatch.

Serum was heat-inactivated (568C, 30 minutes), diluted 1:1 with

12.5% pooled feline serum (collected from healthy cats, heat-

inactivated, aliquoted, and maintained at 2808C) in phosphate

buffered saline, and 100 ml of diluted sera was added to donor or

irrelevant ASCs (4–6 3 105 cells) that had been thawed and

blocked [41]. After primary incubation and washing, all samples

were incubated with feline IgG (1:500, FITC labeled, goat polyclo-

nal antibody; Southern Biotech). Samples were read on an FC500

flow cytometer (Beckman Coulter) and data was further analyzed

using FlowJo software (TreeStar).

For each cat, serum antibody binding to the irrelevant ASC

line (ASCs the cat had not received) was evaluated first to deter-

mine the amount of background binding. The percent of positive

binding to irrelevant ASCs was subtracted from the percent of

positive binding to the donor ASCs to determine the donor cell-

specific antibody binding at a given time point. The percentage of

donor ASC-specific antibody binding of the pre-treatment serum

was subtracted from the post-treatment serum to determine net

change of antibody binding.

ASC Labeling and Tracking

ASCs were radiolabeled and administered to three additional

FCGS affected cats and one healthy SPF cat. The ASCs were

labeled with Technetium (Tc)-hexamethylpropyleneamineoxime

(HMPAO) as previously described [44]. Briefly, � 25 3 106 ASCs

were labeled with 15 mCi (555MBq) of 99mTc -HMPAO. 20 million

labeled ASCs were used for injection and 5 million ASCs were kept

to measure viability, labeling efficiency and label persistence at 6

hours as previously described [44]. Cell viability was assessed

using the trypan blue exclusion test. Radiolabeled ASCs were

injected via a cephalic vein catheter. The treatment was divided

into four parts and was slowly injected every 5 minutes. A gamma

camera (IS2 Medical Systems, Ottawa, Canada) equipped with a

low energy all-purpose collimator and peaked at 140 keV was

used for the imaging. Right lateral, left lateral, and ventral images

of the whole body of the cats were acquired, with a 1-minute

static acquisition, immediately after injection (T0), at 1 hour (T1),

6 hours (T6), and 24 hours (T24) after injection. Finally, the distri-

bution of the radiolabeled ASCs was assessed subjectively through

the whole body. The radioactive signal was quantified on the right

lateral view as a ratio of the radioactivity in the region of the head

and the radioactivity in the whole body of the patient. Regions of
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interest were drawn using the free hand region of interest tool

(DICOM viewing software, OsiriX, Pixmeo, Geneva, Switzerland).

The head/whole body ratio was measured at all time points avail-

able. Due to lower signal to noise ratio, the measurements at 24

hours were corrected for background noise.

Statistical Analyses

Data are reported as individual animals in the responder and non-

responder group, denoted by unique symbols (means indicated).

Significance for all data analysis was set at p< .05. Statistical sig-

nificance between 2 groups was determined by nonparametric

Mann–Whitney-Wilcoxon t test (GraphPad InStat version 3.06 for

Windows, La Jolla, CA). Normal distribution of animals was not

achieved due to low sample size in the responder and nonres-

ponder groups. For study parameters containing animals having

low to unmeasurable quantities, basic descriptive statistics were

used.

RESULTS

ASCs Derived From Healthy SPF Donor Cats Are Potent,
Have a Typical ASC Identity and Do Not Express MHC II

Feline ASCs were uniformly positive for CD105 and CD90 (Fig. 2A,

2B, identity), and negative for MHCII (activation marker; Fig. 2C)

and CD18 (purity; Fig. 2D). All three donor ASCs suppressed T-cell

proliferation when stimulated with ConA in co-culture with alloge-

neic PBMCs (potency; Fig. 2E) as measured by BrdU incorporation.

There was no difference in lymphocyte suppressive ability

between the three SPF allogenic ASC lines used in this study and

the autologous ASC lines used in the previous study [1].

Allogenic ASC Treatment Induced Marked but Delayed
Clinical Improvement in Cats With FCGS

Seven cats were enrolled (six males, one female), all cats com-

pleted the study and their signalment is presented in Figure 1C.

All cats had full-mouth tooth extractions and were considered

refractory to any therapeutic intervention. All had chronic severe

mucosal inflammation in the caudal oral cavity and at various

other locations within the oral cavity with disease duration of 1.8–

4.5 years (mean 2.8 years). We did not observe immediate or

delayed adverse events in any of the cats. No changes were noted

in the complete blood counts or in the serum biochemical pro-

files. At 6 months (the formal end of the study), 4/7 cats (57%)

responded to treatment with substantial clinical improvement.

Two of these 4 cats exhibited progressive improvement and com-

plete cure at 18–20 months after ASC treatment (Figs. 1C, 3A, 3B).

Three cats had either minimal or no clinical response.

Clinical assessment of disease severity, by means of the SDAI,

confirmed our clinical observations (Fig. 3C, 3D). In general, the

improvement of clinical signs corresponded with improvement of

the oral mucosal lesions. The responder cats began eating more,

gaining weight, resuming grooming behavior and resuming soci-

ability. The owners reported a return to pre-FCGS activity levels in

the responder cats. The three cats that did not respond to treat-

ment had static SDAI and the owners reported the same activity

Figure 2. In vitro feline ASC phenotype and function. Feline adipose-derived mesenchymal stem cells (ASCs) expressed surface markers con-
sistent with an mesenchymal stem cells phenotype: CD1051 (A) and CD901 (B), both markers of identity; MHC II- (C; not activated) and
CD18-(D; purity). All three ASC donor lines suppressed proliferation of activated PBMCs in MLR (E). Abbreviations: BrdU, 5-bromo-29-
deoxyuridine; ConA, concanavalin A; MLR, mixed leukocyte reactions; PBMC, peripheral blood mononuclear cell.
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levels as with historic immunosuppressive therapy. Two nonres-

ponder cats were euthanized 6–12 months after exiting the trial

due to the lack of improvement and continued inflammation.

Histopathologic Features Correlated with Clinical
Findings in Responder and Nonresponder Cats

Oral mucosal biopsies were obtained from all cats prior to study

enrollment. Post ASC treatment, oral biopsies were available from

one cat that achieved complete clinical remission, one cat that

exhibited substantial improvement and one cat that did not

respond to treatment. In the two cats that showed improvement

in SADI clinical scores, a profound reduction of inflammation was

observed on histopathological examination (Fig. 4). In all pretreat-

ment biopsies, the epithelium and subepithelial stroma were

expanded by a mixed inflammatory infiltrate composed of lym-

phocytes, plasma cells, and neutrophils, with occasional Mott

cells, mast cells and histiocytes. Ulceration of the surface epithe-

lium was frequently observed. Remnant surface epithelium was

hyperplastic with multiple rete pegs extending deep into the sub-

jacent stroma. Immunohistochemistry revealed that CD31 T cells

were present within the epithelium and subepithelial stroma,

while CD201 B cells were restricted to the subepithelial stroma

(Fig. 4).

Upon completion of the study, a complete return to normal

tissue architecture was observed in the biopsies of cats with com-

plete clinical remission or substantial clinical improvement. Occa-

sional lymphocytes were observed within subepithelial stroma

with no evidence of epithelial hyperplasia, ulceration, or inflam-

mation. The very low number of CD31 T cells and CD201 B cells

was confirmed by immunohistochemistry (Fig. 4, left and middle

columns). The biopsies from the cat with no clinical improvement

were consistent with severe lymphoplasmacytic and neutrophilic

Figure 3. Clinical assessments of disease severity by means of clinical images and stomatitis disease activity index (SDAI) over time. Repre-
sentative pretreatment images for two different cats (A1, B1) are characterized by severe proliferative and ulcerative inflammation at the
caudal oral cavity. For two cats, a clinical response was observed within 3 months (A2) with substantial improvement at 6 months (A3). In
two cats, a delayed response was observed and resulted in improvement at 6 months (B2) and complete resolution in 18 months (B3); SDAI
table (C) and graph (D) demonstrate the score at entry and exit examination as well as the last recheck available. Note that there were four
responder cats and a delayed positive response was observed in two out of the four responder cats. Abbreviation: LR, last recheck.
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Figure 4. Histology of all pretreatment biopsies demonstrated that the epithelium and subepithelial stroma were expanded by a mixed
inflammatory infiltrate composed of lymphocytes, plasma cells, and neutrophils. The surface epithelium was frequently ulcerated and hyper-
plastic with multiple rete pegs extending into the subjacent stroma. Immunohistochemistry demonstrated that CD31 T cells were present
mostly within the epithelium and subepithelial stroma, while CD201 B cells were mostly restricted to the subepithleial stroma. A return to
normal tissue architecture was observed in biopsies of cats with complete clinical remission and substantial clinical improvement. However,
occasional lymphocytes were observed within subepithelial stroma with no evidence of epithelial hyperplasia, ulceration, or inflammation.
The post treatment biopsies from the cats with no clinical improvement were similar to the pretreatment biopsies.
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ulcerative stomatitis prior to and after treatment. The immunohis-

tochemical labeling revealed high numbers of CD31 T cells intrae-

pithelially and within the subepithelial stroma. An equally high

density of CD201 B cells was observed in the subepithelial stroma

(Fig. 4, right column).

Allogenic ASC Administration did not Predictably Alter
Blood Lymphocyte Subsets

Our previous work demonstrated that cats with FCGS have increased

percentages of blood CD81 T cells with a resultant decreased CD4/

CD8 T cell ratio [1]. The cats in this study generally recapitulated this

phenotype (Fig. 5). Prior to ASC administration, most cats had nor-

mal percentages of blood CD41 T cells (5/7 cats, Fig. 5A), increased

percentages of CD81 T cells (5/7 cats; Fig. 5B) and a decreased

CD4/CD8 ratio (6/7 cats; Fig. 5C). All seven cats had a decreased per-

centage of CD8lo cells, as we previously described (Fig. 5D) [1].

In our previous study using autologous ASC therapy, disease

resolution was associated with decreased blood CD81 Tcells, nor-

malization of the CD4/CD8 ratio and increased numbers of CD8lo

T cells. In this study, at 6 months post allogeneic ASC administra-

tion, immune cell subsets (percent CD41 T cells, percent CD81 T

cells, CD4/CD8 ratio) did not notably change over time, with or

without disease cure. Two of the four cats (50%) that responded

to ASC therapy showed an increase in the percentage of CD8lo T

cells (moved to within the reference range) with therapy while all

the other cats maintained a low percentage of CD8lo T cells (Fig.

5D). This is in contrast with autologous ASC administration for cats

with FGCS where increased CD8lo T cell percentage was 100% pre-

dictive of response to therapy.

Cats that Responded to Allogeneic ASC Therapy had
Less Severe Systemic Inflammation

Cats with FCGS often have systemic evidence of inflammation

including blood neutrophilia, polyclonal hypergammaglobulinemia

and increased concentrations of pro-inflammatory serum cyto-

kines. In the current study, neutrophilia was present in 3/7 cats

(Fig. 5E) and a hypergammaglobulinemia was present in 2/7 cats

(Fig. 5F) prior to ASC administration. Interestingly, cats that did

not respond to allogeneic ASC therapy had higher initial neutro-

phil counts (Fig. 5E) and globulin concentrations (Fig. 5F, p5 .057)

compared to responder cats. Similarly, prior to ASC administra-

tion, all three cats that did not respond to therapy had higher con-

centrations of serum IFNg compared to cats that responded to

therapy (Fig. 6A, p5 .057) and 2/3 cats that did not respond had

detectable systemic TNFa concentrations (Fig. 6B) whereas none

of the responder cats had detectable TNFa. These data suggest

that allogenic ASC therapy was less effective in cats with more

severe systemic inflammation (neutrophilia, hyperglobulinemia,

and increased serum IFNg and TNFa) in this small cohort of cats.

Allogenic ASC Infusion and Clinical Response was not
Associated with Alterations in Serum Biomarkers

The pro-inflammatory serum cytokines TNFa, IFNg, and IL6 did

not show any consistent change after ASC infusion (Fig. 6). Only

one responder cat spiked with both IFNg and TNFa after ASC infu-

sion. All nonresponder cats showed decreased IFNg levels 3

months after ASC infusion however this was not associated with a

clinical response (Fig. 6A). Similar to our previous study, serum IL6

was essentially undetectable at baseline in all cats (Fig. 6C). Over

the course of therapy, only one nonresponder cat had measurable

IL6. These findings are in direct contrast to what was observed in

cats that responded to autologous ASC therapy. In our previous

study, there was a peak increase in serum IL6 in all responder cats

at 3 months that plateaued through the 6 month time point. The

absence of serum IL6 alterations combined with the inconsistent

changes in CD8lo cells suggest that the mechanism(s) of action of

allogeneic ASC therapy in cats with FCGS may differ from how

autologous ASCs work.

Figure 5. Circulating inflammatory cells and serum immunoglobulins. Flow cytometric analysis of whole blood for percent CD41 T cells (A),
percent CD81 T cells (B), calculated ratio of CD4/CD8 T cells (C), and percent CD8lo cells (D). Neutrophil number (E, from a complete blood
count) and serum globulin concentration (F, from serum biochemistry panel). Plain gray bars represent either the range of values of control
cats (A–D), which were used for parameters that did not have standard reference intervals, or the standard reference intervals obtained from
University of California, Davis, School of Veterinary Medicine reference intervals (E, F). Abbreviation: Pre, before treatment.

8 Allogeneic Stem Cell Therapy for Feline Oral Inflammation

Oc 2017 The Authors STEM CELLS TRANSLATIONAL MEDICINE published by

Wiley Periodicals, Inc. on behalf of AlphaMed Press

STEM CELLS TRANSLATIONAL MEDICINE



Cats did not Develop Significant Anti-FBS Antibodies

After Allogenic ASC Administration

Feline ASCs were cultured in FBS, and, as such, it was important

to determine (a) if cats developed antibodies to BSA, the primary

protein in FBS, and (b) if the development of antibodies was asso-

ciated with treatment failure. Most cats (4/7) had varying

amounts of anti-BSA antibody prior to ASC administration (three

cats were negative, no correlation with age; most cats are highly

vaccinated with vaccine products produced with FBS). Anti-BSA

titers did not change after cell administration (stayed high or

stayed low) in 6/7 of the cats (86%). One cat changed from a neg-

ative titer to a low positive titer. This cat responded with substan-

tial clinical improvement to allogenic ASC therapy. As such, the

development of low anti-BSA titers did not correlate with

response (or absence of a response) to ASC therapy (Fig. 1C).

Most Cats did not Develop any Anti-ASC Antibodies

After Allogeneic ASC Administration

Serum (pre and 6 months post) was available from five of the

seven cats for detection of anti-ASC antibodies. Of these five cats,

serum from only one cat (20%) demonstrated a specific increase

in antibody binding to the donor ASCs (compared to serum bind-

ing to irrelevant control ASCs; Supporting Information Table 1).

This same cat responded well to ASC therapy (substantial

improvement) and also developed a mild increase in titer to BSA

via ELISA.

After IV Administration, Most ASCs were Trapped in the
Lung; ASCs Adhered to the Cephalic Vein and Trafficked

to the Oral Cavity in Cats with FCGS

Immediately after injection, most of the radioactive signal was

localized within the lungs (Fig. 7A, 7B, arrow). A low level of radio-

activity was present diffusely throughout the whole body includ-

ing the area of the oral cavity (Fig. 7A, 7B, arrowhead).

Subjectively, FCGS-affected cats had a slightly higher uptake in the

area of the oral cavity (Fig. 7B, arrowhead) when compared with

the healthy SPF cat (Fig. 7A). Moderate to marked radioactive

uptake was also identified in the urinary tract. In all three FCGS

cats, immediate, focal uptake was identified in the cephalic vein

(Fig. 7B) whereas this was not present in the healthy control cat.

The ratio head/whole body for all four cats is presented in Figure

7C. The ratio tends to decrease over time. The values measured in

the FCGS-affected cats were higher than in the control cat.

DISCUSSION

This is the first study to investigate the clinical safety and efficacy

of allogeneic ASCs for the treatment of a severe oral mucosal

inflammatory disease in a naturally occurring animal model. We

found that systemically administered, fresh, allogeneic ASCs were

safe and could achieve cure, or a substantial reduction in the

inflammation associated with FCGS, resulting in regeneration of

the oral mucosa and improved clinical signs. However, although

patient numbers are low, the efficacy of allogeneic ASCs may be

lower as compared to autologous ASC therapy for the treatment

of FCGS [57% (4/7) cats in current study, compared to 71% (5/7

cats) in the autologous study] [1]. This potential reduction in effi-

cacy for allogeneic ASCs was particularly noted in cats with the

most severe inflammation, as measured by blood neutrophil num-

ber, serum globulin concentration and serum IFNg concentration.

The clinical response to allogeneic therapy (cure by �12–20

months) also appears to be delayed compared to autologous ASC

treatment (cure in �3–9 months). A clinical response to autolo-

gous ASC therapy was also correlated with elevations in serum IL6

and increased percentages of blood CD8lo lymphocyte subsets

whereas allogeneic ASC therapy was not associated with detecta-

ble alterations in these biomarkers.

In this study, we demonstrated that the IV infusion of a rela-

tively high dose (20 million cells/cat, equivalent to �5 million

cells/kg) of allogeneic ASCs was safe and well tolerated in cats

with severe oral inflammatory disease. Unlike the transfusion

reactions noted in two cats that received autologous treatment in

our previous study, we did not observe any transfusion reactions,

changes in bloodwork or delayed adverse events associated with

allogeneic ASC administration. These data are compatible with

other studies that have safely infused allogenic ASCs in different

disease settings in cats [31, 36].

However, while no side effects ware noted in this cohort of

cats, the efficacy of allogeneic ASCs for FCGS is less clear. This

study recapitulated our autologous study in all measurable ways

including study location and clinicians (UCD School of Veterinary

Medicine, Regenerative Medicine Lab, Drs. Arzi and Verstraete),

patient enrollment criteria, patient signalment (predominantly

male cats, average age was 7.5–9 years, average duration of dis-

ease was 2.7–2.8 years), cell dose, and route (IV), number (2) and

timing (4 weeks apart) of ASC administration. Similar to the three

SPF donor ASC cell lines that we used in this study, all autologous

ASCs had ASC identity, as defined by CD90 and CD105 expression,

were potent, as defined by the ability to suppress activated T cell

Figure 6. Circulating cytokines in FCGS affected cats before and after ASC therapy. Enzyme-linked immunosorbent assay results for serum
concentrations of TNF-a (A), IFN-g (B), and IL-6 (C) over time. Note that nonresponder cats tended to have higher concentration of IFNg prior
to treatment. Abbreviations: IFN, interferon; IL, interleukin; Pre, before treatment; TNF, tumor necrosis factor.
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proliferation, were pure (as defined by the absence of leukocytes)

and did not express MHC II. At presentation, the average neutro-

phil number (9,500 vs. 9,800) and globulin concentration (average

5.3 vs. 4.8) in enrolled cats for both studies were comparable.

Thus, the reason for discrepancies between the results in the

autologous ASC study and the current study using allogeneic ASC

therapy remains elusive.

We investigated the possibility that the development of anti-

bodies against the ASCs may have resulted in a decreased life

span and, hence, reduced efficacy, of allogeneic ASCs as compared

to our previous autologous ASC study. We were able to detect

specific antibody development in one out of the five cats tested.

This alloantibody formation in cats parallels and confirms what

has been noted in many species including horses, pigs, macaques,

rats and humans [38, 41, 45–49]. Nonetheless, the significance of

antibody development, in terms of clinical outcome, is hotly

debated as many of these animals and humans show clinical

improvement in spite of antibody development. Similarly, the cat

in our study that developed a measurable anti-ASC antibody reac-

tion was one of the cats who responded favorably to treatment.

However, antibody production is consistent with the memory

functions of the cellular and humoral arms of the adaptive

immune response [40, 50, 51] and it is possible that the innate

immune system, which is responsible for the more immediate

confrontation and removal of foreign antigens, may have been

activated by the administration of the allogeneic ASCs [40, 52, 53],

including Tcell mediated rejection of the allogenic cells. The innate

immune system has a key role in the initiation of the adaptive

immune response to allogenic antigens and its activity is largely

nonspecific [40]. We did not include any measures of innate

immune cell response to the ASCs in our study (e.g., pro-

thrombotic ASC markers or activation of complement) [42]. It

appears that the fate of allogenic ASCs in cats, as in other species,

is not yet fully predictable and it may be that an undetermined

number of ASCs are cleared or destroyed resulting in reduced/

delayed efficacy and diminished immunomodulatory potential.

In our current study, the pretreatment percentages of blood

CD81 T cells and the resultant decreased CD4/CD8 T cell ratio mir-

rored findings in our autologous study [1]. However, unlike the

results of the autologous clinical trial, at 6 months post allogenic

ASC therapy, immune cell subsets (percent CD81 T cells, CD4/CD8

ratio) did not notably change regardless of the clinical outcome.

Furthermore, compared to the results of the autologous ASC study,

the pro-inflammatory serum cytokines TNFa and IFNg did not

show any consistent change after ASC administration. It is plausible

that an innate immune reaction to the ASCs and/or alloantibody

production may have reduced ASC survival time and impeded their

immunomodulatory effect which in turn also reduced the success

rate and prolonged the clinical response [40]. This is in agreement

with previous studies that demonstrated that allogenic ASCs do

not completely evade immune surveillance [40, 41, 54].

We discovered two potential biomarkers of successful

response to autologous ASC therapy in cats with FCGS in our last

study: a decreased pretreatment percentage of CD8lo cells, which

increased with cure, and increased serum IL6 after ASC infusion.

Receptor expression on CD8 cells may dictate whether a CD8 cell

has a suppressive or cytotoxic phenotype with decreased CD8

receptor expression (limiting the ability of cells to be classically

activated to a cytotoxic phenotype) associated with increased sup-

pressive functions [55]. We hypothesized that the induction of

CD8lo cells and the concurrent increase in IL6 may be responsible

for the generation of T regulatory cells and “reprogramming” of

the immune response resulting in long-term cure in these cats. As

such, one objective of the current study was to determine if these

changes would be robust and repeatable after allogenic ASC infu-

sion. Although two of the four cats (50%) that responded to

Figure 7. ASC tracking in FCGS affected cats vs. a control cat. Right
lateral scintigraphic images obtained 1 hour post radiolabeled mes-
enchymal stem cells (MSC) injection in a control cat (A) and an feline
chronic gingivostomatitis (FCGS) affected cat (B). Most of the radio-
active signal was present within the lungs, likely due to trapping of
the MSCs in the capillary bed. Marked radioactive uptake is also
present in the kidneys and bladder, likely due to the presence of dis-
sociated label. Additionally, the affected cat appears to have higher
radioactive uptake in the region of the oral cavity as compared to
the control cat. Focal radioactive uptake is also present in the area
of the injected cephalic vein in the FCGS affected cat. The only
uptake associated with the thoracic limb in the control cat is within
the catheter and injection port. Line graph (C) demonstrates the
ratio head/whole body at the different time points for all four cats.
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allogenic therapy did demonstrate increased CD8lo cells, the

change was neither predictable nor robust. There was also no

accompanying increase in serum IL6, even in the face of disease

cure. These findings suggest that there are multiple mechanisms

of action for ASC therapy in cats in the context of inflammatory/

immune-mediated diseases. This is not that surprising given the

heterogeneity of the disease and the cells. Further studies, both in

vitro and in vivo, are needed to dissect out the interaction of ASCs

with dendritic cells/macrophages, T cell subsets (e.g., Th17 cells),

and B cells to begin to elucidate the mechanism(s) of action for

these very potent cells.

The challenge of understanding how stem cells function is

coupled with the need to determine where these cells traffic after

administration and how long they persist. The potential to utilize

naturally occurring diseases in companion animals for cell tracking

studies (with relevant, physiological inflammatory recruitment

stimuli) is a strength of these animal models.We found that the IV

administration of ASCs to cats with FCGS resulted in the immedi-

ate adherence of some cells to the vein close to the site of admin-

istration with most cells retained in the lungs and a small

proportion of ASCs that trafficked to the inflamed oral cavity. Cell

trapping in the lungs was expected and was similar to what has

been reported in tracking studies performed in dogs and rodents

[52, 56, 57]. It is likely that the trapping occurs at the pulmonary

capillary level, due to the relative large size of the MSC compared

with the capillary lumen diameter. Interestingly, the amount of

radioactivity in the oral cavity of clinical patients was higher than

in a healthy control cat. This was not surprising given the degree

of oral inflammation and rapid cell adherence to the vasculature

after administration. Results confirm that at least a subset of cells

traffic early on to the site of inflammation. The presence of radio-

activity in the urinary tract is probably due to dissociation of the

radioactive label from the ASC. We have noted this suboptimal

stability of the label in previous studies and it is a clear limitation

of scintigraphic tracking using Tc-HMPAO [57]. Overall the head/

whole body ratios tended to decrease overtime with lowest val-

ues noted 6 hours after injection. The values seem to increase at

24 hours but this should be interpreted with caution due to the

lower quality of the signal obtained at 24 hours secondary to the

short half-life (6 hours) of Technetium. Also, the presence of disso-

ciated label increases over time and is likely to affect the later

measurements. Previous studies have alluded to similar findings

and that ASCs that are trapped in the microcapillary networks

have a short life span and exert their action via a paracarine mech-

anism [56, 58–60]. Finally, given the delayed clinical response as

compared to the administration of autologous ASCs, it possible

that pulmonary trapping may occur to a greater extent for alloge-

neic cells as compared to autologous cells, thus decreasing rela-

tive transit to the oral mucosa. Altered cell tracking is one

consideration for the delayed potency of allogeneic cells.

Although autologous and allogeneic cell sources appear to be

safe when administered systemically, direct comparison between

the two sources are rare [38]. However, in terms of clinical out-

come, the response of allogeneic therapy for nonresponsive FCGS

appears to be delayed as compared to autologous ASC treatment.

No direct comparison to other studies is possible; however, other

studies also demonstrated improved outcome when using an

autologous cell source as compared to allogeneic [61, 62]. This

delayed response has practical implications when performing a

clinical trial in a debilitating and painful disease, such as FCGS, as

cat-owner satisfaction and compliance depend on response to

therapy. The delayed response is likely to contribute to a with-

drawal from a long term clinical trial.

CONCLUSION

The use of allogeneic ASCs provides an ideal clinical and commer-

cially applicable solution to stem cell therapy as it can be sold “off-

the shelf,” is readily available, and minimizes the delay in therapy

associated with culture time and characterization [38, 39, 58, 63].

However, these pilot data suggest that the use of allogeneic cells

for this oral inflammatory disease may be associated with inconsis-

tencies in immunomodulation and delayed clinical response as

compared to the administration of autologous ASCs. In addition,

alterations in serum cytokines and CD8lo cells were not noted sug-

gesting that the potency and mechanism(s) of action for autolo-

gous and allogenic ASCs differ in this model of oral inflammation.
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