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Objective
To describe the tolerability and activity of IV allogeneic mesenchymal stromal cell (MSC) therapy in 13 Pugs with
presumptive early necrotizing meningoencephalitis (NME).

Methods

255 Pugs were screened from 2021 to 2024 for neurological examination (NE) abnormalities suggestive of early
NME. All dogs received a minimum of 2 NEs spaced 2 to 4 weeks apart. An NE score (NES) was assigned at each visit.
Magnetic resonance imaging, CSF analysis, and infectious disease testing was obtained in all affected Pugs. Pugs
with consistent or progressive NES and MRI or CSF findings supportive of early NME were eligible for MSC therapy.

Results

NE abnormalities prior to MSC therapy included spinal hyperesthesia (11 of 13 [85%]), paw placement deficit (11
of 13 [85%]), menace deficit (9 of 13 [69%]), obtundation (9 of 13 [69%]), seizures (7 of 13 [54%]), and ataxia (4 of
13 [31%]). The NES improved in all dogs within 24 hours of the first dose of MSC (mean improvement, 86%). Mild
adverse events were noted after 3 of 30 MSC doses (10%). All 13 dogs are currently in remission (follow-up time, 5
to 43 months); 7 of 13 Pugs (54%) remained in remission after MSC therapy alone, and 6 of 13 (46%) required the
addition of immunosuppressive therapy.

Conclusions

IV allogeneic MSC administration was well tolerated and resulted in immediate clinical benefit in this small co-
hort of Pugs with presumptive early NME. Strategies to maintain the long-term benefits of MSC therapy require
further study.

Clinical Relevance
Immunomodulatory MSC therapy may be a potential treatment for neuroinflammatory disease in dogs. Further
studies are needed to optimize long-term benefits.

Keywords: mesenchymal stromal cell, autoimmune, immune-mediated, meningitis, encephalitis

Necrotizing meningoencephalitis (NME) is a fatal
neuroinflammatory disease affecting several small
dog breeds, most notably the Pug (Pug dog encepha-
litis). Necrotizing meningoencephalitis shares several
similarities to multiple sclerosis (MS) in humans, includ-
ing genetic risk loci within the major histocompatibility
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complex (MHC) class Il region.t4 Necrotizing meningo-
encephalitis has historically been associated with rapid
clinical onset and progression that closely resembles
the rare fulminant forms of MS.5-11 Most forms of MS
exhibit a more insidious clinical course that progress-
es over 30 to 40 years, characterized by a preclinical
phase in which brain pathology and MRI changes ap-
pear before overt clinical signs manifest.12 On the basis
of past published studies of NME,*3*14 we identified a
combination of neurological clinical signs in “appar-
ently normal” young Pugs that were at genomic risk
of developing NME that are not present in dogs at low
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genomic risk. These signs include multifocal spinal hy-
peresthesia, menace response deficits, paw placement
deficits, and proprioceptive ataxia, which have been
documented through screening over 250 Pugs over the
past 3 years.1314 These clinical signs mimic the earli-
est symptoms of MS in humans, suggesting that there
may be an earlier stage of NME or a distinct novel,
less aggressive immune-mediated neuroinflammatory
disease in some Pugs.11215 Although NME cannot be
confirmed without brain histopathology, MRl and CSF
changes in these Pugs with presumed early forms were
consistent with NME.314 |dentification of Pugs with an
early manifestation of neuroinflammatory disease pro-
vides an important opportunity for therapeutic inter-
vention before advanced signs occur.

The etiology of MS is complex and generally ac-
cepted to be associated with immune reactivity of
T and B cells against myelin in the CNS resulting in
inflammatory lesions, loss of oligodendroglia, and
degeneration of axons.'®17 |n the rare fulminant
forms of MS such as the Marburg variant, necrosis
is a prominent feature.5-2.18 Corticosteroids, immu-
nosuppressants, interferon B, and monoclonal anti-
bodies have been used to treat MS but often have
negative side effects, and there is currently no cure
for MS.17.19 Some MS drugs suppress inflammatory
and neurodegenerative effects in early stages of the
disease, but neuroregeneration or axon remyelin-
ation do not occur with standard disease-modifying
therapies.1® Standard immunosuppressive therapy is
also ultimately futile in treating NME, with median
survival times of 6 to 7 months after diagnosis.>20

Mesenchymal stem cells, also called mesenchy-
mal stromal cells (MSCs), have therapeutic potential
in MS predicted by their anti-inflammatory and immu-
nomodulatory effects.26.17.1% Several small phase /Il
MSC studies have shown feasibility, tolerability, and
improvement in disability in humans with MS.16.19.21.22
Larger and more rigorous studies are needed to un-
derstand the role of MSCs in MS.1619.21.23 Gjyen the
similarities between MS and NME and promising re-
sults of MSC therapy in humans with early MS, MSC
therapy may have similar anti-inflammatory and im-
munomodulatory effects in dogs in early stages of
neuroinflammatory disease including NME.

The objective of this observational pilot study
was to describe the tolerability and short- and long-
term clinical response to |V allogeneic MSC therapy
in Pugs with clinical and diagnostic abnormalities
consistent with presumed early NME. In this small pi-
lot study, MSC administration was well tolerated and
resulted in clinical improvement in all dogs within 24
hours. Sustained improvement was more variable;
however, nearly half of the dogs were in remission af-
ter MSC therapy alone. The results of this study may
be used to inform the design of future larger pro-
spective studies evaluating the use of MSCs in NME
and other neuroinflammatory diseases.

Methods
Patient eligibility

Normal Pugs ranging from 4 months to 6 years
of age and of any sex and weight were recruited
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from Colorado and enrolled into the study through
a single tertiary referral hospital from 2021 to 2024
(Supplementary Figure S1).

The study received Animal Care and Use Com-
mittee approval (Animal Clinical Investigation Biosci-
ences), and informed consent was obtained from all
owners prior to enrollment of their dog into the study.
Use of MSC in client-owned animals was allowed un-
der INAD No. 012882. Dogs with chronic (> 4 weeks)
neurological abnormalities (gait deficits, seizures)
that could be attributed to other neurological dis-
eases including idiopathic epilepsy were excluded. No
dogs had any prior treatments for a neurological con-
dition. All Pugs received 2 physical and neurological
examinations, spaced 2 to 4 weeks apart, by a board-
certified veterinary neurologist blinded to NME geno-
type risk to confirm consistency in the clinical signs
documented during the examinations.

All neurological examination abnormalities were
recorded, and a structured ordinal scoring system
was used to determine a total neurological exami-
nation score (NES), shown in Supplementary Table
S1. The NES was compared at each visit to visualize
improvement, progression (worsening), and regres-
sion (initial improvement followed by relapse) within
an individual Pug over time.

Necrotizing meningoencephalitis genetic risk
assessment

Whole blood was collected from 77 dogs and
transferred to 2-mL K, EDTA coated tubes (Becton,
Dickinson and Co). Blood was stored in an on-site -80
oC freezer prior to overnight FedEx shipment on dry
ice for genetic analysis at the Translational Genomics
Research Institute. Saliva from the buccal mucosal fold
was collected in 52 dogs and placed in an aqueous so-
lution containing solvent for purification (PERFORMA-
gene PG-100; DNA Genotek Inc). Oral samples were
kept at room temperature and shipped within 2 days of
collection. Genomic DNA was isolated from the whole
blood and oral swabs following a previously published
protocol.21324 Post hoc genotyping confirmed Pug
breed in all dogs in this prospective cohort. Dogs in the
cohort were defined as having low genomic risk (no
genomic risk alleles, designated A/A) or at genomic
risk (presence of 1 [T/A] or 2 [T/T] at-risk alleles).

Magnetic resonance imaging

Magnetic resonance imaging was acquired in
Pugs with reproducible or progressive neurological
examination abnormalities with a 1.5-T MRI system
(MAGNETOM Symphony; Siemens AG). Sequences
of the brain included T1l-weighted pre- and post-
contrast sagittal, transverse, and dorsal planes; T2-
weighted sagittal and transverse planes; and FLAIR
and gradient echo transverse planes. Cervical and
thoracolumbar spinal cord imaging was obtained
with T2-weighted and STIR sagittal and transverse
planes and postcontrast T1-weighted sagittal plane.
Magnetic resonance imaging was reviewed and re-
ported independently by 2 board-certified neurolo-
gists, one of whom was blinded to the abnormalities
detected on neurological examination.
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Cerebrospinal fluid analysis and infectious
disease testing

Cerebrospinal fluid was collected asepti-
cally from the cerebellomedullary cistern with a
22-gauge, 1.5-inch spinal needle. A sample of CSF
was submitted for cytological analysis and clini-
cal pathologist review to a commercial laboratory
(Zoetis Reference Laboratory).

A neurological infectious disease PCR panel on
the initial CSF was submitted to test for the pres-
ence of Anaplasma spp, Blastomyces spp, Barton-
ella spp, Cryptococcus spp, Ehrlichia spp, Histo-
plasma capsulatum, canine distemper virus, Bor-
relia burgdorferi, Neospora caninum, and Rickettsia
rickettsii. Any dog positive for any infectious dis-
ease was removed from the study and treated at the
discretion of the attending neurologist.

Intravenous MSC preparation and administration

Pugs of any genotype with persistent or progres-
sive NES and MRI or CSF abnormalities were eligible
to continue in the study. For these treatment-eligible
patients, research-grade fresh allogeneic adipose-
derived MSCs (AMSCs; University of California-Davis
Regenerative Medicine Laboratory) were adminis-
tered from October 2021 through September 2023.
Frozen-thawed pharmaceutical-grade allogeneic
uterine-derived MSCs (UMSCs; Gallant Therapeutics)
were administered from November 2023 through
July 2024.

Adipose-derived MSC preparation
and administration

The AMSCs for the study were previously iso-
lated from a single healthy canine donor’s adipose
tissue.2> Canine adipose MSCs were thoroughly
characterized and cryopreserved as previously de-
scribed.2>26 Before each treatment, an aliquot of
cryopreserved MSCs was thawed, expanded, and
formulated for clinical use by the Regenerative Medi-
cine Laboratory at the Veterinary Medical Teaching
Hospital at the University of California-Davis. Briefly,
cryopreserved MSCs were thawed in a 37 °C wa-
ter bath and plated into tissue culture flasks with
Dulbecco modified Eagle medium (Gibco low glu-
cose; Thermo Fisher Scientific Inc), 10% fetal bovine
serum (Atlanta Biologicals), and 1% penicillin/strep-
tomycin (Gibco; Thermo Fisher Scientific Inc) and
incubated at 37 °C in 5% CO, at 90% humidity. Prior
to clinical preparation, MSCs were trypsinized, enu-
merated, and tested for bacterial sterility, viability (>
85% with trypan blue exclusion), confirmed negative
for endotoxin (PYROGENT Plus LAL gel clot assay;
Lonza Bioscience), and confirmed negative for My-
coplasma (Myco-Scope PCR kit; Genlantis Inc). Cul-
tured MSCs were reconstituted in physiologic saline
prior to shipment.

Adipose-derived MSCs were shipped overnight
on dry ice and administered immediately upon ar-
rival. A single vial containing approximately 20 X 10¢
AMSCs in liquid suspension was visually examined
to confirm appropriate volume. The vial was gen-
tly mixed prior to administration. Using an 18- to

22-gauge needle on a 3-mL polypropylene syringe,
0.5 mL of the MSC suspension was removed and
mixed with 0.5 mL of sterile saline. Within 5 minutes,
the MSCs were administered through a 22-gauge or
greater peripheral |V catheter into the cephalic vein
over 5 minutes. Once complete, the |V catheter was
flushed with 0.25 mL of sterile saline. This process
was repeated 3 more times at 10, 20, and 30 minutes
until all cells were administered (a total 35-minute
administration time). If an adverse reaction was not-
ed, the treatment was slowed (given over 10 to 15
minutes) and 1 to 2 mg/kg of diphenhydramine was
given IM. If a serious adverse reaction was noted,
treatment was stopped.

Uterine-derived MSC preparation
and administration

Uterine-derived MSCs were collected from
healthy donor dogs tested free from relevant disease
agents. Cells were expanded and cultured and fro-
zen in liquid nitrogen. The formulation consisted of
uterine stem cells (stromal and epithelial cells) for-
mulated in a suspension containing 10 million cells/
mL suspended in CryoStor CS5 (CryoStor base with
5% dimethylsulfoxide; BiolLife Solutions Inc), pack-
aged in a 5-mL vial.

Doses were shipped in a liquid nitrogen dry ship-
per (dewar) validated to hold a consistent tempera-
ture (< 130 °C [-130 to -200 °C]) for up to 8 days.
Upon receipt, the shipping container was kept sealed
and set aside in a secure location until the time of
intended dosing (within 48 hours). At the time of ad-
ministration, the dose was removed from the shipper
and the cells were thawed by placing the cryovial in
a tube rack at room temperature for approximately
15 minutes or until there was no visible ice left in the
vial. Once the cells were thawed, the vial was kept
upright and cleaned with an alcohol wipe. The vial
containing a target dose of 20 X 10 UMSCs was gen-
tly rolled for several seconds to resuspend the cells
into solution. A 20-gauge needle attached to a 5-mL
polypropylene syringe was inserted through the bot-
tom of the cryovial to slowly draw 0.8 mL of the sus-
pended cell solution into the syringe from the vial.
The 0.8 mL of suspended cell solution was then dilut-
ed into 4.2 mL of sterile saline (total volume, 5 mL).
This process was repeated 3 times to provide a total
of 4 syringes for injection with a total injection vol-
ume of 20 mL. Each aliquot was slowly injected over
5 minutes (1 mL/min) into a primed T-port attached
to a 22-gauge or greater cephalic vein |V catheter,
followed by a flush with 0.5 to 1 mL of heparinized
saline following each syringe of cells. Three addi-
tional aliquots were administered following the same
timing protocol as the fresh allogeneic MSCs (10, 20,
and 30 minutes).

Monitoring after MSC administration

Heart rate, respiratory rate, mucous membrane
color, capillary refill time, body temperature, and
changes in mentation or behavior were recorded.
The dogs were monitored continuously for 5 minutes
after each injection of each aliquot. All dogs were
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monitored for an additional 40 minutes after admin-
istration of the fourth aliquot of cells and were hos-
pitalized overnight for further monitoring.

Follow-up

The same board-certified neurologist reevalu-
ated each Pug at 24 hours, 2 to 3 weeks, 6 weeks,
and every 3 months after MSC administration and
was therefore unblinded to the initial neurologi-
cal examination abnormalities. The NES for each
Pug was totaled at each visit and used to create
a visual representation of neurological status over
time. A second dose of MSCs (MSC-2) was given 2
to 3 weeks after the first dose of MSCs (MSC-1) for
the majority of dogs following similarly published
protocols?’; however, AMSC availability restrictions
limited the dosing interval for some dogs in the
middle stage of the study (Supplementary Table
S$2). Three Pugs showing regression in NES at 5,
16, and 24 months after initially showing improve-
ment received additional doses of MSCs (MSC-3
and MSC-4). Dogs that showed progression of their
NES after additional MSC treatment were rescued
with cytarabine arabinoside (CA) at 600 mg/m2 di-
vided into two 300-mg/m2 SC doses given every
24 hours for 2 days and prednisone (1 mg/kg/d).
Cytarabine arabinoside was initially given every 4
weeks, then tapered to every 5 to 6 weeks over 4
to 6 months. Prednisone was tapered over 6 to 8
weeks to a maintenance dose of 0.25 mg/kg every
2 to 3 days, with increases as needed based on clini-
cal signs at rechecks every 4 to 6 weeks.

Results

Two hundred fifty-five Pugs were examined over
42 months from June 2021 through December 2024.
Sixteen of 255 Pugs (6.3%) demonstrated a clinical
phenotype consistent with early NME as previously
described.®®* The group included 8 spayed females
and 8 males (6 castrated, 2 intact). Coat colors in-
cluded 10 fawn, 3 black, and 1 each of silver, apricot,
and white. Thirteen of these dogs were treated with
MSCs; follow-up > 12 months is currently available
for 11 dogs. Three dogs in the early stage of the
screening study were not treated with MSCs, as the
AMSCs being used were unavailable at the time of di-
agnosis (largely because identification of the abnor-
mal clinical phenotype was not anticipated). These
dogs were treated with CA and prednisone.

Genetic risk for NME was assessed in 129 dogs
(including all 16 abnormal dogs); 13 (10%) had 2
copies of the at-risk haplotype, 48 (37%) had 1 copy
of the at-risk haplotype, and 68 (53%) had no copies
of the at-risk haplotype. Eleven of 16 (69%) of the
neurologically abnormal cohort was at genetic risk
for NME (1 at-risk allele in 8 Pugs; 2 at-risk alleles
in 3 Pugs); 5 of 16 (31%) were at low genetic risk for
NME. Three of the 5 abnormal dogs at low genetic
risk were Pug-Chihuahua crosses. Ten genetically
high-risk Pugs did not show signs of early NME and
were rechecked every 3 months; none developed
signs of early or advanced NME during the study
follow-up time (12 to 43 months). One hundred

a

twenty-six Pugs screened at the Pug Dog Club of
America national shows did not receive genetic test-
ing with our group as they reported previous testing
for NME risk (University of California-Davis Veteri-
nary Genetics Laboratory). Those genetic risk results
are not reported here, as breeders/owners did not
provide written verification of test results at the time
of neurological examination screening; however, the
majority reported low genetic risk (N/N using the
University of California-Davis reporting system) and
none of those Pugs were neurologically abnormal.

Neurological examination findings prior
to MSC therapy

At the time of publication, 13 Pugs had been
treated with MSCs and 11 had been followed for a
minimum of 365 days. Twelve of 13 dogs showed
progression of the NES prior to receiving any MSC
therapy, and 1 dog remained stable (Supplementary
Table S2). Neurological abnormalities were consis-
tent within the cohort and included spinal hyperes-
thesia (11 of 13 [85%]), paw placement deficit (11 of
13 [85%]), menace deficit (9 of 13 [69%]), obtunda-
tion (9 of 13 [69%]), seizures (7 of 13 [54%]), and
ataxia (4 of 13 [31%]).

Mesenchymal stromal cell tolerability

Tolerability data is presented in Table 1. No serious
adverse events (AEs) were noted in any of the 13 dogs
treated with AMSCs or UMSCs. Mild AEs were noted
in 3 dogs, totaling 3 of 30 MSC dose administrations
(10%). One dog receiving AMSCs had a single episode
of vomiting (resolved after Cerenia, 1 mg/kg, IV), 1 dog
receiving AMSCs developed urticaria (resolved with
diphenhydramine, 2 mg/kg, IM), and 1 dog receiving
UMSCs showed evidence of mild nausea without vomit-
ing (resolved after Cerenia, 1 mg/kg, V). All observed
AEs were reasonably attributed to MSC administration,
and all dogs still received the full MSC dose.

Table 1—Intravenous mesenchymal stromal cell
(MSC) administration was associated with few ad-
verse events in Pugs with presumptive early necro-
tizing meningoencephalitis.

Adverse event?® AMSCsP UMSCse Total doses
None 12 (85%) 15 (94%) 23 (88%)
Mild 2 (14%) 1 (6%) 3(10%)
Moderate 0 (0%) 0 (0%) 0 (0%)
Severe 0 (0%) 0 (0%) 0 (0%)
Total doses 14 16 30

AMSC = Adipose-derived MSCs. UMSCs = Uterine-derived MSCs.

aAdverse event scoring as described by the Veterinary Co-
operative Oncology Group—Common Terminology Criteria for
Adverse Events.28 "Allogeneic research-grade AMSCs; Univer-
sity of California-Davis Regenerative Medicine Laboratory. cAl-
logeneic pharmaceutical-grade UMSCs; Gallant Therapeutics.

Short-term MSC activity

The short-term response to MSCs was pro-
nounced, with all 13 dogs showing improvement in
the NES within 24 hours after MSC-1 (Figure 1). The
mean change in NES was 6 (range, 2 to 9) and mean
percentage of improvement in NES was 86% (range,
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Figure 1—All dogs (numbered 1 through 13) showed an
improved neurological examination score (NES) within
24 hours of mesenchymal stem cell (MSC) therapy. Ten of
13 (77%) showed marked improvement (> 75% improve-
ment in NES; dotted bars), 2 of 13 (15%) showed moder-
ate improvement (50% to 75% improvement in NES; filled
bars), and 1 of 13 (7.6%) showed mild improvement (<
50% improvement in NES; dashed bars). Changes in the
NES before and after the first dose of IV MSC (MSC-1)
are listed at the bottom of the bar for each dog. 2Dog
number. PNES before MSC-1. ¢NES after MSC-1

29% to 100%). Seven dogs (54%) showed 100% im-
provement in the NES. Twelve dogs (92%) remained
improved at the 2-week recheck.

Spinal hyperesthesia, obtundation, and ataxia im-
proved or resolved in all dogs within 24 hours; paw
placement and menace deficit improved or resolved
in 91% and 88% of dogs, respectively (Figure 2). Im-
provement was sustained for all clinical signs at the
2-week mark after MSC administration.

Spinal A\ e
hyperesthesia  Paw placement
deficit

- W

Menace deficit

Obtundation

Ataxia

@ Improved/Resolved (%)  mStatic (%) N Progressed (%)

Figure 2—Individual neurological examination abnor-
malities improved markedly within 24 hours after ad-
ministration of MSC-1, with improvement or resolution
of spinal hyperesthesia, obtundation, and ataxia in 100%
of dogs and improvement or resolution of paw place-
ment and menace deficit in 90% of dogs.

Eleven Pugs received MSC-2. Dog 1 did not re-
ceive MSC-2 because clinical signs resolved and
AMSCs were unavailable at the time of the second
dose. Dog 7 did not receive MSC-2 because urticaria
had developed during MSC-1 and clinical signs had
progressed at the 2-week recheck (Supplementa-
ry Table S2). Given the improvement after MSC-1,
all other 11 dogs had a lower NES before MSC-2.
A similar rapid response was seen within 24 hours

after MSC-2. At the 2-week recheck, improvement or
resolution of spinal hyperesthesia was noted in 5 of
8 dogs (63%), paw placement deficits in 5 of 7 dogs
(72%), menace deficit in 4 of 4 dogs (100%), and ob-
tundation in 2 of 2 dogs (100%). Dog 4 developed
obtundation and a menace deficit and had a high-
er NES compared to the pretreatment score at the
2-week recheck following MSC-2.

Long-term MSC activity

Seven dogs (54%) showed sustained clinical
improvement with no additional therapy needed
(Table 2; Supplementary Table S2). At the time of
publication, 6 of these dogs had shown no relapse
of signs; 1 dog relapsed twice at 10 and 24 months
but went into remission again after additional doses
of MSCs. Four dogs (36%) showed initial marked re-
sponse to MSCs before showing regression at vari-
able time points (3, 5, 11, and 16 months) following
MSC-1. Supplementary Figure S2 outlines the utility
of NESs to track progress in a single dog over time.

Cytarabine arabinoside and prednisone were
added in 6 dogs after MSC therapy (range, 15 to 543
days following MSC-1). Clinical signs improved or nor-
malized in all dogs (Table 2; Supplementary Table S2).

Seizure control following MSC therapy

Seven of 13 dogs (54%) had seizures in the 2
weeks prior to MSC therapy, with no prior history
of seizures and no anticonvulsant therapy prior to
study enrollment. Five of those dogs (71%) had no
seizures after initiating MSC therapy. Two dogs had
no seizures for 3 and 14 months before developing
seizures every 1 to 2 weeks that correlated with NES
progression, suggesting relapse. Those two dogs
received MSC-3 and MSC-4 following the outlined
protocol at that time and had no further seizures
for 3 and 4 months before relapse of neurological
signs and seizures began again every 2 to 4 weeks
for both dogs. Both were started on CA, prednisone,
and anticonvulsant therapy (zonisamide for one dog,
phenobarbital for the other dog) at that time, and
neurological signs and seizures resolved. At the time
of publication, these dogs were being monitored and
received CA every 4 to 6 weeks as described herein.

Magnetic resonance imaging before
and after MSCs

Magnetic resonance imaging abnormalities were
noted in all 13 Pugs before MSC administration and
included patchy T2-weighted hyperintensities sug-
gestive of inflammatory lesions or early necrosis
in 10 dogs, multifocal meningeal enhancement in
7 dogs, and focal parenchymal enhancement in 5
dogs. Examples of these MRI| abnormalities have
been previously reported, with additional examples
in Figures 3 and 4.1314 A recheck MRI was acquired in
12 dogs at 3 months following MSC-2. Magnetic res-
onance imaging was not repeated in dog 7, as that
dog received CA and prednisone within 3 weeks af-
ter MSC-1 due to progression of NES. The MRI lesions
at the 3-month recheck were improved in 10 dogs
and progressed in 2 dogs, those 2 dogs also showed
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Table 2—Summary of long-term response to MSC therapy for each dog (numbered 1 to 13), including total follow-
up time to date, time(s) to relapse of signs after first dose of MSC (MSC-1), time to addition of cytarabine arabino-
side (CA) after MSC-1, overall percentage of improvement and numerical change in neurological examination score
(NES) after MSCs alone, and percentage of improvement and numerical change in NES after addition of CA.

Long-term improve- Long-term improve-

Dog Age/sex/geneticrisk Total follow-up Timetorelapse Timeto ment in NES¢ ment in NES¢
No.2 (No. of MSC doses) time (mo) after MSC-1 add CA*  after MSCs only after MSCs and CA
1 1.5y FST/A (L) 43 No relapse NAd 75% (8-2)° NA

2 25y FST/A(4) 43 10 and 24 mo NA 100% (8-0) NA

3 6moMT/A(2) 43 3mo 3mo 60% (10-4) 100% (4-0)f
4 15yFST/T(2 43 6 wk 6 wk -43%9 (7-10) 100% (10-0)
5 1yFST/T(2 38 11 mo 11 mo 12.50% (8-7) 100% (7-0)

6 4moF A/A(2) 35 No relapse NA 100% (11-0) NA

7 1yFST/T(D 29 2 wk 2wk -33%9 (3-4) 100% (4-0)

8 4moMA/A(4) 29 16 mo 18 mo 40% (10-6) 100% (6-0)

9 S5yMCT/A(2) 19 No relapse NA 100% (8-0) NA

10 4y MCA/A () 17 5mo 8 mo 33% (9-6) 100% (6-0)
11 4moMA/A(2) 12 No relapse NA 100% (11-0) NA

12 1yMCT/A(2) 5 No relapse NA 100% (3-0) NA

13 3yMCT/A(2) 5 No relapse NA 100% (3-0) NA

A/A = No genomic risk alleles. F = Female. FS = Female spayed. M = Male. MC = Male castrated. NA = Not applicable. T/A =
Presence of 1 at-risk allele. T/T = Presence of 2 at-risk alleles.

aDog number as seen in Figure 1. "Received CA and prednisone at the time of regression. “Neurological examination score,
as outlined in Supplementary Table S1. Cytarabine arabinoside not added. ®Neurological examination score before MSC therapy
and long-term follow-up score or score at time of conversion to CA. fNeurological examination score after MSC therapy before
converting to CA and long-term follow-up score after starting CA. 9A negative percentage indicates that the NES ultimately pro-
gressed after MSC therapy.

Figure 3—Example of an MRI lesion potentially consistent with early necrotizing meningoencephalitis. T2-weighted
(A), FLAIR (B), and T1-weighted postcontrast (C) axial MRl images from dog 10, a 4-year-old castrated male Pug
with seizures. The white arrows indicate a suspect inflammatory lesion.

progression of the NESs. Magnetic resonance imag-
ing was rechecked againin 2 dogs: at the time of first
relapse at 16 months in one dog, which showed a
progressive lesion, and second relapse at 24 months
in the other dog (MRI lesions still improved).

Cerebrospinal fluid before and after MSCs
Cerebrospinal fluid abnormalities were noted
in 8 of 13 dogs (62%). Lymphocytic or mononuclear
pleocytosis (defined as > 3 total nucleated cells/pL
for a cisternal sample)?® was noted in 7 of 13 dogs
(54%; median, 5 cells/L; range, 4 to 9 cells/uL), and
elevated protein (defined as > 25 g/dL) was noted

6

in 4 of 13 dogs (31%; median, 26.9 g/dL; range,
25.4 to 34.2 g/dL). Cerebrospinal fluid analysis was
repeated in 12 dogs at 3 months following MSC-1.
Cerebrospinal fluid recheck at 3 months was static
or improved in 9 of 12 dogs (75%) but showed a pro-
gressive pleocytosis in 2 dogs and increase in protein
in 1 dog (both dogs also showed regression or pro-
gression of NES). Cerebrospinal fluid was rechecked
at the time of the first relapse at 16 months in dog 8
(WBCs, 2 cells/uL; protein, 22 g/dL) and at second
relapse at 24 months in dog 2 (WBCs, 18 cells/uL);
the CSF in dog 2 was normal at the 2-week recheck
following MSC-3 (WBCs, 1 cell/uL).
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Figure 4—Serial MRI showing improvement in the lesions after MSC therapy. T2-weighted (A images) and FLAIR (B
images) axial MRl images of dog 8, a 4-month-old male Pug, taken at the time of diagnosis (1A and 1B), 5 months
after MSC-1 (2A and 2B), and at the time of the first relapse 16 months after MSC-1 (3A and 3B). The white arrows
indicate a suspect inflammatory lesion.

Discussion

We demonstrated that |V allogeneic MSCs were
well tolerated and associated with clinical benefits
within 24 hours of administration. However, long-
term duration of MSC activity was more varied be-
tween dogs. No dog experienced a serious AE, and
the mild AEs observed were brief and resolved with
treatment when needed. The results of this pilot
study suggest that IV MSC therapy warrants further
exploration in dogs with NME and other forms of
neuroinflammatory disease.

It remains unclear whether the identified cohort
of Pugs had an early form of NME or a previously un-
recognized, more subtle immune-mediated neuroin-
flammatory disease with unknown natural history. The
progression of neurological abnormalities over weeks
prior to treatment and immediate MSC activity in all
dogs suggests that spontaneous remission was un-
likely. Nonetheless, further studies of this presumed
early presentation of NME are needed. Several inflam-
matory conditions including NME in dogs resemble
parts of human disease, suggesting an opportunity to
study MSCs in dogs for the purpose of human trans-
lation.32:31 Mesenchymal stem cell administration has
demonstrated promising results in murine models
of experimental autoimmune encephalitis, the most
common animal model of MS.17.3233 The strong breed
predisposition and narrow age of onset of NME in the
Pug allows for early screening and therapeutic inter-
vention and prevention studies in a naturally occurring

rather than experimentally induced disease (such as
experimental autoimmune encephalitis).’l Diagnos-
tic monitoring with repeat MRI, CSF, and biomarker
analysis is more feasible in the dog than the rodent
but also more costly.

Intravenous administration was immediately ef-
fective in all dogs. The mechanisms for this observed
therapeutic benefit are unclear and deserve further
study. It is reasonable that MSCs may exert a local
immunomodulatory benefit after homing to diseased
brain tissue or may reduce systemic inflammatory me-
diators without homing to the brain. More knowledge
on these mechanisms may allow rational iteration in
the optimal route of administration (ie, intrathecal
[IT] versus 1V) and the optimal schedule/regimen to
achieve sustained or curative modulation of neuro-
inflammation.21” The immunosuppressive effects of
MSCs may have stalled disease progression in some
dogs, but the time to and severity of regression was
variable. Further research is necessary to understand
long-term responder and nonresponder differences.

This small pilot study did not allow us to com-
pare tolerability or therapeutic benefit between al-
logeneic AMSCs and UMSCs. Mesenchymal stromal
cells derived from various sources have identical mor-
phologies and surface markers; however, differences
in differentiation capacity and immunomodulatory
processes are still being explored.?* Unlike adipose-
derived stromal cells, uterine-derived stem cells con-
tain 2 populations of stromal cells—stromal and epi-
thelial—and may have a varied potency and efficacy
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for certain indications. Adverse events with these al-
logeneic MSCs were uncommon (mild AEs with 10%
of MSC doses). Allogeneic MSCs exhibit low levels of
MHC class | molecules and rarely express cell surface
MHC class |l, allowing them to avoid T cell recogni-
tion. Allogeneic MSC administration has benefits over
autologous MSC administration, which requires har-
vesting and culturing fresh MSCs from a sick individ-
ual (with potentially less healthy or viable MSCs) that
may need MSC therapy more urgently than the 2 to 3
weeks necessary to prepare autologous MSCs.35

A previous study36 used IT and intra-arterial or
IT and IV autologous MSCs in a small group of dogs
with refractory meningoencephalitis of unknown
origin with promising results. Although IT adminis-
tration of MSCs appears safe and can impose more
direct effects on the CNS, several complications in-
cluding meningeal injury, aseptic meningitis, acute
encephalomyelitis, and seizures have been reported
in humans.16 Intravenous MSC doses of 1 X 108 to 5
X 108 cells/kg of body weight are typically recom-
mended in humans to allow adequate brain penetra-
tion.16.2137 Qur dose averaged to be approximately 2
X 106 cells/kg in a Pug-sized dog. Further studies are
needed to determine the optimal MSC dose.

From our limited clinical experience thus far, we
recommend repeat MSC dosing at the time of clini-
cal regression rather than automatically redosing at
2 to 3 weeks. Repeated dosing of MSCs is well toler-
ated, with no apparent immunologic factors affecting
continued efficacy. Repeated MSC administration is
often necessary to achieve optimal results in people,
but the exact timing of these repeated doses is un-
known and likely dependent on the individual.® Pilot
MSC therapy trials in animals with other inflamma-
tory conditions have shown efficacy with a single MSC
dose.’® We may have achieved longer remission in
dogs 3 and 5 using MSC therapy alone with repeated
dosing; however, limited availability of AMSCs in the
early phase of the study restricted redosing options.
The frozen allogeneic UMSC product used in the latter
part of the study was readily available, allowing us to
repeat MSC dosing quickly as needed. Future larger-
scale trials are necessary to determine optimum dos-
ing and timing of MSC administration and how MSCs
can be used with other therapies to control disease.

Disease-specific biomarker analysis would be ideal
to guide MSC administration in future studies. A reduc-
tion in peripheral blood proinflammatory cytokines and
an increase in anti-inflammatory cytokines have been
described in humans with MS following MSC therapy,
and a shift toward a proinflammatory cytokine signature
has been documented at the time of clinical relapse.?®
It is possible that similar fluctuations occur in Pugs with
presumptive early NME, and MSC therapy may shift to-
ward an anti-inflammatory state. In a previous study,24
we identified lower CD4+ T cell and higher IL-10 plasma
levels in genetically at-risk Pugs that did not develop
NME, suggesting that this anti-inflammatory signature
may have been protective. In a subsequent study (R
Windsor DVM, DACVIM, unpublished data, February
2023), we did not find a consistent proinflammatory
cytokine signature in Pugs with presumptive early NME;

however, other cytokines including IL-17 and other dif-
ferent systemic biomarkers should be explored.4?

The expanded disability status scale was estab-
lished in humans with MS to quantify degree of disabil-
ity and is used to monitor response to MSCs and other
therapies. We started using the NES as our nonvali-
dated visualization system to monitor patient progres-
sion in 2021. In 2023, a similar scoring system called
the neurodisability scale was published that has subse-
quently been used to compare neurological examina-
tion abnormalities in dogs with meningoencephalitis of
unknown origin.4%42 Creation of the NES and neurodis-
ability scale highlights the need for a validated neuro-
logical examination scoring system to allow for com-
parison of neurological examination abnormalities as-
sociated with various inflammatory conditions across
clinicians. While repeated neurological examinations
by a single observer enhances consistency, unblinded
evaluations may contain inherent bias. Although ex-
aminations were performed multiple times during each
visit, dogs with stable disease may still exhibit fluctua-
tions in their neurological status reflected in the NES.

Four dogs in this cohort were at low genetic risk
for NME, 3 of which were Pug-Chihuahua crosses.
Necrotizing meningoencephalitis has been reported
in Chihuahuas,® and the genetic risk loci in cross-
breeds likely differ from purebred Pugs or Chihua-
huas.43 Our assessment of genetic risk for NME using
the currently identified loci in Pugs suggests there
may be additional genetic risk loci, and genetic risk
may vary geographically. Ten of 13 Pugs at high ge-
netic risk in our studies did not develop signs of NME
over a 3-year follow-up period. Genetic risk is only 1
factor in determining overall NME risk and may not
factor into therapeutic response. A more extensive
description of the genetic risk analysis from our larg-
er cohort of dogs will follow.

The ideal optimal MSC dose, schedule, and regi-
men remain elusive and warrant a larger blinded clin-
ical trial. Given that NME is a relatively uncommon
disease, case enrollment for this study was slow.
Large multicenter prospective studies are neces-
sary to evaluate the use of MSCs for NME and other
immune-mediated neuroinflammatory diseases to
achieve any reliable assessment of long-term effica-
cy in a large group of dogs. We evaluated MSC ther-
apy early in the course of the disease; the efficacy of
MSCs for more advanced NME is unknown.

Our study demonstrated that IV allogeneic MSC
administration was well tolerated and immediately
effective in all Pugs with presumptive early NME.
Long-term MSC activity was variable; however, near-
ly half of the dogs were markedly improved, with a
durable response of 12 to 43 months after MSC ther-
apy alone. The results of this pilot study support fu-
ture studies of MSCs for neuroinflammatory diseases
in dogs and suggest that the dog may be a useful
animal model for humans with MS.
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