Am J Transl Res 2025;17(10):8222-8242
www.ajtr.org /ISSN:1943-8141/AJTRO166070

Review Article

The role of regulatory T cells in central

hervous system diseases in dogs: fighting with

a double-edged sword toward translational discoveries

Estefania D Benavides?, Maria Del Mar Fuentes?, Liam Bell?, Leontine Benedicenti?, Evelyn M Galban?,
Jessica K Niggel?3, Leonardo Murgiano?3, Jennifer A Lenz?, Jason M Miska*, Nduka M Amankulor®, Wojciech
K Panek?!

1Department of Clinical Sciences and Advanced Medicine, School of Veterinary Medicine, University of Pennsyl-
vania, Philadelphia, PA 19104, United States; ?Division of Experimental Retinal Therapies, Department of Clinical
Sciences and Advanced Medicine, University of Pennsylvania, Philadelphia, PA 19104, United States; 3Sylvia M.
Van Sloun Laboratory for Canine Genomic Analysis, University of Pennsylvania, Philadelphia, PA 19104, United
States; “Department of Neurological Surgery, Lou and Jean Malnati Brain Tumor Institute, Robert H. Lurie Compre-
hensive Cancer Center, Feinberg School of Medicine, Northwestern University, Chicago, IL 60611, United States;
SDepartment of Neurosurgery, University of Pennsylvania, Philadelphia, PA 19104, United States

Received May 15, 2025; Accepted October 9, 2025; Epub October 15, 2025; Published October 30, 2025

Abstract: Regulatory T cells (Tregs) are a recently discovered subpopulation of immunosuppressive T cells critical for
sustaining immune homeostasis and self-tolerance. Depending on the disease, Tregs can alter immune responses
by exerting their effects on various immunological functions. Evidence reveals that altered Treg homeostasis plays
an important role in the development and progression of several central nervous system (CNS) diseases in humans.
There have been positive outcomes in trials aimed at restoring Treg balance, but their clinical success has been
limited. This could partly be due to a lack of an animal model to recapitulate the complex immune alterations that
occur as the disease progresses. Therefore, there is a need for naturally occurring, immune-competent disease
models to serve as the next critical step in translating therapy from murine models to human clinical trials. Several
CNS diseases have canine analogs due to high inter-species homology of molecular signatures and clinicopatho-
logic features. Human multiple sclerosis, Alzheimer’s disease, glioblastoma, and meningioma parallel canine gran-
ulomatous meningoencephalomyelitis (GME), canine cognitive dysfunction (CCD), high-grade glioma (HGG), and
canine meningioma, respectively. In addition, pet dogs share the same living environment and therefore may offer
a compelling model faithfully recapitulating these diseases. This review discusses the current knowledge of Treg
homeostasis and dysregulation mechanisms within canine CNS diseases, their analogous diseases in humans, and
the ongoing clinical trials aimed at restoring normal Treg function. Collectively, comparative translational research
investigating Treg homeostasis is needed to bridge well-designed pre-clinical canine studies with early-phase hu-
man clinical trials, ultimately benefiting the health of both species.
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Introduction

Within the last century, there has been a steadi-
ly growing burden of neurological diseases in
the human population [1]. With improvements
in healthcare and lifestyle, our lifespans have
been markedly extended, thus unmasking cen-
tral nervous system (CNS) decline associated
with advanced age, and consequently increas-
ing the prevalence of CNS diseases and neuro-
degenerative disorders such as glioblastoma

(GBM) and Alzheimer’s disease (AD) [1, 2]. At
the same time, not all neurological burdens are
associated with aging. Diseases such as multi-
ple sclerosis (MS) and certain brain tumors are
similarly being diagnosed more frequently [2,
3]. Although the pathophysiology varies mark-
edly across the mentioned diseases, an abnor-
mal or altered immune homeostasis shifting
towards either sustained neuroinflammation or
sustained immunosuppression has emerged as
a common link and is considered an important
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contributor to the development and progres-
sion of these CNS diseases [4-8]. The previous
dogma of the CNS being immune-privileged has
been challenged, and current knowledge sug-
gests that immune cells constantly survey the
CNS with regulations set by the blood-brain bar-
rier (BBB) and resident glial cells [5]. Collec-
tively, this has provided a rationale for the study
of the immunology of CNS disease and led to a
large volume of research.

Regulatory T cells (Tregs), first discovered in
1995 by Sakaguchi et al., are considered a sub-
population of immunosuppressive T cells criti-
cal for sustaining immune homeostasis and
self-tolerance [9]. They are characterized by
the expression of CD4 and CD25 (interleukin 2
receptor alpha chain) and the presence of intra-
nuclear forkhead box P3 (FOXP3) transcription
factor, which is responsible for the phenotype
and function of these cells [9, 10]. Tregs achieve
immunosuppression by exerting their effects
on effector T cells, natural killer cells, B cells,
and antigen-presenting cells. Their dysfunction
or imbalances in homeostasis can result in
autoimmunity or immunosuppression, which
ultimately may lead to the development and
progression of multiple CNS diseases [8, 11].
For instance, a reduced number of Tregs, ex-
pression of their markers, and associated cyto-
Kines have been observed in patients with mul-
tiple sclerosis and are associated with autoim-
munity [8, 11]. Quantitative and qualitative
changes in peripheral Tregs have been impli-
cated in the inflammaging of individuals affect-
ed with AD [8, 11]. In glioblastoma, accumula-
tion of Tregs within the tumor microenvironment
results in local immunosuppression, leading to
tumor progression and damage to the health of
surrounding tissues [8, 11]. Increased peritu-
moral and systemic Treg presence in glioblas-
toma was correlated to multidimensional immu-
nosuppression and decreased patient survival
[12-14], and the central role Tregs play in glio-
blastoma has driven scientists to propose im-
munotherapeutic methods to combat the dis-
ease [15-20]. Human clinical trials aimed at
impaired Tregs explored a variety of immuno-
modulatory drugs and vehicles to protect Treg
populations and functions [21-28]. Clinical
trials for glioblastoma and meningioma have
sought to inhibit the function of Tregs within the
tumor microenvironment through immunomo-
dulation, peptide-based vaccines, monoclonal
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antibodies, signaling pathway inhibitors, and
chemotherapeutic drugs [21-28]. Although
some trials reported positive outcomes, most
had limited success, highlighting the potential
for targeting Tregs but also the need to optimi-
ze the development of therapeutic strategies
[15-28].

Murine models have proved invaluable for pre-
clinical research. However, the literature sug-
gests limitations in their translational value,
leading to limited clinical successes for human
patients. They are typically genetically homoge-
neous and possess an impaired immune sys-
tems with minimal exposure to environmental
antigens [29-33]. Naturally occurring disease
models that faithfully recapitulate complex im-
mune responses (including those mediated by
Tregs) might empower the translation of pre-
clinical data generated using murine models
to human trials. Domesticated mammals, like
dogs, harbor naturally occurring diseases to
facilitate translation. The strengthening human-
animal bond places dogs within the same living
environment and thereby exposes them to the
same neurotoxins as their human counterparts
[29, 30, 34]. Due to highly conserved molecu-
lar signatures and clinicopathologic features,
diseases such as MS, AD, glioblastoma, and
meningioma have naturally occurring canine
analogs - canine granulomatous meningoen-
cephalomyelitis (GME), canine cognitive dys-
function (CCD), canine high-grade glioma
(HGG), and canine meningioma, respectively
[29]. Comparative, translational research in-
vestigating Treg homeostasis across both spe-
cies may allow fast-track clinical investigations
that benefit both species.

This review discusses the current understand-
ing of alterations in Treg homeostasis for sev-
eral canine CNS diseases in dogs that have
high translational value. We explore the path-
ways associated with Treg function, summarize
the mechanisms of dichotomous Treg respons-
es in different disease contexts across both
species, and review the results of ongoing clini-
cal trials aiming to alter Treg homeostasis or
function. Lastly, we outline areas for which
more validation in dogs is critically needed.

Regulatory T cells

Regulatory T cells (Tregs) are a subset of T cells
whose primary function is maintaining self-tol-
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erance and immune homeostasis by immuno-
suppression [9]. In general, FOXP3* Tregs can
be categorized into thymus-derived and periph-
erally induced Treg cell subsets. Of note, sev-
eral other Treg subsets have been reported in
the literature (i.e., Trl, Th3, or iTreg35) [35].
However, the role that these latter subsets play
in the pathology of canine health or disease is
not well-defined currently [30]. The defining
characteristics of human Tregs include high
expression of CD25, a subunit of the IL-2 re-
ceptor, and intranuclear forkhead box P3
(FOXP3) transcription factor, low IL7 (CD127)
and/or glucocorticoid-induced tumor necrosis
factor (GITR) presence [36]. The mutual pres-
ence of high CD25 expression and FOXP3 is
considered a Treg-specific marker in human
patients, despite transiently elevated levels of
CD25 and minimal presence of FOXP3 being
reported in other cell subtypes, such as acti-
vated non-suppressive CD4* T cells, B cells,
and macrophages [37, 38].

Like their human counterparts, canine Tregs
are identified by expression of CD4, high CD25,
and FOXP3 [29, 30]. Canine Tregs show a con-
servation of suppressive effects on the prolif-
eration of CD4*, CD25 T lymphocytes similar
to human and murine Tregs, further revealing
functional similarities across the species barri-
ers [29, 30]. To determine the extent of genom-
ic likenesses between human, murine, and
canine Tregs, transcriptomic signatures were
evaluated in each species [29, 30]. The majori-
ty of the Treg-specific transcripts and expres-
sion profiles documented in human Tregs have
also been revealed in canine Tregs, including
but not limited to IL-10, FOXP3, and IL-2Rp
[29, 30]. Likewise, the functional pathways for
these signatures were determined to be vital to
Treg development and activity between spe-
cies. Receptors such as CCR2, CCR4, and
CCR®6, used for Treg trafficking to various tis-
sues known in humans and rodents, are also
enriched in canine Tregs [30]. Interactions
of these receptors with CCL2 and CCL5 are
responsible for orchestrating Treg migration to
sites of tissue injury and inflammation or to
secondary lymphoid organs, including lymph
nodes. Once within these sites, Tregs can exert
pleiotropic suppressive effects [39].

In the lymph nodes, Tregs inhibit the early stag-
es of autoreactive T cells [40]. Likewise, Tregs
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recognize and downregulate autoreactive T
cells and autoantigens by increasing the pro-
duction of IL-10 and releasing immunomodula-
tors such as IL-35 and TGF-B1 at the site of
inflammation (Figure 1) [39]. For instance, TGF-
B1 inhibits the effects of IL-17, a pro-inflam-
matory and neutrophil-mobilizing cytokine re-
leased by Th1 cells [41]. Additionally, IL-10
released by Tregs stimulates plasma cells to
increase IgA production and inhibits IgM and
1gG secretion (Figure 1) [42, 43]. For neuropro-
tection, Tregs and Th2 cells release IL-10, TGF-
B4, IL-4, and IL-13 to transform M1 microglia
into M2 microglia, thereby resisting inflamma-
tion within the CNS [44]. In contrast, M1 microg-
lia support inflammation and elicit neurode-
generative effects through their production of
reactive oxygen species (ROS), nitric oxide (NO),
Fc receptors, and cytokines such as TNF-c,
IL-1B, and IFNy [44, 45]. These cytokines can
cause further M1 microglia activation and
induce reactive astrocytes (Figure 1) [44, 45].
When astrocytes are activated under inflamma-
tory conditions, they can be involved in both
neuroprotection and neurodegeneration; for in-
stance, they can propagate inflammatory con-
ditions by releasing I1L-23, a cytokine that acti-
vates macrophages and maintains chronic
autoimmune inflammation [44, 46]. IL-23 sup-
ports the release of IL-17, IL-22, and IFNy by
Th17 cells (Figure 1), thereby allowing these
cells to release IL-21 and inhibit Tregs to create
an autoimmune environment, neutrophil migra-
tion, and tumor growth [47]. In contrast, astro-
cytes and microglia can release CCL22 and
CCL2 to attract CCR4-expressing cells, such
as Th2 and Tregs, mitigating inflammation [36].
When a disease surpasses the limits and capa-
bilities of Tregs, the microenvironment shifts to
a pro-inflammatory state, risking further dam-
age [8, 48].

Granulomatous meningoencephalomyelitis in
dogs and multiple sclerosis

In dogs, noninfectious inflammatory diseases
of the central nervous system (CNS) and/or
meninges are known as meningoencephalitis
of unknown origin (MUO) [49]. Canine patients
are diagnosed with MUO when inflammation is
present within the CNS and it does not have an
infectious etiology [49]. MUO encompasses a
variety of idiopathic inflammatory conditions
of the canine CNS, including granulomatous
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Figure 1. Regulatory activity of Tregs and their association with glial cells. Created with BioRender.com.

meningoencephalomyelitis (GME), necrotizing
leukoencephalitis (NLE), and necrotizing me-
ningoencephalitis (NME). A brain biopsy or
post-mortem histopathology is required for a
definite diagnosis of the MUO subtypes. How-
ever, the presumptive diagnosis of MUO can
be accomplished antemortem by using clinical
phenotype, magnetic resonance imaging (MRI),
cerebrospinal fluid (CSF) analysis, and an in-
fectious disease panel [49-51]. Nearly 36% of
dogs presumptively diagnosed with MUO do not
survive past 6 months since presentation, and
about 36% of dogs did not have their clinical
signs resolve despite medical intervention [52].
MUO subtypes have been investigated for Treg
targets, which include effector T cells, their
associated inflammatory mediators, and anti-
body production; this has revealed that the
role of Treg in disease pathogenesis is largely
unknown and, therefore, critically needed to
assess therapeutic targets for MUO utilizing
Treg functions.

GME was recently proposed as a natural model
of MS due to histopathological similarities: B
cell infiltration within the perivascular space,
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tertiary lymphoid organ-like structures forming
within the leptomeninges, demyelination, and
neuro-axonal injury [53, 54]. GME, similarly to
MS, is an idiopathic, progressive neuroinflam-
matory disease that can present with mental
changes, visual deficits, and spinal cord dys-
function in young female dogs [55-57]. In
efforts to understand the pathogenesis of GME
and identify clinically translatable biomarkers
specific to the disease, previous studies have
revealed elevated peripheral CD4* IL-17+ lym-
phocytes, increased IL-17 protein, and mRNA
expression within brain tissue of GME patients
(Table 1; Figure 2) [58, 59]. These results are
highly indicative of Thl7-mediated inflamma-
tion; however, IL-17 production is not limited
to Th17 activity. FoxP3* Tregs have the capabil-
ity to produce IL-17 when exposed to the pro-
inflammatory cytokines IL-1B and IL-6 [60].
Though Tregs are known to regulate Th17 lym-
phocyte activity, Th17 cells can release IL-21,
thereby suppressing Treg activity (Table 1) [61]
which share a common precursor cell (the naive
CDA4 T cell) (Table 1) [61]. The mRNA expression
of this cytokine is markedly elevated in dogs
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Table 1. Shared features between multiple sclerosis in humans and granulomatous meningoenceph-

alitis in dogs

Clinical Molecular Tregs

Prevalence among females. B cell infiltration within the perivascular ~ Elevated CD4* IL-17*
Idiopathic, progressive neuroinfammatory space. Lymphocytes
disease that can present with mentation Tertiary lymphoid organ-like structures Elevated IL-4

changes, visual deficits, and spinal cord
dysfunction.

forming within the leptomeninges
Demyelination and neuro-axonal injury.
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Figure 2. Inflammatory markers known to be associated with Treg activity and disease in both humans and dogs.
The color of the lines and arrows corresponds to the pointed disease. Created with BioRender.com.

with GME and humans with MS, further sup-
porting a pro-inflammatory pathogenesis [59].

Despite the pro-inflammatory environment
of GME, immunosuppressive signatures have
been identified and have been associated with
Treg activity. Dogs diagnosed with GME had
70x greater CCR4 expression than dogs diag-
nosed with NME or NLE [59]. This receptor is
found in both Th2 and Treg lymphocytes and
promotes trafficking towards the target site by
binding to its associated chemokine, CCL22
[36]. In MS, this chemokine was expressed at
levels lower than healthy individuals, whereas
experimental autoimmune encephalomyelitis
(EAE), a mouse model for MS, had increased
expression levels of both CCR4 and CL22 [36].
Treg chemotaxis is also mediated by CXCR3+;
for instance, when CXCR3 was inhibited in
mice with EAE, there was a decrease in Treg
presence [62, 63]. This chemokine receptor
is abundantly expressed in Thl cells and cer-
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tain macrophages/microglia. In dogs, CXCR3+
MRNA expression was markedly elevated in
GME and NME compared to normal, healthy
animals (Figure 2) [59]. The presence of
CXCR3 may facilitate Tregs and other lympho-
cytes expressing this receptor to migrate to the
site where CXCL9, CXCL10, and CXCL11 are
being released [64]. Further supporting immu-
nosuppressive efforts in GME, M1 microglia
are promoted to transition to M2 microglia
when exposed to IL-4, thereby mitigating fur-
ther inflammation and eliciting neuroprotective
effects [59]. Additionally, IL-4 is significantly
higher in GME patients than in NME patients
(Figure 2) [59, 65]. In human disease, IL-4 has
been identified to be either starkly elevated or
deficient in patients with MS and in EAE [66-
69]. The variation of IL-4 in MS display the com-
plexity of MS pathogenesis through IL-4 gene
polymorphisms: the genotypes at the region of
-590C/T differ between disease stages, such
as in relapse-remitting MS (RRMS), and in dif-
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ferent ethnic groups [70]. Both pro-inflammato-
ry and anti-inflammatory markers are upregu-
lated in dogs with GME compared to healthy
controls. It is unknown to what degree each is
elevated and how the dysfunction may result in
the severe neuroinflammatory disease of GME
or the different stages of MS.

Cognitive dysfunction in dogs and Alzheimer’s
disease

The prevalence of many neurodegenerative dis-
eases has been steadily growing among both
human and canine aging populations [71, 72].
Dementia affects nearly 55 million people
worldwide, and Alzheimer’s disease (AD) is the
most common cause, affecting approximately
two-thirds of patients with dementia, including
nearly 7 million Americans [73, 74]. A proper
understanding of disease progression and
pathophysiology is required to develop thera-
peutic interventions, and the establishment
of a complex disease model is critical [32].
Canine Cognitive Dysfunction (CCD) closely par-
allels AD, and is one of the most common
causes of neural decline in older dogs [75]. AD
and CCD are characterized by the presence of
extracellular AB plaques in addition to neurofi-
brillary tangles in AD and phosphorylated tau
protein in CCD [76, 77].

As in AD, the ability to remove AB plaques from
the extracellular space within the neuroparen-
chyma diminishes as the dog ages, thereby
resulting in pathologic accumulation [76]. Addi-
tionally, the plaques found in dogs share identi-
cal amino acid sequences with humans [77].
These plaques are deposited first within the
prefrontal cortex in dogs, followed by the tem-
poral, and then the occipital cortex [76]. In
humans, early AB deposition occurs in the fron-
tal cortex [76]. The location and degree of pla-
que deposition are significantly correlated with
the onset and progression of clinical symptoms
such as memory loss, disorientation, and inter-
action changes [75]. Progressive neuroaxonal
loss and neurodegeneration, measured by the
presence of free circulating neurofilament light-
chain (NfL) in the plasma or cerebrospinal fluid
(CSF) across both species, has also been re-
ported [78, 79]. The described processes lead
to the progression of neurodegeneration; how-
ever, recent evidence suggests that neuroin-
flammation might be the triggering factor [80].
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As such, the translational value of CCD to AD
offers a great opportunity to understand pa-
thophysiology and develop treatment for both
species.

In humans, early-onset microglia adopt an
anti-inflammatory phenotype that can clear AR
deposits [80-83]. As the disease progresses,
microglia become more activated but have dys-
functional AB clearance abilities and elevated
pro-inflammatory markers [80-83]. IL-10 has
been shown to limit neuroinflammation by re-
ducing damaging microglial activity [80, 84].
An additional regulator of neuroinflammation is
TGF-B1. TGF-B1 prevents further AR production,
tau-phosphorylation enzyme activity, and neu-
roinflammation, but it is decreased in the plas-
ma of patients with AD [85, 86]. As the disease
progresses, high levels of inflammatory mark-
ers surround AB plaques [80]. IL-1B has been
shown to be upregulated throughout the dis-
ease, facilitating the production of TNF-a and
IL-6 (Figure 2) [87]. Additionally, IL-1 has also
been associated with the synthesis of amyloid
precursor protein (APP) [88, 89]. The accumula-
tion of APP and its synthesis into AB plaques
propagates microglial activation and, therefore,
IL-1B8, TNF-a, and IL-6 production (Figure 2)
[80, 90]. TNF-a upregulates vascular endothe-
lial adhesion molecules, thereby facilitating leu-
kocyte migration (Figure 2) [91]. Likewise, IL-6
is released by microglia and can inhibit fur-
ther microglial activation or propagate microg-
lial activation, leading to chronic neuroinflam-
mation (Figure 2) [80, 92]. IL-6 has also been
found to potentiate cyclin-dependent kinase 5
(CDKDb) activity, resulting in the hyperphosphor-
ylation of tau epitopes. Clinically, IL-6 is elevat-
ed in both CSF and serum in human patients
with AD (Figure 2) [80, 93-95].

In dogs displaying clinical signs of cognitive
dysfunction, these AR plagues were diffusely
within deep cortical layers-as seen in end-stage
AD-but had a mild presence of phagocytically
active microglia throughout the tissue and
lacked microglial aggregation around AB pla-
ques [96, 97]. Instead, reactive astrocytes
were predominantly associated with AR pla-
ques [98, 99].

In murine models of AD, depleted and dys-
functional Tregs are associated with reduced
microglial trafficking towards amyloid deposits,
increased B plaque deposits, and acceleration
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in cognitive deficits within APPPS1 and 3xTg-
AD [100, 101]. Each of these is alleviated by
FOXP3-expressing Treg activation and adoptive
transfer of Tregs [100, 101]. Likewise, IL-2, an
enhancer for Treg functional populations, is
also associated with astrocytic and microglial
activation around these amyloid plaques [102].
In humans with early-onset AD and mild cogni-
tive impairment, Treg populations increase in
association with IL-10, IL-35, and TGF-B eleva-
tions (Figure 2) [103-105]. As the disease pro-
gresses, peripheral FOXP3* Treg populations
decrease [106]. The specific changes in Tregs
in aging dogs are currently uncertain. Despite
not knowing these trends in the canine popula-
tion, the relative percentage of peripheral and
naive CD4* T cells decrease as a healthy dog
ages (Figure 2) [107, 108].

Murine models of AD have demonstrated the
neuroprotective roles of Tregs in mitigating cog-
nitive decline [11, 106, 109]. The BBB becomes
more permeable with age despite being known
to limit the brain from overexposure to harmful
materials [110]. As AD progresses, this per-
meability exacerbates, allowing more immune
cells and chemokines to pass through into the
neuroparenchyma [110]. P-glycoprotein (P-gp)
is a transporter protein located within the en-
dothelial cells that regulates toxins, microglia
activation, and immune cell migration [110].
When assessed in humans with AD, there is an
inverse association between AB accumulation
and P-gp expression [110]. Normally, P-gp
decreases with age, but AD and neuroinflam-
mation exacerbate this rate of decrease [110,
111]. In dogs, there is a significant decline in
P-gp within the BBB, placing the CNS at in-
creased risk of harmful substances, neuroin-
flammation, and subsequent neurodegenera-
tion [112].

The association of these natural aging pa-
tterns with immunologic responses has not
been investigated in canines. Understanding
the immunologic response within CCD guides in
determining therapeutic potentials of Tregs and
other cell subtypes; therefore there is great
translational value between CCD and AD.

Canine and human glioblastoma

In humans, glioblastoma multiforme (GBM) is
a highly aggressive primary brain tumor with
patient survival that ranges from 12-24 months
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despite surgical management, radiation, and
chemotherapy [113]. One of the major factors
contributing to the aggressiveness of these
tumors is the impairment of the host’s anti-
tumor immune response [113]. Glioblastoma
cells can evade the immune system by releas-
ing TGF-B and chemokines such as CCL2 and
CCL22 to simultaneously suppress effector T
cell responses, and enhance myeloid-derived
suppressor cell (MDSCs) and microglia polar-
ization as well as Treg migration towards the
tumor site (Figure 2) [114]. In addition, TGF-
triggers Treg maturation by FOXP3 expression
induction and acts as a signaling molecule in
tumor invasion, migration, and immunosup-
pression (Figure 2) [9, 115, 116]. TGF-B’s pri-
mary role lies in polarizing infiltrating glio-
ma-associated microglia/macrophages (GAM)
towards a tumor-supportive phenotype, there-
by driving tumor progression [114, 117, 118].
Though the tumor microenvironment can
become toxic to healthy brain resident cells,
Tregs’ differential gene expression allows th-
em to survive in hypoxic environments [119].
Additionally, gliomas provide an environment
conducive for Tregs to accumulate, proliferate,
and suppress effector T cells [12]. To further
assist the tumor evading immune recognition
and destruction, Tregs inhibit IL-12 and INF-y
production from T cells infiltrating the tumor
(Figure 2) [12]. Depletion of Tregs resulted in
the restoration of effector T cell function in
an orthotopic model of glioma, C57BL/6 mi-
ce orthotopically challenged with syngeneic
GL261 cells [120]. Taken together, Tregs are
heavily implicated in the immune evasion of
GBM.

Canine high-grade gliomas (HGGs) develop de
novo in an outbred, immunocompetent host
and are increasingly being pursued as a natu-
rally occurring model for the human GBM [121].
Canine HGGs, as defined by the Comparative
Brain Tumor Consortium of the National Cancer
Institute, encompass grade Il and IV canine
astrocytoma and oligodendroglioma [33]. With
a comparable disease incidence, naturally oc-
curring canine HGGs share clinical, imaging,
and histopathologic features with human GBM
[422]. Primarily manifesting in middle- to older-
aged dogs, with a median diagnosis age of 8
years, gliomas display a mild predilection to-
wards males and frequently localize within the
olfactory bulb, temporal and parietal lobes,
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with some invading into the ventricular system
[123]. Brachycephalic breeds, such as the
Boxer, Boston Terrier, and Bulldogs, are predis-
posed to HGG development [124, 125]. The
mutations observed in both human and canine
gliomas affect the same genes between the
two species, and at nearly the same time po-
ints for the developing glioma: IDH1, PIK3CA,
and EGFR at initiation or early event, respec-
tively, and NF1 later in development [126].
Epigenetically, most of the studied canine glio-
mas had a methylation profile parallel to that of
adult pediatrics despite these canine patients
being beyond sexual maturity [126]. Tregs have
been identified in high-grade canine oligoden-
droglioma and astrocytoma by immunohisto-
chemistry [123]. They were dispersed in vari-
able amounts throughout tumor tissues and
sometimes extended past tissue borders, but
were not present to this degree in healthy
canine tissues [123]. In human studies, not
only are CD4*FoxP3* Tregs present within glio-
blastoma tumor tissues, but increased FOXP3
expression and decreased CD4* expression
were associated with a greater the risk of dis-
ease recurrence; this demonstrates the com-
plexity of Treg functionality [127] (Figure 2).
Interestingly, TGF-B is upregulated at the junc-
tion of normal and neoplastic neuroparenchy-
ma and associated with denser glioma asso-
ciated macrophages and microglia (GAM) po-
pulations in both canine and human astrocyto-
ma [128]. Additionally, glioma-derived CCL2 is
a crucial chemoattractant responsible for Treg
and GAM recruitment into the glioma mi-
croenvironment in murine and human tissues
[121]. An increased CCL2 expression has been
correlated with reduced overall survival in hu-
man glioma patients [129]. The antibody-medi-
ated targeting of the Treg CCL2 high-affinity
receptor, CCR4, reduced intertumoral Treg ab-
undance and prolonged survival in an ortho-
topic murine glioma model [129, 130]. Recently,
it has been demonstrated that CCL2 is robustly
increased in canine HGG tumors relative to nor-
mal canine brains [121]. In addition, the CCL2-
CCR4 signaling axis was proven to be neces-
sary and sufficient for canine Treg chemotaxis
towards canine glioma tissues (Figure 1) [121].
Blockade with CCR4 antagonist (C021) abro-
gated the migration of Tregs towards canine
glioma supernatants [121]. The blockade of
CCR4 with the FDA-approved monoclonal anti-
body reduced tumoral Treg infiltration and
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improved survival time in dogs affected with
bladder and prostate cancer, and, therefore,
exploring immunotherapeutic approaches tar-
geting this axis in glioblastoma may hold prom-
ise for both canine and human patients [131,
132]. Alongside Tregs, additional inflammatory
inhibitors found in humans and dogs with
spontaneously occurring oligodendrogliomas
include IL-13 receptor a2 (IL-13RA2) [133].
IL-13RA2 is a receptor that binds specifically to
IL-13. This cytokine promotes anti-inflammato-
ry phenotypes from microglia (Figure 2) [133].
Ongoing studies to dissect pathways governing
Treg recruitment to the GBM microenvironment
and how these cells contribute to immune sup-
pression in GBM will identify more actionable
therapeutic targets for GBM. Despite similari-
ties between humans and dogs, our under-
standing of canine HGGs' intricate immune
response pales in comparison to its human
counterpart. While human gliomas have been
extensively studied for their immune cell infil-
tration, including the recruitment of Tregs, this
facet remains limited in canine gliomas [33].
Therefore, investigating Treg-mediated immune
responses in dogs will add to the validation of
the naturally occurring canine glioma model
and to translation into human trials.

Canine and human meningioma

Meningiomas are the predominant primary
brain tumor in dogs [134]. Alongside their his-
tologic parallels with human meningiomas,
canine meningiomas overexpress similar gr-
owth factor receptors, chromosomal deletions,
and mutation events in tumor suppressor
genes; for instance, mutations within PDGFRA,
FOXM1, MYBL2, MK167, and/or other genes of
the cell cycle pathway have been identified in
both human and canine meningiomas [135-
137]. This interspecies similarity thereby under-
scores spontaneously occurring canine menin-
giomas as a translational model for study [136,
137]. When assessing the presence and distri-
bution of immune cells within canine meningio-
mas, not only were FOXP3* Tregs present in
these tumors, but highly aggressive meningio-
mas contained greater densities of FOXP3*
Tregs [134] (Figure 2). These dense popula-
tions of Tregs were not appreciated within
non-diseased meninges [134]. Cytokines ex-
pressed within and around the tumor suggest
an inflammatory response to the tumor [138].
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The cytokine IL-6 promotes inflammatory
responses by facilitating Thl17 specification
and other T effector cell activity [138]. In hu-
mans, IL-6 is increasingly produced within
meningiomas in vitro (Figure 2) [138]. How-
ever, other studies display IL.-6 acting as an
inhibitor to tumor cell proliferation [139]. Im-
munohistochemistry on canine meningioma
tissue displayed minimal IL-6 uptake [140].
Studies investigating changes in Treg homeo-
stasis in dogs diagnosed with meningioma are
largely lacking. Therefore, further investigation
will greatly add to the validation of pet dogs as
naturally occurring models for human studies.

Direct and indirect therapies targeting Tregs

With the ever-expanding knowledge of the inte-
gral role Tregs play in various neurologic dis-
eases, clinical studies have advanced into
applying Treg-related interleukins and antibod-
ies to either enhance or deplete immune
responses. The diseases requiring increasing
populations and activity of Tregs include MS
and AD [141]. Teriflunomide, a pyrimidine syn-
thase inhibitor and active metabolite of le-
flunomide, is a drug that is approved for relaps-
ing and remitting multiple sclerosis and active
secondary progressive multiple sclerosis in
adult patients [21]. From the results of stage
IV clinical trials regarding the effect on Tregs,
CD39 was increased within Tregs, and CXCR3
was decreased in T helper cells after treat-
ment with teriflunomide (see Table 2, NCTO34-
64448). CD39 is known to be associated with
enhancing Tregs’ immunosuppressive function,
while CXCR3 has been positively correlated
with inflammatory responses [22]. These find-
ings, alongside other immunomodulatory ef-
fects, identified an increase in tolerogenic
effects in contrast to a pro-inflammatory envi-
ronment [22]. In directly targeting B and T lym-
phocytes, alemtuzumab has been approved for
relapsing-remitting multiple sclerosis for its tar-
get against CD52 and restoring an immunotol-
erant environment [23]. The phase IV study is
exploring alemtuzumab’s immune signatures
and thereby the mechanism of action with-
in peripheral blood and CSF (see Table 2,
NCT02419378). Its effects on immune re-
gulation revealed increasing populations of
CD4*CD25"enCD127 Tregs alongside incre-
ased levels of TGFB-1 and IL-10, immunore-
gulatory cytokines, and reduction of IFN-y,
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IL-12, IL-17, 1L-24, 1L-23, and IL-27, pro-inflam-
matory cytokines within serum [23-26]. To tar-
get the migration of activated lymphocytes,
natalizumab has been proposed for the treat-
ment of MS. Natalizumab is a monoclonal anti-
body against integrin o431 and has advanced
into stage IV clinical trials for MS (see Table 2,
NCT00859482) [27]. This antibody targets
VLA-4 at the endothelium of the blood-brain
barrier in order to suppress lymphocytic trans-
migration [27]. In a preliminary study analyzing
the lymphocytic populations of individuals diag-
nosed with RRMS, natalizumab did not affect
the proportion of CD4*CD25**FoxP3* Treg with-
in the peripheral blood after 12 months of
treatment [27]. However, this study acknowl-
edged severe rebound effects of elevated lym-
phocytic migration after discontinuing the drug
[27]. Modifying Tregs themselves has begun its
early stages of clinical trials in humans with
progressive MS. ABA-101 is an autologous Treg
therapy that is designed to target damaged
myelin induced by progressive MS and exert
immunoregulatory effects within the region
(see Table 2, NCT06566261) [28]. This the-
rapy has recently been granted fast-track
status by the United States Food and Drug
Administration [28]. Directly modifying a signifi-
cant component of MS progression can lead to
a further understanding of the significance of
Tregs in disease pathogenesis, progression,
and mitigation, including adaptation for other
inflammatory neurologic diseases. The approa-
ch to AD using Tregs has similar goals to MS:
support immune regulation to prevent the pro-
gression of inflammatory disease. Currently in
phase Il clinical trials, IL-2 has been adopted
as a disease-modifying biologic to restore
Treg function, thereby facilitating a toleroge-
nic environment (see Table 2, NCTO6096090,
NCT05468073). This cytokine is also in phase
Il clinical trials for use in patients with MS [142].

On the contrary, Tregs have been appreciated
in significant numbers within and around glio-
ma and meningiomas and are suspected of
sustaining tumor growth. While IL-2 has been a
target to increase Treg populations and func-
tions for immunosuppressive purposes, IL-2
has also been targeted for immune-enhancing
purposes. Basiliximab, a monoclonal antibody
currently in phase | clinical trials (see Table 2,
NCT00626483, NCT00626015), binds to the
IL-2 receptor alpha chain (CD25), thereby tar-
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Table 2. Current therapies and interventions undergoing clinical trials assessing the effect on Tregs for different neurologic diseases as of Janu-

ary 2025

Clinical Trials Aimed at Tregs and Treg-Associated Pathways

ClinicalTrials.gov identifier Trial Title Disease Phase Intervention Drug Class Target Effecton T cells

NCT06671236 Multiple | Biological: Autologous Human Poly- Biologic drug Immunomodulation Prevents aberrant immune activation

Clinical Study of Regulatory T Cells (Tregs) Sclerosis clonal Regulatory T Cells Injection associated with autoimmunity.

in the Treatment of Neurodegenerative (NPOO1 Cell Injection)

Diseases

NCT06566261 Multiple | Biological: ABA-101 Biologic drug Damaged myelin ABA-101 is a T-cell receptor engineered,

ABA-101 in Participants with Progressive Sclerosis autologous Treg therapy

Multiple Sclerosis

NCT02035514 Multiple 11l Biological: Bone marrow au- Biologic drug Peripheral immunomodu-  Inhibits T cell-mediated cytolysis, prolifera-

Phase I-Il Clinical Trial With Autologous Bone  Sclerosis tologous mesenchymal stem cells lation and stimulate lesion tion, and regulates IL-1 and IFN-y for Th1/

Marrow Derived Mesenchymal Stem Cells for transplantation repair and regeneration Th2 balance; promotes proliferation of

the Therapy of Multiple Sclerosis CD4(+) CD25(high) FOXP3(+) regulatory
T cells.

NCT02166021 Multiple 1l Biological: Mesenchymal stem cells Biologic drug Immunomodulation Prevents autoimmune phenotypes of

Clinical Efficacy of Autologous Mesenchymal  Sclerosis CD4* and CD8" T cell activation; induces

Bone Marrow Stem Cells in Active & Progres- Treg maturation and supports anti-inflam-

sive Multiple Sclerosis matory activity.

NCT02424396 Multiple 1l Drug: IL-2 Biologic Response Immunomodulation: Promotes T-cell proliferation and differen-

Biological Activity and Safety of Low Dose IL2 Sclerosis Modifier IL-2RG tiation of regulatory T cells.

in Relapsing Remitting Multiple Sclerosis

NCT04530318 Multiple 1l Other: Autologous peripheral blood  Biologic drug Immunomodulation Supports Treg maturation and activity.

Dendritic Cells Therapy Combined With Sclerosis differentiated adult tolerogenic

Immunomodulatory Treatment in Multiple dendritic cells expanded

Sclerosis

NCT01665144 Multiple 1] Drug: Siponimod (BAF312) N-alylindoles: Selec- Immunomodulation: G- Inhibit Th17 differentiation and increase

Exploring the Efficacy and Safety of Siponi- Sclerosis tive sphingosine protein-coupled receptors  Treg differentiation.

mod in Patients With Secondary Progressive 1-phosphate receptor (GPCRs)

Multiple Sclerosis modulator

NCT02419378 Multiple I\ Drug: Alemtuzumab Monoclonal antibody Immunomodulation: Depletes CD-52-expressing T cells and

Alemtuzumab in Autoimmune Inflammatory  Sclerosis CD52-expressing B and supports differentiation of regulatory T

Neurodegeneration: Mechanisms of Action T cells cells.

and Neuroprotective Potential

NCT00859482 Multiple v Drug: Natalizumab 1gG4k monoclonal Immunomodulation: a4- Reduce leukocyte migration into and

Differential Inmune Effects of Natalizumab  Sclerosis antibody integrin surveillance within the CNS.

NCT03464448 Multiple \" Drug: Teriflunomide Pyrimidine synthesis Anti-inflammatory and Reduce CD8* T cell proliferation, proin-

Mechanistic Studies of Teriflunomide in Sclerosis inhibitor immunomodulation flammatory function, and migration.

RRMS

NCT05821153 Alzheimer’s | Drug: Aldesleukin Biologic Response Immunomodulation: Promotes T-cell proliferation and differen-

Low Dose IL2 Immunotherapy in AD Disease Modifier IL-2RG tiation of regulatory T cells.

NCT06671236 Alzheimer’s | Biological: Autologous Human Poly-  Biologic drug Immunomodulation Prevents aberrant immune activation as-

Clinical Study of Regulatory T Cells (Tregs) Disease clonal Regulatory T Cells Injection sociated with neurodegeneration.

in the Treatment of Neurodegenerative
Diseases
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NCT06096090
Phase Il Clinical Trial of Interleukin-2 in AD

NCT05468073

Therapeutic Evaluation of Low-dose IL-2-
based Immunomodulatory Approach in
Patients With Early AD

NCT02718443
VXMOL1 Phase | Pilot Study in Patients With
Operable Recurrence of a Glioblastoma

NCT01920191
Phase I/1l Trial of IMA950 Multi-peptide Vac-
cine Plus Poly-ICLC in Glioblastoma

NCT00626015

Chemotherapy, Radiation Therapy, and
Vaccine Therapy With Basiliximab in Treating
Patients With Glioblastoma Multiforme That
Has Been Removed by Surgery

NCT00626483

Basiliximab in Treating Patients With

Newly Diagnosed Glioblastoma Multiforme
Undergoing Targeted Immunotherapy and
Temozolomide-Caused Lymphopenia
NCT01091792

Exploratory Study of the Modulation of the
Immune System by VEGF Blockade in Pa-
tients With Glioblastoma Multiforme (GBM)
NCT02669173

Capecitabine + Bevacizumab in Patients
With Recurrent Glioblastoma
NCT04642937

Study of CD200 Activation Receptor Ligand
(CD200AR-L) and Allogeneic Tumor Lysate
Vaccine Immunotherapy for Recurrent
Glioblastoma

NCT03688178

DC Migration Study to Evaluate TReg Deple-
tion In GBM Patients With and Without
Varlilumab

NCT00323115

Phase Il Feasibility Study of Dendritic Cell
Vaccination for Newly Diagnosed Glioblas-
toma Multiforme
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Alzheimer’s
Disease

Alzheimer’s
Disease

Glioma

Glioma

Glioma

Glioma

Glioma

Glioma

Glioma

Glioblas-
toma

Glioma

Drug: Interleukin-2

Drug: Proleukin (Aldesleukin)

Drug: VXMO1

Biological: IMA 950 (9 MHC class |
and 2 MHC class Il peptides)

Drug: Basiliximab

Drug: Basiliximab

Drug: Bevacizumab

Drug: Bevacizumab + Capecitabine

Drug:
hP1A8

Drug: Varlilumab

Autologous Dendritic Cell

Biologic Response
Modifier

Biologic Response
Modifier

DNA T-Cell Vaccine

Tumor-associated pep-
tide vaccine

Monoclonal antibody

Monoclonal antibody

Monoclonal antibody

Monoclonal antibody

Activation receptor

ligand adjuvant

Monoclonal antibody

Biologic drug

Immunomodulation:
IL-2RG

Immunomodulation:
IL-2RG

Vascular endothelial
growth factor (VEGF)
receptor 2

T cells

CD25 on activated effector

and regulatory T cells

CD25 on activated effector

and regulatory T cells

Vascular endothelial
growth factor (VEGF)

Vascular endothelial
growth factor (VEGF)

CD200

Cb27

Glioma antigens

Promotes T-cell proliferation and differen-
tiation of regulatory T cells.

Promotes T-cell proliferation and differen-
tiation of regulatory T cells.

Activates CD4* T helper cells against
VEGF Receptor 2.

Production of CD8* T-cell immune
responses specific against gliomas (brevi-
can (BCAN), chondroitin sulfate proteogly-
can 4 (CSPG4), fatty acid binding protein
7 (FABP7), insulin like growth factor 2
mRNA binding protein 3 (IGF2BP3), neu-
ronal cell adhesion molecule (NRCAM),
neuroligin 4 X-linked (NLGN4X), protein
tyrosine phosphatase, receptor, 2 HLA
DR- binding peptides type Z1 (PTPRZ1),
and tenascin C (TNC)).

Inhibits and depletes Treg populations
and sensitizes Treg to IL-7.

Inhibits and depletes Treg populations
and sensitizes Treg to IL-7.

Actives and enhances CD8 T cell tumor
infiltration and decreases immunosup-
pressive Tregs.

Actives and enhances CD8 T cell tumor
infiltration and decreases immunosup-
pressive Tregs.

Activates antigen-presenting cells, release
pro-inflammatory cytokines, and fails to
induce Treg activation.

Enhances CD-27 T cell pathway, induces
CD8* T cell reactivity, and depletes Treg
populations.

Enhances antigen-presenting cell interac-
tion with T cells, augments CD+ T memory
cells.
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NCT01920191 Glioma 1l Biological: Polyinosinic acid-polycyt- Synthetic dsRNA Toll-like receptor 3, RIG-I-  Activates CD8* T cells, promotes effector
Phase I/11 Trial of IMA950 Multi-peptide Vac- idylic acid stabilized with polylysine analogue like receptor (MDA5), and T cell infiltration, upregulates chemokine
cine Plus Poly-ICLC in Glioblastoma (poly-ICLC) other pattern recognition  transcription and antigen presentation,
receptors (PRRs) signaling and induces type | and Il interferons.
NCT01836536 Glioma 1l Drug: Bevacizumab Monoclonal antibody Vascular endothelial Actives and enhances CD8 T cell tumor
Search for a Link Between Response to growth factor (VEGF) infiltration and decreases immunosup-
Treatment and Circulating Leucocytes in High pressive Tregs.
Grade Glioma Patients
NCT01903330 Glioma 1l Drug: (ERC1671/GM-CSF/ Sargramostim-alkylating Cyclophosphamide: Cyclophosphamide: Depletes Treg
ERC1671/GM-CSF/Cyclophosphamide for Cyclophosphamide)+bevacizumab/ agent-antineoplastic + immunosuppressant; populations; Bevacizumab: Actives and
the Treatment of Glioblastoma Multiforme bevacizumab biosimilar Monoclonal Antibody. Bevacizmab: Monoclonal enhances CD8 T cell tumor infiltration and
antibody decreases immunosuppressive Tregs.
NCT02648997 Meningioma Il Drug: Nivolumab 18G4 antibody Tumor programmed death Inhibits PD-L1-induced CD4*CD25*FOXP3*
An Open-Label Phase Il Study of Nivolum- ligand 1 (PD-L1) Treg proliferation.

ab or Nivolumab/Ipilimumab in Adult
Participants With Progressive/Recurrent

Meningioma

NCT02035514 Multiple I-1l Biological: Bone marrow au- Biologic drug Peripheral immunomodu-  Inhibits T cell-mediated cytolysis, prolifera-

Phase Il Clinical Trial With Autologous Bone  Sclerosis tologous mesenchymal stem cells lation and stimulate lesion tion, and regulates IL-1 and IFN-y for Th1/

Marrow Derived Mesenchymal Stem Cells for transplantation repair and regeneration Th2 balance; Treg: promotes proliferation

the Therapy of Multiple Sclerosis of CD4(+) CD25(high) FOXP3(+) regula-
tory T cells.
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geting Tregs [16]. Since Tregs largely rely on
CD25 for their immunoregulatory functions and
proliferation, basiliximab impairs Treg function
[16]. Tregs have become a marker for treat-
ment efficacy and prognosis in current clinical
trials. An example is seen with long-term treat-
ment with temozolomide, an alkylating agent,
for glioblastoma, which can increase the risk of
individuals undergoing a “rebound phenome-
non” where Treg populations acutely rise [17]. A
common drug currently being evaluated for the
treatment of human gliomas is bevacizumab
(see Table 2, NCT02669173, NCT01091792),
a monoclonal antibody that targets vascular
endothelial growth factors (VEGF) that are high-
ly expressed in glioma [15]. However, there
have been inaccurate representations of cir-
culating VEGF for prognosis after treatment.
Instead, populations of circulating CD3*CD4*
CD25'FOXP3* Tregs were strongly correlated
with prognosis after treatment with bevacizu-
mab: treatment resulted in significantly lower
Foxp3* Tregs than in those without treatment
[15]. Further enhancement of the the efficacy
of bevacizumab can be achieved by targeting
Tregs using anti-CD25" antibodies [18]. Using
this combined therapy, murine models with gli-
oma significantly improved survival, possibly
restoring CD8* T cell function [18]. For menin-
gioma, nivolumab, an 1gG4 antibody, is being
investigated within stage Il clinical trials as a
target against tumor-programmed death ligand
1 (PD-L1) within meningiomas (see Table 2,
NCT02648997). The microenvironment of the-
se tumors has increased expression of PD-L1
in addition to the immunosuppressive activat-
ed Tregs [19, 20]. Nivolumab has been associ-
ated with preventing Treg proliferation and
increasing the rate of progression-free survival
as a monotherapy and as a combination thera-
py [19, 20].

Canine model successes

Canine models are a new, but effective preclini-
cal model for human clinical trials, showing a
number of successes. Novel therapeutics can
be adopted, and their involvement in the ani-
mal’s physiologic responses can be evaluated
based on their genetic heterogeneity, similar
biomarkers, and histologic features of disease,
complex immune responses, and similar envi-
ronmental exposures. Dogs undergoing novel
therapies may undergo full systemic evaluation
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for on-target and off-target effects to be used
as predictors of human responses during clini-
cal trials. This full systemic evaluation includes
assessing immunologic responses to both ther-
apy and the disease that may otherwise be lim-
ited in immunocompromised murine models.

More than 30% of human and canine pri-
mary osteosarcomas (OSA) contain membrane-
bound receptor tyrosine kinase (HER2) and are
associated with aggressive forms of OSA [143].
Listeria monocytogenes (Lm) was engineered
to express HER2 epitopes fused with lysin liste-
riolysin O (ADXS31-164) to induce anti-tumor T
cell responses. By administering ADXS31-164,
peripheral tolerance of HER2-concentrating
tissues is compromised, leading to T-cell-me-
diated tissue regression [143]. Tissue regres-
sion decreased metastasis, and overall im-
proved survival was found in rodent models
with OSA after administering ADXS31-164. This
novel therapy underwent additional investiga-
tions to determine remission longevity and
characteristics of the immune response aga-
inst ADXS31-164. For this more comprehensive
approach, investigators delivered ADXS31-164
to the species most synonymous with human
OSA, dogs [143]. Treated dogs displayed clini-
cal signs associated with ADXS31-164 near
the time of administration, primarily consisting
of gastrointestinal indiscretion (e.g. nausea,
anorexia, lethargy) [143]. Additionally, dogs and
humans treated with ADXS31-164 experienced
similar challenges that may be addressed for
improvements such as immunity against CAR T
therapy and poor CAR T proliferation [143].
Interestingly, survival rate was determined ba-
sed on the immunologic profile of short-term
survivors versus long-term survivors. These
long-term survivors experience an increase in
body temperature and increase in serum cyto-
kines (IL-6, TNF-«, IFN-y and MCP-1), support-
ing the necessity of immunologically immune
models [143]. These findings facilitated the
progress of ADXS31-164 (0ST31-164) into clini-
cal trials which are currently in the follow up
phase of phase Ilb (NCTO4974008).

Humans and dogs share a grave prognosis of
highly aggressive gliomas. The immunosup-
pressive environment to support glioblastom-
as involves the immune checkpoint protein for
T-cell activation, CD200 [144, 145]. When
CD200 is released by the tumor, CD200 inhib-
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its the immune response by binding to the
inhibitory receptor on antigen-presenting cells,
inhibits the release of pro-inflammatory cyto-
kines, and activates Tregs [144, 145]. In con-
trast, there are activation receptor ligands
(CD200AR) for CD200. When CD200AR is
bound to CD200, immature dendritic cells
begin to differentiate and produce cytokines
aimed at T-cell mediated response [144].
Peptides of CD200 were developed as ligands
for CD200AR (CD200AR-L) to reverse the
immunosuppressive environment of gliomas
[144, 145]. To achieve this, the CD200AR-L
was combined with autologous tumor lysate
vaccines and administered subcutaneously in
dogs after glioma resection [144]. The median
survival time of dogs with this combined treat-
ment was 12.9 months, nearly double the sur-
vival of 6.8 months in dogs who only received
the tumor lysate vaccine [144, 145]. Alongside
the increased survival, dogs receiving this com-
bined treatment lacked adverse clinical signs;
thereby supporting its progression into Phase |
clinical trials (see Table 2, NCT04642937)
[145].

Limitations of canine models

The cultural and practical differences between
veterinary and human medicine present chal-
lenges to advancing veterinary clinical studies.
The socio-demographics of institutions con-
ducting clinical trials can influence the medical
decisions and follow-up care for animals with a
given disease [146]. Owners with limited finan-
cial resources may opt for euthanasia instead
of pursuing costly diagnostic procedures or
extensive care, leading to underreporting of
certain diseases [146]. In cases where owners
decide to pursue further diagnostic workup
and treatment, the financial and/or medical
burden can be significant; for instance, veteri-
nary patients’ comorbidities, such as severe
cardiovascular disease may deter owners and
clinicians from performing fully sedated diag-
nostic procedures, particularly if the suspected
condition is not life-threatening to the degree
of imminent cardiac arrest. The frequency of
follow-up visits can be influenced by the ani-
mal’'s behavior and the owner’s availability
[146]. Transporting the animal before, during,
and after a veterinary visit can place a physical,
emotional, and financial burden on an owner;
for instance, the owner may require taking time
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off work to transport their large-breed dog with
an orthopedic condition to the veterinary hos-
pital [146]. The animal’s behavior while at the
veterinary hospital may place additional limita-
tions on its length of stay and the frequency of
performing certain diagnostics and degree of
assessment; this may require the addition of
anxiolytics and/or sedatives [146]. These fac-
tors can contribute to loss of follow-up. Re-
search groups with greater funding do better
with incentivizing participation and follow-up,
but this can place additional strain on smaller,
less funded research groups [146].

When designing the study, additional factors to
consider in veterinary medicine include breed-
specific differences in each species, castration
status, and age at the time of castration.
Certain medical conditions are known to be
highly correlated to the length of certain hor-
monal exposure and/or certain breeds of our
canine patients; for instance, sexually intact
dogs, particularly smaller dogs, were associat-
ed with lower odds of orthopedic disease and
lower odds of obesity [147, 148]. Events that
may have preceded the animal’s adoption or
rescue are at greater risk of being lost in the
veterinary population; for instance, the age at
castration, health condition of the littermates,
and even breed [149].

Conclusion

Tregs are important regulators of immune
homeostasis that play a role in the develop-
ment and progression of autoimmune disease,
cancer, and tissue repair [8-10, 150]. Treg-
targeted therapies are under development and
clinical investigation as a standalone or adjunc-
tive therapeutic modality are ongoing [15-28,
142]. While the rationale for targeting Tregs
in these diseases is compelling, the clinical
results have often not fulfilled the promise of
such an approach to date. Current models
often lack the natural occurrence of these dis-
eases and/or are immune-compromised. This
dissimilarity can influence the understanding of
the pathophysiologic onset and progression of
these neurologic diseases. Gaps in this under-
standing can thereby risk clinical trial failure.
It is imperative to identify and bolster current
pre-clinical models by investigating changes in
Treg homeostasis in naturally occurring and
immune-competent hosts such as pet dogs.
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Detailed analysis of longitudinal changes in
Treg homeostasis in dogs with CNS disease of
high translational value to humans will allow
meaningful research leading to successful tri-
als with mutual benefit to both humans and
dogs.
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