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Abstract

Loss of dopaminergic neurons along the nigrostriatal axis, neuroinflammation, and peripheral immune dysfunction are the
pathobiological hallmarks of Parkinson’s disease (PD). Granulocyte-macrophage colony-stimulating factor (GM-CSF) has been
successfully tested for PD treatment. GM-CSF is a known immune modulator that induces regulatory T cells (Tregs) and serves as
a neuronal protectant in a broad range of neurodegenerative diseases. Due to its short half-life, limited biodistribution, and potential
adverse effects, alternative long-acting treatment schemes are of immediate need. A long-acting mouse GM-CSF (mPDM608) was
developed through Calibr, a Division of Scripps Research. Following mPDM608 treatment, complete hematologic and chemistry
profiles and T-cell phenotypes and functions were determined. Neuroprotective and anti-inflammatory capacities of mPDM608 were
assessed in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-intoxicated mice that included transcriptomic immune profiles.
Treatment with a single dose of mMPDM60S resulted in dose-dependent spleen and white blood cell increases with parallel enhance-
ments in Treg numbers and immunosuppressive function. A shift in CD4* T-cell gene expression towards an anti-inflammatory
phenotype corresponded with decreased microgliosis and increased dopaminergic neuronal cell survival. mPDMG608 elicited a neuro-
protective peripheral immune transformation. The observed phenotypic shift and neuroprotective response was greater than observed
with recombinant GM-CSF (rtGM-CSF) suggesting human PDM60S as a candidate for PD treatment.
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Background

Parkinson’s disease (PD) is the most common neurodegener-
ative movement disorder [1] characterized by the loss of do-
paminergic neurons along the nigrostriatal axis. Current treat-
ments target disease symptoms [2]. Whereas multiple mecha-
nisms are linked to PD neuropathology, immune dysfunction
and neuroinflammation have recently been strongly linked to
disease progression and neuronal loss [3—5] and have been
observed in both human and animal models of disease
[6-11]. Specifically, dysfunctional innate immunity in PD is
associated with increased microgliosis, proinflammatory cy-
tokine production, reactive oxygen species levels, and other
glial-mediated neurotoxic molecules, all possessing the capac-
ity to influence neuronal cell death [12-16]. Likewise, dys-
functions in the adaptive immune response in PD include de-
creased CD4* T-cell levels, the presence of effector memory T
cells, decreased levels of regulatory T cells (Tregs), and in-
creased frequencies of Thl and Th17 effector T cells (Teffs)
[11, 17-19]. Recent work from our laboratories also indicates
that compared to caregiver controls, PD patients’ Tregs have
limited immunosuppressive function [17, 20]. This dysfunc-
tion also correlates with disease status based on Unified
Parkinson’s Disease Rating Scale (UPDRS) Part III motor
assessments. These immune alterations likely contribute to
the pathogenesis of disease. Similar adaptive immune aberra-
tions have been observed in amyotrophic lateral sclerosis
(ALS), Alzheimer's disease (AD), and Crohn’s disease, sug-
gesting a critical role for Tregs in suppressing inflammation
[21-23].

Therefore, we hypothesized that increasing Treg number
and/or function would be beneficial for PD and other neuro-
degenerative or neuroinflammatory diseases. This hypothesis
led to the exploration of Treg-inducing agents, including va-
soactive intestinal peptide (VIP) and granulocyte—
macrophage colony-stimulating factor (GM-CSF) [9, 24,
25]. Both immune-modulating agents display potent neuro-
protective profiles with beneficial alterations in Treg popula-
tions [24, 25]. Specifically, GM-CSF selectively increased
Treg frequencies without affecting overall CD4" populations
[24]. GM-CSF-induced Tregs also had the capacity to spare
dopaminergic neurons within an 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced lesion. GM-CSF has
been linked to neuroprotection in other diseases as well, in-
cluding AD, traumatic brain injury (TBI), stroke, and myas-
thenia gravis [26-29]. Many studies have also confirmed its
protective capacity is connected to the selective induction of
Tregs and/or tolerogenic dendritic cells [24, 27, 30-33].

Clinically, the idea of modifying diseased Treg populations
has been tested in both ALS and PD [20, 22]. ALS patients
display dysfunctional Tregs that correlate with disease sever-
ity and survival [22]. However, if diseased Tregs are isolated
and stimulated ex vivo, suppressive function is restored,
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suggesting a potential therapeutic target. Likewise, direct uti-
lization of human GM-CSF (sargramostim) for the treatment
of patients suffering from PD or AD has also displayed prom-
ising results [20, 34]. GM-CSF treatment led to modulation of
peripheral Treg populations resulting in increased suppressive
function in PD patients [20]. This altered immune phenotype
decreased motor impairments and improved cortical motor
activity. In support, an interim report of the AD study also
indicated encouraging results in both activities of daily living
and the mini mental state exam (MMSE), suggesting a posi-
tive effect on neuronal pathways with GM-CSF treatment
[34]. Taken together, these clinical assessments point to the
therapeutic benefit of altering the adaptive immune response
for the treatment of neurodegenerative disease, and the utili-
zation of GM-CSF to generate that response.

Unfortunately, GM-CSF displays limited bioavailability
and a short half-life, requiring the need for higher dosing
and daily administration [35-37]. Whereas daily GM-CSF
treatment is generally well-tolerated, mild-to-moderate ad-
verse events are also experienced, including injection site re-
actions, elevation of WBC counts, and bone pain [20, 38, 39].
Therefore, we are investigating strategies to decrease either
dose and/or frequency of administration to diminish untoward
side effects associated with current dosing regimens. In the
current studies and in collaboration with Calibr, we developed
and utilized a unique long-acting version of modified recom-
binant mouse GM-CSF, hereafter denoted as mPDM608. The
modification significantly extends the half-life and bioavail-
ability profile of GM-CSF, providing the potential to dose less
frequently than recombinant GM-CSF (rGM-CSF) alone.
Thus, we tested the ability of long-acting GM-CSF treatment
to induce Treg number and/or function and elicit neuroprotec-
tive responses similar to or above those previously observed
with tGM-CSF administration.

Methods

Animals, mPDM608 Treatment, and MPTP
Intoxication

Male, C57BL/6 mice (stock 000664) (6-8 weeks old) were
obtained from Jackson Laboratories (Bar Harbor, ME). After
acclimation, the mice were injected intraperitoneally (i.p.)
with long-acting GM-CSF, mPDM608. For dose-response
studies, mice were injected with a single injection at doses
ranging from 0 to 30.0 mg/kg. For rtGM-CSF protein injec-
tions, mice were administered either a single injection (1x) or
5 daily injections (5x) prior to either sacrifice or MPTP intox-
ication at a dose of 0.1 mg/kg. For neuroprotection experi-
ments, the mice were injected with either vehicle
(Dulbecco’s phosphate-buffered saline (DPBS), 10 ml/kg
body weight) or I-methyl-4-phenyl-1,2,3,6-
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tetrahydropyridine hydrochloride (MPTP-HCI) reconstituted
in DPBS obtained from Sigma-Aldrich, St. Louis, MO. The
mice received 4 subcutancous injections of MPTP-HCI
(16 mg/kg, MPTP free base), 1 injection at 2-h intervals.
MPTP safety precautions were performed in accordance with
the MPTP safety and handling protocol [40]. On days 2 and 7
post-MPTP intoxication, mice were sacrificed, and brains
were harvested and processed for inflammatory response
and neuronal survival, respectively. All of the animals were
housed and maintained in accordance with the National
Institutes of Health institutional guidelines and approved by
the Institutional Animal Care and Use Committee (IACUC) of
the University of Nebraska Medical Center.

Perfusions and Immunohistochemistry

While under terminal anesthesia (Fatal Plus, pentobarbital),
mice were perfused via cardiac puncture with DPBS followed
by 4% paraformaldehyde (Sigma-Aldrich) in DPBS.
Following perfusion, whole brains were harvested 7 days
post-MPTP and processed to assess dopaminergic neuron sur-
vival in the substantia nigra and the striatum. Frozen midbrain
sections were cut to 30 pm, immunostained with anti-tyrosine
hydroxylase (TH) (anti-TH, 1:2000, EMD Millipore,
Burlington, MA), and counterstained for Nissl substance
[41]. To assess dopaminergic termini, striatal sections were
also labeled with anti-TH (1:1000, EMD Millipore). For la-
beling of microglia 2 days after MPTP, midbrain sections
were immunostained with anti-macrophage antigen
complex-1 (Mac-1) (anti-CD11b, 1:1000, AbD Serotech,
Oxford, UK). To visualize all antibody-labeled tissues, sec-
tions were incubated in streptavidin—horseradish peroxidase
(HRP) solution (ABC Elite Vector Kit, Vector Laboratories,
Burlingame, CA), color was generated using a glucose oxi-
dase color generation system, and the sections were incubated
with diaminobenzidine (DAB) chromogen (ACROS
Organics, Fair Lawn, NJ) for visualization. Within the SN,
total numbers of Mac-17 cells, TH Nissl* (dopaminergic neu-
rons), and TH Nissl™ (nondopaminergic neurons) were enu-
merated by a blinded investigator and unbiased stereological
analysis using Stereo Investigator software under the optical
fractionator module (MBF Bioscience, Williston, VT).
Densitometry analysis of dopaminergic neuron termini in the
striatum was determined using Image J software (National
Institutes of Health), as previously described [41].

CD4* T-Cell Isolations

Five days after a single dose of mPDM608 or 5 doses of tGM-
CSF administration, donor mice were sacrificed and single-
cell suspensions were obtained from spleens. For the geno-
mics study, total CD4™ cells were isolated using EasySep
Mouse CD4" T Cell Isolation Kit (StemCell, Vancouver,

Canada) per the manufacturer’s instructions. For proliferation
assays, CD4"CD25" Tregs and CD4"CD25 " conventional re-
sponder T cells (Tresps) were isolated from spleen using
EasySep Mouse CD4*CD25" Regulatory T Cell Isolation
Kit IT (StemCell) per the manufacturer’s instructions.
Isolated cell purity was assessed via flow cytometric analysis
and was determined to be >90% for all isolations.

Treg Suppression Assays

Cells were isolated as described in the “CD4" T-Cell
Isolations” section. The CD4"CD25" population served as
the Treg population. The CD4*CD25™ T-cell fraction was
collected and pooled from the untreated groups only and
served as the Tresp population for the suppression assay.
Isolated Tresps were labeled with carboxyfluorescein
succinimidyl ester (CFSE) (Thermo Fisher Scientific,
Waltham, MA) and plated at a concentration of 5 x 10* in a
96-well U-bottom microtiter plate. Tregs were serially diluted
by two-fold dilutions into wells containing Tresps to yield
ratios of 1:2, 1:1, 1:0.5, 1:0.25, and 1:0.125 Tresp to Treg,
as previously described [17]. The cells were stimulated for
proliferation using Dynabeads T-activator CD3/CD28 beads
(Thermo Fisher) at a 1:1 bead-to-cell ratio. Stimulated and
unstimulated Tresps served as proliferation controls and
non-proliferating controls, respectively. Cultures were incu-
bated at 37 °C in 5% CO, for 3 days, fixed, and analyzed with
a LSRII flow cytometer and FACSDiva Software (BD
Biosciences, San Jose, CA).

Flow Cytometric Assessments

Five days after treatment, whole blood and spleens were col-
lected to determine T-cell and B-cell profiles via flow cyto-
metric analysis. Whole blood (50 pl) and splenocytes (1 x
10°) were fluorescently labeled using antibodies against extra-
cellular markers for CD3, CD4, CD25, CD8, CD19, and the
intracellular marker for FoxP3. Mouse blood and splenocytes
were labeled with PerCP-Cy5.5-anti-CD3 (eBioscience, San
Diego, CA), PE-Cy7-anti-CD4 (eBioscience), PE-anti-CD25
(eBioscience), FITC-anti-CD8 (eBioscience), and PE-anti-
CD19 (eBioscience). For intracellular staining, cells were
permeabilized for 45 min at 4 °C using FoxP3/Transcription
Factor Staining Buffer Set (eBioscience). The cells were then
labeled with APC-anti-FoxP3 (eBioscience) followed by fix-
ation. Samples were analyzed with an LSRII flow cytometer
and FACSDiva Software (BD Biosciences). All cell frequen-
cies were determined from the total lymphocyte population.

Blood Chemistry and Peripheral Blood Assessments

At the time of sacrifice, 250 pl whole blood was collected
into K,EDTA blood collection tubes for complete blood
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count (CBC) levels or into heparinized blood collection
tubes for blood chemistry and metabolite levels.
Following isolation, heparinized blood was centrifuged
and plasma was collected. Complete metabolic panels were
carried out using VetScan Chemistry Comprehensive Test
cartridges (Abaxis, Union City, CA) on a VetScan VS2
machine. For CBC analysis, whole blood collected from
K,EDTA tubes was immediately assayed on a VetScan
HMS5 machine.

RNA Isolation and Transcriptomics

Following CD4" T-cell isolation, total RNA was isolated
using the RNeasy Mini Kit (Qiagen, Hilden, Germany)
under RNase-free conditions. cDNA was generated from
isolated RNA using a RevertAid First Strand cDNA
Synthesis kit (Thermo Fisher Scientific), and
preamplification was performed using primer mixes for
RT? PCR array for Mouse T Helper Cell Differentiation
(Qiagen). Quantitative RT-PCR was performed on an
Eppendorf Mastercycler Realplex EP (Eppendorf,
Hamburg, Germany). Data analysis was completed using
RT? Profiler PCR Array web-based data analysis soft-
ware, version 3.5 (Qiagen) and Ingenuity Pathway
Analysis (IPA; Qiagen). Resulting pathways were mapped
using only genes significantly upregulated >2-fold.
Pathways were arranged and edited for easier visualiza-
tion using the pathway edit tool in IPA.

Statistical Analyses

All values are expressed as mean = SEM. Differences in
between-group means were analyzed using ANOVA followed
by Newman—Keuls post hoc test (GraphPad Software, Inc., La
Jolla, CA). Comparisons of slope and elevation for CFSE
inhibition assays were evaluated using linear regression.
Slopes for all lines were significantly nonzero, and linear re-
gression analysis values are expressed on corresponding
graphs or noted in the figure legends.

Results

Treatment with mPDM608 Results in Increased Spleen
Size, Total Splenocyte Cell Number, and Peripheral
Blood Populations

Five days after a single injection of ascending doses of
mPDMG608, spleens were enlarged (Fig. la). Both organ
enlargement and increased cell number were dose-
dependent (R*=0.8387, p=<0.0001; R*=0.7105, p=<
0.0001) (Fig. 1b, c). Animals treated with 5 consecutive
days of rGM-CSF at doses corresponding to the exact
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quantity of GM-CSF within mPDM608 did not experience
the same splenomegaly or increased cell number (Fig. 1d—
f). In fact, no change was detected with increased dosing of
rGM-CSF. Likewise, peripheral blood analysis also indicat-
ed a significant increase in number of white blood cells
(WBC) and frequency of neutrophils following treatment
with mPDM608 (Fig. 1g, h), with a concordant decrease
in lymphocyte frequency (Fig. 1i). Monocyte frequencies
remained unchanged with treatment, and rGM-CSF treat-
ment did not affect any of these populations (Fig. 1j).
However, when observing absolute cell numbers within
blood, lymphocytes were not altered with treatment, and a
significant increase in monocytes and granulocytes was on-
ly observed in 30 mg/kg mPDM608 treatment
(Supplemental Fig. la—c). Due to the observed spleen en-
largement with mPDMG60S8, comprehensive metabolic as-
sessment and peripheral blood analysis were performed to
determine any potential toxicities associated with treatment.
Significant decreases in albumin and alkaline phosphatase
were observed with 1.0 mg/kg, 5.0 mg/kg, 15.0 mg/kg, and
30.0 mg/kg mPDM608 treatment (Supplemental Fig. 2a and
b). Alanine aminotransferase, amylase, total bilirubin, urea
nitrogen, calcium, phosphorus, creatine, glucose, sodium,
and potassium levels remained unchanged with treatment
(Supplemental Fig. 2c-21). tGM-CSF protein treatment did
not significantly alter any of these metabolic analytes.

mPDM608 Treatment Significantly Increases
CD4°CD25"FoxP3" Levels in Blood and Spleen and
Enhances Immunosuppressive Function

Flow cytometric analysis of lymphocyte populations in pe-
ripheral blood revealed that mPDMG608 treatment does not
affect CD8" levels (Fig. 2a). However, CD4" levels were sig-
nificantly decreased (Fig. 2b). In contrast, only treatment with
30.0 mg/kg mPDM608 significantly increased
CD4"CD25"FoxP3* cell frequency over control levels (Fig.
2¢). Treatment with increased dosing of rGM-CSF did not
alter CD8"* or CD4" levels (Fig. 2d, e), but did result in a
modestrise in CD4*CD25*FoxP3 levels that was insignificant
(Fig. 2f). Flow cytometric analysis of splenic lymphocyte pop-
ulations following treatment with mPDMG608 revealed slightly
different results. mPDM608 treatment resulted in a significant
decrease in CD8" levels with 3.0 mg/kg, 10.0 mg/kg, and
30.0 mg/kg treatment (Fig. 2g) and no significant changes in
CD4" levels (Fig. 2h). A dose-dependent increase in
CD4*CD25"FoxP3* levels was also observed (R*=0.72,
p=0.0337) (Fig. 2i). Similar to blood observations, rGM-
CSF treatment did not alter CD8 or CD4 levels (Fig. 2j, k),
but also resulted in a dose-dependent increase in
CD4*CD25*FoxP3™ levels (R*=0.78, p=0.0197) (Fig. 2I).
Next, after observing an increase in CD4*CD25*FoxP3*
Treg levels, we sought to determine changes in Treg
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Fig. 1 Treatment with mPDM608 results in dose-dependent
splenomegaly and increased peripheral blood cell counts. (a)
Visualization of enlarged spleens isolated from mice treated with
ascending doses of mPDM608. (b) Quantification of spleen weight
5 days after a single dose of mPDM608 (0-30.0 mg/kg). (c) Total cell
number found within the spleen 5 days after a single dose of mPDM608.
(b, ¢) Linear regression analysis located on graphs indicates a dose-
dependent response in both organ weight and total cell number
following treatment with mPDM608. Significant differences in means
(= SEM, n=5) were determined by one-way ANOVA and Tukey’s
post hoc test in which p<0.05 compared with treatment of
mPDM608 at doses of *0 mg/kg, °0.3 mg/kg, °1.0 mg/kg, 3.0 mg/kg,

suppressive function utilizing a T-cell proliferation assay.
Following treatment with ascending doses of mPDMG608 or
0.1 mg/kg rGM-CSF, flow cytometric analysis within splenic
populations validated the dose-dependent increase in
CD4*CD25"FoxP3™ Treg frequency after treatment with
mPDM608 (R? = 0.80, p=0.039) (Fig. 3a, b). Moreover,
dose-dependent increases in Treg frequencies paralleled the
increased antiproliferative function (Fig. 3b, c). In fact, signif-
icant suppressive function was afforded by Tregs from ani-
mals treated with 5.0 mg/kg (p <0.014) or 10.0 mg/kg
mPDM608 (p <0.011) compared to lower doses and untreat-
ed controls, thus indicating an enhanced immunosuppressive
function (Fig. 3c). Treatment with 10.0 mg/kg mPDM608

mg/kg mg/kg mg/ka mg/kg mg/kg mg/kg
mPDM608 rGMCSF

mg/kg mg/lkg mg/kg mg/kg mg/kg mglkg
mPDM608 rGMCSF

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

mPDM608 rGMCSF

or °10.0 mg/kg. (d) Visualization of spleens isolated from mice treated
with ascending doses of rGM-CSF protein. (e) Quantification of spleen
weight after 5 consecutive days of treatment with rtGM-CSF protein at
multiple doses (0.01-1.0 mg/kg). (f) Total cell number quantified within
the spleen after 5 consecutive days of treatment with rtGM-CSF protein.
Complete blood counts were also performed and quantified for
percentages of white blood cells (g), neutrophils (h), lymphocytes (i),
and monocytes (j) after treatment with various concentrations of
mPDM608 or rtGM-CSF. Differences in means (+ SEM, n=4) were
determined in which p <0.05 compared with groups treated with
%0 mg/kg mPDM608, °1.0 mg/kg mPDM608, tGM-CSF 0.1 mg/kg,
45.0 mg/kg mPDM608, or ©15.0 mg/kg mPDM608

resulted in Tregs that demonstrated significantly greater sup-
pressive activity than rGM-CSF-induced Tregs (p <0.04).

mPDM608 Pretreatment Attenuates Microgliosis and
is Neuroprotective in MPTP-Intoxicated Mice

Following Treg-induction assessments, the ability of
mPDMO608 treatment to attenuate the neuroinflammatory re-
sponse associated with MPTP intoxication was assessed by
quantifying levels of reactive microglia. Two days post-
MPTP intoxication, after pretreatment with mPDM608 or
rGM-CSF, ventral midbrains were harvested at a time of peak
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Fig. 2 mPDMG608 treatment affects T-cell populations in peripheral
blood and spleen. Quantification of CD8" levels (a), CD4" levels (b),
and CD4"CD25"FoxP3"* regulatory T-cell (Treg) levels (c) in peripheral
blood of mice treated with ascending doses of mPDM608. Differences in
means (+ SEM, n = 5) were determined in which p < 0.05 compared with
%0 mg/kg, °0.3 mg/kg, °1.0 mg/kg, 93.0 mg/kg, or °10.0 mg/kg treatment.
Quantification of CD8" levels (d), CD4" levels (e), and
CD4*CD25*FoxP3* Treg levels (f) in peripheral blood of mice treated
with ascending doses of rGM-CSF. Quantification of CD8" levels (g),
CD4" levels (h), and CD4*CD25*FoxP3* Treg levels (i) in spleens
isolated from mice treated with ascending doses of mPDM608.
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Differences in means (£ SEM, n = 5) were determined in which p <0.05
compared with ®0 mg/kg treatment, °0.3 mg/kg treatment, °1.0 mg/kg
treatment, and 93.0 mg/kg treatment. Quantification of CD8* levels (j),
CD4" levels (k), and CD4*CD25"FoxP3* Treg levels (1) in spleens
isolated from mice treated with ascending doses of rGM-CSF.
Differences in means (+ SEM, n =5) were determined in which p <0.05
compared with 0 mg/kg, °0.01 mg/kg, 0.03 mg/kg, or %0.10 mg/kg
rGM-CSF treatment. Treatment with both mPDM608 and rGM-CSF
resulted in a significant dose-dependent increase in Treg levels within
the spleen. Linear regression analysis results are provided on graphs (i)
and (1)
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Fig. 3 mPDM608 treatment increases CD4*CD25"FoxP3™ Treg levels
and cellular function. (a) Representative dual-color histograms of
CD4*CD25*FoxP3" Tregs within the gated CD4" splenic lymphocyte
populations from mPDM608- or rGM-CSF-treated mice. The Treg
population is indicated by the blue-colored population. (b)
Quantification of CD4*CD25"FoxP3* Tregs within spleens following
treatment with ascending doses of mPDM608 (0-10.0 mg/kg) or
0.1 mg/kg rGM-CSF. Linear regression analysis of mPDM608
treatment resulted in R>=0.80, p=0.039. Differences in means (+
SEM, n=5) were determined in which p <0.05 compared with

inflammation [6]. Reactivity was assessed by the presence of
Mac-1* microglia with an amoeboid morphology (Fig. 4a).
MPTP intoxication significantly elevated reactive microglial
counts from 4+ 0.8 cells/mm? to 70+ 6.4 cells/mm* com-
pared to PBS controls (Fig. 4b). Treatment with mPDM608
significantly reduced reactive microglia counts to 47 4 cells/
mm? for 1.0 mg/kg, 49+ 5.5 cells/mm? for 3.0 mg/kg, 46+
6.8 cells/mm? for 5.0 mg/kg, and 33 +3.6 cells/mm? for
10.0 mg/kg compared to MPTP intoxication alone.
Treatment with 0.1 mg/kg rGM-CSF also diminished the

30 mg/kg and °rGM-CSF treatment. (c) Quantification of Treg
(CD4*CD25%)-mediated suppression (+ SEM) of Tresp (CD4"CD25")
proliferation at various Tresp-to-Treg ratios. Tresps (CD4"CD25") were
isolated from naive mice, labeled with CFSE, and stimulated for
proliferation for 3 days with anti-CD3/CD28 beads. Treg-mediated
suppression is quantified and reported as percent inhibition. Tregs were
isolated from untreated (0 mg/kg), mPDM608-treated (1.0-10.0 mg/kg),
or rGM-CSF-treated (0.1 mg/kg) mice after 5 days. Linear regression
analysis indicates R*>0.93, p <0.03 for all treatments with or without
mPDM608; treatment with tGM-CSF resulted in R =0.61, p=022

neuroinflammatory response by decreasing counts to 46 +
5.6 cells/mm?’.

Due to the observed increase in Treg number and function
and decreased inflammatory response, we next tested the neu-
roprotective capacity of mPDMG608 pretreatment in the MPTP
mouse model (Fig. 5a). Following MPTP intoxication, dopa-
minergic neuron numbers dropped significantly from 9313 +
418 to 4873 +211 compared to PBS controls (Fig. 5b).
Pretreatment with a single dose of 0.1 mg/kg, 0.3 mg/kg,
1.0 mg/kg, or 3.0 mg/kg mPDM608 provided no significant
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Fig. 4 mPDM608 treatment
decreases the neuroinflammatory
response observed following
MPTP intoxication. (a)
Immunohistochemistry of Mac-
1" microglia in the substantia
nigra of mice treated with either
PBS, MPTP, 1.0 mg/kg
mPDM608, 3.0 mg/kg
mPDMG608, 5.0 mg/kg
mPDM608, 10.0 mg/kg X
mPDM608, or 0.1 mg/kg rGM- Gl
CSF followed by MPTP
intoxiction (x 40 image; scale bar,
1000 pm; inset image = x 200).
(b) Quantification of reactive
microglia within the substantia
nigra 2 days post MPTP
intoxication. Differences in Be
means (£ SEM, n=15) were : S 573
determined in which p < 0.05 g e
compared with “PBS or "MPTP < e
treatment

neuronal survival, resulting in 3891 +248, 3631 +364, 5104
+488, and 5089 +378 neurons after treatment. However,
treatment with 5.0 mg/kg and 10.0 mg/kg mPDM608 resulted
in significant neuroprotection compared to MPTP intoxication
alone, resulting in 81% and 76% neuronal sparing, respective-
ly. However, as doses increased from 15.0 to 30.0 mg/kg,
neuronal survival diminished, suggesting a maximal dose ef-
fect, a dual mechanistic effect, or a bimodal effect. In compar-
ison, treatment with 5 consecutive doses of 0.1 mg/kg rGM-
CSF also significantly spared dopaminergic neuron numbers,
increasing survival from 45% to 78%, respectively. However,
use of a single injection of 0.1 mg/kg rGM-CSF did not result
in neuroprotection, indicating the requirement for consecutive
dosing when utilizing non-long-acting rtGM-CSF. Striatal ter-
mini survival was also assessed by immunohistochemistry for
TH* termini (Fig. 6a). Digital image analysis indicated that
treatment with MPTP significantly diminished striatal termini
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density compared to PBS-treated controls (Fig. 6b).
Pretreatment with 1.0 mg/kg, 20.0 mg/kg, and 25.0 mg/kg
mPDM608 modestly spared striatal termini reductions; how-
ever, levels were still significantly lower than those of PBS
controls. Treatment with all other doses, including mPDM608
and rGM-CSF, did not protect striatal termini, supporting the
notion of increased susceptibility of striatal dopaminergic
termini.

Due to the observed increase in Treg numbers and neuro-
protective response observed 5 days post mPDM608 injection,
we next evaluated the long-acting therapeutic potential of a
single injection of mMPDMG608 (Fig. 7). First, we carried out a
time-course assessment of T-cell populations within peripheral
blood following treatment with mPDM608. A peak T-cell re-
sponse was observed 5 days post initial injection (day — 10),
displaying a significant increase in CD3*, CD4", and
CD4*CD25*FoxP3" subsets (Fig. 7a, c, d), along with a
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Fig. 5 mPDM608 treatment spares dopaminergic neurons following
MPTP intoxication. (a) Representative immunohistochemical sections
of TH*/Nissl* dopaminergic neurons within the substantia nigra of mice
treated with either PBS, MPTP alone, or MPTP and mPDM608 at doses
0f0.1,0.3, 1.0, 3.0, 5.0, 10.0, 15.0, 20.0, 25.0, or 30.0 mg/kg; MPTP and
a single injection of 0.1 mg/kg rGM-CSF (1x); or 5 injections (5%) of
0.1 mg/kg rGM-CSF (scale bar=500 pum). (b) Stereological

decrease in the CD8" subset (Fig. 7b). CD3" levels increased
from 13.8% +0.9t0 21.5% + 1.1, CD4™" levels increased from
83%+0.6t017.7% + 0.8, and CD4*CD25*FoxP3* levels in-
creased from 1.8% +0.2 to 17.9% + 2.1, whereas CD8™ levels
dropped from 5.3% + 0.3 to 3.5% + 0.2. Notably, the observed
elevations remained significant 10 days postinjection (day — 5)
but returned to baseline by 14 days post injection (day — 1).
Following this treatment paradigm, mice were MPTP

quantification of total number of surviving dopaminergic (TH+/Nissl+)
and nondopaminergic (TH /Nissl*) neurons within the substantia nigra
following MPTP intoxication. Differences in means (£ SEM, n=7) were
determined in which p < 0.05 compared with groups treated with “PBS or
®MPTP. Mean percent remaining total neuron number is indicated on
each treatment bar

intoxicated and sacrificed 2 days or 7 days post intoxication
to assess the inflammatory response and dopaminergic neuron
survival, respectively (Fig. 7e, f). MPTP intoxication alone
resulted in a significantly increased number of reactive Mac-
1" microglia within the ventral midbrain (Fig. 7¢). Treatment
with mPDMG608 15 days prior to MPTP intoxication did not
attenuate the observed microgliosis. Treating with mPDM608
10 days or 5 days prior significantly dropped reactive
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Fig. 6 mPDM608 treatment
attenuates striatal termini loss. (a)
Representative
immunohistochemical sections of 2
TH+ dopaminergic cell termini &
within the striatum of mice treated \g "
with either PBS, MPTP alone, or
MPTP and mPDM608 at doses of
0.1,0.3, 1.0, 3.0, 5.0, 10.0, 15.0,
20.0, 25.0, or 30.0 mg/kg; MPTP
and a single injection of 0.1
mg/kg rGM-CSF (1x); or 5
injections (5x) of 0.1 mg/kg rGM-
CSF (scale bar = 500 um). (b)
Densitometry analysis of TH*
termini within the striatum
following MPTP intoxication.
Treatment groups are normalized
to PBS control density.
Differences in means (+ SEM, n =
7) were determined in which p <
0.05 compared with groups
treated with “PBS or "MPTP

PBS

47k

1.2+

TH+ Striatal Density + SEM

0.0-

PBS

MPTP

mPDM608
(mg/kg)
rGMCSF
(mg/kg)

microglial numbers from 113 = 7 cells/mm? to 69 + 9 and 38 +
10 cells/mm?®. Similarly, MPTP intoxication significantly de-
creased TH*/NissI" dopaminergic neuron counts from 8418 +
130 to 6252 +292 (Fig. 7f). However, only mPDM608 treat-
ment 5 days prior to MPTP intoxication resulted in significant
neuronal sparing, bringing neuron counts back to control
levels. Taken together, these findings indicate a potential ther-
apeutic treatment duration up to 10 days.

mPDM608 Treatment Results in an Anti-Inflammatory
CD4* T-Cell Phenotype

As peripheral mPDM60S8 treatment increased Treg fre-
quency and activity, attenuated the neuroinflammatory

@ Springer

— G
1.0 mg/kg

15.0 mg/kg

'}\

0.1 mg/kg

MPTP 0.3 mg/kg

-
10.0 mg/kg

<% A

I\

@i
5.0 mg/kg

3.0 mg/kg

-

20.0 mg/kg

-

25.0 mg/kg 30.0 mg/kg

4"'
-

S = h S e

5X 0.1 mg/kg
rGMCSF

1X 0.1 mg/kg
rGMCSF

+ + + + + + +

03 1.0 3.0 50 10.0 15.0 20.0 25.0 30.0 -

response, and selectively mitigated MPTP-induced neu-
rotoxicity [8], we examined the effect of treatment with
10.0 mg/kg mPDM608 on peripheral adaptive immune
populations, specifically CD4" T cells. Transcriptomic
analysis of CD4% T cells after treatment with
mPDM608 resulted in significant dysregulation of nu-
merous genes associated with T-cell differentiation nor-
malized to PBS-treated controls (Fig. 8a). Genes upreg-
ulated two- to fivefold included Ccr4, Ilir2, Iliri,
Ccr6, Haver2, 1113, Maf, Rora, FoxP3, and Pparg.
Genes upregulated more than fivefold included 117711
and //2. Genes downregulated two- to fivefold included
Nfatc2, Gfi2, 1d2, Stat6, Nfatc2ip, Rel, Socsl, Chd7,
1112rb2, Nrdal, Irfl, Tgifl, Jakl, Ptgdr2, Fasl, and
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Fig. 7 mPDM608 treatment a
exhibits long-acting anti-
inflammatory and immune-
modulating properties. Time-
course evaluation of CD3*
lymphocytes (a), CD8"
lymphocytes (b), CD4*
lymphocytes (c), and
CD4*CD25*FoxP3" regulatory T
cells (d) within peripheral blood
following a single injection of

25~

20+

%CD3+

15+

4+

%CD8+

2=

10 mg/kg mPDM608 followed by 10 .
MPTP intoxication 15 days later. N
Differences in means (= SEM, )
n=15) were determined in which Q

p <0.05 compared with baseline a9

(day — 15). (e) Quantification of c 0@
reactive microglia (mac-1*)
within the substantia nigra 2 days *
post MPTP intoxication.
Differences in means (= SEM,
n=5) were determined in which
p<0.05 compared with *PBS or
®MPTP treatment. (f)
Stereological quantification of
total number of surviving 5+
dopaminergic (TH*/Nissl*) and
nondopaminergic (TH /Nissl*)

15+

25+

204

15+ *

10+

%CD4+CD25+FoxP3+

neurons within the substantia
nigra 7 days post MPTP
intoxication. Differences in Q
means (£ SEM, n =5) were
determined in which p <0.05
compared with groups treated
with *PBS, "MPTP, ‘day — 15
mPDM608 + MPTP, and “day —
10 mPDM608 + MPTP

®
%
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o
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PBS MPTP MPTP MPTP MPTP

-15
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1l4ra. Nr4a3 was downregulated more than fivefold.
Significantly dysregulated genes were input into
Ingenuity Pathway Analysis (IPA) and were shown to
be involved in two connecting networks, Hematological
System Development and Function, and Inflammatory
Response and Cell-Cell Signaling. The two connecting
networks were merged using IPA to determine
interacting molecules from both pathways (Fig. 8b). As
expected, analysis revealed that the main function of the
resulting gene alterations predicted changes in the
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quantity of lymphocytes and differentiation pathways
of induced lymphocytes. In comparison, treatment with
0.1 mg/kg rGM-CSF yielded only minor fold changes in
gene expression when normalized to PBS controls (data
not shown). Changes in gene expression levels remained
below twofold for all genes tested, with the exception
of a 2.4-fold upregulation in Ccr6 and ninefold down-
regulation in 7gif] levels. However, neither expression
level was significantly altered from controls. Therefore,
no pathways were assessed for rGM-CSF treatment.
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Fig. 8 mPDM608 treatment shifts CD4" T-cell populations into an anti-
inflammatory phenotype. Gene expression values from CD4* T cells
treated with 10 mg/kg mPDM608 were normalized to PBS treatment.
qRT-PCR data show gene expression changes following mPDM608
treatment compared to PBS controls (7 =4). Fold changes and p values
for differentially regulated gene expression were determined using
Qiagen RT? Profiler PCR Array Data Analysis software, version 3.5.
Significant differences in fold change were determined in which
p<0.05. (a) Table of fold regulation and p values for genes
significantly upregulated or downregulated >2-fold following treatment
with mPDM608. Genes upregulated > 2- to 5-fold are shown in pink and

Discussion

GM-CSF treatment has the potential to modify
neuroinflammatory diseases based on its known anti-
inflammatory capacity and ability to induce Treg populations
[20, 24, 27, 30-32, 42]. However, an obstacle for clinical
translation is its relatively short half-life and limited bioavail-
ability [36, 37]. Therefore, work presented here characterizes
the neuroprotective potential of a long-acting GM-CSF,
mPDMO608. We hypothesized that treatment with mPDM608
elicits robust Treg induction, anti-inflammatory responses, en-
hanced neuroprotection, and modulation of peripheral T-cell
populations similar to responses previously observed follow-
ing rGM-CSF treatment [24].

Overall, treatment with mPDM608 was well-tolerated in
naive mice, but did result in a dose-dependent increase in
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> 5-fold are in red. Genes downregulated > 2- to 5-fold are shown in light
green and > 5 are labeled dark green. (b) Depiction of the direct and
indirect network pathways generated using genes from panel (a). The
depicted pathway is a merged product of 2 connected networks:
hematological system development and function and inflammatory
response and cell-to-cell signaling. The resulting gene network was
analyzed and prepared using Qiagen’s IPA software. Green coloration
indicates downregulated genes. Pink or red coloration indicates
upregulated genes. Nodes lacking color indicate genes identified by
IPA that were not measured but are involved in the signaling pathways.
Gray arrows indicate direct relationships between 2 connecting genes

spleen size, which was an expected pharmacological result
[43]. Upon observation of increased spleen size, a toxicity
study was carried out and no untoward physical or behavioral
side effects were observed including alterations in weight,
movement, grooming, and social behavior. Similarly, after
14 days of treatment, spleen sizes returned to normal. The
rapid increase in spleen size over the course of 5 days is likely
due to the rapid reconstitution and proliferation of immune
subsets following therapy as indicated by the increased total
cell count within spleens and increased white cell counts with-
in our treatment animals. Similar monocyte and neutrophil
alterations were observed in our phase 1 clinical trial but not
determined as a serious adverse event [20]. Young rodents are
known to experience extramedullary hematopoiesis within the
spleen [44]. Although this was not observed with rtGM-CSF
treatment at the dose levels tested, it is a known side effect of
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rGM-CSF treatment in human subjects [43]. Nonetheless,
careful monitoring of spleen enlargement following treatment
with mPDM608 was carried out parallel to our clinical mon-
itoring in people treated with rGM-CSF. Along with spleen
enlargement, treatment with mPDM608 also resulted in a mi-
nor decrease in albumin and a more modest decline in alkaline
phosphatase levels in plasma. Although significant, decreases
in albumin and alkaline phosphatase levels were within nor-
mal limits suggesting no malnutrition or adverse health effects
from mPDMG608 treatment [45, 46].

Treatment with mPDM608 resulted in a dose-dependent
increase in Treg numbers that could be sustained up to 10 days
after a single injection and also resulted in increased cellular
function within the peripheral blood and spleen above those
observed with rtGM-CSF treatment. rtGM-CSF treatment
caused a near doubling of Treg numbers although not to a
significant level. Previously, we observed a significant in-
crease in Treg numbers following treatment with the same
dose of rtGM-CSF [24]. The modest variability observed
among these 2 studies is likely reflected in the source of
rGM-CSF, difference in animals used, investigator variability,
and experimental conditions. Nonetheless, mPDM608 signif-
icantly increased the number of Tregs induced following treat-
ment, and corresponding elevations following a single injec-
tion are also extended for up to 14 days post injection,
supporting its long-acting immune-modulating potential.
Likewise, Tregs isolated from mPDMG608-treated mice
displayed increased antiproliferative effects and were able to
suppress Tresp proliferation to a greater extent than Tregs
isolated from rGM-CSF-treated animals. This increased ca-
pacity to suppress immune cell proliferation is likely due to
the increased Maf, FoxP3, Rora, and Pparg expression levels
observed in our transcriptomic studies. Maf'is a transcription
factor that is essential for IL-10 gene expression [47, 48], and
IL-10 is an anti-inflammatory cytokine secreted by Tregs to
suppress T-cell proliferation via cell cycle arrest [48, 49].
Similarly, both the FoxP3 and Rora transcription factors are
important for maintenance of Treg suppressive function [50,
51]. PPAR-y-expressing Tregs have been shown to control
inflammation associated with obesity, and its expression is
also a major driver of maintaining Treg phenotype [52, 53].
Therefore, increased mRNA expression likely corresponds to
the increased inhibition of T-cell proliferation by mPDM608-
induced Tregs observed in functional assays.

rGM-CSF treatment has also been linked to neuroprotec-
tion. Our laboratory and others have displayed its potential to
increase neuronal survival and decrease microgliosis in
models of neurodegenerative disease [20, 24, 26, 28,
54-58]. However, this is achieved through daily dosing.
With the long-acting nature of mPDMG608, a single-injection
scheme achieved a nearly identical level of neuroprotection in
the MPTP mouse model. Treatment with mPDMG608 signifi-
cantly spared dopaminergic neuronal cell bodies along with

their projections into the striatum in MPTP-lesioned mice.
However, doses greater than 10.0 mg/kg began to decrease
the level of neuroprotection observed. This is likely due to
the fact that MPTP/MPP+ may be toxic to lymphoid cell pop-
ulations and may negatively affect proliferating T cells, both
Teffs and Tregs, leading to the loss of potentially neuropro-
tective mPDM608-induced T cells [41]. We have observed
this pattern when using other immunomodulating and Treg-
inducing agents [25]. Nonetheless, mPDM608 treatment also
resulted in a larger anti-inflammatory response than rGM-CSF
treatment alone as indicated by decreased microgliosis within
the lesion site. The resulting decrease in reactive microglial
populations is likely due to the overall anti-inflammatory phe-
notype in the total CD4* T-cell populations and the increased
level of the Treg subset following mPDM608 treatment.
Previously, our laboratory indicated the ability of CD4™ cells,
specifically Tregs, to facilitate microglial phenotype shifts
through the regulation of the microglial proteome, suppression
of microglial-induced ROS, suppression of NFkB activation,
and alterations in mitochondrial function [16, 59, 60].

MPTP intoxication generally results in about 10% neu-
ronal death from the neurotoxin itself [61]. However, for an
MPTP-induced lesion to progress and manifest, CD4" T
cells are required to maintain the inflammatory microenvi-
ronment within the brain [8]. Following MPTP intoxication,
CD4* T cells cross the blood-brain barrier (BBB), interact
with microglia, shift their phenotype, and enhance produc-
tion of proinflammatory and neurotoxic mediators [6].
Therefore, the anti-inflammatory phenotype generated
through mPDM608 treatment theoretically decreases the
level of microgliosis through cell-to-cell interactions and
anti-inflammatory cytokine production. Apart from in-
creased IL-10 expression, gene analysis of the CD4" pop-
ulation also indicated profound increases in i//r/l, a gene
responsible for the ST2 protein, and IL-13 levels [62]. ST2
is involved in the IL-33 and IL-13 signaling pathway [63].
The 1L-33/ST2/IL-13 signaling pathway has been implicat-
ed in Treg-dependent suppression in cytomegalovirus infec-
tions, Treg-mediated control of inflammation in lung injury,
neuroprotection against experimental autoimmune encepha-
lomyelitis (EAE), and immune control in acute graft-
versus-host disease (GVHD) [62, 64, 65]. Another study
revealed that Tregs expressing the IL-33 receptor, ST2,
are highly activated, Th2 biased, and suppress T-cell pro-
liferation through release of IL-10 and TGF [66]. Thus,
this signaling pathway would be a major mechanism in
shutting down the inflammatory immune response associat-
ed with MPTP lesions, ultimately leading to neuronal sur-
vival. A third immune gene that was highly expressed was
the /L-21 gene. IL-21 is a cytokine linked to modulation of
Treg homeostasis and maintaining suppressive function in
EAE, maintaining immune suppression through IL-10 in-
duction, and reducing proinflammatory cytokine secretion
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Fig. 9 Proposed immunosuppressive and neuroprotective mechanism of
GM-CSF treatment. Neuroinflammation is associated with PD and results
in the presence of activated microglia that contribute to an inflammatory
microenvironment within the brain. The proinflammatory milieu leads to
dopaminergic neuronal cell death. Peripheral administration of GM-CSF
leads to neuroprotection and decreased microgliosis through a number of
potential immune-mediated mechanisms. Treatment may result in the
generation of tolerogenic dendritic cells that can indirectly induce
regulatory T-cell populations, direct induction of immunosuppressive
regulatory T-cell populations themselves, and/or an anti-inflammatory
phenotypic shift in overall CD4" T-cell subsets or effector T-cell

from activated CD8 cells, all contributing to decrease pro-
inflammatory immune responses [67, 68]. In support of an
anti-inflammatory phenotype, many of the observed down-
regulated genes correspond to genes associated with a pro-
inflammatory immune response, such as Rel/NFkB, Nfat,
IL12rb2, irfl, and Jakl [69-72]. Nr4a3, the gene found
most profoundly decreased, is a gene associated with T-
cell proliferation and cell survival [73]. Its reduction may
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subsets. Specifically, treatment leads to upregulation of genes
associated with regulatory T-cell immunosuppressive function, Foxp3,
Rora, and Maf/IL-10. Treatment also upregulates genes required for
proteins that may be responsible in developing an anti-inflammatory
phenotype within the total CD4" T-cell population, including ST2, IL-
13, IL-21, IL-10, and Pparg. Following peripheral immune alterations
and cell inductions, regulatory T cells and/or anti-inflammatory CD4* T
cells can cross the blood-brain barrier into sites of inflammation and
restore the brain’s microenvironment into one that is neurotrophic and
anti-inflammatory, leading to increased neuronal survival and health

not have an effect on shifting T-cell phenotype, but on cell
survival. Overall, the observed gene changes were associ-
ated with an anti-inflammatory response and many genes
are directly linked to stabilizing a Treg phenotype.
Therefore, we posit that mPDM60S treatment elicits an
enhanced neuroprotective and anti-inflammatory profile
through either indirect or direct induction of Treg genes
associated with maintaining Treg suppression, and genes
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resulting in increased anti-inflammatory cytokine produc-
tion (Fig. 9). These modulations would likely yield a phe-
notypic shift from proinflammatory M1 microglia into anti-
inflammatory M2 microglia leading to overall immune sup-
pression and neurotrophic support within the lesioned brain.

Conclusions

Utilization of our long-acting GM-CSF treatment resulted in
an overall immune transformation above that previously ob-
served with standard rGM-CSF treatment. mPDMG608 offers
the possibility of decreased dosing frequency and increased
GM-CSF bioavailability. Treatment with mPDM608 resulted
in increased spleen size that corresponded to increased WBC
counts, and led to minor shifts in blood chemistry levels.
mPDMG608 treatment selectively induced Treg populations
more than twofold and enhanced Treg immunosuppressive
and antiproliferative cellular functions. mPDM608 treatment
spared dopaminergic neurons within the SN following MPTP
intoxication and decreased the corresponding immune-
mediated inflammatory response. The decrease in
microgliosis and resulting neuroprotection were linked to the
anti-inflammatory and regulatory T-cell phenotype afforded
by mPDMG608 treatment. Treatment led to increases in Treg-
related transcription factors, maf, Rora, and FoxP3, and alter-
ations in genes associated with anti-inflammatory immune
responses and cytokine production. Along with its robust neu-
roprotective and anti-inflammatory profile, all resulting posi-
tive changes were achieved using a single dose of mPDMG60S,
rather than consecutive dosing regimens using rtGM-CSF, thus
supporting the notion that long-acting GM-CSF treatment is
translationally appealing and clinically beneficial for the treat-
ment of PD.
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