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Abstract

Background: Pharmacological approaches that boost neu-
roprotective regulatory T cell (Treg) number and function
lead to neuroprotective activities in neurodegenerative
disorders.

Objectives: We investigated whether low-dose interleukin
2 (IL-2) expands Treg populations and protects nigrostriatal
dopaminergic neurons in a model of Parkinson’s disease
(PD).

Methods: IL-2 at 2.5 X 10* IU/dose/mouse was admin-
istered for 5 days. Lymphocytes were isolated and phe-
notype determined by flow cytometric analyses. To 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) intox-
icated mice, 0.5 X 10° of enriched IL-2-induced Tregs were
adoptively transferred to assess the effects on nigrostriatal
neuron survival.

Results: IL-2 increased frequencies of CD4*CD25%
CD127"°“FoxP3* Tregs that express ICOS and CD39 in blood
and spleen. Adoptive transfer of IL-2-induced Tregs to
MPTP-treated recipients increased tyrosine hydroxylase
(TH)* nigral dopaminergic neuronal bodies by 51% and
TH* striatal termini by 52% compared to control MPTP-
treated animal controls.
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Introduction

Parkinson’s disease is the most common neurodegener-
ative motor disorder [1]. The characteristic phenotype of
the disorder includes tremors at rest and bradykinesia that
result from loss of the neurotransmitter dopamine, which
is due, in large part, to the loss of dopamine-synthesizing
neurons that originate in the substantia nigra (SN) pars
compacta and innervate to the striatum. As one of many
synucleinopathies, intraneuronal inclusions of misfolded
and aggregated o-synuclein (a-syn) and ubiquitin accumu-
late to form Lewy bodies, which are hallmarks of PD and
considered posthumously diagnostic for PD [2, 3]. A second
characteristic hallmark of PD is chronic inflammation
mediated by innate immune cells, such as microglia and
infiltrating macrophages. Abundant evidence indicates
that high levels of inflammation lead to an increased oxida-
tive state in PD and play a major role in disease progression
and possibly etiology [4—6]. Activated microglia secrete
neurotoxic mediators and sufficiently increase oxidative
stress to induce misfolding and modification of a-syn,
which is secreted or released into the extraneuronal envi-
ronment upon cell injury or death, and activates surround-
ing microglia to perpetuate a chronic inflammatory state.
Moreover, inflammatory molecules secreted by microglia
also upregulate expression of monomeric a-syn in neurons
and promote its aggregation [7]. Activated microglia can
also elevate astrocytes to a reactive Al neurotoxic phe-
notype and play an important role in persistent chronic
neuroinflammation and a-syn aggregate formation [8—12].
Notably, neuronal exosomes that contain monomeric and
oligomeric a-syn are associated with spreading pathogenic
a-syn species to other neurons and glia that, in turn,
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support persistent inflammatory states [13—18]. In con-
trast, immune forces that control and regulate chronic
inflammation are diminished in PD [6, 19-22]. Indeed,
several reports show that regulatory T cells (Tregs), which
maintain active immunological tolerance and attenuate
inflammatory responses, are significantly diminished in
PD patients, while activated pro-inflammatory myeloid and
effector T cells (Teffs) are increased [21, 23-25].

Based on extensive pre-clinical studies and clinical
trials, we and others identified that Tregs can transform
pro-inflammatory, neurotoxic environments to more anti-
inflammatory and neurotrophic environments, wherein
dopaminergic neurons are rescued or spared from a
degenerative fate [20, 23, 24, 26—29]. Indeed, immunomod-
ulatory agents such as granulocyte-macrophage colony-
stimulating factor (GM-CSF) increase Treg numbers and
activity with parallel neuroprotective activities in PD
and Alzheimer’s disease (AD) [20, 23-25, 27-31]. Many
regulatory mechanisms of induced Tregs (iTregs) utilize
known pathways for improving disease outcomes; how-
ever, whether all pathways are operative in PD have yet
to be determined. Therefore, to compensate Treg deficits,
optimal levels of iTregs or iTreg activity could better control
disease-initiating inflammatory activities and potentially
mitigate disease progression. Thus, novel therapeutic
approaches would utilize immunomodulatory agents to
induce Tregs to restore diminished numbers and/or activ-
ity, attenuate neuroinflammation, and re-establish or
maintain immune tolerance with intervention of disease
progression in PD patients. Indeed, while GM-CSF seems to
satisfy those directives, the GM-CSF signaling pathway that
induces Tregs seems not to be one of direct Treg interaction
[27, 32].

The rationale for utilizing interleukin-2 (IL-2) rests
in its essential defined roles and direct interaction in
survival and expansion of new or existing Tregs. IL-2
upregulates forkhead box P3 (FoxP3) expression during
Treg development in the thymus and is involved in
Treg differentiation, lineage stability, proliferation, and
function [33]. Tregs constitutively express the high-affinity
receptor for IL-2, while its expression by other subsets of
T cells is induced after activation [34]. IL-2 signaling is
also a key component by which CD4*CD25*FoxP3* iTregs
exhibit functional dominance and can outgrow other T-cell
types that typically express lower levels of the IL-2 receptor
o chain (CD25) [35-38]. Therefore, in the steady state,
functional iTregs respond better to IL-2 than other T cells
and do so in a direct manner, rather than via intermediary
cell interactions [39]. This may account for the ability of
low doses of IL-2 to preferentially increase Treg numbers
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without global immune activation of other T cell types
[40-42]. However, whether IL-2 selectively induces new
Tregs or merely expands existing, but possibly deficient,
Tregs is currently unknown and untested in PD. Therapies
such as low-dose IL-2 or IL-2/anti-IL-2 antibody complexes
have been advanced in the clinic to preferentially expand
Treg populations as a treatment for chronic inflammatory
autoimmune diseases [43]. Some neuroprotective effects of
low-dose IL-2 treatment have been found in AD mice [44]
and in amyotrophic lateral sclerosis (ALS) patients [45].
Nevertheless, no study thus far has investigated the effects
of low-dose IL-2 in PD or pre-clinical PD models.

Herein, we sought to elucidate the impact of low-
dose IL-2-mediated transformation and expansion of Tregs
in the peripheral blood and lymphoid tissues of mice,
and to evaluate the neuroprotective capabilities of Tregs
generated by this pharmacological intervention in a PD
animal model.

Methods

Animals and IL-2 treatment

C57BL/6 male mice (5-6 weeks old) were purchased from Jackson
Laboratories (Bar Harbor, ME). 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.
Following a period of acclimation, mice were injected intraperi-
toneally (i.p.) with daily, low-dose (2.5 X 10* IU) human recombinant
interleukin-2 (PeproTech, Cranbury, NJ, USA) [40-42] for 5 days. For
neuroprotection experiments, mice were injected with either vehicle
(Dulbecco’s phosphate-buffered saline, DPBS) (Sigma-Aldrich, St.
Louis, MO, USA) at 10 mL/kg body weight or 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine hydrochloride (MPTP-HCI) in DPBS (Sigma-
Aldrich). Mice received 4 subcutaneous (s.c.) injections of MPTP-HCl
(16 mg/kg of MPTP free base) or DPBS, each injection at 2 h intervals.
Precautions for handling MPTP were according to the MPTP safety and
handling protocol [46]. On day 7 post-MPTP intoxication, mice were
sacrificed, and brains were harvested and processed for assessment
of neuronal survival.

Flow cytometric analysis

Following 5 days of treatment with low-dose IL-2 or DPBS, whole
blood and spleens were collected to determine T- and B-cell
profiles via flow cytometric (FCM) analysis. Peripheral blood and
splenocytes were fluorescently labeled using antibodies against
cell surface antigens including CD19, CD3, CD4, CD8, CD25,
CD39, ICOS, and CD127, and for the intracellular marker, FoxP3.
Whole blood (50 pL) and splenocytes (1 X 10°) were labeled
with PerCP Cyanine 5.5-anti-CD3 (eBioscience/Thermo Fisher Scien-
tific, Walltham, MA, USA), FITC-anti-CD8 (eBiosciences), APC-anti-
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CD19 (eBiosciences), PE-anti-CD25 (eBiosciences), PE-cyanine7-anti-
CD4 (eBiosciences), PerCP-eFluor710-anti-CD39 (eBiosciences), Alexa
Fluor488-anti-CD278 (ICOS) (Biolegend, San Diego, CA, USA), and
FITC-anti-CD127 (Biolegend). Isotype-matched antibodies and fluo-
rescence minus one (FMOs) served as negative controls. Intracellular
staining was performed following permeabilization for 45 min at 4 °C
using FoxP3/Transcription Factor Staining Buffer Set (eBioscience).
Following fixation, cells were labeled with APC-anti-FoxP3 (eBio-
science). Samples were analyzed with an LSRII flow cytometer and
FACSDiva Software (BD Biosciences, San Diego, CA, USA), and all
cell frequencies were gated from the total lymphocyte population
(Figure 1A).

Treg isolation and adoptive transfer

For mouse studies, CD4*CD25" T cells were isolated from spleens
and lymph nodes using EasySep Mouse CD4*CD25* Regulatory T Cell
Isolation Kit IT (StemCell, Cambridge, MA, USA) per the manufacturer’s
instructions. CD4*CD25" Tregs were >85% enriched as determined
by FCM analysis. To MPTP-intoxicated recipient mice, 0.5 X 10°
CD4*+CD25% enriched Tregs were adoptively transferred via tail vein
injection 8-12 h after the final MPTP treatment; an interval which
allows clearance of extracellular MPTP and MPP+ [4, 20, 27, 31,
46, 47].

Perfusion and immunohistochemistry

Seven days after MPTP intoxication, mice were terminally anes-
thetized with pentobarbital (Fatal Plus, Vortech Pharmaceutical,

M. Markovic et al.: Neuroprotective IL-2 induced Tregs =— 3

Dearborn, MI, USA) and transcardially perfused with PBS followed
by 4% paraformaldehyde (PFA) (Sigma-Aldrich) in PBS. Brains
were harvested after perfusion and processed to assess survival of
dopaminergic neuronal cell bodies in the substantia nigra (SN) and
termini in the striatum. To evaluate neuronal bodies, cryopreserved
midbrains were sectioned at 30 pm and immunostained for tyrosine
hydroxylase (TH) (anti-TH, 1:2000, EMD Millipore, Burlington, MA,
USA) and counterstained for Nissl substance [27, 47]. To assess
dopaminergic termini, 30 pm striatal sections were labeled with anti-
TH (1:1,000, EMD Millipore). To visualize antibody-labeled tissues,
sections were incubated in streptavidin-HRP solution (ABC Elite
Vector Kit, Vector Laboratories, Burlingame, CA USA) and color
was developed using an H,0, generation system in the presence
of diaminobenzidine (DAB) chromogen (Sigma-Aldrich). Estimated
neuron numbers were quantified by a blinded investigator and
unbiased stereological analysis using Stereolnvestigator software
(MBF Bioscience, Williston, VT, USA) [27, 47]. Density of dopaminergic
neuron termini in the striatum was determined by digital densitometry
using Image ] software (National Institutes of Health, Bethesda,
MD, USA).

Statistical analysis

Allvalues are expressed as mean + SEM. Differences in between-group
means for neuronal counts were analyzed using ANOVA followed
by Newman-Keuls post hoc test. For differences between groups in
populations of lymphocytes Student’s t-test was used (mean + SEM,
n=3). For all studies, data were analyzed using GraphPad Prism 9.3.1
software (La Jolla, CA, USA).
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Figure 1: (A) Representative gating strategy for flow cytometric analysis of lymphocyte population in the whole blood of mice treated with
PBS or 2.5 X 10* IU rIL-2. Quantification of CD3*, CD19*, CD4*, CD8*, CD4+CD25*CD127'°", CD4*CD25tCD39*, CD4*CD25%1COS*, and
CD4*CD25%FoxP3* cells in (B) whole blood and (C) spleen of treated mice. Differences in mean + SEM (n=3 mice per group) between groups

were determined significant when p<0.05.
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Results

Treatment of mice with low-dose IL-2 produced 2- to
3-fold higher percentages of CD4*CD25% Tregs in mice
regardless of CD127'°% or FoxP3* Treg phenotype as
demonstrated by flow cytometric analysis and com-
pared to PBS-treated controls (Figure 1A-C). In both
blood and spleen of IL-2-treated mice, frequencies of
CD4+CD25*CD127°% Tregs were significantly elevated
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by at least 2-fold, while CD4*CD25*FoxP3* Tregs were
3-fold higher than those of PBS controls. Percentages of
CD4*CD25* Tregs that express CD39 or ICOS cell surface
markers were also elevated in spleens of mice treated with
IL-2 compared to PBS-treated mice. CD4+*CD25tCD39* Treg
frequencies were double in the spleen, but unchanged
in the blood, whereas CD4TCD251ICOS™ Tregs were sig-
nificantly elevated in blood and somewhat higher in the
spleen compared to PBS control, though not significantly.
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Figure 2: Neuroprotection following adoptive transfer of low-dose IL-2-induced Tregs.

(A) Representative images of TH* /Nissl* dopaminergic neurons within the substantia nigra (SN, upper row) and projections into the striatum
(STR, bottom row) of recipient mice treated with PBS (n=7), MPTP (n=6), or MPTP followed by adoptive transfer of Tregs from donor mice
treated with 2.5 X 10* IU of IL-2 (IL-2 Treg) (n=6). (B) Quantification of total numbers of surviving dopaminergic (TH* /Nissl*) and
non-dopaminergic (TH=/Nissl*) neurons within the SN following MPTP intoxication and adoptive transfer of 0.5 X 10¢ Tregs. (C) Densitometry
analysis of TH* termini within the STR with MPTP intoxication followed by adoptive transfer of Tregs. Differences in means + SEM were

determined where p<0.05.
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Additionally, IL-2 treatment elevated the frequencies of
CD4+CD25+FoxP3+CD39+ Tregs in blood and spleen
compared to controls from 0.5% + 0.2 to 1.7% + 0.8
and 0.03% =+ 0.03 to 1.1% =+ 0.9%, respectively, though
those increases were not statistically significant. Per-
centages of CD19" B lymphocytes in peripheral blood
of IL-2 treated mice were elevated, though not sig-
nificantly (Figure 1B), whereas those in spleen were
significantly increased (Figure 1C). Other markers for T-
lymphocyte populations showed no significant differences
in expression from IL-2-treated mice compared to PBS
controls.

To assess the neuroprotective capacity of IL-2-induced
Tregs, lymph node and splenic T cells were isolated from
low-dose IL-2 treated donors, enriched for CD4*CD25"
Tregs, and adoptively transferred to MPTP-treated recipient
mice. Seven days after adoptive transfer of Tregs, ventral
midbrains and striata of recipient mice were sectioned,
processed, stained for TH expression, and assessed for
TH+ dopaminergic neuron survival (Figure 2A). Adop-
tive transfer of Tregs from donor mice treated with
low-dose IL-2 increased TH*/Nissl™ neuron survival 51%
to 9773 + 750 compared to MPTP intoxication alone
(6460 + 380) (Figure 2B). Likewise, densitometric anal-
ysis of TH* striatal termini demonstrated a signifi-
cant neuroprotective effect following adoptive transfer
of IL-2-induced Tregs by rescuing 52% more dopamin-
ergic striatal termini compared to MPTP-treated mice
(Figure 2C).

Discussion

Tregs are a subset of CD4* T cells that play a major role
in the initial establishment and maintenance of immune
tolerance and sustaining immune homeostasis. Functional
mechanisms by which Tregs function include disrupting
antigen presentation and co-stimulation by antigen pre-
senting cells (APCs), suppressing proliferative activities of
CD4* and CD8* Teffs, and attenuating pro-inflammatory
functions of myeloid lineage cells, such as microglia [48].
Tregs are initially derived from the thymus (natural or
nTregs), but also arise from peripheral naive T cells or
are transformed from Teffs in the periphery (induced Tregs
or iTregs); the latter mainly develop from activated CD4* T
cells in the presence of TGF-f and IL-2. Tregs are broadly
identified as CD3*CD4*CD25%FoxP3* cells in both mice
and humans. In addition, an inverse correlation of IL-7
receptor (CD127) expression and FoxP3 expression exist,
whereby Tregs are characterized as low CD127-expressing
cells [49]. Here, we demonstrate that treatment with low
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doses of IL-2 induces a treatment-specific Treg population
with overexpression of immunosuppressive Treg cell mark-
ers. Our data show a distinct increase in representation of
CD3+CD4*CD25*CD127'°% Tregs that express FoxP3 in the
blood and spleen of IL-2 treated animals compared to PBS-
treated controls. Frequencies of Tregs were also increased
that express CD39, which together with CD73, comprise
two surface expressed ectonucleotidases that catalyze the
degradation of ATP to adenosine, which acts on adenosine
A2a receptors to inhibit dendritic cell (DC) presentation
of antigens and suppress proliferation of activated Teffs
[50]. In the spleens of IL-2-treated mice, increased numbers
of CD4*tCD25tCD39* Tregs were double those of PBS
controls. ICOS signaling in Tregs is also important for
generation, proliferation, survival, and suppressive activ-
ities of Tregs [51]. ICOS* Tregs exhibit superior inhibitory
capacity that is partly attributable to ICOS-mediated
induction of IL-10, an anti-inflammatory cytokine, which
with ICOS-signaling can synergize to broadly participate
in anti-inflammatory control of responses [52, 53]. Indeed,
in these studies, peripheral blood and spleen CD25*ICOS*
Treg frequencies were also increased in IL-2-treated mice.
Next, we elucidated whether Treg populations from IL-
2-treated donor mice have the capacity to affect dopamin-
ergic neurodegeneration and spare dopamine neuronal
bodiesin the substantia nigra and termini in the striatum of
MPTP-intoxicated mice. We previously demonstrated that
adoptive transfer of natural or pharmacologically-induced
[GM-CSF or vasoactive intestinal peptide (VIP)] donor Tregs
at doses as low as 1 X 10® CD4*CD25% cells/recipient
provided significant neuroprotection in the MPTP model
[20, 27]. In this study, we adoptively transferred 0.5 x 10°
CD4*TCD25™ Tregs that were induced by low doses of IL-2.
With 50% fewer Tregs than previous studies, IL-2-induced
Tregs spared 51% of nigral dopaminergic neuronal bodies
and 52% of the striatal termini in MPTP intoxicated mice.
The potency of the neuroprotective effect afforded by
low-dose IL-2-induced Tregs in MPTP-recipients might
in part be due to increased frequency of Tregs with
upregulated ICOS and CD39, which have been shown
to define a more functional subset of Tregs that exhibit
higher immunsuppressive capacity [53, 54], thus providing
greater neuroprotection. Further studies are needed to
investigate the dose-dependency of IL-2 induction on Treg
populations. With additional immune phenotyping and
expression profiles of IL-2-induced Tregs, the mechanism
of how these Tregs differ from Tregs induced by other
immunomodulatory agents, such as GM-CSF or VIP may be
revealed [26-28, 31]. Therefore, this interventional strategy
may lead to sustained suppressive immune response
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in PD and many other neurodegenerative diseases and
autoimmune disorders.

Acknowledgments: The authors would like to thank the
UNMC Flow Cytometry Research Facility staff and Mr.
Daniel Wood for exceptional flow cytometric analysis
support.

Research funding: National Institutes of Health grant
T32 NS105594, RO1 NS36126 (HEG), RO1 NS034239 (HEG
and RLM); PO1 MH64570; P30 MH062261; and from the
University of Nebraska Foundation (the Carol Swarts, M.D.
Emerging Neuroscience Research Laboratory; the Margaret
R.Larson Professorship; Robert Eisenberg, the Frances and
Louie Blumkin, and Harriet Singer Endowments).

Author contributions: Investigation, formal analysis: M.M.,
PJ., KN, Y.L., M.S. and K.E.O.; conceptualization, and
writing: M.M., H.E.G., R.L.M. All authors have read and
have accepted responsibility for the entire content of this
manuscript and approved its submission.

Competing interests: Authors state no conflict of interest.
Informed consent: Not applicable.

Ethical approval: 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.

References

1. Tysnes O-B, Storstein A. Epidemiology of Parkinson’s disease.
J Neural Transm 2017;124:901—5.

2. Li)-Y, Englund E, Holton JL, Soulet D, Hagell P, Lees AJ, et al.
Lewy bodies in grafted neurons in subjects with Parkinson’s
disease suggest host-to-graft disease propagation. Nat Med
2008;14:501-3.

3. Mendez |, Vifiuela A, Astradsson A, Mukhida K, Hallett P,
Robertson H, et al. Dopamine neurons implanted into people
with Parkinson’s disease survive without pathology for 14
years. Nat Med 2008;14:507—9.

4, Benner EJ, Banerjee R, Reynolds AD, Sherman S, Pisarev VM,
Tsiperson V, et al. Nitrated alpha-synuclein immunity
accelerates degeneration of nigral dopaminergic neurons.
PLoS One 2008;3:e1376.

5. Gelders G, Baekelandt V, Van der Perren A. Linking
neuroinflammation and neurodegeneration in Parkinson’s
disease. ] Immunol Res 2018;2018:4784268.

6. Mosley RL, Hutter-Saunders JA, Stone DK, Gendelman HE.
Inflammation and adaptive immunity in Parkinson’s disease.
Cold Spring Harb Perspect Med 2012;2:a009381.

7. Dutta D, Jana M, Majumder M, Mondal S, Roy A, Pahan K.
Selective targeting of the TLR2/MyD88/NF-kappaB pathway

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

DE GRUYTER

reduces alpha-synuclein spreading in vitro and in vivo. Nat
Commun 2021;12:5382.

Liddelow SA, Barres BA. Reactive astrocytes: production,
function, and therapeutic potential. Immunity
2017;46:957—67.

Miyazaki |, Asanuma M. Neuron-astrocyte interactions in
Parkinson’s disease. Cells 2020;9:2623.

Yun SP, Kam T, Panicker N, Kim S, Oh 'Y, Park JS, et al. Block
of A1 astrocyte conversion by microglia is neuroprotective in
models of Parkinson’s disease. Nat Med 2018;24:931—8.
Bantle CM, Rocha SM, French CT, Phillips AT, Tran K, Olson KE,
et al. Astrocyte inflammatory signaling mediates
alpha-synuclein aggregation and dopaminergic neuronal loss
following viral encephalitis. Exp Neurol 2021;346:113845.
Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ,
Schirmer L, et al. Neurotoxic reactive astrocytes are induced
by activated microglia. Nature 2017;541:481—7.

Pascual M, Ibanez F, Guerri C. Exosomes as mediators of
neuron-glia communication in neuroinflammation. Neural
Regen Res 2020;15:796—801.

Volpicelli-Daley LA, Luk KC, Lee VM. Addition of exogenous
alpha-synuclein preformed fibrils to primary neuronal
cultures to seed recruitment of endogenous alpha-synuclein
to Lewy body and Lewy neurite-like aggregates. Nat Protoc
2014;9:2135—46.

Alvarez-Erviti L, Seow Y, Schapira AH, Gardiner C, Sargent IL,
Wood M|, et al. Lysosomal dysfunction increases
exosome-mediated alpha-synuclein release and
transmission. Neurobiol Dis 2011;42:360—7.

Jiang C, Hopfner F, Katsikoudi A, Hein R, Catli C, Evetts S, et al.
Serum neuronal exosomes predict and differentiate
Parkinson’s disease from atypical parkinsonism. ] Neurol
Neurosurg Psychiatry 2020;91:720—9.

Fussi N, Hollerhage M, Chakroun T, Nykanen NP, Rosler TW,
Koeglsperger T, et al. Exosomal secretion of alpha-synuclein
as protective mechanism after upstream blockage of
macroautophagy. Cell Death Dis 2018;9:757.

Dutta S, Hornung S, Kruayatidee A, Maina KN, Del Rosario I,
Paul KC, et al. alpha-Synuclein in blood exosomes
immunoprecipitated using neuronal and oligodendroglial
markers distinguishes Parkinson’s disease from multiple
system atrophy. Acta Neuropathol 2021;142:495—511.
Alvarez-Luquin DD, Arce-Sillas A, Leyva-Hernandez J,
Sevilla-Reyes E, Boll MC, Montes-Moratilla E, et al. Regulatory
impairment in untreated Parkinson’s disease is not restricted
to Tregs: other regulatory populations are also involved.

) Neuroinflammation 2019;16:212.

Reynolds AD, Stone DK, Hutter JA, Benner EJ, Mosley RL,
Gendelman HE. Regulatory T cells attenuate Th17
cell-mediated nigrostriatal dopaminergic neurodegeneration
in a model of Parkinson’s disease. ] Immunol
2010;184:2261—71.

Saunders JA, Estes KA, Kosloski LM, Allen HE, Dempsey KM,
Torres-Russotto DR, et al. CD4* regulatory and
effector/memory T cell subsets profile motor dysfunction in
Parkinson’s disease. ] Neuroimmune Pharmacol
2012;7:927-38.



DE GRUYTER

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Schwab AD, Thurston MJ, Machhi J, Olson KE, Namminga KL,
Gendelman HE, et al. Inmunotherapy for Parkinson’s disease.
Neurobiol Dis 2020;137:104760.

Gendelman HE, Zhang Y, Santamaria P, Olson KE, Schutt CR,
Bhatti D, et al. Evaluation of the safety and
immunomodulatory effects of sargramostim in a randomized,
double-blind phase 1 clinical Parkinson’s disease trial. NP)
Parkinsons Dis 2017;3:10.

Olson KE, Namminga KL, Lu Y, Schwab AD, Thurston M),
Abdelmoaty MM, et al. Safety, tolerability, and
immune-biomarker profiling for year-long sargramostim
treatment of Parkinson’s disease. EBioMedicine
2021;67:103380.

Thome AD, Atassi F, Wang |, Faridar A, Zhao W, Thonhoff R,
et al. Ex vivo expansion of dysfunctional regulatory T
lymphocytes restores suppressive function in Parkinson’s
disease. NPJ Parkinson’s Dis 2021;7:41.

Mosley RL, Lu Y, Olson KE, Machhi J, Yan W, Namminga KL,

et al. A synthetic agonist to vasoactive intestinal peptide
receptor-2 induces regulatory T cell neuroprotective activities
in models of Parkinson’s disease. Front Cell Neurosci
2019;13:421.

Olson KE, Namminga KL, Lu Y, Thurston M), Schwab AD,

de Picciotto S, et al. Granulocyte-macrophage colony-
stimulating factor mRNA and Neuroprotective

Immunity in Parkinson’s disease. Biomaterials
2021;272:120786.

Olson KE, Namminga KL, Schwab AD, Thurston MJ, Lu'Y,
Woods A, et al. Neuroprotective activities of long-acting
granulocyte-macrophage colony-stimulating factor
(mPDM608) in 1-methyl-4-phenyl-1, 2, 3,
6-tetrahydropyridine-intoxicated mice. Neurotherapeutics
2020;17:1861-77.

Potter H, Woodcock JH, Boyd TD, Coughlan CM,
0’Shaughnessy JR, Borges MT, et al. Safety and efficacy of
sargramostim (GM-CSF) in the treatment of Alzheimer’s
disease. Alzheimers Dement (N Y). 2021;7:e12158.

Kiyota T, Machhi ], Lu Y, Dyavarshetty B, Nemati M, Yokoyama
I, et al. Granulocyte-macrophage colony-stimulating factor
neuroprotective activities in Alzheimer’s disease mice.

J Neuroimmunol 2018;319:80—92.

Kosloski LM, Kosmacek EA, Olson KE, Mosley RL, Gendelman
HE. GM-CSF induces neuroprotective and anti-inflammatory
responses in 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine
intoxicated mice. ] Neuroimmunol 2013;265:1—10.

Schutt CR, Gendelman HE, Mosley RL. Tolerogenic bone
marrow-derived dendritic cells induce neuroprotective
regulatory T cells in a model of Parkinson’s disease. Mol
Neurodegener 2018;13:26.

Zorn E, Nelson EA, Mohseni M, Porcheray F, Kim H, Litsa D,

et al. IL-2 regulates FOXP3 expression in human CD4*CD25%
regulatory T cells through a STAT-dependent mechanism and
induces the expansion of these cells in vivo. Blood
2006;108:1571-9.

Chinen T, Kannan AK, Levine AG, Fan X, Klein U, Zheng Y, et al.
An essential role for the IL-2 receptor in Treg cell function. Nat
Immunol 2016;17:1322—33.

Hotta-lwamura C, Benck C, Coley WD, LiuY, Zhao Y, Quiel A,
et al. Low CD25 on autoreactive Tregs impairs tolerance via

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

M. Markovic et al.: Neuroprotective IL-2 induced Tregs = 7

low dose IL-2 and antigen delivery. ] Autoimmun
2018;90:39—48.

Dong S, Hiam-Galvez KJ, Mowery CT, Herold KC, Gitelman SE,
Esensten JH, et al. The effect of low-dose IL-2 and Treg
adoptive cell therapy in patients with type 1 diabetes. |CI
Insight 2021;6:e147474.

MacMillan ML, Hippen KL, McKenna DH, Kadidlo D, Sumstad
D, DeFor TE, et al. First-in-human phase 1 trial of induced
regulatory T cells for graft-versus-host disease prophylaxis in
HLA-matched siblings. Blood Adv 2021;5:1425—36.

Hui Z, Zhang ), ZhengY, Yang L, Yu W, An Y, et al. Single-cell
sequencing reveals the transcriptome and TCR characteristics
of pTregs and in vitro expanded iTregs. Front Immunol
2021;12:619932.

Abbas AK, Trotta E, D RS, Marson A, Bluestone JA. Revisiting
IL-2: biology and therapeutic prospects. Sci Immunol
2018;3:eaat1482.

Grinberg-Bleyer Y, Baeyens A, You S, Elhage R, Fourcade G,
Gregoire S, et al. IL-2 reverses established type 1 diabetes in
NOD mice by a local effect on pancreatic regulatory T cells.

) Exp Med 2010;207:1871—8.

Tang Q, Adams )Y, Penaranda C, Melli K, Piaggio E,
Sgouroudis E, et al. Central role of defective interleukin-2
production in the triggering of islet autoimmune destruction.
Immunity 2008;28:687—97.

Wang F, Wang S, He B, Liu H, Wang X, Li C, et al.
Immunotherapeutic strategy based on anti-OX40L and low
dose of IL-2 to prolong graft survival in sensitized mice by
inducing the generation of CD4(+) and CD8(+) Tregs. Int
Immunopharmacol 2021;97:107663.

Abbas AK. The surprising story of IL-2: from experimental
models to clinical application. Am ] Pathol
2020;190:1776 —81.

Alves S, Churlaud G, Audrain M, Michaelsen-Preusse K, Fol R,
Souchet B, et al. Interleukin-2 improves amyloid pathology,
synaptic failure and memory in Alzheimer’s disease mice.
Brain 2017;140:826 —42.

Giovannelli |, Bayatti N, Brown A, Wang D, Mickunas M, Camu
W, et al. Amyotrophic lateral sclerosis transcriptomics reveals
immunological effects of low-dose interleukin-2. Brain
Commun 2021;3:fcab141.

Jackson-Lewis V, Przedborski S. Protocol for the MPTP
mouse model of Parkinson’s disease. Nat Protoc
2007;2:141-51.

Benner EJ, Mosley RL, Destache CJ, Lewis TB, Jackson-Lewis V,
Gorantla S, et al. Therapeutic immunization protects
dopaminergic neurons in a mouse model of Parkinson’s
disease. Proc Natl Acad Sci U S A 2004;101:9435—40.
Shevyrev D, Tereshchenko V. Treg heterogeneity, function,
and homeostasis. Front Immunol 2020;10:3100.

Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, Zhu S, et al.
CD127 expression inversely correlates with FoxP3 and
suppressive function of human CD4* Treg cells. ) Exp Med
2006;203:1701—11.

Ernst PB, Garrison JC, Thompson LF. Much ado about
adenosine: adenosine synthesis and function in regulatory T
cell biology. ) Immunol 2010;185:1993 —8.

. Chen Q, Mo L, Cai X, Wei L, Xie Z, Li H, et al. ICOS

signal facilitates Foxp3 transcription to favor



8 = M. Markovic et al.: Neuroprotective IL-2 induced Tregs DE GRUYTER

suppressive function of regulatory T cells. Int ) Med Sci 53. LiD-Y, Xiong X-Z. ICOS* Tregs: a functional
2018;15:666—73. subset of Tregs in immune diseases. Front Immunol

52. Landuyt AE, Klocke BJ, Duck LW, Kemp KM, Muir RQ, Jennings 2020;11:2104.
MS, et al. ICOS ligand and IL-10 synergize to promote 54. Savio LEB, Robson SC, Longhi MS. Ectonucleotidase
host-microbiota mutualism. Proc Natl Acad SciUS A modulation of lymphocyte function in gut and liver. Front Cell

2021;118:2018278118. Dev Biol 2020;8:621760.



	Introduction
	Methods
	Animals and IL-2 treatment
	Flow cytometric analysis
	Treg isolation and adoptive transfer
	Perfusion and immunohistochemistry
	Statistical analysis

	Results
	Discussion


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


