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Abstract
Innate and adaptive immune responses can speed nigrostriatal neurodegeneration in Parkinson’s
disease (PD). We posit that GM-CSF can attenuate such responses. In 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) intoxicated mice, GM-CSF given prior to MPTP protected nigral
dopaminergic neurons coincident with altered microglial morphologies and regulatory T cell
(Treg) induction. Adoptive transfer of GM-CSF-induced Treg to MPTP mice protected nigral
neurons and their striatal termini. Gene expression analyses revealed novel immune-based
neuronal protection pathways. The results provide evidence that GM-CSF modulation of
immunity could be of clinical benefit for PD.
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1. Introduction
Parkinson’s disease (PD) is second only to Alzheimer’s disease (AD) as the most common
neurodegenerative condition. There are upwards of 1 million cases in the United States
alone (Olanow et al., 2009). Thus, therapies that affect neural repair have commanded
significant current attention in recent years in the face of significant rises in disease
prevalence (Benner et al., 2004, Laurie et al., 2007, Reynolds et al., 2007, Nie et al., 2013,
Shrivastava et al., 2013). A therapeutic strategy gaining increasing interest is one that
interdicts PD-associated immunity, a pathobiologic disease component linked to neuronal
injury that governs the tempo of progressive movement and clinical posture deterioration.
This idea is supported by both animal and human studies that have uncovered substantive
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changes in both innate and adaptive immunity during disease (Kurkowska-Jastrzebska et al.,
1999, Reynolds et al., 2008, Brochard et al., 2009, Reynolds et al., 2010, Iannaccone et al.,
2013). Notably, innate immunity leads to the release of neurotoxic products, including
reactive oxygen species, pro-inflammatory cytokines and chemokines, excitotoxins and
arachidonic acid metabolites; all possessing the potential to singularly affect dopaminergic
neuronal function and death (McGeer et al., 1988, Damier et al., 1993, Liberatore et al.,
1999, Benner et al., 2008, Reynolds et al., 2009b). Among adaptive immune changes,
increased presence of T effector memory cells (Tem) and dysfunctional regulatory T cells
(Treg) are seen during PD progression (Hutter Saunders et al., 2012). Similar altered profiles
of effector T cell (Teff) and dysregulated Treg are seen in a range of disorders that include
multiple sclerosis, stroke, Crohn’s disease, type 1 diabetes, rheumatoid arthritis, and
myasthenia gravis (Balandina et al., 2005, Fletcher et al., 2009, Ishikawa et al., 2013, Nie et
al., 2013, Schwarz et al., 2013). Based on these data, we reasoned that the induction of Treg
could correct such immune aberrations. To this end, we sought to restore a homeostatic
immune environment by administration of a drug targeted to expand Treg and positively
affect PD pathobiology (Li et al., 2012, Marek-Trzonkowska et al., 2013, Mayne and
Williams, 2013, Safinia et al., 2013).

Anti-inflammatory agents have been used to test the idea that altered immunity in PD, if
properly controlled, could reduce signs and symptoms of disease. For example, in a recent
clinical study, ibuprofen elicited decreased risks for PD (Gao et al., 2011). Based on such
clinical outcomes, we reasoned that increasing Treg numbers and function could have
similar and perhaps even stronger clinical potential through the cell’s immune modulatory
activities. With this directive in mind, we tested granulocyte macrophage colony stimulating
factor (GM-CSF, termed Leukine or sargramostim) for its potential to halt the progression of
nigrostriatal degeneration. GM-CSF has been safely used for decades in the clinic to
mobilize myeloid progenitor cells in immunosuppressed patients following chemotherapy or
transplant (Buchsel et al., 2002). However, between its initial description in the 1960s and
the present, it has become increasingly clear that this agent has more far-reaching activity.
Aside from its immune stimulatory activities, it has been shown to induce Treg (Sheng et al.,
2011, Rowin et al., 2012). It has also shown efficacy in trials for Crohn’s disease in which
GM-CSF was able to reduce disease severity (Roth et al., 2009, Wong 2011). In the CNS,
GM-CSF is produced by resident astroglia and T cells, and can also cross the blood-brain
and blood-spinal cord barriers where it engages receptors on both immune and neural cells
(McLay et al., 1997). GM-CSF affects neuronal plasticity, learning, and memory, and has
neurotrophic and anti-apoptotic activities for photoreceptors (Huang et al., 2007, Kim et al.,
2012, Krieger et al., 2012, Schallenberg et al., 2012, Kim et al., 2013). In CNS disease
states, it is involved in recovery and control of cell death following spinal cord injury (Ha et
al., 2005). Interestingly, GM-CSF is implicated in the prevention of Alzheimer’s disease in
rheumatoid arthritis patients as well as animal models of AD and is currently approved in a
clinical trial for its potential to reduce dementia (McGeer et al. 1990, Boyd et al., 2010).

Importantly, GM-CSF has been shown to be neuroprotective in PD models, including
MPTP, 6-hydroxydopamine (OHDA), and paraquat, by decreasing the proteins associated
with neuronal apoptosis, Bcl-2 and Bax, and inducing brain derived neurotrophic factor
(BDNF) (Kim et al., 2009, Choudhury et al., 2011, Mangano et al., 2011). These findings
benefit PD patients administered GM-CSF and may provide an additional mechanism to
interdict disease progression, but they provide a poor clinically measurable outcome. PD is
not diagnosed until 50–60% of dopaminergic neurons are already lost, from diagnosis the
disease progresses differently in each individual, and there are no clinical tests designed to
measure neuronal loss. Therefore, we sought to find a measurable signature of GM-CSF
treatment that is correlated to PD progression.
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Thus, we investigated the link between the neuroprotective potential of GM-CSF and its
immune modulatory capability in a PD model. We demonstrate that GM-CSF protects
dopaminergic neurons from 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
death, and that this protection is facilitated by modulation of both innate and adaptive
immunity that includes the increased Treg regulation of neuroinflammation. Our data
identifies GM-CSF as a candidate for clinical translation for PD neuroprotection based on its
broad immune regulatory activities.

2. Materials and Methods
Animals, drug treatment, and MPTP intoxication

Male C57Bl6/J mice, 5 wk old (The Jackson Laboratory, Bar Harbor, ME) were used as
donor mice in all studies with the exception of laser capture microdissection (LCM) studies.
Donor and pretreated mice were administered recombinant mouse GM-CSF (Peprotech,
Rocky Hill, NJ) reconstituted in sterile Dulbecco’s PBS (DPBS), at a dosage of 50 μg/kg
body weight, i.p., daily for 5 days unless otherwise specified. Recipient mice, C57Bl6/J
mice, 5 wk old (The Jackson Laboratory), received four s.c. injections of either vehicle
(DPBS, 10 ml/kg body weight) or MPTP-HCl (Sigma-Aldrich, St. Louis, MO) at 16 mg
MPTP (free base)/kg body weight in DPBS; each injection was given at 2-h intervals.
Twelve hours after the last injection of MPTP, isolated CD4+ T cells or Treg from donors
were adoptively transferred to MPTP-intoxicated recipient mice (n = 5–8 mice per group per
time point). On days 2 and 6 after MPTP, mice were sacrificed and brains processed for
analysis. In vivo experiments were repeated 3 times. All animal procedures were in
accordance with National Institutes of Health guidelines and were approved by the
Institutional Animal Care and Use Committee of the University of Nebraska Medical
Center. MPTP safety measures were in accordance of published guidelines (Jackson-Lewis
and Przedborski, 2007).

Isolation and adoptive transfer of CD4+ T cells
On the sixth day following GM-CSF administration, donor mice were sacrificed and single-
cell suspensions obtained from spleen and lymph nodes (brachial, axillary, inguinal) by
passing tissues through a 70 μm cell strainer (Fisher Scientific). CD4+ T cells were
negatively selected using CD4+ T cell Isolation Kit II, mouse, as per manufacturer’s
instructions (Miltenyi Biotech, Auburn, CA). Treg were isolated using the CD4+CD25+
Regulatory T cell Isolation kit, mouse (Miltenyi Biotech). Following isolation, samples were
labeled with anti-mouse CD4 PE-Cyanine 7 and anti-mouse CD25 PE (eBioscience, San
Diego, CA). Cells were permeabilized and labeled with anti-mouse FoxP3 APC using Anti-
Mouse/Rat FoxP3 staining kit APC (eBioscience). CD4+ populations were >94% CD4+ and
Treg were >90% CD4+CD25+FoxP3+. These populations were resuspended in DBPS at 40
× 106 cells/ml for CD4+ cells and 4 × 106 cells/ml for Treg. Recipient mice received i.v. tail
injections of 0.25 ml from the freshly isolated and appropriate cell suspension (10 × 106

CD4+ cells or 1 × 106 Treg) within 12 h of the final MPTP dose.

Flow cytometry
Fluorescently labeled cell fractions were analyzed by a FACSCalibur flow cytometer and
FACSDiva software v6.0 (BD Biosciences, San Jose, CA) as previously reported (Reynolds
et al.).

Immunohistochemistry
Under terminal anesthesia, mice were transcardially perfused with DPBS followed by 4%
paraformaldehyde (Sigma-Aldrich) in DPBS. To assess dopaminergic neurons in the SN,
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frozen midbrain sections (30 μm) were immunostained for tyrosine hydroxylase (TH) (anti-
TH, 1:2000, Calbiochem, San Diego, CA) and counterstained for Nissl substance by thionin
staining (Benner et al., 2004). To assess microglia within the SN, midbrain sections were
immunostained for Mac-1 (anti-CD11b, 1:1000, Abd Serotech, Raleigh, NC). To assess
dopaminergic termini, striatal sections (30 μm) were labeled with anti-tyrosine hydroxylase
(anti-TH, 1:1000, Calbiochem). To visualize antibody-labeled tissues, sections were
incubated in streptavidin-HRP solution (ABC Elite Vector Kit, Vector Laboratories,
Burlingame, CA) and color developed using an H2O2 generation system and
diaminobenzidine (DAB) chromogen (Sigma-Aldrich) as described (Benner et al., 2008).
Within the SN, total numbers of Mac-1+ cells, TH+Nissl+ (dopaminergic neurons), and
TH−Nissl+ (non-dopaminergic neurons) were estimated by stereological analysis with Stereo
Investigator software (MBF Bioscicence, Williston, VT) using the optical fractionator
module. Density of dopaminergic neuron termini in the striatum were determined from
scanned TH+ sections by digital densitometry using Image J software (National Institutes of
Health, Bethesda, MD).

Laser capture microdissection, RNA isolations and polymerase chain reaction
Transgenic TH-GFP/21-31 recipient mice (7 week old males) were obtained from Dr.
Kazuto Kobayashi, Fukushima Medical University School of Medicine, Fukushima, Japan
and were maintained on the C57Bl6/J background at our facility. These mice express GFP
under the control of the rat TH promoter (Matsushita et al., 2002); thus all TH-expressing
dopaminergic neurons also expressed GFP. MPTP-intoxicated mice were treated with PBS,
GM-CSF, or with T cells by adoptive transfer. All procedures were carried out under
RNAse-free conditions. Two days after MPTP-intoxication, brains were removed and
immediately snap-frozen in dry ice-cooled 2-methylbutane. Midbrain sections (30 μm) were
collected onto polyethylene terephthalate (PET) steel frame slides (Leica Microsystems,
Wetzlar, Germany). Sections were excited with the GFP/Cy3 filter; the resulting
fluorescence was used to demarcate, cut, and capture the SN, using a laser microdissection
system (LMD6500, Leica Microsystems). Laser dissected tissues were collected by gravity
into Buffer RLT lysis buffer (Qiagen, Germantown, MD) containing 10% β-
mercaptoethanol. For each midbrain, 8–10 sections were collected and RNA was isolated
immediately using RNEasy Plus Micro kit (Qiagen). RNA integrity numbers (RIN) for
usable RNA samples were >8 as determined by the RNA 6000 Pico kit and evaluated on the
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). cDNA was generated from
high-quality RNA using the RT2 PreAMP cDNA Synthesis Kit (Qiagen) and pre-
amplification was performed using the appropriate primer mixes for each array used: Mouse
Inflammatory Cytokines and Receptors and Mouse Th1-Th2-Th3 (Qiagen). Quantitative
RT-PCR was performed on an Eppendorf Mastercycler realplex ep following the
manufacturer’s instructions (Eppendorf, Hamburg, Germany). Data analysis was performed
using RT2 Profiler PCR Array web-based data analysis software (Qiagen).

Statistical Analyses
All values are expressed as mean ± SD. Differences in between-group means were analyzed
by one-way ANOVA, followed by the Bonferroni correction post-hoc test for multiple
comparisons (GraphPad Software, Inc., La Jolla, CA).

3. Results
Neuroprotective responses of GM-CSF

GM-CSF is a known inducer of both innate and adaptive immunity, and has also shown
neuroprotective abilities in MPTP-induced dopaminergic neuronal injury (Henze et al.,
2005, Kim et al., 2009, Sheng et al., 2011, Zou et al., 2011). To confirm and extend these
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observations, we first administered GM-CSF daily for 5 days prior to acute MPTP
intoxication. Immunohistochemical (IHC) examination for TH expression in the midbrain
and striatum of animals six days after MPTP exposure were assessed to determine nigral
dopaminergic neuronal cell density and striatal fiber density (dopaminergic termini) (Fig.
1A). Following MPTP treatment, the total number of dopaminergic neurons (TH+Nissl+) in
the SN as measured by blinded stereological analysis were decreased from 6912 ± 1940 to
3653 ± 1725 (Fig. 1B). This MPTP-induced neuronal loss was attenuated, in part, by GM-
CSF pretreatment, as 6169 ± 2085 total TH+Nissl+ neurons were counted in GM-CSF- and
MPTP-intoxicated animals. Numbers of non-dopaminergic neurons (TH−Nissl+) were
unaffected by either MPTP or GM-CSF treatment. The presence of striatal fiber density
assessed by TH densitometry showed no change following GM-CSF treatment (Fig. 1C).

GM-CSF and MPTP metabolism
Since GM-CSF readily crosses the BBB where the pro-toxin MPTP is converted to the
active toxin MPP+, we first sought to rule out that the neuroprotective effects of GM-CSF
found here and in other studies (Henze et al., 2005, Kim et al., 2009, Sheng et al., 2011, Zou
et al., 2011) were due to interference with the conversion of MPTP to MPP+. Thus, we
compared levels of MPTP and MPP+ in the midbrains and striata of animals treated with
MPTP and those pretreated with GM-CSF prior to MPTP. Reverse phase-HPLC analysis
with UV detection showed no significant differences in the levels of MPTP or MPP+ in
either midbrain (Fig, 2A) or striatum (Fig. 2B) of animals treated with MPTP alone or GM-
CSF and MPTP. These data strengthen our and others’ results describing the neuroprotective
potential of GM-CSF since those effects can be accurately ascribed to mechanisms outside
the possibility of MPTP metabolism interference.

Microglial morphology and GM-CSF neuroprotection
Correlations between microglial morphology/activation and dopaminergic neuronal integrity
are well-known (Kurkowska-Jastrzebska et al., 1999, Reynolds et al., 2010). We next sought
to assess potential immune mechanisms that underlie the observed neuroprotective effects.
To this end, we investigated whether GM-CSF-induced neuroprotective responses were
linked to changes in microglial responses. In animals pretreated with GM-CSF, microglial
responses were evaluated two days following MPTP intoxication. This time point was
chosen as it represented the time of maximal MPTP-induced inflammatory responses
(Kurkowska-Jastrzebska et al., 1999). Anti-Mac-1 stained microglia, and changes in cell
morphology, namely larger cell bodies and reductions in ramified processes, reflect cell
activation (Fig. 3A). Notably, MPTP treatment increased the density of activated microglia
(microgliosis) in the SN to 123.5 ± 21.2 cells/mm2 compared to 18.3 ± 10.8 cells/mm2 for
PBS-treated controls (Fig. 3B). GM-CSF pretreatment reduced microgliosis to 45.8 ± 22.9
cells/mm2, indicating that GM-CSF pretreatment reduced microglial activation and this
response may also affect neuronal survival even though the protective mechanism(s)
originate in the periphery.

GM-CSF modulates adaptive immune responses
We next sought to assess the pathways involved in GM-CSF neuroprotective activities.
Based on a wealth of prior data from our laboratory implicating specific T cell subsets,
namely Treg, with attenuation of microgliosis and subsequent neuroprotective responses
following MPTP intoxication (Reynolds et al., 2007, Reynolds et al., 2009b, a, Reynolds et
al., 2010), we examined whether these were also operative in the anti-inflammatory and
neuroprotective responses induced by GM-CSF. Thus, we first assessed the ability of GM-
CSF to induce Treg in response to escalating doses (5, 50, and 100 μg/kg) administered
daily for 5 days. We initially determined that GM-CSF at any dose did not significantly
affect the frequencies of CD4+ spleen cells compared to PBS-treated controls (Fig 4A). In
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contrast, frequencies of CD25+FoxP3+ Treg within the CD4+ splenocyte population
increased with the dose of GM-CSF (r2 = 0.91, p = 0.04) (Fig 4B). Moreover, we observed
significant increases in the proportion of Treg at the 50 and 100 μg/kg doses of GM-CSF
compared to PBS controls and those treated with the lowest dose of GM-CSF (Fig. 4B).
Based on these results, we posited that GM-CSF adaptive immune modulation could be the
bridge between decreased microgliosis and reduced neurodegeneration.

GM-CSF induced Treg and neuroprotection
We next investigated the potential neuroprotective activities of T cell subsets from GM-
CSF-treated animals after adoptive transfer to MPTP-intoxicated recipients. T cells were
isolated from donor mice treated with GM-CSF at 50 μg/kg every day for 5 days,
magnetically sorted into CD4+ and CD4+CD25+FoxP3+ Treg populations, and adoptively
transferred into MPTP-intoxicated mice within 8–12 h after MPTP-intoxication. The number
of surviving nigral neurons and striatal termini were determined 6 days after MPTP
intoxication (Fig. 5A). CD4+ T cells were enriched to 94% CD4+ and contained 12%
CD4+CD25+FoxP3+ cells, while Treg were enriched to 91% CD4+CD25+FoxP3+ cells (data
not shown). These experiments show both CD4+ and Treg subsets provided virtually total
neuroprotection for dopaminergic neurons (TH+Nissl+), resulting in numbers of neurons in
the SN that were not significantly different than those of PBS-treated controls (Fig. 5B).
Additionally, numbers of non-dopaminergic neurons (TH−Nissl+) were unaffected by either
MPTP or T cell transfer (Fig. 5B). Interestingly, the group of MPTP mice receiving Treg by
adoptive transfer also displayed significant, albeit slight protection of neuronal termini
within the striata as assessed by densitometric analysis (Fig. 5C). Together, these results
suggest that GM-CSF affects both innate and adaptive immunity to afford neuroprotective
responses in this model of PD.

Microglial morphology and adaptive immunity
We next determined the capability of GM-CSF induced Treg to control innate immunity.
Following MPTP intoxication, Mac-1+ microglia exhibited an activated and inflammatory
cell morphology by IHC, while adoptive transfer of CD4+ T cells or Treg from GM-CSF
treated mice attenuated much of the inflammatory response (Fig. 6A). Indeed, analysis of
activated microglia densities showed that MPTP induced a 6.7-fold increase in numbers of
activated microglia compared to PBS-treated control, while adoptive transfer of CD4+ T
cells or Treg, both from GM-CSF treated mice, diminished reactive microglia densities by
58% and 67%, respectively (Fig. 6B). These results suggest complimentary mechanisms
between drug administration and adaptive immune modulation following GM-CSF
treatment.

Mechanisms of GM-CSF neuroprotective activities
To examine possible mechanisms by which GM-CSF or GM-CSF induced Treg affect
neuroprotection, we investigated inflammatory gene expression changes within the SN that
may be reflective of innate and adaptive immune modulation. For these experiments, we
treated male TH-GFP/21-31 mice with MPTP alone, with 50 μg/kg GM-CSF 5 days before
MPTP, or with GM-CSF induced Treg 8–12 hours after MPTP. Midbrains were removed 2
days after MPTP-intoxication, snap frozen, and sectioned. Since all dopaminergic neurons
express GFP, the SN was dissected and collected by LCM (Fig. 7A), mRNA was isolated
and cDNA was synthesized and pre-amplified for 40 cycles. Quantitative PCR analyses
were performed using arrays for the expression of genes associated with both inflammation
and T cell subsets. Expression of genes from animals treated with GM-CSF prior to MPTP
or treated with MPTP followed by adoptive transfer of GM-CSF induced Treg were
compared to those from animals treated with MPTP alone. All significant fold changes in
mRNA expression are listed in Figure 7B. Genes that were highly changed (fold change > 5)
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in both groups included Il18r1, IL-27, Cxcl10, Ccl5, and Socs1. Genes that were moderately
changed (4.99 > fold change > 2) included Cxcl10, Ccl5, Il13, Il7, Ccl4, Ccr5, Ccl3, and
Ccl12. Genes that showed low, but significant changes in gene expression (fold change <
1.99) included Socs3, Il10ra, Cd40, Tlr4, Tnfsf8, Jak2, and Tmed1. Because the samples
were from the entire SN, we chose to include all fold changes > 1.1 in our model since there
are many potential sources from which these mRNA could be derived (e.g., neurons, glial
cells and immunocytes). Therefore, even small changes in message within this
microenvironment may have large implications for neuronal injury/protection. The search
for functional relationships between genes with significant differences in expression
compared to those from MPTP-treated mice (Ingenuity Pathway Analysis, IPA, Ingenuity
Systems, Redwood City, CA) suggests GM-CSF administration and immune modulation
induce pro- and anti-inflammatory responses of both innate and adaptive immune origin (Fig
8). Pro-inflammatory responses include increases in expression of mRNA for Il18r1, Tlr4,
Ccl5, Cxcl10, Ccl12, Jak2, Cd40, Ccr5, Ccl4, Ccl3 and a decrease in Il13 and Il7, while
anti-inflammatory responses were signaled by the increase of Il27, Socs1, Socs3, and Il10ra
and a decrease in Tnfsfr8 and Tnfsf10. Changes in mRNA expression suggested that innate
mechanisms include changes in Il13, Il27, Ccl5, Cxcl10, Ccl12, and Il10ra, while adaptive
immune changes include Il18r1, Tlr4, Il7, Tnfrsf8, Ccl5, Jak2, Socs1, Tmed1, Cd40, Ccr5,
and Il10ra. Taken together, these results reveal a potential for GM-CSF as a neuroprotective
agent via the interaction between innate and adaptive immuninty.

4. Discussion
Herein we demonstrate a link between the neuroprotective effects of peripheral GM-CSF
administration for dopaminergic neurons in the SN and the modulation of innate and
adaptive neuroimmunity. Not only does GM-CSF pretreatment prevent MPTP-induced
neurodegeneration, but it also decreases the microglial activation responses associated with
neuronal destruction along the nigrostriatal axis. Given the potential of GM-CSF to
modulate adaptive immunity, we hypothesized that this effect was related to interactions
between the innate and adaptive immune arms. We found GM-CSF induces
CD4+CD25+FoxP3+ Treg in a dose-dependent manner, and these immune cells, when
administered to MPTP-intoxicated mice, elicited robust neuroprotective responses.
Importantly, Treg diminished microgliosis as observed with GM-CSF pretreatment. Prior
works demonstrated that GM-CSF modulates Treg and microglial numbers and function
(Kared et al., 2008, Parajuli et al., 2012). The regulatory role of GM-CSF and resulting
immune consequences likely result from a cross-talk between innate and adaptive immunity
inside and outside the brain, and this phenomenon is further explored via gene expression
analysis.

The neuroprotective activities of GM-CSF are thought linked to its effects on both pro- and
anti-inflammatory responses. These results have parallels with other agents that include
rapamycin, which induces Treg while, at the same time, leads to Teff apoptosis (Pan et al.,
2009, Malagelada et al., 2010, Peter et al., 2010, Ogino et al., 2011). Histone deacetylase
inhibitors (HDACi), such as trichostatin A (TSA) or suberoylanilide hydroxamic acid
(SAHA) can also induce Treg and expand natural Treg while enhancing immune regulatory
FoxP3-related functions (Tao et al., 2007, Liu et al., 2010). However, the targeting of
HDAC9- or class IIa-linked Treg development deserves further investigation as an approach
for clinical applications. Vitamin D has been studied for potential clinical application as it
positively affects Treg function and correlates negatively with autoimmunity, suggesting a
role for vitamin D in Treg regulation (Smolders et al., 2009). Similarly, bee venom increases
both numbers and function of Treg and decreases neurotoxicity associated with MPTP-
intoxication (Pereira-Santos et al., 2008, Chung et al., 2012).
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In the current study, we observed increases in both SOCS1 and SOCS3 transcript by
treatment with GM-CSF before MPTP-intoxication. Not only do these negatively regulate
cytokine expression, but brain responses to infections also accompany the binding of SOCS1
and SOCS3 to JAK, which is also upregulated, as a compensatory mechanism to limit
neuroinflammation (Tamiya et al., 2011). The most significant changes within the SN
include the 10- and 15-fold increases in the message for IL-27 after GM-CSF pretreatment
and transfer of Treg to MPTP-treated mice. IL-27 is a member of the pro-inflammatory
IL-12 family and regulates these effects by balancing Th17 and Treg function via
manipulation of their plasticity to favor the predominance of Treg and the diminution of
Th17 (Trinchieri, 2003). Directly, IL-27 inhibits the expression of ROR-γt, thereby
inhibiting the commitment of Th17 development, and consequently, reduces
neurodestructive Th17 cells (Zhang et al., 2008, Diveu et al., 2009). Indirectly, IL-27
upregulates SOCS1, which suppresses IL-17 (Liu and Rohowsky-Kochan, 2011). Also,
IL-27 promotes the production of regulatory-like IL-10 producing cells, and although IL-10
was not upregulated in our study, IL-10 receptor gene expression was increased 1.8-fold
(Carrier et al., 2012). Thus, the functional relationships presented warrant further study, as
they suggest the mechanism of GM-CSF lies in restoring the ability of the neuroimmune
environment to self-regulate. Additionally, noting that the peripheral administration of GM-
CSF induces robust changes within the SN is quite remarkable and lends credibility to its
clinical use.

PD is characterized by a dysregulated inflammatory environment, involving an emergence
of Tem and a dysfunctional Treg, as seen in PD patients (Fig 9). These aberrancies incite
microgliosis and exacerbate neurodegeneration due to release of N-α-syn from dying
neurons, which in turn supports chronic activation of immune responses. Previous studies
have shown microglia activated via contact with N-α-syn upregulates NF-κB and
downstream pathways as well as proinflammatory cytokines, chemokines, and reactive
oxygen and nitrogen species (ROS and RNS, respectively) (Zhang et al., 2005, Reynolds et
al., 2009b). This activation results in not only the morphological changes cited herein, but
also causes the differential expression of regulatory, structural, and redox-active proteins
and functions including protein processing, trafficking, and degradation (Reynolds et al.,
2009b). We hypothesize that GM-CSF could restore balance to each of these immune arms
through Treg-inducing neurotrophic capabilities. GM-CSF indeed induces Treg, reduces
microgliosis, and changes the neuroimmune environment within the SN such that it
promotes disease resolution through anti-inflammatory responses. It has been previously
shown that pretreatment of Treg prior to the N-α-syn-induced activation of microglial cells
in vivo results in enhanced proteasomal systems and decreased inflammatory signals,
suggesting Treg help the chronically activated and deleterious microglia to perform
functions conducive to neural repair thereby alleviating neuroinflammation. Here, we show
that Treg induction and the resulting reduction in microgliosis can be achieved via the
peripheral administration of GM-CSF. Additionally, we hypothesize these beneficial effects
are achieved via both innate and adaptive immune mechanisms, such as the upregulation of
SOCS1, SOCS3, and IL-27.

Thus, we will use this strategy as a translational platform for the clinic. Since immune
biomarkers that correlate to disease severity have been identified in PD and include
increased frequencies in CD4+ T cells, CD4+ Tem expressing CD45RO and FAS, and
dysfunctional Treg with deficiencies in CD31 expression, the targeting of such aberrancies
provide the opportunity to monitor changes in disease progression or therapy in the
peripheral blood (Saunders et al., 2012). This is particularly useful by constructing objective
data that can be correlated to clinical observations, such as the Unified Parkinson’s Disease
Rating Scale Part III, thereby improving the success of short-term trials in which patients are
likely to exhibit stable scores regardless of drug or placebo treatments. Further, this study
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establishes a platform for testing other anti-inflammatory agents with the potential to alter
PD immunity.

Taken together, we believe this study serves to identify GM-CSF as a potential agent to halt
PD progression, and this is a strategy that can be applied in clinic immediately for patient
benefit. In addition, it sets up a platform in which GM-CSF and other agents may be applied
to clinic or to curative PD research. Altogether, we provide convincing data bridging
neuroprotective responses with immunomodulation of GM-CSF supporting its role as a
potential PD therapy.
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Highlights

GM-CSF elicits neuroprotective activities in MPTP intoxicated mice

GM-CSF Treg elicit anti-inflammatory and neuroprotective responses

GM-CSF modulates innate microglial immunity

GM-CSF protects dopaminergic neurons against MPTP intoxication

GM-CSF can be developed for Parkinson’s disease
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Figure 1.
GM-CSF pretreatment is neuroprotective in vivo. Mice were treated with PBS, MPTP (16
mg/kg × 4 doses), or pretreated with 50 μg GM-CSF/kg for 5 days followed by MPTP and
assessed by IHC on 6 d after MPTP intoxication. Sections were stained with anti-TH Ab and
HRP-conjugated secondary Ab and visualized with DAB. SN sections were counterstained
with thionin. A. Photomicrographs of TH+Nissl+ neurons in the substantia nigra (SN) and
TH+ termini in the striatum (STR). B. Total numbers of dopaminergic neurons (TH+Nissl+)
and non-dopaminergic neurons (TH−Nissl+) in the SN. C. TH densitometry of total
dopaminergic termini within the striatum. B and C, Differences in mean ± SD (n = 8 per
group) were determined where p < 0.05 compared with groups treated with aPBS, bMPTP,
or cGM-CSF pretreatment and MPTP (GMCSF Pretreatment).
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Figure 2.
GM-CSF administration does not inhibit the metabolism of MPTP to MPP+. RP-HPLC and
UV detection were used to determine the levels of MPTP and MPP+ in the midbrains (A)
and striata (B) of mice pretreated with 50 μg GM-CSF/kg for 5 days (Pretreatment) or not
(No Pretreatment). All mice were treated with 4 doses of 16 mg/kg MPTP and midbrains
and striata were dissected within 90 min of the last MPTP injection. Differences in mean ±
SD (n = 5 per group) were determined where p < 0.05 compared with groups treated with
MPTP alone or pretreated with GM-CSF and MPTP.
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Figure 3.
GM-CSF attenuates innate immune activation. Photomicrographs and enumeration of anti-
CD11b+ microglia in the SN of mice treated with PBS, MPTP (16 mg/kg × 4 doses), or
pretreated with 50 μg GM-CSF/kg followed by MPTP A. Midbrains from mice 2 d after
MPTP treatment stained with anti-Mac-1 Ab, HRP-conjugated secondary Ab, and visualized
with DAB. Activated microglia are identified as those stained cells exhibiting large
amoeboid cell bodies and shortened processes. B. Differences in mean ± SD (n = 5 per
group) were determined where p < 0.05 compared with groups treated with aPBS, bMPTP,
or cGM-CSF pretreated and MPTP (GMCSF Pretreatment).
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Figure 4.
GM-CSF expands Treg upon in vivo administration. Mice were treated for 5 days with PBS
or escalating doses of GM-CSF and spleen cells assayed by flow cytometric analysis. A.
Mean percentages of CD4+ cells within the lymphocyte gate. B. Mean percentages of Treg,
defined as cells within the CD4+ gate also co-expressing CD25 and FoxP3 as analyzed via
flow cytometry. Linear regression analysis of percentage of Treg as a function of dose
indicated r2 = 0.9146 and p = 0.0437. A and B. Differences in mean ± SD (n = 5 mice per
group) were determined where p < 0.05 compared with groups treated with aPBS, b5 μg/kg
GM-CSF, c50 μg/kg GM-CSF, or d100 μg/kg GM-CSF.
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Figure 5.
GM-CSF neuroprotection is mediated via adaptive immunity. CD4+ spleen cells and Treg
for adoptive transfer were enriched from spleens of donor mice treated with 5 daily doses of
50 μg GM-CSF/kg. Recipient mice were treated with PBS, 4 doses of 16 mg/kg MPTP
alone, MPTP and CD4+ T cells (CD4), or MPTP and Treg. Tissues were obtained on day 7
after MPTP intoxication. Sections were stained with anti-TH Ab and HRP-conjugated
secondary Ab, and were visualized with DAB. SN sections were counterstained with
thionin. A. TH+ neurons in the SN and striatal (STR) termini of mice. B. Total numbers of
dopaminergic neurons (TH+Nissl+) and non-dopaminergic neurons (TH−Nissl+) in the SN.
C. TH densitometry of dopaminergic termini within the striata. B and C, Differences in
mean ± SD (n = 8 per group) were determined where p < 0.05 compared with groups treated
with aPBS, bMPTP, cMPTP and CD4+ cells (CD4), or dMPTP and Treg.
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Figure 6.
GM-CSF adaptive immune modulation attenuates innate immune activation.
Photomicrographs and enumeration of anti-CD11b+ microglia in the SN of mice treated with
PBS, 4 doses of 16 mg MPTP/kg alone, and MPTP mice receiving donor spleen cells
enriched for either CD4+ T cells or Treg from mice treated with 5 daily GM-CSF doses of
50 μg/kg. Midbrain tissues were obtained 2 days after MPTP-intoxication. A. Midbrain
sections stained with anti-CD11b Ab, HRP-conjugated secondary Ab, and visualized with
DAB. Activated microglia are identified as those stained cells exhibiting large amoeboid cell
bodies and shortened processes. B. Differences in mean ± SD (n = 5 per group) were
determined where p < 0.05 compared with groups treated with aPBS, bMPTP alone, and
MPTP intoxicated receiving either cCD4+ T cells (CD4) or dTreg.
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Figure 7.
GM-CSF induces both pro- and anti-inflammatory gene expression changes. All TH-GFP/
21-31 mice that express GFP under control of the TH promoter were treated with MPTP.
Controls received no other treatment, one group was pretreated with 50 μg GM-CSF/kg 5
days before MPTP intoxication (4 doses of 16 mg/kg), and another group received GM-
CSF-induced Treg by adoptive transfer within 12 hours after MPTP intoxication. A. Laser
capture microdissection was used to isolate SN tissues harvested 2 days after MPTP
intoxication and mRNA from each animal was isolated. Shown is the demarcation of the SN
by the presence of GFP-TH neurons (top panel) and a representative section to be dissected
(bottom panel). B. qRT-PCR data showing gene expression changes within the SN of mice
pretreated with GM-CSF followed by MPTP (GM-CSF Pretreatment) or GM-CSF-induced
Treg compared to those of MPTP controls (n = 3 for each group). Fold changes and p value
determined by SABioscience RT2 Profiler PCR Array Data Analysis, version 3.5.
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Figure 8.
GM-CSF induces both pro- and anti-inflammatory responses. Shown is a pathway
connecting inflammatory and T cell genes that are significantly changed from MPTP-
treatment group after either GM-CSF pretreatment or GM-CSF induced Treg adoptive
transfer. Genes were submitted to IPA for analyses to evaluate known interactions and are
indicated with a connecting line. Red coloration indicates an increase in expression as
compared to MPTP control, and green indicates a decrease in expression. Color intensity
indicates degree of increase or decrease. Lack of color indicates a molecule involved, but
not identified in the data set. Differences in fold change (n = 3 per group) were determined
where p < 0.05. The gene interaction network was generated using Ingenuity Pathways
Analysis (Winter 2012 release; version 14400082) and the Path Explorer tool.
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Figure 9.
Proposed mechanism for GM-CSF neuroprotection. Neuroinflammation in PD is
characterized by increased numbers of Tem (purple) and of the presence of activated
microglia. Such chronic inflammation can exacerbate dopaminergic neuronal death and
accelerates disease progression with limited balances. Administration of GM-CSF restores
the balance to the brain inflammatory microenvironment through a number of innate and
adaptive immune mechanisms leading to modulation of microgliosis, induction of Treg
numbers (green) or function leading to neuroprotection of damaged or disease susceptible
dopaminergic neurons.
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