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A B S T R A C T

This review focuses on the role of T lymphocytes in the pathogenesis of Parkinson's disease and highlights
evidence for modulation of the T cell response as an effective neuroprotective strategy. In preclinical models of
Parkinson's disease, modulation of the T cell response results in neuroprotection. Peripheral markers of T cell
response show changes in Parkinson's patients relative to controls that have potential application as diagnostic
and therapeutic biomarkers. The article also discusses the important immunomodulatory effects of dopamine
which may confound study of T cells in patients on dopaminergic therapies, and highlights glatiramer acetate, an
FDA-approved therapy for multiple sclerosis that works through modulating the T cell response, as a promising
target for translation.

1. Introduction

Parkinson's disease (PD), pathologically characterized by α-synu-
clein inclusions and dopaminergic cell death and clinically character-
ized by tremor, rigidity, bradykinesia and gait impairment along with a
multitude of non-motor symptoms [1], is the second most common
neurodegenerative disease worldwide, accounting for substantial dis-
ability and health expenditure [2,3]. The mechanisms underlying the
progressive, degenerative aspects of PD are not entirely clear, but
several lines of evidence have suggested that immune dysregulation
may play a role. Building upon the findings of Foix and Nicolaescu in
1925 [4], McGeer at al detected large numbers of activated microglia in
the substantia nigra of PD brain specimens post-mortem that were not
seen in controls [5]. Two decades later, T cells were also found in the
substantia nigra of PD patients [6]. These observations and others led to
the hypothesis that interactions between the microglia (resident mac-
rophages of the central nervous system) and infiltrating T cells shape
the pathogenesis of Parkinson's disease.

Under non-pathologic conditions, microglia patrol the CNS for
threats and clean up cellular debris. However, interaction with acti-
vated T cells can polarize microglia toward a proinflammatory or anti-
inflammatory state. A proinflammatory state can be induced by inter-
action with Th1 and Th17 subtypes of helper T cells and is character-
ized by production of tumor necrosis factor α (TNFα), interleukin 1 β
(IL-1β), IL-6, and expression of inducible nitric oxide synthase (iNOS)

among others, while an anti-inflammatory polarization is favored by
the presence of Th2 helper or regulatory T cells (Tregs) and can induce
production of the cytokines interleukin 4 (IL-4), interleukin 5 (IL-5),
interleukin 10 (IL-10), transforming growth factor β (TGF-β) and neu-
ronal growth factors such as brain-derived neurotrophic factor (BDNF)
(Fig. 1) [7,8]. It has been shown that exposure to proinflammatory
factors released by activated microglia and other stressors can cause the
catecholaminergic neurons of the human substantia nigra to express
major histocompatibility class I molecules (MHCI) with non-self anti-
gens, becoming vulnerable to attack by cytotoxic CD8+ T cells [9].

Since cross-talk between T cells and microglia influences polariza-
tion of the immune response, modulation of the T cell response has
great potential as a therapeutic strategy.

The microglial response in PD has been reviewed elsewhere
[10–13]. This review focuses on T cells in Parkinson's disease, starting
with their role in PD pathogenesis as inferred from animal models,
exploring their relationship with genetic variations linked to PD, and
moving on to the changes in T cell populations seen in the blood of
Parkinson's patients and possible future implications of these markers in
diagnosis and therapeutic monitoring. Lastly, we discuss T cell inter-
actions with levodopa and other therapies in current use for PD as well
as therapies currently under investigation. We propose that the T cell
response is a significant contributor to the pathogenesis of Parkinson's
disease and represents an important target for development of clinical
biomarkers and neuroprotective therapy.
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2. T cells in animal models of Parkinson's disease pathogenesis

The initial identification of activated microglia and T cells in human
post-mortem specimens spurred further research into the role of T cells
in animal models of Parkinson's disease, most prolifically in the 1-me-
thyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and adeno-associated
virus α-synuclein (AAV-syn) mouse models (Table 1). It is important to
note that the T cell activity generated by these toxic and viral vector
models may be a reaction to the specific and relatively acute insult
delivered to the brain, and may not parallel what happens in the human
brain with PD. Inferences about the pathophysiology of human PD must
therefore be drawn with caution.

In an acute MPTP model, helper (CD4+) and cytotoxic (CD8+) T
cells were seen to infiltrate the substantia nigra of intoxicated mice, and
mouse strains deficient in helper but not cytotoxic T cells exhibited
greatly diminished MPTP-induced dopaminergic cell death, supporting
the hypothesis that the inflammatory T cell response in this model plays
a causative role, and is not just a response to cell death/damage by the
toxin [6]. The deleterious effect of the helper T cells on neuronal

survival involved the first apoptosis signal receptor (Fas) pathway.
Many of the findings in animal models underline the role of Tregs in
neuroprotection. Aquaporin 4 deficiency increases susceptibility to
MPTP toxicity and is also associated with reduced numbers of CD4+

CD25 + Tregs, leading Chi et al. to hypothesize that decreased Treg
activity could be leading to increased inflammation and toxicity, al-
though they did not look at whether normalizing Treg function in
Aquaporin 4 deficient animals reversed this [14]. The neuroprotective
role of Tregs is supported by work from Reynolds et al., who found that
CD4+CD25 + regulatory T cells suppressed microglial activation in-
duced by nitrated α-synuclein while effector T cells had a proin-
flammatory effect [15]. This group also showed that adoptive transfer
of activated Tregs to MPTP intoxicated mice resulted in greater than
90% protection of the nigrostriatal system and upregulation of glial cell
derived neurotrophic factor [16]. Most recently, the specific mechanism
of Treg-mediated neuroprotection was elucidated by Huang et al., who
showed that CD4+ CD25 + Tregs directly protect dopaminergic neurons
from MPTP-mediated damage through the interaction of transmem-
brane proteins CD47 on T cells and signal-regulatory protein α (SIRPA)

Fig. 1. Naïve helper T cells are activated in the periphery through interaction with antigen presenting cells and differentiate into proinflammatory (Th1, Th17) or
anti-inflammatory (Th2, Treg) subtypes influenced by the cytokine milieu. These activated T cells migrate across the blood-brain barrier and interact with resident
microglia in the brain, polarizing these cells to proinflammatory or anti-inflammatory states. A proinflammatory state can be induced by interaction with Th1 and
Th17 subtypes of helper T cells and is characterized by production of the inflammatory molecules TNF-α, IL-1β, IL-6, and inducible nitric oxide synthase (iNOS),
leading to neuronal damage and death. Anti-inflammatory polarization is favored by the presence of Th2 helper or regulatory T cells (Tregs) and can induce
production of the cytokines IL-4, IL-5, IL-10, transcription growth factor β (TGF-β) and neuronal growth factors such as BDNF.

Table 1
T cell involvement in animal models of in vivo PD pathology and neuroprotection.

Study PD model Intervention Outcome

Laurie 2007 MPTP mouse Adoptive T cell transfer from Cop-1 immunized
mice

Neuroprotection by Cop-1 conditioned T cells

Reynolds 2007 MPTP mouse Adoptive transfer of CD3-activated Tregs Neuroprotection, decreased microglial activation, and up-regulation of GDNF and
TGFβ

Brochard 2009 MPTP mouse Removal of helper T cells
Removal of cytotoxic T cells

Neuroprotection from depletion of helper T's
No change in toxicity from removal of cytotoxic T's

Chi 2011 MPTP mouse Aquaporin 4 knock-out (resulting in Treg
deficiency)

Increased neurotoxicity, increased microglial activation with Treg deficiency

Chung 2012 MPTP mouse Bee venom
Bee venom + Treg depletion

Neuroprotection, increased proportion of Tregs with bee venom.
Neuroprotection by bee venom blocked by Treg depletion

Gonzalez 2013 MPTP mouse D3R knockout on CD4+ T cells
D3R knockout + WT CD4+ T cells

Neuroprotection in D3R knockout
No protection when WT helper T cells are added to D3R knockout

Kosloski 2013 MPTP mouse GM-CSF
Adoptive transfer of GM-CSF induced Tregs

Neuroprotection, increased Tregs
Neuroprotection by GM-CSF or GM-CSF induced Tregs

Lacan 2013 MPTP mouse BCG Upregulation of Tregs and neuroprotection
Olson 2015 MPTP mouse VIPR2 agonist Neuroprotection by altering the Th1/Th2 balance toward an anti-inflammatory Th2

response and increasing Tregs
Zhou 2015 MPTP mouse Rg1 (ginsenoside) Increased CD4/CD8 T cell ratios, increased Tregs, and neuroprotection
Theodore 2008 AAV2-syn

mouse
AAV2-syn innoculation Increased T cell numbers in the SNpc 2 weeks post-treatment

Harms 2013 AAV2-syn
mouse

AAV2-syn inoculation
AAV2-syn inoculation + MHCII knockout

Increased MHCII expression by AAV-syn
Neuroprotection with MHCII -KO
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found on neurons [17].
Although most in vivo evidence of T cell involvement in PD pa-

thogenesis has been gathered in the MPTP mouse model, significant T
cell infiltration into the substantia nigra was also seen following tar-
geted overexpression of human α-synuclein through local infusion of
the AAV-syn viral vector [18]. While it might be argued for both of
these models that the T cell presence observed may not be re-
presentative of the immune response in human PD, the demonstration
that the pathology is dependent upon the presence of CD4+ T cells
strongly implicates the adaptive immune system in Parkinson's patho-
genesis and provides a compelling rationale for further exploration of
immunomodulatory therapies [6,19].

3. Modulation of the T cell response is neuroprotective in
preclinical models

Building upon the evidence for the contribution of T cells to PD
pathogenesis, numerous successful neuroprotective therapies in pre-
clinical models have shown a T cell mediated mechanism (Table 1).
There is especially good evidence that increased numbers or function of
Tregs can mediate neuroprotection in the MPTP mouse model. Bee
venom prevented MPTP toxicity and was associated with decreased
microglial activation and reduction of CD4+ T cell infiltration along
with an increased proportion of CD4+CD25 + Foxp3+ Tregs. These
effects were not seen in mice depleted of Tregs, suggesting that these
cells are necessary mediators of the neuroprotective effect [20].

Bacillus Calmette-Guerin (BCG)-induced neuroprotection in the
MPTP model was also mediated by the induction of CD4+Foxp3+
Tregs [21], and neuroprotection by the ginsenoside Rg1 was associated
with increased CD4/CD8 T cell ratios as well as increased
CD4+CD25 + Foxp3+ Treg populations [22]. Granulocyte-macro-
phage colony-stimulating factor (GM-CSF), a lymphocyte growth factor,
upregulated CD4+CD25 + Foxp3+ Tregs and protected neurons from
MPTP toxicity, and adoptive transfer of GM-CSF induced Tregs was
shown to be protective as well [23]. A vasoactive intestinal peptide
receptor 2 (VIPR2) selective agonist, which increases GM-CSF tran-
scripts in helper T cells and promotes a Th2 anti-inflammatory re-
sponse, was also shown to be neuroprotective in MPTP mice [24].

One of the most attractive aspects of harnessing the T cell response
as a therapeutic approach is that a therapy can be given peripherally to
influence T cells that subsequently migrate into the substantia nigra.
One such therapy is glatiramer acetate, which is composed of random
sized polymers of four amino acids glutamic acid, lysine, alanine and
tyrosine, and is FDA approved for the treatment of multiple sclerosis
(MS), after Copolymer-1, a very similar compound, was found to be
effective in suppressing experimental autoimmune encephalomyelitis,
the animal mode of MS. Glatiramer acetate appears to act by inducing
the formation of Th2 cells in the periphery that migrate across the blood
brain barrier and exert anti-inflammatory and neurotrophic effects in
the CNS, and has been shown to improve Treg function in patients with
MS [25]. Using a neurorestoration (and not protection) study design, in
which glatiramer acetate treatment is started following progressive
treatment with MPTP, our group demonstrated recovery of motor
function and a nearly complete restoration of striatal dopamine term-
inals. We also report an increase in the number of dopamine cells in the
substantia nigra pars compacta, which is correlated with a glatiramer-
induced decrease in activated microglia and an increase in BDNF
compared to the MPTP-only treated group [26]. Another group has
demonstrated that adoptive transfer of T cells from Copolymer 1-im-
munized mice spleens and lymph nodes also protected the nigrostriatal
system from MPTP mediated toxicity [27].

4. Genetic links support a causal role of neuroinflammation in PD
pathogenesis

Functional links to the genetic mutations that cause PD provide

further evidence for the importance of T cells in Parkinson's patho-
genesis. LRRK2, a gene with mutations linked to late onset PD, encodes
a common constituent of helper and cytotoxic T cells that is upregulated
in response to immunological threat [28]. Abnormal LRRK2 activity can
alter bone marrow myelopoiesis, peripheral myeloid cell differentia-
tion, and intestinal immune homeostasis [29]. PINK1 and Parkin, two
mitochondrial proteins with mutations associated with early onset PD,
were found to actively inhibit mitochondrial antigen presentation [30].
In the absence of these proteins, inflammatory conditions triggered
mitochondrial antigen presentation in immune cells, supporting a role
of PINK1 and Parkin as suppressors of an immune response-eliciting
pathway provoked by inflammation. The authors of this study hy-
pothesize that increased presentation of mitochondrial “non-self” an-
tigens could contribute to the destruction of dopaminergic neurons by
cytotoxic (CD8+) T cells. PINK (-/-) T cells were found to be less ef-
fective at suppressing bystander T cell proliferation under conditions
favoring Treg polarization [31]. Further evidence for the im-
munosuppressive role of these proteins and the role of innate immunity
in PD pathogenesis was recently published by Sliter et al., who found a
strong inflammatory phenotype in both PRKN (parkin) and PINK1
knockout mice as well as PRKN mutator mice that accumulate mi-
tochondrial DNA mutations and develop motor defects and dopami-
nergic neuronal loss with age [32].

T cells transition from naïve to activated states through recognition
of MHC II molecules loaded with their cognate antigens on microglia
and other antigen-presenting cells. Differences in the genetic code
(known as Human Leukocyte Antigen, or HLA) for these MHC mole-
cules will result in MHC II molecules that present certain antigens, such
as α-synuclein epitopes, more or less effectively to T cells. Increased
presentation of α-synuclein epitopes increases the probability of a T cell
specific activation. It follows that HLA genotypes would impact
Parkinson's risk, and indeed common variations in the HLA region have
been associated with altered risk of developing Parkinson's disease in
several genome-wide association studies. Hamza et al. found peak PD
association with rs3129882, a noncoding variant in HLA-DRA, and this
was confirmed by Wissemann et al., who also found increased odds of
developing PD with the rs2395163 variant of HLA-DQ and decreased
odds associated with HLA alleles C(∗)03:04 and DRB1(∗)04:04 [33,34].
The importance of the MHC II antigen-presenting molecule is under-
scored by the findings of the Standaert group. In the AAV2-syn mouse
model, expression of full-length human α-synuclein caused striking
induction of MHC II expression by microglia. Knock-out of MHC II
prevented a-synuclein induced microglial activation, antigen presenta-
tion, IgG deposition and the degeneration of dopaminergic neurons
[35]. In summary, the genes LRRK2 and PINK1 that have previously
been linked to Parkinson's disease influence T cell function, and genetic
differences in HLA alleles that impact microglial antigen presentation to
T cells are associated with differences in PD risk.

5. Changes in peripheral T cell markers in Parkinson's patients

Although the healthy CNS is relatively sheltered from peripheral
immune responses, evidence suggests that the blood brain barrier in
Parkinson's disease becomes more permeable, with significant crosstalk
and migration between peripheral and CNS immune cells [36]. While
we do not yet have good methods to study the in vivo T cell response
within the tissue of the CNS, there is mounting evidence of changes in
peripheral T cell populations in Parkinson's patients that have potential
for use as biomarkers of disease or outcome measures for human trials
of immunomodulatory therapy (Table 2).

Studies of peripheral T cell populations have consistently shown
lower total T cell populations in PD patients [37], with the most sig-
nificant decrease in the CD4+ helper T cell subtypes [38–42] and a
decrease in naïve T cells that have not been exposed to their antigen
[42–44]. Increased levels of Fas death receptor expression have been
found on these T cell populations in PD, suggesting that decreased
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numbers may be secondary to apoptosis [42]. This decrease in helper
and naïve T cell populations is paralleled by a relative increase in ac-
tivated T cell subtypes [38,42,45–48]. Proinflammatory polarization in
PD is also supported by an increased IFNɣ/IL4 ratio [39], as well as
increase in proportion of inflammatory Th1 and Th17 subtypes in PD
patients relative to controls [49,50]. Tregs are felt to play an important
neuroprotective role and generally increase with age in healthy subjects
[51]. While one group found no difference in CD4+ Foxp3+ Treg
numbers between PD and controls [51], others found decreased
CD4+CD25 +CD127- Treg numbers in PD patients [50] as well as di-
minished CD4+CD25 +CD127-Treg function [48].

The Cohen group first demonstrated the immunogenicity of β-sy-
nuclein peptides, raising the possibility that specific immune reactions
to this protein might influence disease course in PD [52]. In a recently
published study, Sulzer et al. found that peptides from two regions of α-
synuclein produced T cell responses in patients with PD [53]. It is im-
portant to note that while the mean T cell response differed between PD
cases and controls, there were PD cases without response to these
peptides, as well as control cases with synuclein-specific T cell response.

Several studies have found correlations between peripheral T cell
markers and clinical measures of PD duration and severity. Memory T
cells were found to decrease with disease duration in PD patients at a
rate of 2% per year [41]. Increased numbers of proinflammatory Th1
cells correlated with higher UPDRS motor scores [38] and higher levels

of RANTES (Regulated on Activation, Normal T cell Expressed and
Secreted, aka CCL5), a T cell chemoattractant, were correlated with
increased motor dysfunction (UPDRS) and disease duration [54]. While
these studies support the overall hypothesis of this review, it is im-
portant to note that two clinical studies did not find correlations be-
tween activated T cell numbers and Hoehn and Yahr stage [45], or
UPDRS and disease duration [38].

Alberio and colleagues describe differences in the T cell proteome
with lower levels of β-fibrinogen and higher levels of transaldolase
isoforms in PD patients relative to controls, and used panel of protein
biomarkers as a “PD signature” to successfully classify known PD and
control cases as well as to differentiate between early onset and late
onset PD cases [55,56]. Further work is needed to validate this bio-
marker panel in a larger, more heterogeneous cohort of subjects with a
variety of ethnic backgrounds and clinical phenotypes, however the
potential applications of this protein signature for early diagnosis and
possibly measurement of PD progression are exciting.

6. Dopamine/T cell interactions

L-dopa, given orally and converted centrally into dopamine, is the
cornerstone of symptomatic therapy for Parkinson's disease along with
the dopamine agonists. While not commonly considered im-
munomodulatory therapy, there is growing evidence that central and

Table 2
Summary of peripheral T cell changes in PD patients (studies in chronological order).

Study Population Findings in PD patients

Fiszer 1994 25 PD (17 treated)
11 patients with other neuro disease
12 patients with tension headache

Decrease in naïve T cells

Chiba 1995 42 treated PD patients
20 controls

Increased adenosine deaminase (role in function and maturation of T lymphocytes)
Increase in activated T cells
No correlation with HY stage

Bongioanni 1997 35 untreated PD
35 controls

Increased TNFa expression on T cells (Increased activation)

Bongioanni 1997 35 untreated PD
35 controls

Decreased IFNg expression on T cells (Increased activation)

Bas 2001 30 untreated PD
34 treated PD (Ldopa ± dA, MAO-B)
38 controls

Decreased total helper T cells
Decreased naïve helper T cells
Increase in activated helper T cells
No major differences between treated and untreated PD
No correlation with UPDRS or disease duration
Decreased naïve T cells with age in PD and controls

Hisanaga 2001 40 treated PD (mean age 68.9)
22 controls (mean age 60.4)
33 patients with mild cerebrovascular disease

Decreased total T cell number
Increased proportion of CD4 bright CD8 dull cells

Baba 2005 30 untreated PD
34 treated PD

Decreased helper T cells
Increased IFNg/IL-4 ratio (proinflammatory)
Independent of L dopa

Rentzos 2007 41 PD (20 untreated, 9 L-dopa, 12 DA or
DA + L-dopa)
19 controls

Increased level of RANTES (T cell chemoattractant)
Correlation with UPDRS score, disease duration, and treatment status

Rosenkranz 2007 30 PD (4 untreated, 26 treated)
29 AD
33 Age-matched controls
38 Young controls

Increased Tregs with age
No difference in Treg numbers between PD patients and age-matched controls Trend towards higher
Treg activity in PD patients

Calopa 2010 89 PD (36 untreated, 53 treated)
33 controls

Decreased total helper T cells
Decreased naïve helper T cells
Increased activated helper T cells
No correlation with PD duration or treatment status

Gruden 2011 32 PD patients (treated)
26 controls

Decreased helper T cells
Decreased cytotoxic T cells

Stevens 2012 88 PD
77 Controls

Decreased helper T cells
Longitudinal decrease in memory T cells (2% loss/year of disease)

Saunders 2012 113 PD
96 Controls

Increased effector T cells correlated with higher UPDRS
Decreased Treg function

Chen, Y. 2015 60 PD
40 Controls

Increased Th1, Th17 subsets
Decreased Th2, Treg subsets
Increased Th1 number and Th1/Th2 ratio associated with increased UPDRS Part III

Chen, S. 2017 18 PD
18 Controls

Increased Th17 subset
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peripheral dopamine levels may impact the immune response.
Not surprisingly, the interaction between dopamine and T cells is

complex and depends upon dopamine's concentration, the T cell acti-
vation status, the T cell type and subtype, and the specific dopamine
receptor subtypes expressed on the cell surface of the T cells [57]. At
low physiologic concentration (10 nM), dopamine activates normal
resting human T cells and induces T cell adhesion to fibronectin, which
allows extravasation into tissues [58]. In the presence of dopamine
released by antigen-presenting cells in vitro, T cells are polarized to-
ward an anti-inflammatory Th2 differentiation, while in the absence of
dopamine release by APCs, proinflammatory Th1 differentiation is fa-
vored [59]. The pro- or anti-inflammatory effects of dopamine on T
cells also depend on which receptor is stimulated; binding to D2 re-
ceptors induces anti-inflammatory IL-10 secretion while stimulation of
D3 and D1/D5 receptors promotes pro-inflammatory TNFα secretion
[60].

Increased expression of D2-like receptors on the immune cells of
schizophrenic patients compared to controls has been reported [61,62].
D3R mRnA levels were found to be higher in drug free schizophrenic
patients than in treated patients [63]. Schizophrenic patients who were
medication-naive (first onset) or medication-free had a higher periph-
eral Th1/Th2 (IFNɣ/IL-4) cytokine ratio than healthy controls, sug-
gesting a pro-inflammatory shift, that was attenuated by 8 weeks of
effective neuroleptic (primarily D2-blocking) treatment [64].

In Parkinson's disease, changes in the expression of dopamine re-
ceptors and their signaling pathways in T cells are also associated with
altered immune function, although the findings at this point are
somewhat contradictory [65]. In the MPTP mouse model, expression of
the D3R dopamine receptor on CD4+ helper T cells favors a proin-
flammatory state, promoting Th1 and Th17 responses and decreasing
Th2 responses, and is necessary for the pathogenesis of MPTP induced
parkinsonism [66]. [67] Surprisingly, in Parkinson's patients there is a
decrease in D3R dopamine receptor mRNA that correlates with disease
severity, with reduction of D3R binding sites on peripheral lymphocytes
[68].

Decreased central levels of norepinephrine, a dopamine metabolite,
have also been implicated in PD pathogenesis and extensive neuronal
loss in the nucleus coeruleus is seen post-mortem [69]. Infusion of L-
dopa has been demonstrated to increase central norepinephrine levels
in a mouse model of PD [70], and downstream effects on adrenergic
receptors have been implicated in the pathogenesis of L-dopa associated
dyskinesias [71]. Norepinephrine receptors of the β2 adrenergic sub-
type are found on all naïve and Th1 differentiated CD4+ T cells, and
similarly to dopamine, norepinephrine can either potentiate or inhibit T
cell function depending on the cell subtype and timing of the exposure
[72].

In patients under long-term treatment with L-dopa or dopamine
agonists, dopaminergic stimulation changes the T cell proteome with an
especially interesting dose-dependent downregulation of a protease
involved in the degradation of oxidatively modified proteins [73].
Carbidopa is given in conjunction with levodopa to block peripheral
conversion to dopamine, and this drug was shown to inhibit T cell ac-
tivation in PD [74]. While no effect of dopaminergic treatment was seen
on peripheral T cell subtypes in several studies [38,39,42], plasma le-
vels of the T cell chemoattractant RANTES were decreased in dopamine
agonist and/or levodopa treated patients [54]. In conclusion, although
the interactions between dopamine and the immune system are com-
plex and at this point poorly understood, it is important to note that
dopaminergic agents may have additional immunomodulatory effects
[59] that may influence the success of immunotherapy in Parkinson's
disease patients.

7. Discussion/conclusion

Although there is established evidence that T cells, microglia and
inflammatory cytokines are present in the substantia nigra of PD

patients [4,5,75] debate still exists on whether this inflammatory milieu
is a response to ongoing neurodegeneration or a contributor to the
pathology. In a new model of sporadic PD, mice lacking the anti-in-
flammatory cytokine interferon beta exhibited spontaneous neurode-
generation with motor and cognitive impairments and Lewy body pa-
thology in the absence of disease-causing mutant proteins, supporting
our hypothesis that inflammation is a cause rather than an effect of PD
pathology [76].

Based on the evidence reviewed above, we hypothesize that T cell
differentiation shapes the inflammatory cascade in Parkinson's disease
and influences whether microglia are polarized to help clear α-synu-
clein and repair cellular damage or participate in dopaminergic cell
death and perpetuate a neurotoxic, proinflammatory environment.
Evidence is building that the specific T cell response to α-synuclein,
influenced by genetic variations in antigen presentation molecules, may
be the instigating factor that converts the normal healthy coexistence of
neurons and α-synuclein into a pathogenic relationship. The neuro-
trophic factors secreted by Tregs and by anti-inflammatory activated
microglia can help to restore function after damage has been done, so
that immunomodulatory therapies that promote Th2 and Treg response
have potential to not only protect, but to restore neuronal function. The
efficacy of glatiramer in a neurorestoration model provides further
support for this conclusion [26]. This therapy is already FDA-approved
for treatment of Multiple Sclerosis, has a benign side effect profile, and
is a promising target for translation into PD patients.

While thus far the peripheral changes in T cell subclasses are not
well-characterized enough to be diagnostically useful, the T cell pro-
teome “signature” may prove useful in the early diagnosis of PD, and
RANTES has potential to be a useful marker of therapeutic efficacy in
immunomodulatory trials, especially once the magnitude of change
with normal aging and disease progression in these markers is better
established. The influence of dopamine on T cell activation is complex,
and it is important to consider that dopaminergic therapies may have
confounding effects on the immune system and on T cell activation
when designing clinical trials in PD patients.

In conclusion, the last few decades of Parkinson's disease research
have produced an enhanced understanding of the neuroinflammatory
basis for this neurodegenerative disease, and in particular the in-
vestigation into the role of T cells in the immune response has shed light
on the possible instigating factors of this pathology. We still lack dis-
ease-modifying therapy for Parkinson's disease, however the success of
T cell mediated neuroprotective therapies in animal models coupled
with growing evidence of a similarly proinflammatory T cell response in
human PD patients suggests that when harnessed correctly, the T cell
response has potential to slow or halt the damage ongoing in
Parkinson's disease while promoting neuronal repair and restoration.

Acknowledgements

This work was supported by Merit Review BX 001643 and
BX000552 to CKM from the United States (U.S.) Department of
Veterans Affairs Biomedical Laboratory Research and Development;
Veterans Affairs Northwest Parkinson’s Disease Research, Education,
and Clinical Care Center (PADRECC)); NINDS 1U10NS077350 (JFQ);
The contents do not represent the views of the U.S. Department of
Veterans Affairs or the United States Government.

References

[1] J. Jankovic, Parkinson's disease: clinical features and diagnosis, J. Neurol.
Neurosurg. Psychiatry 79 (4) (2008) 368–376.

[2] E.A. Chrischilles, L.M. Rubenstein, M.D. Voelker, R.B. Wallace, R.L. Rodnitzky, The
health burdens of Parkinson's disease, Mov. Disord. 13 (3) (1998) 406–413.

[3] L.M. Rubenstein, E.A. Chrischilles, M.D. Voelker, The impact of Parkinson's disease
on health status, health expenditures, and productivity. estimates from the national
medical expenditure survey, Pharmacoeconomics 12 (4) (1997) 486–498.

[4] C. Foix, J. Nicolesco, Anatomie cerebrale. Les noyaux gris centraux et la region

J.K. Baird et al. Parkinsonism and Related Disorders 60 (2019) 25–31

29

http://refhub.elsevier.com/S1353-8020(18)30465-6/sref1
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref1
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref2
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref2
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref3
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref3
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref3
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref4


Mesencephalo-sous-optique. Suivi d'un appendice sure l'anatomie pathologique de
la maladie de Parkinson, Masson et Cie, Paris, 1925.

[5] P.L. McGeer, S. Itagaki, B.E. Boyes, E.G. McGeer, Reactive microglia are positive for
HLA-DR in the substantia nigra of Parkinson's and Alzheimer's disease brains,
Neurology 38 (8) (1988) 1285–1291.

[6] V. Brochard, B. Combadiere, A. Prigent, Y. Laouar, A. Perrin, V. Beray-Berthat,
O. Bonduelle, D. Alvarez-Fischer, J. Callebert, J.M. Launay, C. Duyckaerts,
R.A. Flavell, E.C. Hirsch, S. Hunot, Infiltration of CD4+ lymphocytes into the brain
contributes to neurodegeneration in a mouse model of Parkinson disease, J. Clin.
Invest. 119 (1) (2009) 182–192.

[7] M.L. Block, L. Zecca, J.S. Hong, Microglia-mediated neurotoxicity: uncovering the
molecular mechanisms, Nat. Rev. Neurosci. 8 (1) (2007) 57–69.

[8] M.E. Lull, M.L. Block, Microglial activation and chronic neurodegeneration,
Neurotherapeutics 7 (4) (2010) 354–365.

[9] C. Cebrian, F.A. Zucca, P. Mauri, J.A. Steinbeck, L. Studer, C.R. Scherzer, E. Kanter,
S. Budhu, J. Mandelbaum, J.P. Vonsattel, L. Zecca, J.D. Loike, D. Sulzer, MHC-I
expression renders catecholaminergic neurons susceptible to T-cell-mediated de-
generation, Nat. Commun. 5 (2014) 3633.

[10] J.J. Cao, K.S. Li, Y.Q. Shen, Activated immune cells in Parkinson's disease, J.
Neuroimmune Pharmacol. 6 (3) (2011) 323–329.

[11] V.H. Perry, Innate inflammation in Parkinson's disease, Cold Spring Harb. Perspect.
Med. 2 (9) (2012) a009373.

[12] D.K. Stone, A.D. Reynolds, R.L. Mosley, H.E. Gendelman, Innate and adaptive im-
munity for the pathobiology of Parkinson's disease, Antioxidants Redox Signal. 11
(9) (2009) 2151–2166.

[13] S.V. More, H. Kumar, I.S. Kim, S.Y. Song, D.K. Choi, Cellular and molecular med-
iators of neuroinflammation in the pathogenesis of Parkinson's disease, Mediat.
Inflamm. 2013 (2013) 952375.

[14] Y. Chi, Y. Fan, L. He, W. Liu, X. Wen, S. Zhou, X. Wang, C. Zhang, H. Kong,
L. Sonoda, P. Tripathi, C.J. Li, M.S. Yu, C. Su, G. Hu, Novel role of aquaporin-4 in
CD4+ CD25+ T regulatory cell development and severity of Parkinson's disease,
Aging Cell 10 (3) (2011) 368–382.

[15] A.D. Reynolds, D.K. Stone, R.L. Mosley, H.E. Gendelman, Nitrated {alpha}-synu-
clein-induced alterations in microglial immunity are regulated by CD4+ T cell
subsets, J. Immunol. 182 (7) (2009) 4137–4149.

[16] A.D. Reynolds, R. Banerjee, J. Liu, H.E. Gendelman, R.L. Mosley, Neuroprotective
activities of CD4+CD25+ regulatory T cells in an animal model of Parkinson's
disease, J. Leukoc. Biol. 82 (5) (2007) 1083–1094.

[17] Y. Huang, Z. Liu, B.B. Cao, Y.H. Qiu, Y.P. Peng, Treg cells protect dopaminergic
neurons against MPP+ neurotoxicity via CD47-SIRPA interaction, Cell. Physiol.
Biochem. 41 (3) (2017) 1240–1254.

[18] S. Theodore, S. Cao, P.J. McLean, D.G. Standaert, Targeted overexpression of
human alpha-synuclein triggers microglial activation and an adaptive immune re-
sponse in a mouse model of Parkinson disease, J. Neuropathol. Exp. Neurol. 67 (12)
(2008) 1149–1158.

[19] S.H. Appel, CD4+ T cells mediate cytotoxicity in neurodegenerative diseases, J.
Clin. Invest. 119 (1) (2009) 13–15.

[20] E.S. Chung, H. Kim, G. Lee, S. Park, H. Kim, H. Bae, Neuro-protective effects of bee
venom by suppression of neuroinflammatory responses in a mouse model of
Parkinson's disease: role of regulatory T cells, Brain. Behav. Immun. 26 (8) (2012)
1322–1330.

[21] G. Lacan, H. Dang, B. Middleton, M.A. Horwitz, J. Tian, W.P. Melega, D.L. Kaufman,
Bacillus Calmette-Guerin vaccine-mediated neuroprotection is associated with
regulatory T-cell induction in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
mouse model of Parkinson's disease, J. Neurosci. Res. 91 (10) (2013) 1292–1302.

[22] T.T. Zhou, G. Zu, X. Wang, X.G. Zhang, S. Li, Z.H. Liang, J. Zhao,
Immunomodulatory and neuroprotective effects of ginsenoside Rg1 in the MPTP(1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine) -induced mouse model of Parkinson's
disease, Int. Immunopharm. 29 (2) (2015) 334–343.

[23] L.M. Kosloski, E.A. Kosmacek, K.E. Olson, R.L. Mosley, H.E. Gendelman, GM-CSF
induces neuroprotective and anti-inflammatory responses in 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine intoxicated mice, J. Neuroimmunol. 265 (1–2) (2013)
1–10.

[24] K.E. Olson, L.M. Kosloski-Bilek, K.M. Anderson, B.J. Diggs, B.E. Clark, J.M. Gledhill
Jr., S.J. Shandler, R.L. Mosley, H.E. Gendelman, Selective VIP receptor agonists
facilitate immune transformation for dopaminergic neuroprotection in MPTP-in-
toxicated mice, J. Neurosci. 35 (50) (2015) 16463–16478.

[25] J. Haas, M. Korporal, B. Balint, B. Fritzsching, A. Schwarz, B. Wildemann,
Glatiramer acetate improves regulatory T-cell function by expansion of naive
CD4(+)CD25(+)FOXP3(+)CD31(+) T-cells in patients with multiple sclerosis, J.
Neuroimmunol. 216 (1–2) (2009) 113–117.

[26] M.J. Churchill, C.K. Meshul, Glatiramir acetate (Copaxone) causes restoration of the
striatal dopamine in a progressive MPTP mouse model of Parkinson's disease [ab-
stract], Mov. Disord. 31 (suppl 2) (2016).

[27] C. Laurie, A. Reynolds, O. Coskun, E. Bowman, H.E. Gendelman, R.L. Mosley,
CD4+ T cells from Copolymer-1 immunized mice protect dopaminergic neurons in
the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of Parkinson's disease, J.
Neuroimmunol. 183 (1–2) (2007) 60–68.

[28] M. Hakimi, T. Selvanantham, E. Swinton, R.F. Padmore, Y. Tong, G. Kabbach,
K. Venderova, S.E. Girardin, D.E. Bulman, C.R. Scherzer, M.J. LaVoie, D. Gris,
D.S. Park, J.B. Angel, J. Shen, D.J. Philpott, M.G. Schlossmacher, Parkinson's dis-
ease-linked LRRK2 is expressed in circulating and tissue immune cells and upre-
gulated following recognition of microbial structures, J. Neural. Transm. 118 (5)
(2011) 795–808 Vienna, Austria : 1996.

[29] J. Park, J.W. Lee, S.C. Cooper, H.E. Broxmeyer, J.R. Cannon, C.H. Kim, Parkinson
disease-associated LRRK2 G2019S transgene disrupts marrow myelopoiesis and

peripheral Th17 response, J. Leukoc. Biol. 102 (4) (2017) 1093–1102.
[30] D. Matheoud, A. Sugiura, A. Bellemare-Pelletier, A. Laplante, C. Rondeau,

M. Chemali, A. Fazel, J.J. Bergeron, L.E. Trudeau, Y. Burelle, E. Gagnon,
H.M. McBride, M. Desjardins, Parkinson's disease-related proteins PINK1 and parkin
repress mitochondrial antigen presentation, Cell 166 (2) (2016) 314–327.

[31] G.I. Ellis, L. Zhi, R. Akundi, H. Bueler, F. Marti, Mitochondrial and cytosolic roles of
PINK1 shape induced regulatory T-cell development and function, Eur. J. Immunol.
43 (12) (2013) 3355–3360.

[32] D.A. Sliter, J. Martinez, L. Hao, X. Chen, N. Sun, T.D. Fischer, J.L. Burman, Y. Li,
Z. Zhang, D.P. Narendra, H. Cai, M. Borsche, C. Klein, R.J. Youle, Parkin and PINK1
mitigate STING-induced inflammation, Nature 561 (2018) 258–262.

[33] T.H. Hamza, C.P. Zabetian, A. Tenesa, A. Laederach, J. Montimurro, D. Yearout,
D.M. Kay, K.F. Doheny, J. Paschall, E. Pugh, V.I. Kusel, R. Collura, J. Roberts,
A. Griffith, A. Samii, W.K. Scott, J. Nutt, S.A. Factor, H. Payami, Common genetic
variation in the HLA region is associated with late-onset sporadic Parkinson's dis-
ease, Nat. Genet. 42 (9) (2010) 781–785.

[34] W.T. Wissemann, E.M. Hill-Burns, C.P. Zabetian, S.A. Factor, N. Patsopoulos,
B. Hoglund, C. Holcomb, R.J. Donahue, G. Thomson, H. Erlich, H. Payami,
Association of Parkinson disease with structural and regulatory variants in the HLA
region, Am. J. Hum. Genet. 93 (5) (2013) 984–993.

[35] A.S. Harms, S. Cao, A.L. Rowse, A.D. Thome, X. Li, L.R. Mangieri, R.Q. Cron,
J.J. Shacka, C. Raman, D.G. Standaert, MHCII is required for alpha-synuclein-in-
duced activation of microglia, CD4 T cell proliferation, and dopaminergic neuro-
degeneration, J. Neurosci. 33 (23) (2013) 9592–9600.

[36] A.J. Monahan, M. Warren, P.M. Carvey, Neuroinflammation and peripheral im-
mune infiltration in Parkinson's disease: an autoimmune hypothesis, Cell
Transplant. 17 (4) (2008) 363–372.

[37] K. Hisanaga, M. Asagi, Y. Itoyama, Y. Iwasaki, Increase in peripheral CD4 bright+
CD8 dull+ T cells in Parkinson disease, Arch. Neurol. 58 (10) (2001) 1580–1583.

[38] J. Bas, M. Calopa, M. Mestre, D.G. Mollevi, B. Cutillas, S. Ambrosio, E. Buendia,
Lymphocyte populations in Parkinson's disease and in rat models of parkinsonism,
J. Neuroimmunol. 113 (1) (2001) 146–152.

[39] Y. Baba, A. Kuroiwa, R.J. Uitti, Z.K. Wszolek, T. Yamada, Alterations of T-lym-
phocyte populations in Parkinson disease, Park. Relat. Disord. 11 (8) (2005)
493–498.

[40] M.A. Gruden, R.D. Sewell, K. Yanamandra, T.V. Davidova, V.G. Kucheryanu,
E.V. Bocharov, O.A. Bocharova, V.V. Polyschuk, V.V. Sherstnev, L.A. Morozova-
Roche, Immunoprotection against toxic biomarkers is retained during Parkinson's
disease progression, J. Neuroimmunol. 233 (1–2) (2011) 221–227.

[41] C.H. Stevens, D. Rowe, M.C. Morel-Kopp, C. Orr, T. Russell, M. Ranola, C. Ward,
G.M. Halliday, Reduced T helper and B lymphocytes in Parkinson's disease, J.
Neuroimmunol. 252 (1–2) (2012) 95–99.

[42] M. Calopa, J. Bas, A. Callen, M. Mestre, Apoptosis of peripheral blood lymphocytes
in Parkinson patients, Neurobiol. Dis. 38 (1) (2010) 1–7.

[43] U. Fiszer, E. Mix, S. Fredrikson, V. Kostulas, H. Link, Parkinson's disease and im-
munological abnormalities: increase of HLA-DR expression on monocytes in cere-
brospinal fluid and of CD45RO+ T cells in peripheral blood, Acta Neurol. Scand. 90
(3) (1994) 160–166.

[44] U. Fiszer, Does Parkinson's disease have an immunological basis? The evidence and
its therapeutic implications, BioDrugs 15 (6) (2001) 351–355.

[45] S. Chiba, H. Matsumoto, M. Saitoh, M. Kasahara, M. Matsuya, M. Kashiwagi, A
correlation study between serum adenosine deaminase activities and peripheral
lymphocyte subsets in Parkinson's disease, J. Neurol. Sci. 132 (2) (1995) 170–173.

[46] P. Bongioanni, M. Castagna, S. Maltinti, B. Boccardi, F. Dadone, T-lymphocyte
tumor necrosis factor-alpha receptor binding in patients with Parkinson's disease, J.
Neurol. Sci. 149 (1) (1997) 41–45.

[47] P. Bongioanni, C. Mondino, M. Borgna, B. Boccardi, R. Sposito, M. Castagna, T-
lymphocyte immuno-interferon binding in parkinsonian patients, J. Neural.
Transm. 104 (2–3) (1997) 199–207 (Vienna, Austria : 1996).

[48] J.A. Saunders, K.A. Estes, L.M. Kosloski, H.E. Allen, K.M. Dempsey, D.R. Torres-
Russotto, J.L. Meza, P.M. Santamaria, J.M. Bertoni, D.L. Murman, H.H. Ali,
D.G. Standaert, R.L. Mosley, H.E. Gendelman, CD4+ regulatory and effector/
memory T cell subsets profile motor dysfunction in Parkinson's disease, J.
Neuroimmune Pharmacol. 7 (4) (2012) 927–938.

[49] S. Chen, Y. Liu, Y. Niu, Y. Xu, Q. Zhou, X. Xu, J. Wang, M. Yu, Increased abundance
of myeloid-derived suppressor cells and Th17 cells in peripheral blood of newly-
diagnosed Parkinson's disease patients, Neurosci. Lett. 648 (2017) 21–25.

[50] Y. Chen, B. Qi, W. Xu, B. Ma, L. Li, Q. Chen, W. Qian, X. Liu, H. Qu, Clinical
correlation of peripheral CD4+cell subsets, their imbalance and Parkinson's dis-
ease, Mol. Med. Rep. 12 (4) (2015) 6105–6111.

[51] D. Rosenkranz, S. Weyer, E. Tolosa, A. Gaenslen, D. Berg, T. Leyhe, T. Gasser,
L. Stoltze, Higher frequency of regulatory T cells in the elderly and increased
suppressive activity in neurodegeneration, J. Neuroimmunol. 188 (1–2) (2007)
117–127.

[52] F. Mor, F. Quintana, A. Mimran, I.R. Cohen, Autoimmune encephalomyelitis and
uveitis induced by T cell immunity to self beta-synuclein, J. Immunol. 170 (1)
(2003) 628–634.

[53] D. Sulzer, R.N. Alcalay, F. Garretti, L. Cote, E. Kanter, J. Agin-Liebes, C. Liong,
C. McMurtrey, W.H. Hildebrand, X. Mao, V.L. Dawson, T.M. Dawson, C. Oseroff,
J. Pham, J. Sidney, M.B. Dillon, C. Carpenter, D. Weiskopf, E. Phillips, S. Mallal,
B. Peters, A. Frazier, C.S. Lindestam Arlehamn, A. Sette, T cells from patients with
Parkinson's disease recognize alpha-synuclein peptides, Nature 546 (7660) (2017)
656–661.

[54] M. Rentzos, C. Nikolaou, E. Andreadou, G.P. Paraskevas, A. Rombos, M. Zoga,
A. Tsoutsou, F. Boufidou, E. Kapaki, D. Vassilopoulos, Circulating interleukin-15
and RANTES chemokine in Parkinson's disease, Acta Neurol. Scand. 116 (6) (2007)

J.K. Baird et al. Parkinsonism and Related Disorders 60 (2019) 25–31

30

http://refhub.elsevier.com/S1353-8020(18)30465-6/sref4
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref4
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref5
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref5
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref5
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref6
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref6
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref6
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref6
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref6
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref7
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref7
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref8
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref8
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref9
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref9
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref9
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref9
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref10
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref10
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref11
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref11
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref12
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref12
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref12
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref13
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref13
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref13
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref14
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref14
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref14
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref14
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref15
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref15
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref15
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref16
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref16
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref16
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref17
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref17
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref17
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref18
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref18
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref18
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref18
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref19
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref19
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref20
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref20
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref20
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref20
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref21
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref21
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref21
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref21
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref22
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref22
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref22
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref22
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref23
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref23
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref23
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref23
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref24
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref24
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref24
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref24
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref25
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref25
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref25
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref25
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref26
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref26
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref26
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref27
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref27
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref27
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref27
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref28
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref28
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref28
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref28
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref28
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref28
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref29
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref29
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref29
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref30
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref30
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref30
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref30
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref31
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref31
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref31
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref32
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref32
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref32
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref33
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref33
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref33
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref33
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref33
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref34
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref34
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref34
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref34
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref35
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref35
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref35
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref35
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref36
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref36
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref36
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref37
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref37
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref38
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref38
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref38
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref39
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref39
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref39
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref40
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref40
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref40
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref40
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref41
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref41
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref41
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref42
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref42
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref43
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref43
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref43
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref43
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref44
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref44
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref45
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref45
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref45
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref46
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref46
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref46
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref47
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref47
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref47
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref48
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref48
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref48
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref48
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref48
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref49
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref49
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref49
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref50
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref50
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref50
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref51
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref51
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref51
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref51
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref52
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref52
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref52
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref53
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref53
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref53
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref53
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref53
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref53
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref54
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref54
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref54


374–379.
[55] T. Alberio, A.C. Pippione, M. Zibetti, S. Olgiati, D. Cecconi, C. Comi, L. Lopiano,

M. Fasano, Discovery and verification of panels of T-lymphocyte proteins as bio-
markers of Parkinson's disease, Sci. Rep. 2 (2012) 953.

[56] T. Alberio, K. McMahon, M. Cuccurullo, L.A. Gethings, C. Lawless, M. Zibetti,
L. Lopiano, J.P. Vissers, M. Fasano, Verification of a Parkinson's disease protein
signature in T-lymphocytes by multiple reaction monitoring, J. Proteome Res. 13
(8) (2014) 3554–3561.

[57] M. Levite, Dopamine and T cells: dopamine receptors and potent effects on T cells,
dopamine production in T cells, and abnormalities in the dopaminergic system in T
cells in autoimmune, neurological and psychiatric diseases, Acta Physiol. (Oxf.) 216
(1) (2016) 42–89.

[58] M. Levite, Y. Chowers, Y. Ganor, M. Besser, R. Hershkovits, L. Cahalon, Dopamine
interacts directly with its D3 and D2 receptors on normal human T cells, and ac-
tivates beta1 integrin function, Eur. J. Immunol. 31 (12) (2001) 3504–3512.

[59] K. Nakano, T. Higashi, R. Takagi, K. Hashimoto, Y. Tanaka, S. Matsushita,
Dopamine released by dendritic cells polarizes Th2 differentiation, Int. Immunol. 21
(6) (2009) 645–654.

[60] M.J. Besser, Y. Ganor, M. Levite, Dopamine by itself activates either D2, D3 or D1/
D5 dopaminergic receptors in normal human T-cells and triggers the selective se-
cretion of either IL-10, TNFalpha or both, J. Neuroimmunol. 169 (1–2) (2005)
161–171.

[61] E.M. Boneberg, E. von Seydlitz, K. Propster, H. Watzl, B. Rockstroh, H. Illges, D3
dopamine receptor mRNA is elevated in T cells of schizophrenic patients whereas
D4 dopamine receptor mRNA is reduced in CD4+ -T cells, J. Neuroimmunol. 173
(1–2) (2006) 180–187.

[62] T. Ilani, D. Ben-Shachar, R.D. Strous, M. Mazor, A. Sheinkman, M. Kotler, S. Fuchs,
A peripheral marker for schizophrenia: increased levels of D3 dopamine receptor
mRNA in blood lymphocytes, Proc. Natl. Acad. Sci. U. S. A 98 (2) (2001) 625–628.

[63] Y.T. Kwak, M.S. Koo, C.H. Choi, I. Sunwoo, Change of dopamine receptor mRNA
expression in lymphocyte of schizophrenic patients, BMC Med. Genet. 2 (2001) 3.

[64] Y.K. Kim, A.M. Myint, B.H. Lee, C.S. Han, H.J. Lee, D.J. Kim, B.E. Leonard, Th1, Th2
and Th3 cytokine alteration in schizophrenia, Prog. Neuro-Psychopharmacol. Biol.
Psychiatry 28 (7) (2004) 1129–1134.

[65] C. Sarkar, B. Basu, D. Chakroborty, P.S. Dasgupta, S. Basu, The immunoregulatory
role of dopamine: an update, Brain Behav. Immun. 24 (4) (2010) 525–528.

[66] H. Gonzalez, F. Contreras, C. Prado, D. Elgueta, D. Franz, S. Bernales, R. Pacheco,
Dopamine receptor D3 expressed on CD4+ T cells favors neurodegeneration of
dopaminergic neurons during Parkinson's disease, J. Immunol. 190 (10) (2013)
5048–5056.

[67] F. Contreras, C. Prado, H. Gonzalez, D. Franz, F. Osorio-Barrios, F. Osorio,
V. Ugalde, E. Lopez, D. Elgueta, A. Figueroa, A. Lladser, R. Pacheco, Dopamine
receptor D3 signaling on CD4+ T cells favors Th1- and Th17-mediated immunity, J.
Immunol. 196 (10) (2016) 4143–4149.

[68] Y. Nagai, S. Ueno, Y. Saeki, F. Soga, M. Hirano, T. Yanagihara, Decrease of the D3
dopamine receptor mRNA expression in lymphocytes from patients with Parkinson's
disease, Neurology 46 (3) (1996) 791–795.

[69] C. Zarow, S.A. Lyness, J.A. Mortimer, H.C. Chui, Neuronal loss is greater in the locus
coeruleus than nucleus basalis and substantia nigra in Alzheimer and Parkinson
diseases, Arch. Neurol. 60 (3) (2003) 337–341.

[70] J.P. Chalmers, R.J. Baldessarini, R.J. Wurtman, Effects of L-dopa on norepinephrine
metabolism in the brain, Proc. Natl. Acad. Sci. U. S. A 68 (3) (1971) 662–666.

[71] C.Y. Ostock, J. Hallmark, N. Palumbo, N. Bhide, M. Conti, J.A. George, C. Bishop,
Modulation of L-DOPA's antiparkinsonian and dyskinetic effects by alpha2-nora-
drenergic receptors within the locus coeruleus, Neuropharmacology 95 (2015)
215–225.

[72] A.P. Kohm, V.M. Sanders, Norepinephrine: a messenger from the brain to the im-
mune system, Immunol. Today 21 (11) (2000) 539–542.

[73] T. Alberio, A.C. Pippione, C. Comi, S. Olgiati, D. Cecconi, M. Zibetti, L. Lopiano,
M. Fasano, Dopaminergic therapies modulate the T-CELL proteome of patients with
Parkinson's disease, IUBMB Life 64 (10) (2012) 846–852.

[74] H. Zhu, H. Lemos, B. Bhatt, B.N. Islam, A. Singh, A. Gurav, L. Huang,
D.D. Browning, A. Mellor, S. Fulzele, N. Singh, Carbidopa, a drug in use for man-
agement of Parkinson disease inhibits T cell activation and autoimmunity, PloS One
12 (9) (2017) e0183484.

[75] T. Nagatsu, M. Mogi, H. Ichinose, A. Togari, Changes in cytokines and neuro-
trophins in Parkinson's disease, J. Neural. Transm. Suppl. (60) (2000) 277–290.

[76] P. Ejlerskov, J.G. Hultberg, J. Wang, R. Carlsson, M. Ambjorn, M. Kuss, Y. Liu,
G. Porcu, K. Kolkova, C. Friis Rundsten, K. Ruscher, B. Pakkenberg, T. Goldmann,
D. Loreth, M. Prinz, D.C. Rubinsztein, S. Issazadeh-Navikas, Lack of neuronal IFN-
beta-IFNAR causes Lewy body- and Parkinson's disease-like dementia, Cell 163 (2)
(2015) 324–339.

J.K. Baird et al. Parkinsonism and Related Disorders 60 (2019) 25–31

31

http://refhub.elsevier.com/S1353-8020(18)30465-6/sref54
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref55
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref55
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref55
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref56
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref56
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref56
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref56
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref57
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref57
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref57
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref57
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref58
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref58
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref58
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref59
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref59
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref59
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref60
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref60
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref60
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref60
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref61
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref61
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref61
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref61
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref62
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref62
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref62
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref63
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref63
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref64
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref64
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref64
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref65
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref65
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref66
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref66
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref66
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref66
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref67
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref67
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref67
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref67
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref68
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref68
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref68
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref69
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref69
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref69
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref70
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref70
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref71
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref71
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref71
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref71
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref72
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref72
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref73
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref73
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref73
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref74
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref74
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref74
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref74
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref75
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref75
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref76
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref76
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref76
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref76
http://refhub.elsevier.com/S1353-8020(18)30465-6/sref76

	The key role of T cells in Parkinson's disease pathogenesis and therapy
	Introduction
	T cells in animal models of Parkinson's disease pathogenesis
	Modulation of the T cell response is neuroprotective in preclinical models
	Genetic links support a causal role of neuroinflammation in PD pathogenesis
	Changes in peripheral T cell markers in Parkinson's patients
	Dopamine/T cell interactions
	Discussion/conclusion
	Acknowledgements
	References




