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Abstract

The identification of peripheral biomarkers for neurodegenerative diseases is required to improve
the accuracy of clinical diagnosis and monitor both disease progression and response to
treatments. The data reviewed in this paper suggest that, in neurodegenerative disease, cytokines
are links between peripheral immune system and nervous system dysfunction.
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Introduction

Alzheimer disease (AD) is an age-dependent neurodegenerative disorder that results in a
progressive loss of cognitive abilities. It is characterized by the accumulation of the
amyloid-B (AB) peptide into amyloid plaques in the extracellular brain parenchyma as well
as by intracellular neurofibrillary tangles primarily comprised of hyperphosphorylated tau.
By contrast, the age-dependent neurodegenerative disorder of Parkinson’s disease (PD) is
characterised by tremor, rigidity, and slowness of movements, and is associated with
progressive neuronal loss of the substantia nigra (SN) and other brain structures. Although
clinically and pathologically different, there is ample evidence of chronic inflammatory
reactions in the brain of both diseases. Neuroinflammatory responses in the brain involve
different cells of the immune system (e.g., macrophages, mast cells, T and B lymphocytes,
dendritic cells), resident cells of the CNS (e.g., microglia, astrocytes, neurons), many protein
components (e.g., complement, adhesion molecules, chemokines, cytokines) and cytotoxic
substances (e.g., reactive oxygen and nitrogen species).

Elevated levels of proinflammatory cytokines, such as tumour necrosis factor-a (TNF-a),
interleukin (IL)-1p, IL-6 and the colony-stimulating factor, have been demonstrated in the
brain, cerebrospinal fluid (CSF) as well as basal ganglia of PD patients. Moreover, these
cytokines have, likewise, been determined to be able to promote AB accumulation, and thus
play an important role in the amplification of detrimental mechanisms likely involved in
progression of AD.

Soluble molecules or cytokines, released by immunocompetent cells, may be responsible for
the bidirectional communication between cells of the nervous and immune systems. One
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hypothesis is that inflammation starts within the central nervous system (CNS), where
several inflammatory products are formed and are quickly removed into the blood stream.
On the other hand, it has been also proposed that inflammation develops at first in the
periphery, and then will contribute to brain damage and finally neurodegeneration.

The identification of biomarkers for neurodegenerative diseases, epitomized by PD and AD,
is required to improve the accuracy of clinical diagnosis and monitor both disease
progression and response to treatments.

Alzheimer’s Disease

AD afflicts mostly people 65 years or older. The clinical hallmarks are progressive
impairments in memory, judgment, decision-making, orientation to physical surroundings,
and language. AD’s pathological characteristics are the presence of senile plaques and
neurofibrillary tangles (NFT) in the brain of patients, together with synapse loss and a deficit
of presynaptic markers of the cholinergic system in brain regions involved in cognition and
mood, such as the hippocampus, entorhinal cortex, basal forebrain, and the frontal and
parietal lobes [1,2]. Although cerebral senile plaques can develop with age and may be seen
in the brain of elderly people without cognitive decline, the presence of a large plaque
number is usually associated with AD. Thus, a diagnosis of AD can be confirmed after death
in patients with cognitive decline, in the event that the brain shows larger numbers of
neuritic senile plaques and neurofibrillary tangles than expected from normal aging. AD has
a heterogeneous etiology with a large percentage, termed sporadic AD, arising from
unknown causes and a smaller fraction of early onset familial AD (FAD) caused by
mutations in one of several genes, such as the amyloid- precursor protein (APP) and
presenilins (PS1, PS2) [1,3]. Senile plaques comprise, in large part, of aberrant aggregates of
amyloid-p (Ap) peptide whereas NFTs largely consist of a hyperphosphorylated form of the
microtubular protein, tau [1,3]. AB in senile plaques is the product of cleavage of a much
larger protein, APP, by a series of protease activities, termed a-, - and y-secretases [1,3].
APP processing by p- and y-secretases appears to be responsible for generation of Ap that
can self-aggregate to form both soluble toxic aggregates of Ap, such as the dodecameric (56
kDa) form and Ap-derived diffusible ligands (ADDLSs), in addition to insoluble toxic fibrils
that accumulate in the senile plaques [2]. A commonality of the described mutations is that
they, albeit through different routes, increase production of Ap and, in particular, the longer
more hydrophobic Apy_4o form. In addition to targeting and impairing synapses [2], most
investigators believe that AR can induce an intracerebral inflammatory response that leads to
the production of inflammatory cytokines, deposition of complement, and the generation of
free radicals that individually or collectively can lead to neuron death [4]. Over the last
decade it has become clear that chronic neuroinflammation represents a further constant
feature of AD [5]. Indeed, neuroinflammation, long considered to be peripheral to the
disease, is being increasingly accepted as being associated with the onset of this
neurodegenerative disorder [6-8]. As its peripheral counterpart, neuroinflammation is
widely regarded as a double-edged sword: it can exert both neuroprotective and neurotoxic
functions. Beneficial or harmful expression of the local immune response in the damaged
CNS depends on how microglia interpret the threat, and that a well-regulated T-cell-
mediated response enables microglia to alleviate rather than exacerbate stressful situations in
the CNS [9,10]. The mechanisms that switch between neuroprotection and neurotoxicity are,
thus far, poorly understood.

Parkinson’s Disease

PD is the second most common neurodegenerativedisorder, after AD, with a prevalence of
approximately 0.5 to 1 percent among persons 65 to 69 yearsof age, rising to 1 to 3 percent
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among those of 80 years ageand older. It is characterized, clinically, by parkinsonism
(resting tremor, bradykinesia, rigidity, and postural instability) [11,12], and pathologically
by the loss of neurons in the SN and elsewhere in association with the presence of
ubiquinated protein deposits in the cytoplasm ofneurons and thread-like proteinaceous
inclusionswithin neurites (Lewy neurites) [12—-15]. Sporadic PD accounts for >90% of the
incidence of the disease,with the remaining fraction of mostly familial PD that is suspected
to be linked to mutations in several recently identified genes such as parkin, alpha-synuclein
(SNCA), synphilin-1 (SNCAIP), dardarin (LRRK?2) and glucocerebrosidase (GBA) with
specific mutations associated with Parkinson’s disease [12—18]. The neuronal degeneration
leads to the loss of dopaminergic (DA) terminals in the striatum and in other basal ganglia
and cortical brain regions. It has recently been suggested that a glial reaction and
inflammatory processes may also participate in the cascade of events leading to neuronal
degeneration [19,20]. Although diagnosis is made clinically, other disorders with prominent
symptoms and signs of parkinsonism, such as postencephalitic, drug-induced, and
arteriosclerotic parkinsonism, may cause confusion with PD until a diagnosis is confirmed
by autopsy [21]. The primary mediators of neuroinflammatory responses in PD are activated
microglia. Potential activators include environmental toxicants, endogenous substances, as
well as aggregated a-synuclein. a-Synuclein may activate microglia via a direct interaction
or indirectly through release of neuronal-derived soluble factors. a-Synuclein-mediated
microglial activation has been recently demonstrated in rat primary cultures, human
microglia cultures and a monocytic cell line, THP-1, following treatment with exogenous a.-
synuclein [22].

mediators in the central nervous system

Interleukins serve as important inflammatory molecules in many organs and tissues. Their
function was initially studied in macrophages, blood leukocytes and other bone marrow
origin cells from which they are produced and released as cell messengers [23]. Classified as
a cytokine, these molecules facilitate communication between cells within the peripheral
immune system, but are now recognized to act also as mediators between the immune
system and other organ and tissue systems. Cytokines act in an autocrine (self), paracrine
(local) and endocrine (distant) fashion to affect, amongst numerous processes, inflammation.
In general, during the process of peripheral inflammation, cytokines released by activated
macrophages play a role in immunomodulation, either by activating other inflammatory
cells or by inhibiting their function, to thereby establish a balance between these apparently
diverse influences. A failure in coordinated activity of cytokines, inflammatory cells, and
other inflammatory triggers leads to inflammatory disorders. The biological activity of
cytokines is extremely complex as it concomitantly depends on several factors, such as the
target cell type and state of activation, the local cytokine concentration, receptor type and
interaction with other cytokine mediators. Due to these factors, the precise effect of
cytokines on specific tissue types may be difficult to predict. The concept of cytokine’s
affect on non-immune cells and tissues is of particular importance when discussing the
consequences of inflammation within the AD brain [24].

Chemokines, or chemoattractant cytokines, are small (8-10 kilodaltons), structurally-related,
endogenous seven transmembrane G-protein coupled receptor (GPCR) ligands that regulate
cell trafficking and the directional migration of leukocytes. Chemokines are divided into
four subgroups based on their pattern of cysteine residues in conserved locations towards
their amino terminus that are key to forming their three-dimensional shape as follows: C,
CC, CXC and CX3C. Chemokines are most clearly implicated in diseases involving
leukocyte modulation but the role of chemokines and chemokine receptors (CCR) is
becoming more apparent in a vast number of conditions, including inflammation. The
essence of chemokine-mediated signalling is the ability to selectively activate a specific
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subset of a cell population in order to elicit a targeted and specialized immune response. The
relationship between chemokines and their receptors is complex, in that individual
chemokines can often bind to several different receptors and a single chemokine receptor
can be activated by multiple chemokines [25].

Inflammation and neurodegeneration

Microglia are immunocompetent cells that take up residence in the developing brain as fetal
macrophages. They constitute some 20% of the total glial cell population within the brain
and are the first responsive element to brain damage or insult. The microglia are central to
the inflammatory response that has been documented in chronic neurodegenerative diseases,
such as AD, prion disease and PD. In chronic neurodegenerative disease, the microglia
become activated which induces specific morphological changes relative to their resting
state. In the resting state, microglial cells generally possess long branching processes and a
relatively small cell body. These branches are responsive to small changes in physiological
conditions and, unlike activated microglia that take on a large, amoeboid shape, quiescent
ones are unable to phagocytose cells and display little or no immunomolecules. Hence, they
are extremely poor antigen presenters, but function to maintain a constant level of available
microglia to detect and fight infection, while maintaining an immunologically silent
environment. By contrast, in the activated state they up regulate a number of cell surface or
cytoplasmic antigens, become able to phagocytose foreign materials and display the
resulting immunomolecules for T-cell activation. Phagocytic microglia are capable of
migrating to sites of injury, engulfing material, and secreting pro-inflammatory factors to
promote the proliferation of additional cells to do the same. In normal circumstances, they
also interact with astrocytes and neural cells to deal with an infection or challenge with
minimal damage to healthy brain cells.

As microglia become activated in a slowly evolving chronic neurodegenerative disease, the
cytokine profile in the brain may be switched from an anti-inflammatory profile to a pro-
inflammatory one by systemic inflammation. Microglial activation has been associated with
neurodegeneration via the production of a variety of proinflammatory and neurotoxic
factors, including TNF-a, IL-1pB, eicosanoids, nitric oxide (NO), and superoxide (O27).
Whereas there is limited evidence regarding the synthesis and secretion of cytokines from
astrocyte or microglial cells under normal healthy homeostatic conditions, these same cells
are important sources of cytokines in pathological states [26]. The function and secreted
products of all these molecules are diverse, and likely regulate the intensity and duration of
an immune response. In addition, microglia play an important role in orchestrating the
behaviour of other immune cells that enter the brain via their secretion of both cytokines and
chemokines, key regulatory molecules that are dramatically up-regulated during CNS
inflammation.

Godoy et al. [27] have reported that microglial cells produce increased mRNA levels of pro-
inflammatory cytokinessuch as IL-1p within the SN during neurodegeneration, but
translation of these transcripts was notobserved [28]. These and other observations prompted
the hypothesis that these “atypical’ microglial cells are ‘primed’ cells. Hypothetically, these
‘primed’ microglia cells could be stimulated to adopt a potent neurotoxic pro-inflammatory
phenotype by a second stimulus and exacerbate neurodegeneration [29,30]. Investigators
have determined that a second, pro-inflammatory stimulus in the degenerating SN switches
‘primed’ microglia into a pro-inflammatory phenotype, which leads to increased
neurodegenerationand earlier motor symptoms in a Parkinson’s disease model. It is widely
reported that numerous substances involved in the promotion of inflammatory processes are
present in the CNS of patients with neurodegenerative disease. Likewise, it is well
established that local inflammatory processes in the brain contribute to the damage caused
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by acute brain injuryand the progression of neurodegenerative disease. In contrast, the role
of systemic inflammatory processes has been poorly investigated, although growing
evidence suggests that the incidence of, and response to, acute brain injury and the
progression of several neurodegenerative diseases are modulated by systemic inflammatory
events [31,32]. It is known that systemic inflammatory mediators can induce the synthesis of
cytokines within the brain, suggesting that this second stimulus could have its genesis in the
periphery [33].

Systemic inflammation in chronic neurodegeneration

Recent evidence suggests that systemic inflammation can induce behavioural changes and
may induce local inflammation in the diseased brain, leading to exaggerated synthesis of
inflammatory mediators in the brain. Inflammatory mediators pass from the blood to the
brain via macrophage populations associated with the brain, the perivascular macrophages
and microglia. Such interactions suggest that a systemic challenge that promotes a systemic
inflammatory response, may contribute to the outcome or progression of a chronic
neurodegenerative disease [34]. Indeed, the classical slow induction of dopaminergic marker
depletion in rodent brain following an acute systemic administration of lipopolysaccharides
(LPS), a major component of the outer membrane of gram-negative bacteria, supports this
contention and has provided a useful animal model of PD.

A bidirectional communication occurs between cells of the nervous and immune systems,
the origin for this communication is the release of soluble molecules or cytokines, and the
status of the blood-brain barrier’s permeability to them. The source of the circulating
cytokines found in plasma has yet to be fully elucidated. They may be produced by blood or
endothelial cells or, alternatively, come from the brain or, indeed, both compartments (Fig.
1). Experimental data show that an acute inflammatory stimulus (such as IL-1 or an
endotoxin) delivered in the brain efficiently induces inflammatory cytokine production in
the periphery [35,36]. Thus, it is apparent that the CNS is not only able to produce cytokines
[37], but it can also contribute to the pool of peripheral cytokines. Recent reports indicate
that a pro-inflammatory event in the periphery can induce chronic, self-propagating
neuroinflammation in the brain, and that systemic cytokines are critical for CNS effects in
response to peripheral immune activation. Qin et al. [38] showed that the entry of
proinflammatory factors, such as TNF-a, to the brain induced the activation of microglia
and subsequent production of more inflammatory factors, which may then cause neuronal
death. This has clinical implications and, additionally, provides a link between peripheral
inflammation and neuroinflammation. Support of the hypothesis that peripheral
inflammation may amplify the neuroinflammation contributing to PD pathogenesis and that
its inhibition may hence slow disease progress can be argued from epidemiologic findings
indicating that prior long-term nonsteroidal antiinflammatory drug (NSAID) use was
associated with a lower PD risk [39]. Most NSAIDs, including ibuprofen, flurbiprofen, and
indomethacin, have poor brain entry consequent to their high restrictive plasma protein
binding and/or their existence in an ionized form that has limited blood-brain barrier
permeability; hence, their favorable brain actions must be mediated systemically rather than
centrally, as brain concentrations of these agents are sub-therapeutic and only 1-2% of
concomitant plasma levels.

Stimulation of immunocompetent cells and hyper-production of cytokines are considered to
play a key role in the development and progression of PD [40]. Abnormalities in peripheral
immune function, such as a deviation in a T lymphocyte subset, have been reported by
several authors in neurodegenerative diseases [34,41,42]. It is established that inflammation
in peripheral tissues induces the synthesis of cytokines that communicate with the brain by
inducing activation of macrophages. Within the CNS, these then play a central role in the
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transduction of signals from the blood to the brain and in the synthesis of inflammatory
mediators, which include many that are found peripherally. Recent studies indicate that
peripheral proinflammatory factors may be transferred through specific receptors to the
brain, where they induce the synthesis of additional proinflammatory factors, creating a
persistent and self-perpetuating neuroinflammation [38]. The brain can receive information
from the immune system and respond to immune-derived signals via the cytokine network.
In large part because of such actions, the immune system has recently begun to be referred
to as “the second brain” [43]. Such aspects account for the inherent complexity of the
immune network, and dissection of these will hopefully form a focus of future work to aid in
their elucidation.

in AD

Experimental evidence indicates that inflammation plays a major role in neurodegeneration
and that the cytokine IL-1 is a pivotal mediator. IL-1 is expressed rapidly in response to
neuronal injury, predominantly by microglia, and elevated levels of endogenous or
exogenous IL-1 markedly exacerbate injury. IL-1 over-expression in Alzheimer brain is
directly related to plaque progression and tangle formation, and IL-1 induces excessive
synthesis, translation and processing of neuronal APP in addition to the synthesis of most of
the known plaque associated proteins [44-47]. IL-1 has been reported to co-localizes
immunohistochemically to neuritic plaques, which are requisite neuropathologicalfeatures of
AD. A polymorphism in the IL-1a gene may induce an over-expression of IL-1a.,a finding
reported to be associated with inflammatory diseases [44]. IL-1 may also impact AD
pathopharmacology via its ability to influence neuronal expression and activity of
acetylcholinesterase (AChE) [48]. In a similar manner, systemically administered AChE
inhibitors have been reported to significantly attenuate the production of IL-1p in the
hippocampus and blood [49].

The pro-inflammatory cytokine, TNF-a, frequently exhibits synergistic effects with IL-1
during the inflammatory process. Several studies have quantified soluble TNF-a. in AD
brain tissue and CSF and, have found a decrease, an increase and no change compared to
non-AD cases, as recently reviewed by Tweedie at al. [50]. Similar variability has been
reported using mRNA analyses of AD brain tissue [51]. Luterman and colleagues [52]
reported no detectable expression of TNF-a in elderly patients with variable clinical
dementia ratings. By contrast, Paganelli et al. [53] reported elevated serum TNF-a in
subjects with dementia that appeared to be disease-stage dependent. Specifically, the level of
serum TNF-a was significantly lower in mild moderate AD compared to severe AD and
vascular dementia, suggesting a difference in the cytokine profile at different stages of AD
as well as between other types of dementia. Whereas interleukin-6 (IL-6) has been reported
up regulated in AD brains, other studies have reported no significant increase in IL-6 in
CSF, and despite these variable results, IL-6, together with IL-18 and TNF-a, is considered
one of major mediators of the inflammatory response in AD [54]. The clinical consequence
of a CNS dysregulation in this cytokine’s balance (e.g., high levels of pro-inflammatory
cytokines and low levels or activity of anti-inflammatory cytokines) can lead to cytokine
production and synergistic cytokine actions. Thus, both cytokine-cytokine interactions and
cytokine interactions with existing AD pathology may play critical roles in AD
neuroinflammation. Transforming growth factor (TGF)-B1 has been detected in AD plaques,
and prominent immunostaining for TGF-p2 has been observed in reactive astrocytes,
ramified microglia, as well as in a portion of tangle-bearing neurons in AD cases [55]. In
contrast to these proinflammatory and amyloidogenic properties, TGF-p1 and TGF-$2 may
serve to protect against neuronal cell damage in the brain parenchyma [56,57], and hence
their presence may be associated with an alternative role.

Mini Rev Med Chem. Author manuscript; available in PMC 2012 June 11.
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Peripheral levels of cytokines in AD

Circulating cytokines have a short half-life, and may reach high concentrations at sites of
release, but much lower concentrations in the blood, or they may bind to molecules that do
not permit their detection by current immunological methodology. These and other caveats
may accounts for the contradictory results of several studies that have measured circulating
cytokines in AD or PD (Tab.1). Thus, effects on peripheral cells, and potentially following
the disease by analysing such cells is based on the hypothesis that both AD and PD can be
considered as systemic diseases that, in spite archetypical damage in brain that results from a
greater sensitivity to injury in postmitotic neuronal cells, the disease also affects other cells
and tissues in the body (Fig. 2).

A peripheral immune alteration in AD patients might be triggered by a brain immune
activation, given the existence of an inflammatory signalling pathway between the brain and
periphery [58]. Recently, intracerebroventricular injection of AB;_4» in mice has been
reported to generate an IL-6 elevation in not only brain but also plasma, demonstrating that
centrally administered AB1_4, effectively induces a systemic IL-6 response [59],
alternatively, circulating Ap may directly affect immune function.

Results of studies evaluating markers of systemic inflammation in AD patients are
conflicting as both increased [41,60-63,68—70] and normal [64—67] plasma levels of pro-
inflammatory cytokines, such as IL-1p, TNF-a and IL-6, have been reported
[41,61,66,67,73-76]. Higher TNF-a levels in AD than healthy controls, were not related
with disease onset (early versus late), disease severity (mild versus moderate), sex (male
versus female) or APOE status (epsilon4 carriers versus non-carriers) [71].

High plasma levels of IL-6 have been associated with an inferior cognitive performance at
baseline and with a greater risk of cognitive decline over a 2-year follow-up period [77]. An
elevation in circulating IL-6 is consistent with its enhanced synthesis by blood mononuclear
cells [78], which may additionally imply a problem with immunoregulation in AD.
Systematically elevated IL-6 may permeate across the blood-brain barrier and, after reaching
the brain, may cause or contribute to the neuropathology of AD [41]. IL-4 induced by T2
cells has been reported to be reduced in AD patients compared to control subjects, and
expression and secretion were significantly elevated when the AD patients were treated with
an AChE inhibitor [79]. IL-12 is considered important in the early inflammatory response,
acting to induce IFNy production from T and NK cells, which then enhances macrophage
activity. Whereas no significant difference was observed in severe AD-patients compared to
non-demented age matched controls, an increase in IL-12 concentration was apparent in
mild AD patients and progressively decreased in AD-moderate patients. It is hence possible
that during the early AD phase, the modest increase in the levels of 1L-12 may be a part of
the activated Th1 response, reflecting reactivity against AR and other components co-
localized with plaques. A positive correlation between IL-12 and mini-mental state
examination (MMSE) scores has been reported in mild AD patients [80-82]. An elevation in
IL-16 levels in early phases of the disease may contribute to chemo-attraction of pathogenic
CD4 lymphocytes to cross the blood brain barrier [83]. Such data lends support for I1L-16
playing a potentially crucial role in the regulation of communication between the brain and
the immune system, leading to the activation of humoral pathways, and in a subsequent
highly modulated peripheral inflammatory response [84]. Moreover, IL-16 could potentially
enhance the cytotoxic activity of immune cells contributing to the inflammatory response by
triggering the release of further pro-inflammatory cytokines.

An association between IL-18 and AD is currently unclear and remains to be elucidated, but
convergent results suggest that this cytokine is of interest in AD. Although no differences in
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circulating IL-18 levels have been determined between AD patients and controls, a
significantly increased production of IL-18 was obtained from stimulated PBMCs of AD
patients. This was particularly striking in AD subjects carrying the C/C genotype at the -607
position of the IL-18 gene promoter who demonstrated a high risk of developing AD. In
addition, a significant correlation has been observed between IL-18 production and
cognitive decline in AD subjects. Elevated IL-18 plasma levels correlated with the severity
indexes in patients with AD. On the whole, these recent data are suggestive of a role of
IL-18 in the pathogenic processes that lead to dementia and AD, and again are supportive of
a hypothesis of the occurrence of immune dysfunction; in this case, potentially mediated by
the helper T cell response [85-88]. The precise role of TGF-p in AD pathogenesis remains
interesting but unclear, as the increased levels could potentially drive the disease or may,
conversely, reflect a defense mechanism to lower soluble forms of AB in the brain
parenchyma. These dual effects of TGF-f are not mutually exclusive, and may be dependent
on disease severity [89-91].

Assuming that the brain’s pathological events are replicated in some manner in the
periphery, it would seem rational to propose a link between the cytokine profiles of the brain
and systemic circulation. Aiming to determine the presence of detectable circulating
markers, a large number of studies have analyzed peripheral inflammatory indices, including
cytokines and related molecules in blood (serum, plasma or cell cultures) from AD patients.
At present, data is proving interesting but definitive conclusions cannot yet be drawn.

in PD

Epidemiological evidence suggests an association between neuroinflammation and PD with
a previous study reporting that inflammatory gene cytokine polymorphisms of TNFa and
IL-1pB increase the risk of PD [92]. Higher levels of TNF-a, the interleukins, IL-1pB, 1L-2,
IL-4, IL-6, as well as of TGF-a,-p1 and -B2 have been detected in the brain parenchyma or
CSF of PD patients [44,93]. In addition, elevated levels of inflammatory cytokines,
including IL-1p and IL-6, as well as of TGF-a and epidermal growth factor (EGF) have
been reported in striatal dopaminergic neurons, and highlight the participation of immuno-
competent cells and hyper-production of cytokines in PD [94,95].

Peripheral levels of cytokines in PD

PBMCs deriving from patients with PD have been reported to induce an altered (often
reduced) production of TNF-a as well as IL-1a and -1gcomparedto healthy controls, and
their monocyte/macrophages induce less TNF-a[50]. This picture remains confusing as
Reale et al. [96] observed a higher expression and production of IL-1f from PBMCs isolated
from PD subjects compared to controls. Production of IFN-y and IL-2 from LPS-stimulated
PBMCs from PD patients have been determined to be significantly lower than controls, and
a lack of difference in IL-10 production has been described. A significant negative
correlation has been noted in IL-6, TNF-a, IL-1p and IL-1a levels produced by both LPS-
stimulated and unstimulated PBMCs from PD patients versus their Hoehn Yahr disability
score, signifying that impaired cytokine production may progress with advancing disease.
Changes in cytokine production on the rate of PD progression reveal a relationship between
clinical manifestations of the disease and plasma cytokine content, and reflect a systemic
immune hyper-reactivity that likely contributes to the development of higher mental
disorders [96-99]. Although an elevated brain level of IL-6 has been considered evidence of
neuroinflammation, its specific roles in PD pathogenesis remains to be elucidated. In animal
models, both protective and detrimental actions have been described for IL-6 toward the
dopaminergic system. A moderate elevation in IL-6 observed in blood may originate from
the brain and reflect a local rather than a chronic systemic inflammatory process. Some
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studies have reported an elevation in the circulating levels of IL-15 and IL-2 in patients with
advanced stages of PD [100-102], whereas Kluter et al. [98], when studying mitogen-
stimulated PBMCs from patients with PD, noted a significant decline in IL-2, with levels of
IFNy, IL-6 and plasma soluble interleukin-2 receptor (sIL-2R) being no different from
healthy controls. In a nutshell, PBMCs from PD subjects generally show a lower capacity to
produce IL-2 and a higher capacity to produce TNF-a.. Albeit that the present review has not
revealed a general pattern of detectable inflammatory biomarkers in the peripheral blood of
PD patients, it supports the hypothesis of the existence of a systemic immune abnormality
during the pathological cascade of PD, and thereby provides a basis for further investigation.

Chemokines and relationship to AD and PD

Consequent to their induction or upregulation during CNS pathologies, members of the
chemokine family can be used as biological markers [103]. Chemokines have been
purported to play a germane role in the pathogenesis of inflammatory processes that occur
during AD development based on their chemotactic activity on brain phagocytes.
Observations from animal studies indicate that chemokines and their receptors are associated
with neuritic plaques, supporting an inflammatory hypothesis for AD [104,105]. It is
plausible that plaque-associated chemokine production plays a function in the recruitment
and accumulation of astrocytes and microglia to senile plaques. The participation of
chemokines in AD and PD is substantiated by alterations in their concentration in both CSF
and serum [106]. There is growing support that chemokines and their receptors are
upregulated in resident CNS cells in AD brain, and that chemokines may contribute to
plaque-associated inflammation and neurodegeneration [107]. Histological studies have
associated both interleukin-8 receptor (IL-8R) and monocyte chemotactic protein-1 (MCP-1)
(also known as CC chemokine ligand (CCL)-2) with AD pathology. Furthermore, the
elevated expression of the chemokine receptors CCR3 and CCR5 on reactive microglia,
together with the presence of macrophage inflammatory protein-1p (MIP-1) in reactive
astrocytes in AD brain [108], suggests the involvement of these B-chemokine receptors and
their ligands in AD pathogenesis.

An Ap-induced upregulation of MCP-1 has been demonstrated in several studies. Meda et al
[109] showed that AP and IFN-y, synergistically, induced the production of MCP-1 in
cultured human monocytes and in murine microglial cells. Ap-induced production of
MCP-1 by human THP-1 monocytes has been confirmed in other cell culture studies [110—
113]. In addition, production of MCP-1 has also been demonstrated to occur in Ap-
stimulated astrocytes and oligodendrocytes. Other chemokines are thought to play a role in
AD pathogenesis based on in vitro studies. MIP-1a and p expression in human monocytes
and human microglia increased with A stimulation, as did production of CCL5 (also
known as RANTES) in astrocytes and oligodendrocytes. Whereas relatively few studies
have examined the expression of chemokine receptors in AD, an increase in the expression
of CCR3 and CCRS5 has been noted on reactive microglia, and CXCR2 is expressed in
neuritic plaques [107,108].

A peripheral increase of chemokines may, likewise, represent a crucial step in the
pathogenesis and progression of AD. In this regard, clinical studies have demonstrated that
MCP-1 levels are elevated in serum from subjects with Mild Cognitive Impairment (MCI)
and mild to moderate AD, whereas they decline during AD progression, signifying that
MCP-1 upregulation may be an early event in AD pathogenesis, preceding the clinical onset
of the disease. This view is supported by expression rates determined in PBMC-based
studies that parallel serum MCP-1 levels in MCI and the various stages of AD. The
modifications described to occur in brain may additionally activate blood macrophages,
which share common functions with microglial cells within the nervous system, to produce

Mini Rev Med Chem. Author manuscript; available in PMC 2012 June 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Reale et al.

Page 10

MCP-1, and thereby induce a slight increase in its serum level. Likewise, other peripheral
cells, such as monocytes and vascular endothelium, similar to microglia and macrophages,
both produce and secrete a wide range of cytokines and chemokines, and hence it is difficult
to truly define whether changes in potential biomarkers like MCP-1 originate from brain or
the periphery [114]. Alternatively, given the potential neuroprotective effect of MCP-1, its
early rise could be related to an attempt of glial cells to eliminate Ap and plaques, to
forestall or block ongoing neuronal death. In this scenario, as this immunological response
fails to re-establish the normal brain environment and neurons begin to fail and die,
chemokine production would gradually become down regulated and decline. In the face of
this process occurring chiefly within the brain, it would be expected to also influence
peripheral cells and thereby account for the observed decline in MCP-1 production with
disease progression. Further corroboration of a generalized decrease of MCP-1 production
with disease severity derives from an observed negative correlation between disease
duration and MCP-1 levels, in spite of a reported age-dependent rise in MCP-1 levels [115].

Amongst the chemokine family, the CXC3-chemokine, fractalkine, shows unusual
properties as it exists as a membrane-bound and soluble protein. Both fractalkine and its
receptor, CX(3)CR1, are predominantly found in the central nervous system, and are
constitutively expressed in neurons, microglia and astrocytes. Soluble fractalkine can
function as a pro-inflammatory chemoattractant that activates receptive inflammatory cells,
particularly T cells and monocytes [116], whereas the cell-bound chemokine promotes
strong adhesion of leukocytes to activated endothelial cells, where it is primarily expressed.
Plasma levels of soluble fractalkine have been reported to be significantly elevated in
patients with MCI and AD, in comparison to healthy age-matched controls. In addition,
subjects with MCI possessed higher levels of plasma soluble fractalkine than those with AD.
Previous studies have explored the relationship between blood levels of soluble fractalkine
and CNS inflammatory diseases; however, the results have been largely contradictory. As
fractalkine mRNA has not been found in the peripheral blood, a release of soluble
fractalkine from endothelial cells may provide the source of fractalkine within the peripheral
circulation. Soluble fractalkine has been proposed as a pro-inflammatory chemoattractant for
T cells, NK cells, and monocytes during the early stage of AD. Hence, it was initially
assumed that the presence of elevated plasma soluble fractalkine was linked to the induction
of the inflammatory process within the AD brain. Nonetheless, emerging evidence points
towards likely anti-inflammatory and neuroprotective roles for soluble fractalkine to
function as an intrinsic inhibitor against neurotoxicity by suppressing activated microglia,
and thereby providing a better potential explanation for its elevated plasma level in MCI
[117]. During an inflammatory process leading to neuronal dysfunction and eventual death
or microvascular disruption in AD, proteolytic release of soluble fractalkine from neurons
and endothelial cells may function to shield the brain from insult, a response that gradually
fades during disease progression. Such a scenario is in accord with previous findings on
altered levels of serum MCP-1, which may likewise have a neuroprotective effect, and
increases during the progression from MCI to early AD, but not during the progression from
mild to severe AD [118].

The chemokine, IL-8 (also known as CXCL8), has been reported to be highly expressed in
the CSF of patients with AD, compared to controls, although serum levels proved to be no
different [119]. Its elevated CSF concentration negatively correlated to MMSE scores in AD
patients [119]. Like other chemokines, the meaning of an increase in IL-8 in AD is difficult
to gauge. Clearly the source for an elevated CSF IL-8 level, in the absence of a serum
change, is the brain. A potential involvement in compensative and reparative mechanisms
has been suggested, as IL-8 has been described to promote neuronal survival of hippocampal
neuronal cultures [120]. Hence, the inverse correlation determined in AD between IL-8
levels and MMSE scores may represent an attempt to limit neuronal damage in patients as
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the disease progresses [119]. In a recent cross-sectional study of community dwelling
elderly subjects in which the relationship between a variety of chemokines and cognitive
performance was assessed by a variety of domains, increased serum concentrations of 1L-8
were associated with poor performance in the memory and speed domains as well as in
motor function [121]. CSF chemokine levels were not assessed in this latter study, and the
results suggest an association between circulating 1L-8 concentrations and cognitive
dysfunction in the elderly; however, the basis of this association remains to be clarified.

The peripheral T cells of AD patients have been reported to over express MIP-1a., which
binds to CCRS5 on brain endothelial cells to promote the ability of T cells to cross the tight
junctions that comprise the blood-brain barrier. This implies that a high level of MIP-1a is
associated with augmented entry into brain, which may account for an increased occurrence
of T cells in the brain of patients with AD, compared with age-matched controls [122,123].
Chemokines are involved not only in AD pathogenesis but also in a wide variety of
neurodegenerative disorders, including PD. Basal in addition to LPS-induced levels of
MCP-1, RANTES, MIP-1a and IL-8 in PBMCs have been determined to be significantly
higher in PD patients than in healthy controls, and the levels of these chemokines were
significantly correlated with PD stage, as determined by Hoehn and Yahr staging of PD and
the Unified Parkinson’s Disease Rating Scale (UPDRS) [95]. Serum RANTES levels have
been reported increased in the serum of patients with PD, compared with healthy subjects. A
likely recruitment of activated monocytes, macrophages and T lymphocytes to sites of
inflammation within the brain of PD patients may occur through interaction with RANTES
receptor CCR5 to potentially exacerbate injury, and the systemic presence of RANTES in
PD may reflect both a central and/or peripheral source of activation. Different studies have
examined whether or not DNA-polymorphisms at the genes encoding chemokines, MCP-1
(—2518 A/G) and RANTES (—403 A/G), and their receptors, CCR5 (Delta32) and CCR2
(\V641), were associated with the risk and/or clinical outcome of AD and PD, and have
concluded that these four DNA polymorphisms did not contribute to the risk of either PD or
AD [124]. Nishimura et al., instead, found that MCP-1 (-2518 A/G) genotype affected the
age-at-onset of subjects afflicted by PD [125].

General concepts and future directions of AD, PD and cytokine relations

Diagnostic implications

Clearly, the longitudinal sampling and analysis for potential abnormal expression and
production of cytokines from the CNS cannot readily be accomplished in living humans, and
the possibility of post-mortem RNA degradation and protein modification may confound the
interpretation of data obtained from neuropathological materials. This challenge may be
circumvented by sampling and analysis of peripheral tissues, in light of growing evidence of
systemic abnormalities in key cellular functions in affected individuals with
neurodegenerative disease, including alterations in APP metabolism, post-translational
protein modifications (e.g., Ap and a-synuclein), antioxidant defences and acute phase
reactants [30,31]. In this regard, the use PBMCs or alike blood components may offer
specific advantages as (i) such cells can be readily obtained by simple venous sampling, (ii)
the CNS is known to communicate with the immune system through multiple molecular,
hormonal and neurotransmitter mechanisms, (iii) there are multiple commonalities between
specific immune and neural cells, including aberrant APP expression, altered levels of
antioxidant enzymes, occurrence of oxidative damage to DNA, RNA and protein, a
deregulated cytokine secretion and elevated rates of apoptosis in conditions such as AD
[128-130] and (iv) PBMCs have been previously utilized in the diagnosis and prognosis of
other neurological diseases [131,132]. The notion of exploiting PBMCs as a “window” into
the CNS has been proposed by Percy et al., [133] in their comprehensive review of the
peripheral manifestations of AD. Whether or not the future holds the promise of a diagnostic
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based on cytokine/chemokine research remains to be elucidated. By sampling, measuring
and profiling peripheral levels of these as well as other markers of immune response, one
may be able to rationally move towards the development of a diagnostic, whether used alone
or in combination with other biomarkers like tau, AR or a-synuclein, as well as more clearly
define the role of these proteins in AD, PD and similar diseases involving
neuroinflammation.

Treatment implications

Clearly an exciting and driving desire behind much current research is the potential of a new
treatment. By controlling and tempering the inflammatory reaction to Ap and/or other
reactive aberrant disease-associated proteins, one could potentially diminish further protein
build up, reduce neuronal dysfunction, and improve outcome. As an example among
potentially many, specific inflammatory modulators in the brain, such as a TNF-a synthesis
inhibitors or selective receptor antagonists [50], may perturb the vicious self-propagating
cycle of events initiated by the aberrant over expression of this protein to inappropriately
induce apoptotic pathways in neurons, and thereby provide a theoretical future direction in
the field of AD or PD therapy.

IL-4 is an effective adjuvant for Ap immunotherapy and drives an attenuated Th2 response
to immunization with AB, inducing moderate antibody titres [134]. Spleens from AB1_4»-
immunized mice have demonstrated a decreased IL-12 receptor beta chain expression, an
elevated secretion of IL-4 and IL-10, and a decrease in IFN+y levels [135], and IL-4, IL-10,
and TGF-B1, but not IL-13 and IL-27 have been reported to enhance degradation of fibrillar
AP, whereas proinflammatory cytokines suppress Ap degradation [136]. Well-tolerated and
selective inhibition of the biological activities of chemokine receptors could thus be of
therapeutic value for select neurodegenerative disorders. In recent years, non-peptide
antagonists of chemokine receptors have been disclosed and assessed in relevant
pharmacological models. Some of these inhibitors have now entered clinical trials, and
results are awaited with interest.

Conclusion

Although interpretation of the results of many AD and PD studies have been somewhat
controversial and confounded by limitations in sampling; in general, all demonstrated an
activation of the peripheral immune status that probably was linked to an inflammatory
condition present in brain. Interestingly, the patterns of the systemic inflammatory response
observed in PD and AD share similarities, although they are not identical. Examples
amongst many are that IL-18 and RANTES are increased in both AD and PD, whereas
MCP-1 levels are increased in PD but not in AD, when compared with healthy age-matched
controls. Such apparent differences between the results of AD and PD subjects may reflect
the different immunological features triggered by PD and AD, as well as the different
vulnerable target brain areas and neurons that define these diseases.

Certainly the most important limitation of the majority of research reviewed is the
acknowledged cross-sectional design of the studies, from which it is not possible to define
any ‘cause-effect relationship’. In particular, such studies cannot distinguish whether or not
high cytokines levels might contribute to the pathogenesis of dementia or represent a
protective response. The two are not mutually exclusive, and could be time-, location- and
concentration-dependent. Moreover, dementia might lead to high cytokines levels, or other
as yet unknown factors might contribute to both cognitive impairment and systemic
inflammation. Although the precise molecular and cellular relationship between
neurodegeneration and inflammation remains ambiguous, there is strong evidence that
cytokines may induce activation of signalling pathways that lead to further inflammation
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and neuronal injury, and both pharmacological and immunological tools are now available
to affirm or refute this. An interesting further question is whether or not systemic
inflammation influences the progression of a chronic neurodegenerative disease, or is simply
a consequence of tissue degeneration. In order to account for these different scenarios, two
not mutually exclusive possibilities have been proposed. On one hand, the overproduction of
brain cytokines might contribute to the pool of peripheral cytokines by a spill over from
CNS [137], whereas on the other, peripheral cytokines might impact brain functions by
crossing the blood brain barrier and directly interacting with CNS targets [138].

In the end, however, the greatest potential to aid the development of mechanistic-driven
treatments will likely derive from identifying the crucial factors responsible for the
detrimental neuroinflammatory responses that occur in neurodegenerative diseases. In this
regard, promising results for neurological disease treatment may derive by targeting
cytokines and chemokines in the development of antagonists and synthesis inhibitors.
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Abbreviation

IL- interleukin-

AB amyloid-p

AD Alzheimer’s disease

PD Parkinson’s disease

CNS Central nervous system
TNF-a tumour necrosis factor-a

CSF cerebrospinal fluid

NFT neurofibrillary tangles

DA dopaminergic

SN substantia nigra

GPCR G-protein coupled receptor
BAPP B-amyloid precursor protein
AChE acetylcholinesterase

TGF Transforming Growth Factor
LOAD late-onset Alzheimer’s disease
MCI Mild Cognitive Impairment
PBMC peripheral blood mononuclear cells
MM SE mini-mental state examination
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Relations between peripheral cytokines and the pathological process in neuroinflammation
and neurodegenerative disease.
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Table 1

Summary of Peripheral Cytokines in AD and PD Patients

AD PD
Marker
Level@ References Level? | References
+ [60-61,69-70,73,74] + [96]
IL-1B
- [99]
IL-2 + [60] + [100-102]
- [98]
IL-6 + [41,60,61,63,77,78] + [97]
= [63] + [96]
IL-8
= [65.67] - [99]
IL-4 - [76,79]
- [80-82]
IL-12
= [41]
IL-15 + [100-102]
IL-16 + [83]
+ [60,83,86,88]
IL-18
= [85]
IFNy = [41,64] + [96]
TGFB + [83,86,89-90]
+ [60,64,68-74] + [93,96]
TNFa - [70] - [99]
= [64,65]
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a .
+: Increased levels were observed compared to healthy controls —: Decreased levels were observed compared to healthy controls =: No different
levels were observed compared to healthy controls.
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