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Neuroprotective Immunity
for Neurodegenerative and Neuroinfectious
Diseases
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Abstract The interplay between innate and adaptive immunity strongly influences
the pathobiology of neurodegenerative, neuroinflammatory, and neuroinfectious
diseases. Specific and sustained immune responses can induce disease by affecting
neuronal injury and death. Disease progression parallels glial proliferation, proin-
flammatory cytokine production and adaptive immune responses against the incit-
ing misfolded protein or infectious agent. All affect neuronal demise. Neuroprotective
immune transformation remains a therapeutic avenue being developed by several
research groups towards the shared goal of sustaining a nourishing brain
microenvironment.
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1 Introduction

Multifaceted disease mechanisms characterize the pathobiology of neurodegenera-
tive and neuroinfectious disorders. One common pathway affecting neuronal vital-
ity in all diseases states is disordered innate and adaptive immunity [1]. Innate
microglial and astrocyte responses are considered early signs of disease as is
antigen-driven T cell proliferative responses. Such immune responses affect multi-
ple disease components including neuronal loss, peripheral blood cell extravasation
across the blood brain barrier (BBB) and lymphocyte surveillance of pathogenic
proteins or microbes [2, 3]. During disease, both innate and T cell responses be
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come operative and are considered to be detrimental for a spectrum of diseases.
These include, but are not limited to, Alzheimer’s and Parkinson’s diseases (AD and
PD), amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS), and infectious
diseases including human immunodeficiency virus type one (HIV-1) and its associ-
ated neurodegeneration [4, 5]. Furthermore, immune-incited neurodegeneration can
affect both disease onset and progression [6, 7]. Indeed, mounting evidence shows
that the interplay between the peripheral immune system and resident central ner-
vous system (CNS) immune cells amplifies neuroinflammatory responses and exac-
erbates neurodegeneration [8]. This chapter examines the role of immunity in
neurodegenerative and neuroinfectious disorders. Particular focus rests in the inter-
actions between the innate and adaptive immune responses that affect neurodegen-
erative and neuroprotective responses.

2 Immune Interplay for Neurodegenerative Diseases

Neurodestructive immune responses can be harnessed or even transformed to con-
trol disease onset and progression [9]. Our laboratories and others have investigated
the role of immunity in affecting the onset and progression of Alzheimer’s and
Parkinson’s disease (AD and PD), amyotrophic lateral sclerosis (ALS), multiple
sclerosis (MS), Huntington’s disease, stroke, traumatic brain and spinal cord inju-
ries, and drug-related nervous system damage [10—16]. With this in mind, the patho-
biology of neurodegeneration is required [17]. Neurodegeneration is a pathological
condition in which the nervous system loses structure or function characterized by
synaptic loss and neuronal death. Clinically, this leads to progressive cognitive
decline and motor dysfunction [18]. While the precise cause(s) have not yet been
fully elucidated for each disease, there is no cure, and disease progression is
unavoidable. While neurodegenerative diseases affect the nervous system differ-
ently [19] common disease mechanisms do exist. First, all are associated with the
death of specific neuronal cell subpopulations, resulting in the degeneration of spe-
cific brain regions often leading to disease-specific manifestations [18]. Second,
neuronal loss is linked to the formation and spread of protein aggregates. These
occur during advanced age but can also be present sporadically or due to defined
genetic mutations [20]. Each neurodegenerative disease is further classified based
on the kind and type of protein deposition seen in brain sub regions. Third, neuro-
degenerative disorders are linked, in measure, to immune responses that trigger
overt neuroinflammatory responses that can affect disease [21]. For most neurode-
generative disorders, the pathways of neuronal demise are similar. Common mecha-
nisms include oxidative stress, mitochondrial damage, excitotoxicity, and misfolded
or post-translationally modified protein aggregation [20, 22-24]. To counteract
these events, therapies have been developed to elicit neuroprotective responses with
the intent to preserve already damaged neuronal and synaptic structure [25]. Such
treatments serve to attenuate inflammation, oxidative stress, and excitotoxicity [9,
26, 27].


https://en.wikipedia.org/wiki/Oxidative_stress
https://en.wikipedia.org/wiki/Excitotoxicity
https://en.wikipedia.org/wiki/Neuron
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2.1 Innate and Adaptive Immunity and Neurodegeneration

Both innate and adaptive immune responses are important for mounting the body’s
defense against a pathogen or foreign microorganism [28]. The innate response is
the first line of defense. It is rapid, does not require immune memory, and is charac-
terized by phagocytic activity of macrophages, dendritic cells, or microglia. While
serving as a first line of defense against microbial infections and injuries, it also
perpetuates tissue and wound healing and repair [28]. Within the brain, microglia
are the resident innate immune cell with similar functions to macrophages [29].
Apart from cell ontogeny, both brain macrophages and microglia maintain CNS
homeostasis. Morphologically, microglia have long, branched processes that are
constantly surveying the environment for homeostatic changes [30]. They are in
contact with neurons, astrocytes, endothelial cells, and other surrounding microglia.
When a change in the CNS microenvironment occurs, microglia become amoeboid
and rounded in appearance [31, 32]. This morphological change reflects a reaction
to injury or infection with increased phagocytic capacity and production of proin-
flammatory cytokines. As a result of aging and/or neurodegeneration, microglia
become functionally impaired leading to an overactive neuroinflammatory response
that further contributes to neural injuries [17]. In the aged brain, there is evidence
for increased number of reactive microglia and increased proinflammatory microg-
lial function [33]. Likewise, evaluation of cerebral spinal fluid (CSF), serum, and
brains of individuals suffering from neurodegeneration also indicate increased lev-
els of tumor necrosis factor alpha (TNF-a), IL-1f, and IL-6 [29, 34]. These secre-
tory products are from resident microglia themselves [35] and display a link between
disease progression and microglial immunity.

The adaptive immune response is specific [36]. To mount an immune response,
the innate arm of the immune system must be activated [37]. Antigen is taken up by
antigen presenting mononuclear phagocytes (MP) such as macrophages, dendritic
cells or microglia, processed, and then presented to cells of the adaptive immune
system generating an effective, robust, and specific immune response. Because of
this, antigen presenting cells (APCs) are the bridge between the innate and adaptive
immune system [38]. They directly activate T cells during antigen presentation,
causing them to proliferate and migrate to areas of injury or infection [39].
Specifically, APCs activate T cells through presentation of antigen in conjunction
with major histocompatibility complex (MHC) molecules and interaction with T
cell receptors (TCRs) and co-stimulatory molecules such as CD80, CD86, CD70,
CD40, and CD200 [8]. Because of the ability to recognize specific antigens, T cells
comprise the cell population that is responsible for unique immune specificity. Once
activated, T cells undergo clonal expansion to increase their cell number and poten-
tial to eliminate pathogens [8, 39]. Such activation causes T cell differentiation,
expansion, and proliferation with associated cytokine production within a surround-
ing environment. Likewise, APCs themselves deliver many cytokine signals includ-
ing IL-12, IL-4, IL-6, and transforming growth factor beta (TGF-p) to polarize
naive T cells into activated T cells with specific effector functions [40].
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There are major T cell subsets that can be generated from both lymphoid tissues
such as thymus, spleen, and lymph node, or in the periphery [40]. Upon activation
by innate immunity, CD4+ T cells differentiate into different subsets such as T
helper 1 (Th1), Th2, Th17, and regulatory T cells (Tregs) [41]. Classically, Th1 and
Th17 cells mount active immune responses through the secretion of proinflamma-
tory cytokines and mediators, including interferon gamma (IFN-y) and IL-17A [42,
43]. On the other hand, Th2 and Tregs are responsible for anti-inflammatory
responses [44]. Specifically, Tregs maintain suppression of an immune response
[45]. Tregs mediate this function by diminishing antigen presentation and secreting
anti-inflammatory cytokines including IL-10, IL-35, and TGF-. These cause sup-
pression of activated MP and T effector cells (Teffs) [46]. Each of these T cell sub-
sets play crucial yet independent roles in mounting a robust and effective adaptive
immune response. Following activation, T cells are recruited to sites of disease and
promote inflammation [47]. To enter sites of disease, cells undergo extravasation.
This process allows circulating lymphocytes to migrate across cell barriers such as
the BBB to gain entry to sites of inflammation [48]. Once inside the brain, cell-
mediated immune responses can affect neurodegeneration. The cross-talk between
T cells and glia mediate effector functions by either cell-cell contact or cytokine-
mediated mechanisms, including direct cytotoxicity by proinflammatory cytokines,
activation of microglia or diminished suppressive function of Tregs [49].

This interplay between the innate and adaptive immune arms is essential for the
development of neuroinflammation as it affects neurodegeneration or neuroprotec-
tion. Findings from multiple neurological disorders have provided insight into com-
mon disease outcomes [50]. Although neuroinflammation and T cell interactions
play a prominent role in disease progression or protection against disease, it should
be noted that the type of immune response are commonly specific [8].

2.2 Immunity in Alzheimer’s Diseae (AD)

Recent research findings in studies of human and animal models of neurodegenera-
tive disorders have shown direct involvement of T cells in disease initiation and
progression [51]. An example of such immune-linked disease effects is linked to the
pathobiology of AD. AD is notable as it is the most common neurodegenerative
disorder affecting anywhere from 10-30% of individuals over 65 years of age [52].
Cognitive loss is associated with impairment in short term memory that eventually
leads to profound cognitive and memory deficits. Pathologically, the disease is char-
acterized by loss of neurons in the hippocampus and cortical regions. The key neu-
ropathological features include senile plaques containing beta-amyloid (A) protein
and the formation of neurofibrillary tangles (NFT) containing tau protein [53]. A
is processed by the sequential cleavage of amyloid precursor protein (APP) into
smaller peptides [54]. The majority of the processed peptides consist of either Ap40
or Ap42 forms. These peptide forms can cluster into monomers, oligomers, protofi-
brils, or fibrils resulting in the formation of protein aggregates [55, 56]. Normally,



Neuroprotective Immunity for Neurodegenerative and Neuroinfectious Diseases 339

extracellular AP peptides are removed from the brain and drained into the CSF,
where they are degraded by microglia within the parenchyma [55, 57]. However, in
a diseased state degradation is impaired. Tau is a microtubule-associated protein
that can be phosphorylated at multiple serine, tyrosine, or threonine residues [58].
The mechanism of tau aggregation is thought to be mediated through abnormal
phosphorylation leading to atypical conformations that can aggregate together [59].
Therefore, the loss of functional peptide clearance is proposed as a disease inciting
event [60].

Post-mortem evaluation of AD brains reveals a relationship between neuron loss
and memory [61]. This finding is associated with brain inflammation characterized
by microgliosis, astrocyte activation, edema, and infiltration of MP across the BBB
[62]. Activated microglia are shown to integrate deep into senile plaques, along with
the detection of increased levels of proinflammatory cytokines [63, 64]. The associ-
ated glial activation and neurotoxicity is due to the formation of reactive nitrogen
and oxygen species, increased proinflammatory cytokine production, and changes
in excitatory amino acids in a diseased microenvironment [65]. The enhanced pro-
inflammatory state decreases phagocytosis of AP plaques and inhibits intracellular
Ap degradation [66]. The resulting AP aggregates preferentially activate surround-
ing microglia launching signaling cascades needed to initiate clearance [55].
Resident microglia mediate such Af clearance, displaying the ability to phagocytize
and ingest AP through a range of surface receptors. These pattern recognition recep-
tors include CD 14, TLRs, and CD47 [67-69]. Immune stimulation with Af enhances
microglial phagocytosis. Microglia internalize A through interactions with
Ap-scavenging receptors such as SR-A, CD36, and RAGE [70, 71]. However, even
with this uptake, studies show that phagocytized AP can remain within the activated
microglia for up to one month [72]. AP protein accumulation results from the failure
of microglia to successfully remove the aggregated protein [73].

Post-mortem assessment of AD brains shows microglia surrounding A plaques
[74, 75]. These microglia were determined to be functionally impaired, lacking the
capacity to properly uptake Af. Furthermore, Ap can induce inflammatory responses
involving inflammasome activation, resulting in increased proinflammatory cyto-
kine production, including IL-1 and IL-18 [76]. These cytokines, along with IL-12,
TGF-f, TNF-«, and IL-6, have been implicated in the progression of AD [77].
Increased IL-1f in serum is linked to cognitive impairment, and IL-12 is important
for regulating the innate and adaptive immune response [78, 79]. Likewise, increased
TGF-f levels have been noted in senile plaques, as well as in the CSF of individuals
with AD [80, 81]. Presence of TGF-p is also associated with NFT formation [82].
Similarly, there is evidence showing that IL-1p and IL-6 can lead to hyperphos-
phorylation of tau, further contributing to tangle formation [83]. Apart from microg-
lial cytokine production, there are also increases in reactive nitrogen and oxygen
species, leading to direct neuron cytotoxicity [65]. Therefore, to assess the neuroin-
flammatory condition within the living AD patient, positron emission tomography
(PET) scans have been utilized [77, 84, 85]. Scans indicate that, when compared to
age-matched controls, there are increased numbers of activated microglia near
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primary disease areas [77]. Similarly, microglia that were collected post-mortem
were biased toward a proinflammatory phenotype following immunological
challenge.

In the brain, AP also interacts with resident astrocytes. Astrocytes uptake and
remove AP in a CCL2-dependent manner [86]. This primary innate immune
response is mediated through a variety of inflammatory factors including proinflam-
matory cytokines, proinflammatory chemokines, acute phase proteins, and comple-
ment factors [87]. Upregulating these systems results in enhanced cytokine
production, including increases in IFN-y, IL-1f, IL-6, TNF-a, CD40L, and macro-
phage inflammatory protein 1-alpha (MIP-1a). In response to the enhanced neuro-
inflammatory state, increased APP production occurs in surrounding neurons,
causing overall Ap production to be upregulated [88]. Resulting AP deposits can
form, which may be the cause of plaque formation [89]. It has also been shown that
autoantibodies bound to neurons can induce A internalization and deposition, lead-
ing to further neuronal damage [90-92].

Under normal physiological conditions, few T lymphocytes cross the BBB and
survey the brain [3]. In AD patients, there is an increase in the number of T lympho-
cytes within the hippocampus and cortex [88, 91]. This infiltration arises due to
chemoattractants originating from activated microglia and astrocytes within injured
brain sub regions. The ensuing immune cross-talk can influence immune cell popu-
lations and their mediators in the periphery. Therefore, peripheral changes in the
function of immune populations may have an effect on the CNS microenvironment.
Notably, there are a variety of changes in lymphocyte distribution, signature and
specific cytokine levels and signatures within whole blood and plasma of AD
patients [93-95]. However, the exact peripheral immune dysregulation observed
varies. For instance, peripheral blood mononuclear cells (PBMCs) from AD patients
produce increased levels of IL-1p, when compared to controls [96, 97]. Other stud-
ies, however, show decreased amounts of naive T cells, increased memory T cells,
increased CD4+ T cells, reduced CD4+CD25+ Treg populations, and decreased
total B cell populations [93, 98]. Other studies indicated a significant reduction in
CD3+T cells, but CD4+ and CD8+ levels remained unchanged [99]. A fourth evalu-
ation confirmed the decrease in CD3+ populations, but also observed a decrease in
CD8+ populations and a modest increase in CD4+ T cells [100]. Along with
decreased Treg numbers, one investigative group noted a decrease in CD8+ sup-
pressor cells and a decrease in IL-10, suggesting that the immunosuppressive capac-
ity is diminished during AD [101]. This immune dysfunction decreases the ability
to control detrimental Teff responses. Such Teff responses are characterized by
increased activities of Th17 and Th9 subsets in AD [102]. Saresella and colleagues
observed increased levels of proinflammatory cytokines associated with Th17 and
Th9 subsets, including IL-21, IL-6, and IL-23, and the Th17-associated transcrip-
tion factor, RORy, in lymphocytes isolated from AD patients. Similarly, PBMCs
recovered from AD patients, and consequently activated, exhibit significantly
increased production of IL-1p, IL-6, TNF-a, and IFN-y [102]. Even though a con-
sensus has not been reached, these immune profiling studies do indicate significant
aberrations in adaptive immune populations associated with disease that may result
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in decreased ability to regulate immune responses. Taken together, this data may
suggest a profound skewing of systemic immune populations affecting the brain
microenvironment.

2.3 Immunity in Parkinson’s Disease (PD)

PD is the second most common form of neurodegeneration, yet it is the most com-
mon movement disorder [103]. It is characterized by the formation of proteinaceous
inclusions termed Lewy bodies. Lewy bodies contain modified and misfolded forms
of alpha-synuclein (a-syn) along with ubiquitin [104]. The main clinical features
include resting tremor, postural instability, rigidity, and bradykinesia [104]. Most
often, the clinical presentation of PD is sporadic, with a small fraction of individuals
actually inheriting the disease. The clinical manifestations of the disease are pre-
ceded by a loss of dopaminergic neuronal cell bodies within the substantia nigra
pars compacta along with their projections into the striatum [105]. Although post-
mortem investigations indicate that other ascending dopaminergic pathways within
PD brains are affected, they are not affected as profoundly as the nigrostriatal path-
way [106]. Apart from neuronal loss and the formation of proteinaceous inclusions,
there is also an immune imbalance and proinflammatory response associated with
disease and disease progression [107].

PD progression is linked, in measure, to neuroinflammation [108]. Loss of dopa-
minergic neurons is associated with both microgliosis and astrogliosis.
Morphologically, microglia within affected brain regions are reactive, exhibiting
ameboid cell bodies and thick, elongated processes and altered immune control
[109, 110]. Likewise, the number of reactive microglia is much greater in PD than
in age-matched controls [111]. Diffuse microglial activation is located near dead or
dying neurons within the substantia nigra, as well as within the striatum [109]. This
indicates the possibility that microglial activation could be initiated by a change in
the neuronal state. This change triggers the release of soluble factors or mediators
into the surrounding microenvironment. For instance, release of cyclooxygenase-2
or neuromelanin from neurons can activate microglia [109, 112, 113]. It is also
hypothesized and suggested that misfolded, aggregated, and post-translationally
modified proteins, such as nitrated alpha-synuclein, are released from dying neu-
rons [17]. Biochemically, PD brains show increased levels of post-translationally
modified proteins, lipid peroxidation, DNA damage, and reduced glutathione levels,
all indicative of an aberrant response and neurotoxic milieu [114—117]. There are
also elevated levels of nitrated proteins in both the brain and CSF of PD patients
[118]. The most prevalent form is comprised of a 3-nitrotyrosine modification [119,
120]. Similarly, the expression of markers of reactive microglia correlates with the
deposition of a-syn within the substantia nigra of PD patients [121]. The resulting
reactive microglia become potent generators of reactive oxygen and nitrogen spe-
cies, proinflammatory cytokines, and prostaglandins, all contributing to the inflam-
matory state and continued neuronal death. Nitric oxide, NAPDH-oxidase, TNF-a,
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and IL-1p are some of the major oxidative and inflammatory mediators released by
reactive glia [122—125]. All are increased in the substantia nigra and CSF of PD
patients [123]. Resulting interactions with cytokine receptors trigger intracellular
death-related pathways, involving translocation of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB). Interestingly, PD patients display 70 times
more NF-kB than controls within dopaminergic neurons, suggesting the presence of
neuronal death activation [126]. Collectively, these observations indicate an aber-
rant innate immune response that is associated with disease progression and PD
pathology.

Besides chronic innate immune activation, there is compelling evidence that cell-
mediated adaptive immune responses also play a role in PD progression. While T
cells generally remain outside the CNS, the neuroinflammatory response results in
the recruitment and extravasation of lymphocytes from the periphery to sites of
active neurodegeneration [3]. The response is associated with disruption of the BBB
due to the secretion of toxic mediators into the environment [127]. This dysfunction
allows peripheral immune populations to readily enter the normally “immune-
privileged” brain. Within the substantia nigra of PD patients, there are increased
numbers of CD8+ and CD4+ T cells at levels exceeding 10-fold when compared to
controls [128]. These peripheral T cell populations are found in close proximity to
reactive microglia and degenerating neurons. Of note, the increased levels of T cells
are not detected in any non-lesioned brain regions, suggesting that infiltration is
site-specific and related to the neuronal injury itself. Upon microarray analysis of
infiltrating T cell populations, it was determined that cells displayed gene changes
associated with Th17-mediated immune reactions, indicating that PD may be a Teff-
mediated immune disorder. Additionally, increased levels of Th17 cells have been
noted in newly diagnosed PD patients, further suggesting their involvement in dis-
ease initiation [129]. A second group confirmed higher frequencies of Th17 cells in
the blood of PD patients, as well as an increase in the number of CD3+ T lympho-
cytes within the midbrain of PD brains [130]. The study confirmed that infiltrating
lymphocytes induce neuronal death through IL-17 receptor ligand interactions. The
observed increased infiltration could potentially be due to increased BBB permea-
bility. In vivo evidence for this phenomenon is observed using PET scans in PD
patients [131, 132]. Scans indicate increased BBB permeability through the detec-
tion of albumin within the CSE. However, whether T cell infiltration occurs prior to
neuronal cell death or after degeneration has occurred is not yet defined.

Apart from direct immune cell infiltration into the brain, peripheral immune
populations and mediators are affected in PD patients as well. Compared to con-
trols, levels of total lymphocytes, both B and T cells, are decreased in PD patients
[133]. Specifically, CD19+, CD3+, and CD4+ levels are significantly reduced,
whereas CD8+ levels remain relatively unchanged. Likewise, a correlation study
indicates a decrease in CD3+ and CD4+ T lymphocytes within peripheral blood
isolated from PD patients [134]. Work from our own group also indicates a shift in
T cell phenotypes [135, 136]. Our cohort of PD patients had increased effector
memory T cell subsets and decreased CD4+CD25+FoxP3+ Treg numbers. Similarly,
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the Tregs that were present were functionally inadequate in suppressing the
proliferation of other Teff immune populations [135]. This deficit correlated with an
increase in disease severity, which indicates that Treg dysfunction leads to an unbal-
anced and overactive immune response that ultimately speeds disease progression.
These findings were verified in numerous animal studies using neurotoxin models
of PD [15, 137-139]. A second recent study noted that PD patients have a Thl-
biased immune response [140]. This study indicates increased levels of IFN-y-
producing cells within the periphery, with an overall decrease in CD4+ T cells in
total. Along the same vein, increased proinflammatory cytokine levels including,
IL-1pB, TGF-B, IFN-y, and IL-6, are detected in the substantia nigra and the CSF
following post-mortem analyses [123—125, 141, 142]. Increased levels of IL-6 and
TNF-a within the serum of PD patients is also correlated with increased disease
severity based on Hohn and Yarr staging [143]. Increases in complement proteins
are also observed, indicating an overall immune dysfunction both inside and outside
of the brain. Importantly, it is shown that dopaminergic neurons exhibit enhanced
sensitivity to cytokines such as TNF-a and IFN-y, so increases within the periphery
may be indirectly affecting neuronal survival within the brain [65]. Together, the
majority of human observations suggest a clear pathogenic role of inflammation on
disease severity, indicating that neuroinflammation could be targeted to modify dis-
ease progression.

2.4 Neuroimmunity in HIV-1 Infection

HIV-1-associated neural dysfunction is characterized by chronic CNS infection
[144]. Infection results in notable cognitive impairments, leading to HIV-associated
neurocognitive disorders (HAND) [145]. HAND can affect the frontal cortex, sub-
cortical regions, hippocampus, and putamen of the brain [146]. Development of
cognitive impairment is accompanied by motor and behavioral impairments includ-
ing slowed movement, decreased motor coordination, decreased learning, and
impaired memory [147]. Overt and unregulated viral infection leads to brain inflam-
mation termed HIV encephalitis (HIVE). Neuropathology of viral encephalitis is
characterized by the presence of HIV-1-infected macrophages within the brain,
resulting in enhanced microgliosis and reactive microglia formation [148, 149].
Likewise, there is an increased occurrence of multi-nucleated giant cells and astro-
gliosis. Both macrophages and microglia are the primary viral targets; however,
astrocytes have been shown to be infected, but at much lower levels [150]. Clinical
manifestations correlate to the number of activated microglia and macrophages
within the CNS, implicating them in disease pathogenesis [151]. Virus is thought to
enter the brain through the “trojan-horse” method. Infected monocytes, macro-
phages, and/or lymphocytes crossing the BBB carry the virus into the CNS with
them since virus does not readily cross the barrier itself [152]. This viral entry
occurs relatively early after primary infection and maintains itself at low levels
within the CNS due to the general immune privileged nature of the brain. However,
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there is a significant correlation between the amount of viral burden in the brain and
the neuro-cognitive deficit [146]. Once inside the brain, the small number of infil-
trating cells still secrete viral factors and neurotoxins, leading to neuronal damage
by direct and indirect methods. Multiple studies indicate that virus-infected macro-
phages and microglia secrete neurotoxic metabolites such as arachidonic acid,
TNF-a, IL-1p, nitric oxide, glutamate, and viral particles such as tat and gp120
[153-156].

Initial control of viral infection is mediated by cytotoxic CD8+ T lymphocytes
(CTLs) [157, 158]. CTLs mediate their immune function by selectively targeting
virus-infected cells through interaction with viral particles presented on infected
cells [159]. There is a strong association with the lack of effective T cell responses
and HIVE development [158]. Analysis of brain tissue from HIVE individuals
reveals increased numbers of CD8+ CTLs near virus-infected mononuclear phago-
cytes when compared to brain tissue of diseased patients that did not succumb to
HIVE [160, 161]. Here, CTLs release perforins and granzymes into the microenvi-
ronment that may contribute to the neurological insult resulting from HIV infection
itself. Infiltrating CD8+ CTLs are also shown to be a source of CD40L and IFN-y,
further activating mononuclear phagocytes within the brain [160]. Individuals suf-
fering from this disease have a profound loss in peripheral lymphocyte populations
as well, making it hard to fight against the virus. Not only is viremia inhibited by
CD8+ T cells, but HIV-1-specific CD4+ T cells appear to play a role too [162].
However, limited attention has been paid to CD4+ T cell control of viral replica-
tion due to the fact that they are major viral targets [163]. During primary HIV-1
infection, there is a massive infection of both resting and activated CD4+ T cells,
reaching levels as high as 60% [164]. Initially, there is a rise in CD4+ T cell num-
bers; however, after a few months of infection, these numbers begin to decrease.
This may be due to a natural contraction following viral infection or due to prefer-
ential infection and death of this cell type.

In the early stages of infection, there is a Th1-predominant profile, characterized
by a high production of IL-2 and IFN-y [165]. Late stage HIV infection is generally
regarded as a Th2- predominant profile, indicated by increased production of I1L-4
and IL-10 [166-168]. The exact role of CD4+ T cell subsets and their ability to
control infection and viral replication is still under debate. For instance, Th17 cells
have been implicated as being proinflammatory and immune activating in this dis-
ease [169]. However, similar to their role observed in AD and PD, this immune
activation may not be beneficial in the context of HIV-1 infection. On the other
hand, several studies have linked a protective role to HIV-specific CD4+ T cells with
regard to viremia and disease progression [170-172]. These studies indicate that
gag-specific CD4+ T cells and granzyme-producing CD4+ T cells are important for
viral inhibition [170, 171]. Similarly, lack of these types of cell responses can be
associated with disease progression [172]. In a contradictory human study, levels of
CD4+ T cell activation correlated directly to viral load [173]. Characterization of
these activated cells indicated an effector memory phenotype that was inversely
associated with Treg phenotypes, and this dysregulation was found to drive the
pathological immune activation in HIV-1 infection. Nonetheless, the growing body
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of evidence does support a specific role for CD4+ cells in HIV infection. Conversely,
it still remains unclear how viral replication and peripheral immune activation shape
CD4+ T cell responses and whether or not these responses may actually contribute
to early immune activation with infection.

Similar to shifting immune cell phenotypes, cytokine alterations can be observed
over the course of HIV disease progression [165]. Dysregulation is thought to con-
tribute to HIV-associated immune deficiency. Increases in soluble factors and cyto-
kines such as TNF-RII, neopterin, and p,-microglobulin are observed with HIV
infection and indicate cellular activation [174]. They are also associated with dis-
ease progression and viral load measurements. When compared to uninfected con-
trols, HIV-infected individuals have significantly higher levels of IL-2, IL-6, and
IFN-y [175]. Increases in IL-1P and TNF-a levels within HIV-infected brains and
CSF are also been reported [176]. Their presence and mechanism of action can be
detrimental on surrounding neurons, implicating these cytokines in the development
of HAD. For instance, TNF-a and IL-1f increase the permeability of the BBB and
induce an over-stimulation of NMDA-receptors on neurons resulting in fatal
increases of Ca2+ [176]. TNF-« is also reported to induce translocation of NF-kB
to the nucleus, causing upregulation of many other potent inflammatory cytokines,
further contributing to disease progression [177]. Likewise, exposure of microglia
to gp120 viral particles results in the upregulation of IL-1p and reactive oxygen spe-
cies [178, 179]. Together, these findings indicate the presence of an overactive
peripheral and central immune response occurring with disease, justifying the need
for neuroprotective targets in this disease.

3 Neuroprotective Inmune Responses

As discussed, activated microglia and Teffs are thought to be the main mediators of
neuroinflammatory processes in these disease states. Left uncontrolled, these medi-
ators support an inflammatory cascade that affects the tempo of disease. However,
there are neuroprotective immune responses available that counterbalance the
inflammatory milieu observed with disease progression. Current neuroprotective
strategies are focused on modulation of microglial responses, alteration of Teff
responses, induction of immunosuppressive cell populations, formation of antibod-
ies, and enhancement of misfolded protein or viral clearance [9, 180-183]. Targeting
the immune response to elicit a protective mechanism would diminish the extent of
neuroinflammation and therefore increase the number of surviving neurons in the
CNS of patients with neurodegenerative disorders. Here, we discuss the role of
neuroprotective immunity and the current clinical and preclinical strategies being
utilized to modulate the inflammatory immune response into one that is neuro-
trophic and protective.

Healing in response to injury is orchestrated by numerous factors and processes
working together or sequentially. Therefore, it involves specific interactions between
resident immune populations and peripheral immune cells [184]. Outside of the
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brain, tissue damage triggers infiltration of circulating immune cells to the site of
injury. Initially, this immune population is mainly comprised of circulating mono-
cytes that become activated and converted into macrophages. The primary job of
these activated cells is wound healing and debris clean up [185]. This is done
through the secretion of cytokines and growth factors. Without the function of this
cell type, wound healing occurs much slower [186]. However, in the CNS, invading
monocytes are not as prevalent. Macrophage infiltration is also delayed so resident
microglia become the major phagocytic populations at the injury site. As discussed
previously, once activated, microglia can become over-reactive [187]. This results in
a neurodestructive cascade furthering damage [188]. In vitro work indicates that
production of proinflammatory cytokines and growth factors can decrease the abil-
ity of astrocytes to support neuronal survival and increase the formation of tissue
scarring [189]. Other studies suggest that these factors have a cytotoxic effect on
oligodendrocytes as well [190-194]. Therefore, shifting microglial phenotype from
proinflammatory to anti-inflammatory would potentially decrease these cytotoxic
effects.

Microglia are a unique cell type that maintain two main functions within the
CNS. Microglia are both supportive glial populations and immunocompetent
defense cells [195]. During an infection with foreign antigen, microglia act as potent
generators of proinflammatory mediators and reactive oxygen species that help
drive the immune response needed to clear the brain of foreign invaders [196]. On
the other hand, many studies indicate that microglia can support a neuroprotective
and potentially proregenerative role in the injured CNS environment depending on
their activation state [195, 197, 198]. Microglia have been found on or near the cell
surface of neurons that do not undergo cell death but eventually regenerate axons
[199]. This data suggests that microglia may be enhancing and supporting the
recovery and regeneration of damaged neurons. Upon activation, microglia are also
shown to upregulate their release of neurotrophic molecules and protective cyto-
kines and/or chemokines [196]. Increased production of protective mediators into
the microenvironment results in recruitment of neural progenitor cells to help regen-
erate previously lost neurons [200, 201]. Mediators can also act on surviving neu-
rons, resident astrocytes, and other reactive microglia, shifting the brain
microenvironment to one that is anti-inflammatory and restorative rather than pro-
inflammatory and destructive [17]. For instance, early downregulation of TNF and
increased levels of IL-10 have been linked to decreased scarring, decreased tissue
and cell loss, and increased functional capacity following CNS injury [202, 203].
The exact mechanism in which this occurs is still under debate. However, some
investigators propose the idea of “protective autoimmunity,” in which having a con-
trolled and localized proinflammatory immune response may be required for neuro-
nal repair [204].

Classically, microglia can exhibit an activated inflammatory and neurotoxic phe-
notype called M1, but they can also acquire a neuroprotective phenotype termed M2
(Fig. 1) [17]. The M1 phenotype is generated in response to harmful stimuli and
inflammatory cytokines such as TNF-a, IL-6, IL-1f, and IFN-y [205]. Generally,
Th1 cells produce the cytokines necessary for this polarization, but microglia have
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Fig. 1 Immune modulation in neurodegenerative disease. In neurodegenerative diseases, neuronal
death occurs through either environmental or genetic insult. Damaged neurons undergo apoptosis,
leading to microglial activation and phenotypic shift into proinflammatory M1 microglia (red
arrows). This activation occurs through events such as ingestion of misfolded protein aggregates
containing beta-amyloid or alpha-synuclein or through direct viral infection or ingestion of viral
particles. Either way, activation leads to production of proinflammatory and neurotoxic mediators,
resulting in additional neuronal death and damage of healthy neurons in the surrounding area.
Therapeutic intervention through the use of immune-modulating agents can shift the M1 pheno-
type into a neurosupportive and neuroprotective M2 phenotype (green arrows). M2 microglia can
act on damaged neurons and support neuronal growth and regeneration through the production of
neurotrophic and anti-inflammatory mediators. The presence of M2 microglia also provide a neu-
roprotective microenvironment allowing healthy neurons to remain viable. Modulating microglial
phenotypes ultimately shifts the microenvironment from neurotoxic to neurotrophic

been shown to secrete them as well, allowing them to regulate in an autocrine
fashion [206]. In most cases, this response is downregulated once the damage has
been cleared but in many neurodegenerative diseases, this does not occur. This leads
to an uncontrolled and prolonged immune activation further exacerbating disease.
The neurosupportive and protective phenotype is characterized by the production of
anti-inflammatory mediators and neurotrophic factors such as insulin-like growth
factor 1 (IGF-1), brain-derived neurotrophic factor (BDNF), and glial cell-derived
neurotrophic factor (GDNF) [207, 208]. Therefore, in order to shift microglial pop-
ulations into an M2-like anti-inflammatory and proregenerative phenotype, research-
ers are focusing on agents known to directly modulate these responses [209-211].
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To do so, studies have been focused on utilizing M2-inducing molecules such as
IL-10, resolvin D, peroxisome proliferator-activated receptor (PPAR-y) agonists,
and minocycline to directly modulate microglial responses [9]. Their exact protec-
tive effects and mechanisms are discussed later in “Neurotrophic mediators, endog-
enous neuropeptides, and cytokines as immunomodulators.” However, these two
separate states may be an oversimplification. Microglia within the brain are plastic,
resulting in a range of microglial phenotypes [206]. For instance, two-photon
microscopy indicates that microglia within the CNS are constantly sampling the
environment in order to maintain homeostasis, suggesting that they are never truly
resting [206, 212]. A second target and source of neuroprotective immunity lies in
modulating the adaptive immune response associated with disease initiation and
progression. Currently, research is focused on the induction of immunosuppressive
cell types within the periphery, such as regulatory T cells and/or tolerogenic den-
dritic cells. Researchers are also focused on vaccination strategies and antibody
formation against proteins of interest in order to help clear protein plaques or virus
associated with neuronal loss. Lastly, there have been numerous studies concen-
trated on the use of anti-inflammatory drugs, known immune modulators, neuropep-
tides, and cytokines as neuroprotective agents for the treatment of neurodegenerative
and neuroinflammatory diseases. These neuroprotective targets are outlined below.

Both CD4+ and CD8+ T cells can play a dual role in neurodegeneration and
neuroprotection during CNS disorders depending on their phenotype and environ-
mental signals [8]. Therefore, targeting this portion of the adaptive immune system
would provide a potential strategy to halt neurodegenerative disease progression.
Treg are potent modulators of the immune system, have distinct immunosuppres-
sive capabilities, and are characterized by the positive expression of CD4, CD25,
and FoxP3 and negative expression of CD127 [213]. They maintain the ability to
suppress inflammation through multiple mechanisms including inhibition of Teff
differentiation and proliferation, secretion of anti-inflammatory cytokines such as
IL-10, IL-35, and TGF-f, direct killing of Teff subsets through granzyme and per-
forin release, blockade of T cell co-stimulation, and metabolic disruption of Teffs
and APCs via uptake of IL-2 and use of CTLA-4 [44, 137] (Fig. 2). Anti-
inflammatory cytokines produced by Tregs, such as IL-4, IL-10, and TGFp, are
crucial anti-inflammatory mediators that diminish neuroinflammation and increase
neuroprotection [214]. Induction of Tregs contributes to development of M2 anti-
inflammatory microglial phenotypes, leading to the release of neurotrophic factors,
including IGF-1 and BDNF, ultimately promoting neuronal protection [206].
Similarly, from our own animal studies, we demonstrated that Tregs elicit neuropro-
tection of dopaminergic neurons along the nigrostriatal pathway in 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced lesions and in hippocampal
neuron populations within an AD mouse model [12, 14, 15, 138]. Other analyses
indicate that Tregs have the capacity to act directly on activated microglia, resulting
in an attenuation of reactivity, decreased phagocytosis and migration, and decreased
production of neurotoxic factors [138, 215]. In vitro studies suggest that Tregs can
mediate inhibition of proinflammatory microglial functions through the suppression
of NF-kB pathways via direct cell-cell contact [215]. Specifically, Tregs elicit a
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Fig. 2 Immune-mediated neuroprotection. Within the periphery, immature dendritic cells will
differentiate into fully mature dendritic cells and elicit an immune response. Naive T cells interact-
ing with mature dendritic cells undergo clonal expansion and proliferation in response to antigen.
Once activated, the effector T cell population will cross the blood-brain barrier and enter the cen-
tral nervous system. Effector T cells enter the brain and secrete pro-inflammatory cytokines caus-
ing resident microglia and astrocytes to become activated. Upon activation, glia cells secrete
neurotoxic and proinflammatory mediators, resulting in neuronal cell death. Effector T cells can
also mediate cytolysis of neurons directly. Induction of tolerogenic dendritic cells and regulatory
T cell populations can counteract this inflammatory milieu. Immature dendritic cells are also dif-
ferentiated and shifted into tolerogenic dendritic cells in order to regulate immune responses.
Tolerogenic dendritic cells can interact with T cells in various ways, resulting in three different
end-points. First, tolerogenic dendritic cells can induce apoptosis in activated, effector T cell popu-
lations. Second, when interacting with a naive T cell, tolerogenic dendritic cells can induce T cell
anergy. Third, tolerogenic dendritic cells are potent inducers of regulatory T cell populations.
Induction of regulatory T cells leads to overall immune suppression in both the periphery and the
central nervous system. Regulatory T cells carry out their immunomodulatory cascade through a
number of mechanisms, indicated by the green lines and arrows. These include inhibition of anti-
gen presentation, metabolic disruption, inhibition of reactive microglial and astrocytic activation,
stimulation of neurotrophin release from neurosupportive astrocytes, cell-mediated cytolysis of
effector T cell subsets, and production of anti-inflammatory cytokines and suppressive molecules.
Each of these mechanisms provides support for overall neuronal survival and an anti-inflammatory
and neuroprotective microenvironment

potent down-regulation of proinflammatory mediators such as iNOS, TNF-a, IL-1p,
IFN-y [216]. Coincidently, this was associated with decreased levels of ROS pro-
duction and NF-kB activation [217]. Utilization of this regulatory population would
shift microglial responses from a neurotoxic M1 response to a neurotrophic M2
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response [138]. In further support, adoptive transfer of CD3-activated Treg resulted
in the attenuation of both astrogliosis and microgliosis in HI'V-1-associated neuro-
degeneration [218]. This attenuation was associated with neuroprotection mediated
by upregulation of BDNF and GDNF and downregulation of proinflammatory
mediators.

On the other hand, in many neurodegenerative diseases, there is a dysregulation
in the number and/or function of this suppressive cell type. For instance, in preclini-
cal and clinical studies, we found that individuals suffering from PD have decreased
levels of Tregs with a decreased ability to suppress Teff proliferation [135]. Likewise,
this dysregulation was associated with increased movement disorder, indicating that
the induction or enhancement of this cell population is worth investigation. This can
be done through the use of immunomodulatory agents such as granulocyte-
macrophage colony-stimulating factor (GM-CSF), vasoactive intestinal peptide
(VIP), copolymer -1 (Cop-1), or vaccine strategies targeting Treg populations.
Many of these agents are being tested in the preclinical and clinical setting. Adoptive
transfer of VIP- or GM-CSF-induced Tregs following MPTP intoxication leads to
significant dopaminergic neuronal sparing with a parallel decrease in microglial
activation [14-16]. These findings prompted a phase I clinical trial utilizing sar-
gramostim, a form of human recombinant GM-CSF, in patients suffering from PD
[136]. This study supported the notion that Treg populations are decreased and dys-
functional in PD and that modulation and induction of this population is beneficial.
Patients receiving treatment displayed increased Treg numbers, increased suppres-
sive T cell function, and decreased motor deficits, when compared to both baseline
and placebo-treated controls. Similarly, Cop-1 immunization in a model of HIVE
resulted in anti-inflammatory and neuroprotective effects [219]. This immunization
strategy yielded the development of T cells secreting IL-10 and IL-4, as well as an
increase in the number of Treg. It was later determined that in HIVE, Tregs readily
crossed the BBB and migrated to sites of infection and neuroinflammation while
still maintaining phenotype and immunosuppressive function [220]. However, other
studies have suggested that breaking immune tolerance through Treg targeting can
actually mitigate disease-related pathologies, suggesting that the time and extent of
induction may play a role in whether the result is either protective or more detrimen-
tal [221].

4 Induction of Tolerogenic Dendritic Cells

Dendritic cells (DCs) are a heterogeneous population of APCs that contribute to
innate immunity and initiate the adaptive immune response associated with inflam-
mation and autoimmunity [222]. However, apart from this, DCs also play an impor-
tant role in maintaining immune homeostasis and immune tolerance [223] (Fig. 2).
Unlike classical DC function, tolerogenic DCs should not stimulate T cell prolifera-
tion or inflammatory cytokine production. Instead, they act by suppressing the
immune response and the effector populations required for the response. Their anti-
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inflammatory response involves roles in tolerance induction and silencing the
immune response. This function is mainly carried out through the induction of regu-
latory T cells, T effector cell apoptosis, and T cell anergy [224]. The ability of DCs
to promote tolerogenic and/or inflammatory responses is related to their maturation
state [225]. Generally, immature DCs expressing low levels of MHC class II and
co-stimulatory molecules are responsible for generating immunosuppressive
responses, whereas inflammatory adaptive immune responses are achieved by
mature DCs [226]. Immature DCs have the capacity to induce and expand regula-
tory T cells; however, some studies have also linked mature DCs to the induction of
this cell type [225]. Immature DCs can be defined by their surface marker expres-
sion. Phenotypic analysis indicates that this suppressive and regulatory population
is CD11c*"CD1 1b"e"MHCIT"CD86"" and has the capacity to produce high levels
of IL-10, ultimately inhibiting Teff proliferation and promoting Treg function [227].
This cell type is now considered to be tolerogenic. Along with the secretion of
IL-10, tolerogenic DCs play a significant role in maintaining peripheral and central
tolerance through the secretion of TGF-f, indoleamine 2,3-dioxygenase (IDO), and
retinoic acid (RA) [228-230]. Tregs that come in contact with this subset exhibit
parallel tolerogenic functions and anti-inflammatory functions [231]. On the other
hand, tolerogenic DC interaction with activated Teff populations results in an inhib-
itory effect by decreasing CD4+ T cell proliferation and increasing IL-10 production.

In order to maintain the tolerogenic environment, studies show that there are
reciprocal interactions between induced Tregs and tolerogenic DCs [231]. Cross-
talk between both populations is needed to induce and maintain immune tolerance.
Tregs are shown to modulate both the phenotype and function of DCs [232]. For
instance, tolerogenic DCs promote the expansion of Tregs through the expression of
PDL-1 while Tregs maintain the tolerogenic population through the production of
TGF-f and IL-10 [233]. IL-10 producing Tregs can inhibit DC maturation, main-
taining an immature and immunosuppressive state [234]. Furthermore, when
FoxP3+ Tregs are depleted, DCs have trouble interacting with CD4+ Teffs, indicat-
ing that FoxP3+ Tregs are essential for maintaining the immune tolerant and sup-
pressive state of tolerogenic DCs [235]. Therefore, generation of tolerogenic DCs,
either naturally or pharmaceutically, would be beneficial in chronic and progressive
neuroinflammatory diseases, such as PD, AD, and HIV-1-associated neurodegeneration.

In support of this, treatments with immunomodulatory agents such as VIP,
rapamycin, and GM-CSF have been shown to induce tolerogenic DCs and promote
immune suppression [10, 232, 236]. VIP treatment regulates DC differentiation by
inducing an upregulation of CD86 in immature DCs and a downregulation of CD80
and CD86 in LPS-stimulated DCs [237]. The induced CD4+ T cells generated via
VIP-treated immature DCs exhibit an anti-inflammatory Th2 phenotype as well.
Similarly, another study reported that VIP induces tolerogenic DCs that cause sur-
rounding CD4+ T cells to release anti-inflammatory cytokines such as IL-10 and
TGF-B, indicating the formation of a regulatory subset rather than an effector popu-
lation [238]. Likewise, in human studies, VIP treatment generated tolerogenic DCs
that induced both CD4+ Tregs and CD8+ Tregs, further supporting the idea that
signaling via VIP receptors (VIPRs) is involved in the generation of multiple
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immunosuppressive subsets [239]. Similarly, in our own studies, treatment with
GM-CSF resulted in the generation of tolerogenic DCs, as indicated by an alteration
of co-stimulatory molecules and the ability to convert naive CD4+ T cells into a
Treg population [10]. Adoptive transfer of the induced tolerogenic DCs attenuated
the neuroinflammatory response and spared dopaminergic neurons in a PD model.

These insights may yield potential clinical targets for the treatment of neuroin-
flammatory conditions. The role of DCs as an immunotherapy has been confirmed
in AD and PD studies utilizing mouse models [240-243]. Administration of DCs
tolerized to AP peptide slowed the rate of cognitive decline, increased levels of
anti-Af antibodies, reduced AP plaques within the CNS, and increased spatial learn-
ing and memory [240, 241]. Intravenous injections of DCs sensitized against a-syn
results in the generation of antibodies against the protein coincident with improved
motor function and decreased inflammatory response associated with disease pro-
gression [242, 243]. However, translating these findings for clinical use may be
challenging due to the varying phenotypes of human DCs and the ability to maintain
a stable tolerogenic DC population [244]. Secondly, the tolerogenic response must
be maintained for a prolonged amount of time. Due to these factors, clinical trials
targeting DCs are not as common.

5 Vaccination Strategies

Modulation of the humoral immune response is a vaccination strategy directed at
targeting immunogenic and pathogenic epitopes [245]. Ultimately, this therapeutic
strategy focuses on ameliorating neuroinflammation by utilizing the immune sys-
tem to target misfolded or aggregated proteins and/or viral particles. For instance,
immunization of transgenic mice containing human a-syn with misfolded a-syn
results in the production of high affinity anti-a-syn antibodies [246]. This antibody
formation was associated with decreases in a-syn inclusions in neuronal cell bodies
and at neuronal synapses [247]. It also results in decreased neuronal loss and overall
neurodegeneration. Also, anti-a-syn antibodies supported the active degradation of
a-syn aggregates. Another recent study utilizing an AAV-a-syn rat model of PD
indicates that formation of anti-human a-syn N-terminal peptide antibodies can
elicit neuroprotection and decrease microglial activation [246]. Vaccination led to
increased production of circulating IgGs, increased MHCII expression, and aug-
mented CD4+ T cell infiltration into the CNS [246]. Administration of monoclonal
antibodies against the C-terminal region of a-syn reduces levels of protein aggrega-
tion, improving PD pathology. Monoclonal antibody treatment attenuated dopami-
nergic neuronal cell death and decreased motor deficits associated with disease
[248-250]. Based on these findings, Roche and Prothena commercialized this
approach and utilized PRX002 to specifically target o-syn (NCT02095171).
Analysis from the phase I clinical trial indicated that the vaccine was safe and toler-
able and ultimately prompted a second trial assessing dose, immunogenicity, and
pharmacokinetics (NCT02157714). Similarly, several other studies entered clinical
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trials, showing promise in the use of vaccines for the treatment of PD by demon-
strating Treg recruitment, increased levels of neurotrophins, and increased antibody
formation [251-253]. Collectively, these studies show that a-syn-targeted vaccine
strategies have been successful and display the potential to delay dopaminergic neu-
rodegeneration and decrease neuroinflammation.

Similarly, vaccination strategies have been pioneered for the treatment of
AD. Anti-Ap antibodies prevent formation of new Af plaques and help dissociate
existing plaques [254-258]. The presence of these antibodies also improved learn-
ing and protected transgenic mice from developing memory loss. Moreover, the
presence of naturally occurring antibodies against Af is reported in the CSF of AD
patients, but levels are significantly lower than healthy controls, suggesting a dys-
function in the ability of AD patients to induce the desired protective humoral
immune response [94]. Therefore, active and passive immunization strategies have
been researched and explored for the treatment of AD [259-265]. For example,
active immunization with Ap1-42 peptide (AN1792) was tested in the clinical set-
ting; however, the trial was halted due to unexpected meningoencephalitis and death
associated with vaccine [259-262]. Post-mortem analysis showed a significant drop
in the number of plaques, but vaccination did not continue due to the active neuro-
inflammatory response that ensued with vaccination [259, 261, 263]. Still, those
that did not succumb to adverse events were monitored and appeared to benefit from
the vaccine [264, 265]. Individuals with the highest antibody titers remained cogni-
tively stable for up to 2 years post-vaccination. Because of the potential adverse
events associated with this vaccination strategy, there have been a number of alter-
native vaccine approaches to enhance the formation of antibodies against Af. For
instance, a synthetic and truncated form of Af, UB-311, is utilized as a vaccine
strategy in order to break self-tolerance and limit the possibility of developing a
similar T cell reaction as seen with AN1792 vaccination [266]. Other approaches
include production of B cell epitopes against A, DNA-based vaccines, and use of
monoclonal antibodies as therapeutic options [267, 268]. Likewise, passive immu-
nization using monoclonal antibodies against Af is also effective in reducing amy-
loid deposits in the CNS [269, 270].

Similar vaccination strategies have been utilized for the treatment of HIV-
infection. Antibodies against HIV-associated proteins, such as Tat, are found in the
brain and spinal fluid of infected individuals [271, 272]. Anti-Tat antibodies are also
detected in the CSF of individuals suffering from HAND [273]. Recent work indi-
cates that antibodies generated against Tat results in the suppression of Tat-induced
viral replication and HIV-associated cytotoxic effects [274]. It is suggested that
antibodies against Tat are also protective against NMDA-mediated excitotoxicity
[275]. Taken together, it is clear that vaccination strategies may hold promise in
clearing disease-causing protein inclusions and viral particles.



354 K. E. Olson et al.
6 Immunomodulators and Neurotrophins

Progressive neurodegenerative disorders, such as those discussed above, present a
challenge for developing treatments because of unknown time and mechanism of
disease onset. As noted previously, therapies aimed at targeting neuroinflammation
either directly or indirectly are now front and center. Among these therapies, use of
non-steroidal anti-inflammatory drugs (NSAIDS), specifically ibuprofen, is associ-
ated with a lower risk of PD development, and is protective in MPTP and
6-hydroxydopamine (6-OHDA) induced lesions [276]. These findings suggest that
there is an association with anti-inflammatory use and decreasing the probability of
being diagnosed with PD. Therefore, many anti-inflammatory agents have been
explored, such as minocycline and natural or endogenous compounds including res-
veratrol, silymarin, resolvins, and apocynin [9]. These compounds act by down-
regulating glial activation, decreasing proinflammatory cytokine production,
suppressing M1 microglial phenotypes, reducing NF-kB activation, and decreasing
amounts of reactive oxygen species present in the brain. Additionally, PPAR ago-
nists, such as pioglitazone and rosiglitazone, also possess neuroprotective and anti-
inflammatory activities both in vitro and in vivo [277-279]. These agents selectively
act on decreasing the amount of reactive microglia and their secreted neurotoxic
factors.

A second therapeutic target is found by modulating T cell phenotypes and func-
tions with pharmacologic agents. Ideally, enhancing phenotypes that shut down the
inflammatory response within the brain microenvironment through the use of potent
immune modulating agents such as VIP or GM-CSF would be of benefit [12, 14, 16,
280, 281]. Such therapeutic interventions have been effective in PD and AD, along
with other chronic inflammatory conditions and as such, support their ability to
restore immune homeostasis and repair tissue injuries. Similarly, due to the wide
variety of biological targets and effects of VIP, previous studies have utilized the
native peptide for neuroprotection from HIV neurotoxicity [282—285]. Various stud-
ies have shown that VIP treatment prevents HIV-1 induced neuronal death [283,
284]. This protection is mediated through VIP-associated signaling within astro-
cytes. When astrocyte and cortical neuron cultures are treated with VIP, there is an
increase in MIP-1a, beta-chemokine, and RANTES [282, 283]. This chemokine
upregulation blocks the receptor interactions that are needed for viral entry and
toxicity, resulting in neuronal survival. Likewise, when VIP binds to the VIPR2 on
astrocytes, it induces changes in activity-dependent neuroprotective protein
(ADNP), which is associated with cell survival and development, further supporting
the neuroprotective effects of VIP-targeting [285].

Apart from anti-inflammatory and immune modulating therapies, researchers are
also seeking to utilize neurotrophic factors within damaged brain regions [286].
Neurotrophic factors are a family of molecules that support growth, survival, synap-
tic plasticity, and differentiation of developing and mature neurons [287]. Thus,
their use in diseases in which there is neuronal loss is intriguing. Amongst these
factors are GDNF, BDNF, neurturin, and neurotrophin [286]. GDNF is
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neuroprotective and restorative in the dopaminergic neuron system and has been
demonstrated in multiple experimental models including rodents and primates [288,
289]. Some of these studies indicated that the degree of neuroprotection observed
correlates with the amount of neurotrophin, specifically GDNF, levels present
within the brain region [290]. Similarly, neurturin, a homolog of GDNF, has also
shown neuroprotective efficacy with no side effects observed within a large margin
of doses [291, 292]. A study using BDNF-treated neural stem cells in an AD model
indicated an improved transplant effect resulting in increased memory and learning
and increased overall cell survival [293]. A study utilizing neurotrophin-3 (NT3) in
an ex vivo PD model showed that NT3 treatment led to an increase in cell survival,
an overall neuroprotective response, and an increase in dopamine production [294].
Taken together, use of neurotrophic factors in brain diseases has shown promise as
a potential clinical therapy.

7 Summary

Alzheimer’s disease, Parkinson’s disease, and HIV-1-associated neurodegeneration
are devastating disorders of the CNS with few therapeutic avenues. Collectively,
these diseases are linked to neuroinflammation and aberrant immune responses.
Each involves altered innate and adaptive immune responses leading to increased
glial reactivity associated with altered frequencies of T effector and T regulatory
populations. Since both of these populations play an important role in maintaining
a successful and healthy immune response, it is likely that their dysfunction controls
the tempo of disease progression. Due to this, many laboratories have focused on
harnessing the immune system for therapeutic gain. Current strategies aim to shift
the neurodestructive immune phenotypes into those that are neuroprotective. The
universal goal of such strategies is to suppress neuroinflammation in order to spare
neuronal populations normally lost or affected during the course of disease.
Throughout this chapter, we have discussed many neuroprotective strategies, includ-
ing modulation of the innate glial immune response and transformation of the
peripheral adaptive immune response through inhibition of proinflammatory cyto-
kine production, induction of regulatory T cells, induction of tolerogenic dendritic
cells, increased production of circulating antibodies, and various vaccination strate-
gies. We have also discussed the protective role of anti-inflammatory agents, neuro-
trophins, and cytokines in diseases of the brain. Overall, researchers utilizing these
strategies are attempting to modify the diseased CNS microenvironment by target-
ing proinflammatory glial populations directly to decrease proinflammatory and
neurotoxic mediator production or by targeting them indirectly through the induc-
tion of immunosuppressive populations such as regulatory T cells and tolerogenic
dendritic cells. The potential neuroprotective effects of these cell types would cer-
tainly restore the harmful inflammatory response to its normal homeostatic state.
However, the immune system is also needed to clear debris and repair cellular and
tissue damage, which would serve to restore homeostasis and lead to neuronal
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survival and repair. Therefore, it is likely that a timed control of regulating and shift-
ing the immune response is needed in diseases of the brain in order to maintain the
highest level of therapeutic gain.
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