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Abstract

Paired serum and cerebrospinal fluid (CSF) samples from 21 controls, 8 subjects with mild cognitive
impairment (MCI), and 10 with Alzheimer’s disease (AD) were analyzed for inflammatory cytokine/chemokine and
related trophic factor expression using a multiplex ELISA. Since results obtained from the MCI and AD samples were
similar, those data were combined (MCI/AD) to simplify the analysis. In MCI/AD serum samples, the mean levels of
1L-1B, IL-4, IL-5, TNF-a, RANTES, IL-13, IL-17A, MIP-1q, eotaxin and PDGF-BB were significantly elevated relative
to control, whereas IL-15, IP-10, MCP-1, and GMCSF were reduced. In MCI/AD CSF, IL-5 and IL-13 were significantly
elevated whereas GM-CSF, IL-17A, b-FGF, PDGF-BB, and VEGF were reduced. The findings suggest that in the early
stages of neurodegeneration, inflammatory factors driving cognitive impairment may be derived more from systemic
than CNS responses. In contrast, alterations in trophic factor expression that would adversely affect neuronal
survival, neuroprotection, angiogenesis, and myelin integrity may largely originate within the CNS, although they

could be propagated by neuroinflammation.

Keywords: Alzheimer’s disease, cerebrospinal fluid, serum, cytokines, chemokines, trophic factors, mild cognitive

impairment, neuro-inflammation

Introduction
Alzheimer’s disease (AD) is characterized by progressive behavioral changes, loss of recent or short-term
memory, and declines in executive function and other cognitive abilities [1]. Typically, neurodegeneration begins in a

pre-symptomatic stage [2] that may offer the best opportunity to reverse disease or substantially retard its
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progression. The histopathological hallmarks of AD include co-accumulations of structural lesions mediated by
abnormal hyper-phosphorylation of tau and excessive and aberrant cleavage of the amyloid-beta precursor protein
(AB1-42), yielding phospho-tau immunoreactive fibrillar deposits in neurofibrillary tangles, dystrophic neurites and
neuropil threads, and Ai4- deposits in plaques and blood vessels. Under normal circumstances, APi-42, a ~4 kD
peptide generated by secretase cleavage of amyloid precursor protein, is continuously cleared via transport from the
brain to the general circulation [3]. However, in AD, APi42 accumulates as fibrillar aggregates in cortical and
leptomeningeal blood vessels, perivascular spaces, and plaques, and as neurotoxic, oligomeric diffusible ligands
(ADDLS) [4,5]. Cellular stress related to both pTau and A4 accumulations leads to ubiquitination of their insoluble
fibrillar aggregates [6-8], followed by activation of the unfolded protein response (UPR), loss of neuronal function,
and ultimately cell death. These abnormalities increase in the brain with progression of neurodegeneration [9].

Diagnostic criteria for rendering a clinical diagnosis of AD has been aided by positron emission tomography
(PET) neuroimaging to detect accumulations of pTau and APi-42 using F18 isotopically-labeled tracers [10,11], and
CSF biomarker panels that include measurements of pTau and Afi42 [12-14]. In addition, postmortem
neuropathological assessments have been streamlined, assigning grades of AD severity based on abundances of
neurofibrillary tangles and senile plaques in particular brain regions [7]. However, in reality, this narrow approach
falls short because the nature and distribution of neurodegeneration are far broader and both pTau and Ai-4-
accumulations occur in other disease processes including other forms of neurodegeneration, traumatic brain injury,
and normal aging. Thus, an emerging conceptual approach is to incorporate multimodal pathogenic factors to better
understand the nature of disease and expand therapeutic targets [15]. One major AD-associated abnormality that is
not been well understood but amenable to treatment is neuro-inflammation [16].

Neuro-inflammation is mediated by microglial cell and astrocyte elaboration of pro-inflammatory cytokines,
chemokines, complement, and reactive oxygen and reactive nitrogen species [17-19]. Postmortem findings of
increased microglial and reactive astrocyte expression of pro-inflammatory cytokines such as IL-13, IL-6, interferon-
gamma (IFN-y), and macrophage migration inhibitory factor near ABi4> plaques suggest that neuro-inflammation
may be linked to APi4. deposition [20,21]. Neuro-inflammation causes injury to neurons, impairs cholinergic
function, and activates stress signaling pathways [22] leading to increased levels of reactive oxygen and nitrogen
species. Attendant damage to nerve terminals disrupts synaptic connections and causes cognitive impairment [18].
Thus, it is conceivable that neuro-inflammatory responses can mediate transitions from normal aging to mild
cognitive impairment (MCI) and eventually AD.

Systemic inflammatory responses manifested by elevated serum levels of pro-inflammatory cytokines have
been well documented in AD [23]. Furthermore, it has been established that cytokines can cross the blood-brain
barrier, possibly via saturable transport mechanisms [24]. Therefore, although neuro-inflammatory responses are
mediated by local activation of cytokines and chemokines in brain microglia and astrocytes and cerebrovascular
endothelial cells, potential contributions of co-occurring systemic inflammatory responses should be investigated.
Importantly, peripheral or systemic inflammation that is capable of driving or contributing to neuro-inflammation, or
develops as a secondary component (phase) of neuro-inflammation, should be detectable in peripheral blood. On the
other hand, if the major sources of neuro-inflammation are intrinsic and selectively involve the brain, then peripheral
responses would not be expected to mirror inflammatory profiles in the brain. These points are important because
diagnostic and therapeutic approaches to neuro-inflammatory mediators of neurodegeneration may be informed by
the onset, nature, and progression of systemic inflammatory responses. However, without such information, the

timing and nature of neuroprotective anti-inflammatory and anti-oxidant treatments may be too late or inadequate.
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This point especially resonates with failed clinical trials of anti-inflammatory and anti-oxidant treatments designed to
remediate cognitive impairment and neurodegeneration [25].

The present study uses paired serum and cerebrospinal fluid (CSF) samples to compare systemic and central
nervous system (CNS) inflammatory responses in clinically well characterized patients with MCI or early stage AD.
The goals were to gauge the degree to which systemic inflammation predicts or correspond with neuro-inflammation,
and determine if MCI and AD were distinguishable from normal controls based on neuro-inflammatory or systemic

inflammatory profiles.

Methods
Human Subjects

The Lifespan Hospitals Institutional Review Board (IRB) approved this study. This cross-sectional study was
designed to evaluate inflammatory profiles in prospectively banked paired serum and CSF samples from patients with
MCI or AD. The patients were evaluated at the Rhode Island Hospital Alzheimer’s Disease and Memory Disorders
Center between 2010 and 2016, and the biological fluid samples were collected in accordance with the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) protocol. An AD diagnosis was rendered based on NINCDS/ADRDA criteria
[1,26], and MCI was diagnosed using consensus criteria [27]. Paired serum and lumbar puncture CSF samples were
obtained as part of a neurologic diagnostic evaluation or as add-on donations at the time of a clinical trial or
observational research study visit. All subjects signed consent forms approved by the Rhode Island Hospital IRB to
have their serum and CSF samples banked for future research.

Control patients were evaluated for headache in the Rhode Island Hospital, Miriam Hospital, or Newport
Hospital Emergency Department between October 2014 and December 2015. Inclusion criteria for control subjects
were that: 1) they were at least 21 years of age and cognitively normal by standard neurological exam and review of the
hospital record; 2) paired blood and CSF samples were collected in accordance with standard-of-care hospital
practice; 3) their diagnostic studies including CSF protein, cell counts, glucose, and Gram stain were negative; and 4)
their emergency room courses were uneventful and ended in discharge to home. An additional eligibility requirement
for both groups was that at least 500 ul of the paired undiluted serum and CSF samples were available for these
studies. Although the controls were not specifically screened for active or underlying inflammatory disease processes,
the clinical records and routine assays of serum and CSF provided no evidence to support this potential confounder.
Following collection, the paired samples were aliquoted into 1 mL sterile polypropylene screw capped tubes and
stored frozen at -80°C. All samples were hemoglobin-free and prior to use they were filtered (0.45 uM pore) to

eliminate cellular debris.

Direct Binding Enzyme-linked Immunosorbent assay (ELISA)

CSF and serum Afi42 and phospho-tau (pTau-307) levels of immunoreactivity were measured using direct
binding ELISAs [28]. These assays were not performed for diagnostic purposes, but rather for research comparisons
of their relative levels with respect to severity of cognitive impairment. Serum samples diluted 1:100 and CSF diluted
1:4 in Tris-buffered saline (TBS) were adsorbed (50 ul each) to the well bottoms of Nunc Maxisorp 96-well plates
(Thermo Fisher Scientific Inc., East Providence, RI) by overnight incubation at 4°C, then blocked for 3 hours at room
temperature with 1% bovine serum albumin (BSA) in TBS. After washing, the samples were incubated with primary
antibody (0.1-0.4 pg/ml) for 1 hour at 37°C. Immunoreactivity was detected with horseradish peroxidase-conjugated
secondary antibody and Amplex UltraRed soluble fluorophore. Fluorescence intensity was measured (Ex 565 nm/Em

595 nm) in a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA).
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Multiplex Human Cytokine ELISA

Bead-based multiplex ELISAs were employed to assess levels of 27 pro-inflammatory cytokines and

chemokines in serum and CSF using the Bio-Plex Pro™ Human Cytokine 27-plex Assay (Bio-Rad, Hercules, CA). The

list of cytokines, chemokines, and trophic factors, their abbreviations, and both systemic and CNS functions are

summarized in Table 1. Following the manufacturer’s protocol, serum diluted 1:4 in assay dilution buffer, and

undiluted CSF samples were incubated with magnetic beads that were covalently coupled with capture antibodies.

Captured antigens were detected with biotinylated secondary antibodies followed by a streptavidin-phycoerythrin

reporter conjugate.

Fluorescence intensity was measured in a MAGPIX (Bio-Rad, Hercules,

CA) and

cytokine/chemokine concentrations (pg/mL) were software-generated (Bio-Rad, Hercules, CA) from standard curves.

Table 1: Cytokine/Chemokine Systemic Functions and Roles in Neurodegeneration

Cytokine/ Full -Other . . . . Citations
. Systemic Functions Roles in Neurodegeneration
Chemokine | Names [29-36]
Both a neurotrophin and mediator
of neuronal injury; signals through
. . pathways leading to neurogenesis
Angiogenic and broad-spectrum .
. . L (dentate gyrus of hippocampus)
mitogenic factor; localized in .
) and neurodegeneration, e.g.
Basic fibroblast basement membranes and . . oo
) following traumatic brain injury.
b-FGF growth factor; vascular subendothelial . [29,37]
. Increased levels in AD and other
FGF2 extracellular matrix; .
) . forms of neurodegeneration.
cytoprotective; role in wound L. .
. Immunoreactivity increased in
healing ; .
astrocytes and with senile plaques,
neurofibrillary tangles, and
neuropil threads.
Eosinophil CC Chemokine subfamily of .
) ) . Elevated in CSF and plasma of
chemotactic proteins chemotactic for . L )
. . o aging mice; impairs neurogenesis,
. protein; CCL11 eosinophils; binds to CCR2, CCR3, .
Eotaxin . . . . cognition, memory; plasma levels [38]
(eotaxin-1), CCL24 | CCRs5; high levels associated with .
. . . elevated in AD and other forms of
(eotaxin-2), and aging; current cannabis use, and .
. . . neurodegeneration
CCL26 (eotaxin-3) | schizophrenia
Stimulates granulocyte activation, .
Granulocyte . . . Supports neuroprotection due to
) . proliferation, survival, and . . .
G-CSF colony stimulating . o anti-apoptotic effects via pAKT [39]
differentiation, produced by L
factor; CSF-3 . activation
endothelium and macrophages
Cytokine promotes host defenses; .
Granulocyte- . Neuroprotective. Prevents
stimulates stem cells to produce L.
Macrophage neurodegeneration in MPTP
GM-CSF . . granulocytes and monocytes- . [40,41]
Colony stimulating models of PD; mediates

factor; CSF-2

monocyte differentiate to

macrophages and dendritic cells

autoimmune encephalitis
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Pro-inflammatory cytokine and

Mediates delayed post-ischemia

neurodegeneration via IFN-y

Interferon- potent activator of macrophages; secreted by splenic macrophages;
IFN-y gamma; type II plays a role in mediating innate promotes inflammatory mediated | [42-45]
interferon and adaptive immune responses; impairment of neural stem and
delayed immune response neuroprogenitor cell maturation
and differentiation
. Anti-inflammatory cytokine; .
Interleukin-10; . Neuroprotective; prevents LPS-
. . suppresses pro-inflammatory . .
IL-10 cytokine synthesis . o induce neurodegeneration; [46]
Do genes and cytokine secretion in L )
inhibitory factor . expressed in microglia
macrophages and neutrophil
Pro-inflammatory cytokine;
) antigen-induced expression in . .
Interleukin-12; N Induces excitotoxic neuronal
. . dendritic cells, macrophages, B L . . .
IL-12 (p70) p70 is the active L injury in brain by stimulating IL-7 | [47-50]
. cells and neutrophils; increases o .
heterodimer . in microglia
IFN-y and TNF-a production;
induces IL-7 in macrophages
Cytokine secreted by Th2 T helper
cells; effects similar to those of IL- . .
. ) . Potentially neuroprotective for
4 but with emphasis on reducing .
o . cortical neurons; modulates
. allergic inflammation; down- . o .
1L-13 Interleukin-13 . cortical excitability; expression [51,52]
regulates Th2 helper functions; . .
. . correlates with AB1-42 deposition
pro-inflammatory effects include . . .
) . in multiple sclerosis
increased IgE secretion by
activated B cells
Pleiotropic pro-inflammatory
cytokine, structurally similar to
IL-2, produced by activated Potential biomarker for AD due to
IL-15 Interleukin-15 monocytes, macrophages, and elevated serum levels; produced [23]
dendritic cells. Promotes T cell by activated astrocytes
proliferation and cytotoxicity via
NK and cytotoxic T cells
Pro-inflammatory cytokine
produced by T helper cells and
induced by IL-23. Recruits T-cell mediated delayed phase
IL-17A Interleukin-17A monocytes and neutrophils to sites | inflammatory injury in ischemic [53]

of inflammation; role in auto-
immune diseases and microbial

defenses

stroke
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Expressed by microglia in
response to injury and exacerbates
. . . neuronal injury [IL-1]; causes
Interleukin-ibeta; | Pro-inflammatory cytokine . . . .
. excitotoxic neurodegeneration via
leukocyte pyrogen; | produced by activated .
IL-18 increased glutamate, and MS [54-56]
leukocyte macrophages; promotes p53- . . .
o . . progression via p53-mediated
activating factor mediated apoptosis .
apoptosis; promotes
oligodendrocyte cell death; also
enhances synaptic transmission
Interleukin-1 Increases adhesion molecule . .
o Neuroprotective: Inhibits
receptor expression; induces L. . . .
IL-1ra . . cytotoxic, ischemic, excitotoxic, [56]
antagonist; IL-1 metalloproteinases and L .
Lo . and traumatic injury in the brain.
inhibitor prostaglandins
Cytokine signaling regulator of Neuroprotective for maintaining
. activities in leukocytes responsible | septo-hippocampal cholinergic
IL-2 Interleukin-2 . L . [571]
for immunity; increases T cell neurons; however, high levels
proliferation; activates B cells cause cognitive dysfunction
Cytokine induces differentiation of
naive T cells; regulates humoral . .
o May regulate dopaminergic
. and adaptive immune responses; .
IL-4 Interleukin-4 . . neuron functions; Effects are [51]
anti-inflammatory actions reduce L.
similar to those of IL-13.
Thi1, IFN-y, macrophages, and
dendritic cell IL-12
Induces proliferation and
activation of microglia; increases
nitrite production and probably
Pro-inflammatory cytokine; nitrosative stress; serum levels
produced by Th2 T Helper cells; elevated in major depressive
IL-5 Interleukin-5 promotes activated B cell disorders; utilizes neural [58,59]
proliferation, maturation and plasticity-related RAS GTPase-
immunoglobulin secretion extracellular signal-regulated
kinase (Ras-ERK) pathway to
mediate its effects on CNS
plasticity
Pro-inflammatory cytokine and .
. . Accumulates around senile
anti-inflammatory myokine; .
. . . plaques; levels elevated in AD
induces B and T cell proliferation; .
. . o PBMCs; Induced by MPTP in PD
IL-6 Interleukin-6 induces protease inhibitor . [60-62]
. models; has paradoxical
expression; secreted by .
neuroprotective effects. Expressed
macrophages and T cells to o .
. in microglia
promote immune responses
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Hematopoietic growth factor made

by stromal, neuronal, dendritic,

CNS and peripherally increased
levels associated with autoimmune
CNS diseases (MS/EAE) driven by

IL-7 Interleukin-7 hepatocellular, and epithelial cells. | . [47]
. increased levels of IL6, TNF-q,
Positive regulator of B and T cell . .
. L IFN-vy; enhances proliferation of
development and differentiation . .
myelin-activated T cells
Chemokine ligand (C-X-C motif);
regulates neutrophil migration by
signaling through CXCR2; induces . Lo
. . Levels increased by brain injury;
. expression of proinflammatory .
IL-8 Interleukin-8 higher levels propagate secondary | [54]
proteases, MMP-2 and MMP-9; .
. . o injury;
induces proapoptotic protein Bim
(Bcl-2-interacting mediator of cell
death) and cell death
Cytokine cellular signaling
molecule that modulates pro- o .
. Increased production in AD brain
. inflammatory responses, o
IL-9 Interleukin-9 . . . . cells. Promotes T cell migration [62]
stimulating proliferation and .
o . . into the CNS
inhibiting apoptosis; roles in
autoimmune disease and asthma
Chemokine binds to cell surface
CXCR3 receptors to activate
chemoattraction of monocytes Up-regulated in several
Interferon gamma L .
. . /macrophages, T cells, NK cells, neurodegenerative diseases and in
IP-10 induced protein o ] . [43]
and dendritic cells. Promotes T MS; mediates stroke-induced
10; CXCL10 . . .
cell adhesion to endothelial cells, neurodegeneration
antitumor activity, and
angiogenesis
Chemokine anchored in the Induced in astrocytes by PDGF-
Monocyte plasma membrane and secreted by | BB; attracts monocytes promoting
chemoattractant monocytes, macrophages and their transmigration through a
MCP-1 protein 1; CCL2 dendritic cells, mainly in response | disrupted blood-brain barrier [63]
(chemokine motif | to PDGF and CCR2 and CCR4 Increased levels impair attention;
ligand 2) surface receptors; attracts executive function, and
monocytes psychomotor speed.
Chemokine with chemoattraction .
Promotes neurodegeneration by
Macrophage for T cells, NK cells, monocytes, L . . .
. . . attracting infiltration of microglia
inflammatory and immature dendritic cells; .
. . . and macrophages; increased
MIP-1a protein 1 alpha; induces synthesis and release of [64-66]

Chemokine motif
ligand 3 (CCL3)

pro-inflammatory cytokines such
as IL-1, IL-6 and TNF-a from

fibroblasts and macrophages

expression associated with
spongiform neurodegeneration

caused by oncornavirus
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Macrophage . . . Impairs attention; executive
. Chemokine with chemoattraction .
inflammatory . . function, psychomotor speed;
. for NK and T cells with actions . . .
MIP-18 protein 1 beta; o . increased expression with [64]
. . similar to MIP-1a. Interacts with L .
Chemokine motif oL oncornavirus induced spongiform
. 3 .
ligand 4 (CCL4) neurodegeneration
Chemokine for monocytes and .
. . . Neuroprotective; promotes
neutrophils; mitogenic for cells of . .
i o neuronal survival; induces
Plateled-derived mesenchymal origin; PDGF-B can o . .
PDGF-BB . . neurogenesis in dopaminergic [63,66,67]
Growth Factor-BB | homodimerize (PDGF-BB or .
L . neurons; however, also induces
heterodimerize with PDGF-A .
MCP-1 in astrocytes
(PDGF-AB).
Major chemokine expressed in
brain; including reactive
. . . astrocytes in mouse brains
Chemokine with chemoattraction . . L
Regulated upon infected with scrapie virus;
L for T cells and leukocytes, . i
Activation, Normal . Potential neuroprotection after
RANTES promotes monocyte adhesion to . [68,69]
T-cell Expressed, . . stroke, mediated by neuronal
endothelial cells. Binds to CCR1, . . .
and Secreted induction of neurotrophic factors
CCR3, and CCR5 receptors . . .
in peri-infarct zones with
attendant autocrine or paracrine
supported neuronal survival
Pro-inflammatory cytokine of
activated macrophages; binds to Dysregulated expression in
TNFR1; induces expression of neurodegeneration including AD,
other cytokines, chemokines and in major depression. In
. (RANTES), metalloproteinases, neurodegeneration, TNF-a
Tumor necrosis . . . . .
adhesion molecules in acute phase | induces neuronal excitotoxic
TNF-a factor-alpha; . . . [54,60,61]
. responses; causes fever, cachexia, | injury (via glutamate);
cachexin . ] . .
inflammation, and apoptosis. accumulates around senile
Anti-tumor and anti-viral effects. plaques; induced by MPTP;
Dysregulated expression in cancer, | neuronal excitoxicity; also can
psoriasis, and inflammatory bowel | increase synaptic transmission
disease.
Trophic factor in the PDGF
subfamily; stimulates de novo CSF levels elevated in normal
Vascular vasculogenesis and angiogenesis, brain aging; may be
endothelial growth | fibroblast proliferation, and neuroprotective, reduced
VEGF factor; vascular monocyte/macrophage migration; | CNS/CSF levels correlate with [70]
permeability factor | restores oxygen supply to tissues hippocampal atrophy, loss of
(VPF) injured by deprivation; increases executive functions and memory;

microvascular permeability; levels

elevated in diabetes and cancer.

interactive effect with Af1-42
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Statistics

Initial analyses compared results in the control, MCI and AD groups (Supplementary Tables 1 and 2).
However, since the AD biomarkers and both serum and CSF inflammatory profiles (responses) were similar in the
MCI and AD groups, the data presentation was simplified by pooling data from the AD and MCI groups for
comparison with controls. Statistical analyses were performed using NCSS version 11 (Kaysville, UTAH) and Stata 14
(Stata Corp, College Station, Texas). Statistical comparisons among AD, MCI and control groups were performed
using one-way repeated measures analysis of variance (ANOVA) and the post hoc Tukey-Kramer Multiple
Comparison Test of significance. Comparisons between the combined AD/MCI and control groups were made using
unpaired two-tailed Student’s t-tests with 4% false discovery corrections. The level of statistical significance was

defined as P< 0.05.

Results

Study Groups: Paired serum and CSF samples were available from 21 control subjects and 18 subjects with MCI or
AD. Demographic characteristics are provided in Table 2. The mean age (+ S.D.) of the control group (45.6 + 11.8)
was significantly lower than the MCI (69.1 + 7.2) and AD (67.5 + 11.3) groups (P<0.0001), whereas there was no
significant age difference between the MCI and AD groups. The control group had 11 males and 10 females. The MCI
group had 7 males and 1 female. The AD group had 5 males and 5 females. At the time samples were collected, the
mean (+ S.D.) Mini-Mental State Examination (MMSE) scores were 26.4 + 3.1 (range 21-30) and 21.9 + 5.5 (range 13-
28) in the MCI and AD groups respectively. The mean MMSE score was significantly lower in the AD relative to the
MCI group (P<0.05). MMSE scores were not obtained for control subjects.

Table 2: Subject Demographics

Control MCI AD
Number Subjects 21 8 10
Age: Years + S.D 45.6 £ 11.8 69.1+7.2 67.5 + 11.3
(Range) (28-77) (59-77) (49-83)
Sex: M/F 11/10 7/1 5/5
MMSE Score + SD ND. 26.4 + 3.1 21.9 + 5.5
(Range) (21-30) (13-28)

Comparisons of mean ages, sex ratios, and MMSE scores among subjects diagnosed as control, MCI, or AD. MMSE

scores were not obtained (N.D.) for control subjects.

Biomarker Assay Results

APB1-42 and pTau were measured in serum and CSF by direct binding ELISAs and 3-way inter-group
comparisons were made by repeated measures ANOVA and the post hoc Tukey multiple comparisons test (Figure 1).
Significant inter-group differences were detected for the mean levels of serum pTau, serum and CSF Afi-4> and the
CSF/Serum ratios of pTau and ABi-42, whereas a trend effect was detected for CSF pTau (Figure 1A). Serum pTau
levels were similarly high in control and MCI samples whereas in AD the mean levels were significantly reduced
relative to MCI (P=0.04) and control (P=0.002) (Figure 1B). The mean levels of pTau in CSF gradually but not
significantly increased from control to MCI and then AD. The mean serum levels of APi-42 were significantly reduced
in both the MCI and AD groups relative to control (P<0.0001), although the mean MCI level was somewhat (but not
significantly) higher than in the AD group (Figure 1C). In contrast, the mean CSF Af:-4- levels were similarly and
significantly elevated in the MCI and AD groups relative to control (P=0.01) (Figure 1C). The calculated mean

CSF/serum ratios of pTau and APi4» progressively increased from control to MCI and then AD, resulting in
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significantly higher CSF:serum ratios of pTau (P=0.0002) and ABi42 (P=0.006) in AD relative to control, but no
significant differences between AD and MCI (Figure 1D). These findings correspond with progressively reduced Afi-42

and pTau clearance from the brain with advancing neurodegeneration from control to MCI and MCI to AD.

pTau and AB142 ELISAs: ANOVA Results
A Assay F-Ratio P-Value B P=0.002
50007 “'p=0.04
Serum pTau 3.48 0.04
5 40004
Serum AB1-42 14.66 0.00002 a
i 3000
CSF pTau 2.76 0.076 3 2000-
|—
CSF AB1-42 8.46 0.0009 S 10004
CSF/Ser pTau 9.26 0.0005 0. 11
CSF/Ser AB1-42 419 0.022 Serum CSF
@ Control
C 80000 MCI D o 107 p-
P<0.0001 AD = P=0.002
60000+ 14
3 — £
20000 % @
7 718 g
% % 3 .
Serum CSF pTau Ap1-42

Figure 1: AD Biomarkers

Figure 1: AD Biomarkers: Amyloid-beta peptide (Afi-42) and phospho-tau (pTau-307) immunoreactivities were
measured in paired serum and CSF samples from control, MCI, and AD subjects using direct binding ELISAs.
Immunoreactivity was detected with horseradish peroxidase-conjugated secondary antibody and the Amplex
UltraRed fluorophore. Fluorescence intensity was measured (Ex 565 nm/Em 595 nm) in a SpectraMax M5 microplate
reader. (A) Data were analyzed by repeated measures ANOVA. Graphs depict mean + S.D. of (B) pTau, (C) APi-42, and
(D) CSF:Serum ratios of pTau and AB:-42 with significant differences obtained by the post hoc Tukey-Kramer multiple

comparisons test.

Peripheral Indices of Inflammation

Initial analyses compared control with MCI and AD by one-way repeated measures ANOVA and post hoc
Tukey-Kramer multiple comparisons tests (Supplementary Table 1). Among the 27 factors measured in serum by
multiplex ELISA, 12 (44.4%) showed significant inter-group differences and 4 (14.8%) had statistical trends. The
significant or trend effects of AD and MCI were directionally concordant for 15 of the 16 factors (93.8%); the one
exception was b-FGF which was significantly reduced in AD and unchanged in MCI relative to control. Therefore, the
data analysis and presentation were simplified by combining results from the MCI and AD groups for comparison
with controls.

Two-tailed t-tests with 4% false discovery corrections detected significant inter-group differences for 15 of
the 27 factors (55.6%) including b-FGF, GM-CSF, IL-15, IL-1f, IL-2, and MCP-1 which were reduced in the MCI/AD
group, and eotaxin, IL-13, IL-17A, IL-4, IL-5, MIP-1a, PDGF-BB, RANTES, and TNF-o, which were increased in
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MCI/AD relative to control (Table 3). In contrast, no significant inter-group differences were observed with respect
to G-CSF, IFN-y, IL-10, IL-12p70, IL-1ra, IL-6, IL-7, IL-8, IL-9, IP-10, MIP-1f3, and VEGF. The higher levels of IL-1

and TNF-a and unchanged levels of IFN-y, IL-8, and IL-10 in MCI/AD are consistent with previous findings, whereas

the increased levels of IL-4, increased levels of IL-2 and unchanged levels of IL-6 are discordant with the findings in a

meta-analysis [71].

Table 3: Serum Cytokine Levels

Factor Control MCI/AD P-Values
(Mean £ S.D.) (Mean = S.D.)

b-FGF 28.18 + 3.40 23.99 * 3.59 0.01

Eotaxin 53.41 + 14.84 79.55 £ 27.42 0.0005

G-CSF 33.37 £ 27.19 25.44 £ 3.42

GM-CSF 25.98 £ 10.13 12.97 + 3.36 <0.0001

IFN-y 67.07 + 31.32 65.40 £ 7.55

IL-10 6.18 £ 5.337 5.13 £ 2.80

IL-12p70 10.76 * 15.94 9.60 + 2.78

IL-13 0.90 £ 0.6595 1.81 £ 1.13 <0.0001

IL-15 11.37 + 5.092 3.64 £ 2.44 <0.0001

IL-17A 19.96 + 5.508 28.88 + 4.88 <0.0001

1L-1B 1.87 £ 0.3285 2.10 + 0.27 0.0080

IL-1ra 89.15 + 43.88 82.24 + 31.83

IL-2 3.77 £ 1.209 2.04 + 0.94 <0.0001

1L-4 1.30 + 0.235 1.03 £ 0.21 <0.0001

IL-5 5.56 £ 1.78 14.78 £ 2.46 <0.0001

IL-6 12.35 + 22.17 10.78 + 0.64

1L-7 2.41 + 2.956 2.05 + 0.68

IL-8 5.68 £ 4.162 4.39 £ 0.81

IL-9 7.78 + 3.086 12.14 + 14.15

IP-10 1582.00 + 2555 363.30 + 254.00

MCP-1 44.77 £ 52.07 18.07 £ 3.56 0.0001

MIP-1a 1.37 £ 0.2346 1.56 £ 0.14 0.0010

MIP-13 20.34 + 20.03 31.23 + 13.79

PDGF-BB 321.10 + 265.1 853.90 + 243.90 <0.0001

RANTES 1855.00 + 233.3 2130.00 + 183.00 <0.0001

TNF-a 31.48 £ 5.514 38.01+ 5.05 0.0006

VEGF 12.51 + 5.527 13.17+ 5.68

Serum samples from 21 control and 18 MCI/AD subjects were assayed for 27 cytokines and chemokines using a
multiplex bead-based ELISA (See Table 1 for full names and functions). Fluorescence intensity was measured in a
MAGPIX, and cytokine/chemokine concentrations (pg/mL) were software-generated (BioRad) from standard curves.
Inter-group comparisons were made using unpaired, two-tailed t-tests with 4% false discovery rate corrections.
Significant P-values (P<0.05) and statistical trends (0.05<P<0.10; italicized) are shown. See Supplementary Table 1

for the 3-way statistical comparisons among the AD, MCI and control groups.
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To simplify the data presentation and analysis, fold-differences in the levels of cytokines, chemokines, and
trophic factors in the MCI/AD group relative to controls were calculated and displayed using a databar plot (Figure
2). Bars to the left of the vertical axis reflect MCI/AD-associated reductions in factor expression, whereas bars to the
right indicate increases in factor levels relative to control. Differences of 5% or less were generally regarded as neutral
or unchanged relative to control. Significant P-values are displayed to the right of the databars.

The databar plot revealed that MCI/AD was associated with reduced serum levels of IP-10, IL-15, MCP-1,
GM-CSF, IL-2, G-CSF, IL-8, IL-10, IL-7, IL-6, IL-12p70, and b-FGF although the differences from control were
significant for only IL-15, MCP-1, GM-CSF, IL-2 and b-FGF (Figure 2). Despite the large fold-change for IP-10, the
statistical comparison was not significant due the large standard deviations. In contrast, the relatively small inter-
group differences in serum b-FGF levels were significant because the variances were tight. The MCI/AD had
significantly increased mean serum levels of PDGF-BB, IL-5, IL-13, eotaxin, IL-4, IL-17A, TNF-a, RANTES, and MIP-
1a, and IL-1f3, non-significant increases in IL-9, and no significant alterations in MIP-15, VEGF, IFN-y, or IL-1ra
(Figure 2). Therefore, 10 (37.3%) serum cytokine, chemokine, and trophic factor levels were significantly increased

and 5 (18.5%) were significantly decreased in MCI/AD relative to control.

Factor %Change in MCI/AD Serum P-Value
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Figure 2: Databar Display of MCI/AD Effects on Serum Cytokine Profiles

Figure 2: Databar Display of MCI/AD Effects on Serum Cytokine Profiles: Bead-based multiplex ELISAs were used
to measure levels of 27 pro-inflammatory cytokines and chemokines (Left column; see Table 1 for full names and

functions) in serum. Captured antigens were detected with phycoerythrin-labeled secondary antibodies and the plates
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were read in a MAGPIX. Direct comparisons of the levels of immunoreactivity are presented in Table 3 (2-way:
control, MCI/AD) and Supplementary Table 1 (3-way: control, MCI, AD). The calculated mean percentage differences
in levels of immunoreactivity between MCI/AD and control results are displayed such that reductions are represented
by bars to the left and increases by bars to the right. The digits on the bottom ruler correspond to 20% incremental
reductions (minus numbers to the left of 0) or increases (plus numbers to the right of 0) in cytokine expression in

MCI/AD relative to control. Significant differences are shown in the right column.

CSF Cytokines/Chemokines

Initial comparisons among the control, MCI and AD groups using one-way repeated measures ANOVA and
post hoc Tukey-Kramer multiple comparisons tests revealed just 8 factors that were significantly altered in MCI
and/or AD relative to control, including b-FGF, GM-CSF, IL-13, IL-17A, IL-5, IL-7, PDGF-BB, and VEGF
(Supplementary Table 2). Although the significant directional shifts were largely (6 of 8; 75%) the same for MCI and
AD, the two discordances were due to significantly increased levels of IL-13 in AD and not MCI, and increased IL-7 in
MCI but not AD. As was done for the serum assays, results from the MCI and AD groups were combined to simplify

the data analysis and presentation (Figure 3).

Factor CSF: %Change in MCI/AD P-Value
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Figure 3: Databar Display of MCI/AD Effects on CSF Cytokine Profiles

Figure 3: Databar Display of MCI/AD Effects on CSF Cytokine Profiles. Bead-based multiplex ELISAs were
used to measure levels of 277 pro-inflammatory cytokines and chemokines (Left column; see Table 1 for full names and

functions) in CSF. Captured antigens were detected with phycoerythrin-labeled secondary antibodies and the plates
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were read in a MAGPIX. Direct comparisons of the levels of immunoreactivity are presented in Table 4 (2-way:
control, MCI/AD) and Supplementary Table 2 (3-way: control, MCI, AD). The calculated mean percentage differences
in levels of immunoreactivity between MCI/AD and control results are displayed such that reductions are represented
by bars to the left and increases by bars to the right. The digits on the bottom ruler correspond to 20% incremental
reductions (minus numbers to the left of 0) or increases (plus numbers to the right of 0) in cytokine expression in

MCI/AD relative to control. Significant differences and statistical trends (0.05<P<0.10) are listed in the right

column.
Table 4: CSF Cytokine Levels

Factor Control MCI/AD P-Values

(Mean + S.D.) (Mean £+ S.D.)
b-FGF 17.43 + 4.29 12.14 + 5.88 0.0090
Eotaxin 14.00 + 5.94 16.74 £ 9.59
G-CSF 65.13 = 194.40 22,75 + 10.01
GM-CSF 71.19 + 25.07 17.23 + 15.32 <0.0001
IFN-y 48.45 + 23.14 70.34 £ 39.35 0.0690
IL-10 4.48 £ 2.04 5.56 £ 2.47
IL-12p70 2.00 + 1.74 2.43 £ 2.82 0.1000
IL-13 23.81+ 9.42 34.03 £ 12.31 0.0080
1L-15 16.28 + 6.40 16.56 + 3.04
IL-17A 8.07 + 3.32 4.17 £+ 3.91 0.0005
IL-1B 0.89 + 0.91 0.96 + 0.69
IL-1ra 16.01 + 10.53 17.00 + 9.84
IL-2 2.01+ 0.70 2.29 +1.25
IL-4 1.97 £ 1.02 2.70 + 1.79
IL-5 3.52 £ 2.10 5.65 £ 2.52 0.0070
IL-6 59.54 + 142.50 11.98 + 5.75
IL-7 3.30 £1.85 4.83 £ 2.63 0.0520
IL-8 43.42 £ 93.44 26.03 = 6.96 0.0830
IL-9 4.82 +1.98 6.52 + 2.90 0.0690
IP-10 2441.00 + 5308.00 1450.00 + 3198.00
MCP-1 237.00 + 275.00 148.40 + 33.91
MIP-1a 0.98 £ 0.45 1.26 £ 0.71
MIP-18 7.59 £ 5.37 9.57 + 4.04 0.0480
PDGF-BB 3.52 £1.99 1.51 + 1.67 0.0020
RANTES 7.38 £ 4.41 6.51 + 8.02 0.0700
TNF-a 6.80 + 3.96 9.33 £ 4.92 0.0810
VEGF 11.87 + 4.60 2.55 £ 2.92 <0.0001

CSF samples from 21 control and 18 MCI/AD subjects were assayed for 27 cytokines and chemokines using a multiplex bead-
based ELISA (See Table 1 for full names and functions). Fluorescence intensity was measured in a MAGPIX, and
cytokine/chemokine concentrations (pg/mL) were software-generated (BioRad) from standard curves. Inter-group
comparisons were made using unpaired, two-tailed t-tests with 4% false discovery rate corrections. Significant P-values
(P<0.05) and statistical trends (0.05<P<0.10; italicized) are shown. See Supplementary Table 2 for the 3-way statistical

comparisons among the AD, MCI and control groups.
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In contrast to serum in which the levels of 55.6% of the factors were significantly altered in MCI/AD, two-
tailed t-tests with 4% false discovery corrections detected significant inter-group differences for just 8 of the 27 CSF
factors (29.6%) including b-FGF, GM-CSF, IL-17A, PDGF-BB and VEGF, which were reduced, and IL-13, IL-5, MIP-
1B, PDGF-BB, and VEGF, which were increased in MCI/AD relative to control (Table 4). In addition, MCI/AD-
associated statistical trend (0.05<P<0.10) reductions in CSF cytokine/chemokine levels were observed for IL-12p7o0,
1L-8, and RANTES, whereas trend increases occurred for IFN-y, IL-7, IL-9 and TNF-a. No significant MCI/AD
versus control inter-group differences were observed with respect to the CSF levels of eotaxin, G-CSF, IL-10, IL-15,
1L-1B, IL-1ra, IL-2, IL-4, IL-6, IP-10, MCP-1, or MIP-1[3 (Table 4 and Figure 3).

To facilitate comparisons with the serum responses and the data interpretation, fold-differences in the CSF
levels of cytokines, chemokines, and trophic factors in the MCI/AD group relative to controls were calculated and
displayed using a databar plot (Figure 3) as described above. The databar plot revealed that MCI/AD was associated
with reduced CSF levels of IL-6, VEGF, GM-CSF, G-CSF, PDGF-BB, IL-17A, IP-10, IL-8, MCP-1, b-FGF, IL-12p70 and
RANTES. MCI/AD had significant fold increases in CSF IL-5, IL-13, and MIP-1b, and trend increases in IL-7, IFN-y,
TNF-q, and IL-9 (Figure 3). Although the percentage reductions in CSF levels of IL-6, G-CSF, IP-10, MCP-1 and
increases in IL-4, MIP-1a, IL-10, eotaxin, and IL-2 overlapped with other responses that reached statistical
significance or a statistical trend, the presence of outlier points reflects the non-uniform responses in both the
MCI/AD and control groups.

Concordant Serum and CSF Inflammatory Responses in MCI/AD

To gauge whether the inflammatory responses in CSF and serum were related or independent, we compared
the rates of concordant and discordant increases or reductions in cytokine/chemokine levels in the MCI/AD versus
control group. If the CSF and serum levels were both increased or reduced by at least 10%, or both were unchanged
(less than 10%) relative to control, the responses were scored as concordant. Otherwise, the responses were scored as
discordant. MCI/AD CSF and serum samples showed concordant reductions in GM-CSF, G-CSF, IP-10, IL-8, MCP-1,
and IL-12p70, increases in IL-5, IL-13, TNF-a, IL-4, IL-9, MIP-1q, and eotaxin, and neutral responses for IL-1f3 and
IL-1ra. Therefore, among the 27 factors, 16 (59.2%) showed similar responses and trends in CSF and serum of the
MCI/AD subjects. Importantly 5 (IL-5, TNF-a, IL-9, MIP-1q, and eotaxin) of the 7 cytokines/chemokines that were
concordantly elevated in CSF and serum have clear pro-inflammatory effects both systemically and in the CNS (see
Table 1). Anti-inflammatory cytokines IL-4 and IL-13, were significantly elevated in serum as well as CSF. At the same
time, 6 pro-inflammatory cytokines and chemokines (GM-CSF, G-CSF, IP-10, IL-8, IL-12p70, and MCP-1) or
chemokines were concordantly reduced in CSF and serum, although the dual responses were only significant for GM-
CSF. Therefore, the main responses in MCI/AD were to significantly increase or decrease systemic pro-inflammatory
factors, vis-a-vis similar but less pronounced responses in CSF. The exceptions were IL-5 and IL-13 which were
similarly increased, and GM-CSF which was similarly decreased in serum and CSF of MCI/AD subjects relative to
control. Among the trophic/angiogenesis factors, b-FGF was significantly reduced in both CSF and serum (Tables 3
and 4 and Figures 2 and 3).

Discordant Serum and CSF Inflammatory Responses in MCI/AD

Discordant MCI/AD CSF and serum responses were observed for the cytokines, IL-2, IL-6, IL-10, IL-15, IL-
17A, and IFN-y, the chemokines MIP-13, PDGF-BB, and RANTES, and trophic factors IL-7 and VEGF (Figures 2 and
3). Among the cytokines, two pro-inflammatory (IL-2 and IL-15) were significantly reduced in serum but increased or
unchanged in CSF, whereas IL-17A was increased in serum but decreased in CSF. Among the chemokines, IFN-y and

MIP-1f were unchanged in serum but significantly elevated in CSF, while PDGF-BB and RANTES were significantly
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increased in serum and reduced in CSF (Figures 2 and 3). In regards to the trophic factors, VEGF was sharply reduced
in CSF but unchanged in serum, and IL-7 was modestly reduced in serum but had a trend increase in CSF. Therefore,
in MCI/AD, the neuro-inflammatory profiles were dissimilar to those in serum for 11 of the 27 (40.7%) cytokines,
chemokines and trophic factors examined at the same time point.

To further address the potential relation between peripheral and central changes in inflammation, within-
group Pearson correlation analyses were performed between serum and CSF levels of the inflammatory indices. When
corrected for multiple comparisons using the Bonferroni method, there were no significant correlations among the
MCI/AD patients, and only 2 inflammatory markers (GM-CSF r=0.9763, P=0.01 and MCP-1, r=0.8643; P=0.01) were
significant in the control group. These results suggest that the inflammatory processes in the CSF and serum were

concurrent but non-identical and possibly independent.

Discussion

This study uniquely examined paired, fresh frozen serum and CSF samples and demonstrated that systemic
and CNS inflammatory indices are simultaneously altered in MCI and AD. Corresponding with previous reports, the
MCI and AD cases included in our study had elevated CSF/serum ratios of pTau and APi42, indicating reduced
clearances from the brain [72,73]. Furthermore, the graded responses from MCI to AD is consistent with the concept
that CNS clearance of pTau and Ap:-4» declines with disease progression. One of the main goals of this research was to
determine if both systemic and neuro-inflammation were present in MCI and AD, and if so, were their profiles
identical or distinct and independent. Since the CSF and serum pTau and A:-4 levels and responses of the 27
cytokines and chemokines were similarly altered in MCI and AD relative to control, the MCI and AD results were
pooled to simplify the data presentation and comparisons with control.

The MCI/AD subjects had broadly activated pro-inflammatory pathways as evidenced by the elevated mean
serum levels of multiple pro-inflammatory cytokines and chemokines. The elevated levels of MIP-1a, RANTES, IL-4,
1L-5, IL-1B, TNF-a, IL-13, and eotaxin would serve to activate and propagate systemic inflammatory responses and
tissue injury cascades. The MCI/AD-associated serum elevations of IL-1B, IL-4, and TNF-a are consistent with a
meta-analysis study demonstrating pro-inflammatory cytokine activation in peripheral blood of people with AD [71],
and also data summarized in a recent review article [60]. However, one discrepancy is that in contrast to those
previous reports, we did not detect significantly increased levels of IL-6 in the MCI/AD sera.

The elevated peripheral blood levels of IL-1f and TNF-a are of particular interest because both cytokines
have been linked to neurodegeneration, including AD [60]. High levels of IL-1 may be important for initiating injury,
degeneration, and cell death, self-reinforcing cascades that lead to progressive death of neurons [64]. Mechanistically,
IL-1 activation of astrocytes with attendant increased S100b expression leads to neuritic dystrophy with synaptic
disconnection, increased neuronal production of APi-42, intracellular calcium, and excitotoxic cell death [54-56,74].
Increased production and accumulation of APi42 activates microglia and further increases IL-1f and IL-6 [20,75].
Similarly, TNF-a induces neuronal injury [54,60,61], functioning as a key regulator of pro-inflammatory cascades
that impair neuronal viability, synaptic integrity, and gene expression, and its levels are elevated in many
neurodegenerative disease including AD, Parkinson’s disease, and motor neuron disease [76]. Increased levels of IL-
1B and TNF-a correspond with cognitive impairment and the presence of typical histopathological lesions of AD [76].
Although previous studies have shown that both IL-1f and TNF-a are elevated in AD brains, neuro-inflammatory
responses can be generated from systemic sources since pro-inflammatory cytokines, including TNF-a and IL-1(, can
cross the blood-brain barrier via active transport mechanisms [77-81]. Therefore, the significantly elevated levels of

IL-1f and TNF-a in serum and modest or neutral responses in CSF of the MCI/AD subjects support the concept that
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systemically-derived inflammatory responses can mediate CNS neuro-inflammation in the early stages of
neurodegeneration.

Apart from the known alterations in peripheral blood cytokines and chemokines, this study demonstrates
significantly elevated levels of MIP-1, RANTES, IL-17A, IL-5, IL-13, eotaxin and PDGF-BB, whose functions are to
attract inflammatory cells, including those involved in T cell, B cell, dendritic cell, monocyte/macrophage, and
allergic responses, or in the cases of MIP-1a and IL-13, reinforce the actions of cytokines that were previously shown
to be increased in AD peripheral blood (Table 1). On the other hand, this study detected reduced MCI/AD serum
levels of the pro-inflammatory chemokines, IP-10 and MCP-1, and the pro-inflammatory cytokine, IL-15. One
function of IP-10, like VEGF and b-FGF, is angiogenesis. Since b-FGF was also significantly reduced and VEGF levels
were un-altered, one potential interpretation of the IP-10/b-FGF findings is that peripheral factors mediating
angiogenesis are suppressed in MCI and AD. Understanding the contributions of these alterations to micro-vascular
dysfunction in AD requires further study. On the surface, the reduction in MCP-1 seems contradictory. However, it is
noteworthy that all the pro-inflammatory cytokines and chemokines which were elevated in MCI/AD sera function by
activating T cells via Th2 helper cells, whereas MCP-1 activates Th1 cytotoxic T cells (Table 1). Conceivably, systemic
inflammation in MCI/AD is mediated by activated T helper cells, via IL-5, IL-13, and IL-17A, and not cytotoxic T cell
responses, accounting for the reduced serum levels of MCP-1.

In CSF, the significantly increased levels of IL-5 and IL-13 were concordant with results obtain for serum,
confirming a role for Th2 helper cell-mediated neuro-inflammation in AD. The increased CSF level of IL-7 is of
interest because of IL-7 promotes proliferation of myelin-activated T cells [47]. Since white matter degeneration is an
early finding in AD [82,83], the discordantly elevated IL-7 in CSF but not serum suggests that this aspect of neuro-
inflammation may be distinct and selective. Alternatively, since IL-7 is driven by increased levels of IL-6, TNF-a, and
IFN-y [47], elevated serum (systemic) levels of TNF-a may help drive IL-7-linked neuro-inflammation and white
matter degeneration. If correct, this concept would support the use of anti-inflammatory agents and TNF-a inhibitors
to block IL-7-mediated myelin degeneration in the early stages of AD.

PDGF-BB is neuroprotective, promoting neuronal survival and neurogenesis [63,66,67]. Reduced levels of
PDGF-BB in MCI/AD CSF suggest that anti-survival and anti-growth pathways are activated early in
neurodegeneration. Similarly, the reduced levels of b-FGF and VEGF point to impairments in neuroprotection and
growth signaling [29,37,70], which could inhibit angiogenesis needed to support micro-vascular perfusion. Altered b-
FGF expression could differentially impact the brain at different stages of neurodegeneration since in addition to its
neurotrophic/ neuroprotective actions, b-FGF levels increase in the later stages of AD and in association with senile
plaques, neurofibrillary tangles and neuropil threads [37,84]. VEGF also has neuroprotective effects in normal aging,
but with neurodegeneration, VEGF levels in CSF and brain decline [70]. Reduced VEGF expression correlates with
hippocampal atrophy, loss of executive function, and decline in memory [70]. It is not known whether these
phenomena represent causes or reactions to neurodegeneration. However, the early disease stage reductions in CSF
PDGF-BB, b-FGF, and VEGF observed herein suggest that these responses reflect impairments in neuronal survival
and growth. Whether selective CNS modulation of PDGF-BB, b-FGF, and VEGF is mediated by endogenous or
systemically derived inflammatory and immune factors is not known.

The concept that endogenous neuro-inflammation can also drive neuronal loss and dysfunction in
neurodegeneration is supported by the finding that IL-17 was reduced in MCI/AD CSF but not serum. In the brain,
astrocyte production of IL-17 is neuroprotective and inhibits apoptosis [85]; therefore, the reduced CSF levels of IL-17
in MCI/AD were likely injurious or permissive to neuronal cell death. In contrast, systemic IL-17 has pro-

inflammatory actions and reduced levels are protective [85,86]. Although the sources of altered cytokine and
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chemokine expression in CSF were not identified in this study, there is ample evidence that cytokines and chemokines
can be derived from microglia and astrocytes. The activated microglia and astrocytes could serve to attract migration
of T cells to the CNS, and under those circumstances, release cytokines and chemokines into the CSF, including with
neurodegeneration. Evidence supporting the concept that activities in the CNS such as neuronal or endothelial
activation via environmental cues can generate regional gateways through which pathogenic T cells are attracted and
cause CNS injury was recently reviewed [87].

The final consideration is the degree to which the systemic (serum) and neuro-inflammatory (CSF)
responses were concordant or discordant. Concordant responses in which pro-inflammatory cytokine and chemokine
levels in MCI/AD were strikingly more elevated in serum than CSF would support the concept that systemic
inflammation drives neuro-inflammation and neurodegeneration. Among the 27 factors examined, more than half
(55.6%) were significantly modulated in MCI/AD serum compared with 29.6% in CSF. Although the findings that 9
factors were concordantly increased and 7 were concordantly reduced in serum and CSF could indicate that some
underlying factors driving systemic and CNS inflammation are shared in MCI/AD, a potential causal relationship
between peripheral and CNS inflammatory responses cannot be excluded. Evidence supporting the concept that
peripheral or systemic inflammatory responses drive CNS inflammatory injury has been provided in experiments in
which CNS autoimmune inflammation was prevented by impairment of T cell trafficking across the blood-brain
barrier [88], or inhibition of IL-17A-induced disruption of the BBB [89]. Of note is that in regard to insulin resistance
diseases, ample data support the concept that systemic pathology mediated by obesity, diabetes mellitus, non-
alcoholic fatty liver disease, or metabolic syndrome promotes or exacerbates CNS disease and leads to cognitive
impairment [90-95].

Discordant responses observed with respect to 11 cytokines/chemokines that were elevated in serum but
minimally increased or reduced CSF, or reduced in serum but elevated in CSF do not support a causal role for
systemic inflammation in the pathogenesis of neuro-inflammation. Instead, the findings suggest that either the
systemic and CNS processes leading to inflammation are not identical, or that systemic and CNS responses to the
same pathogenic processes are differentially regulated. Moreover, discordant neuro-inflammatory responses vis-a-vis
absent or inhibited systemic inflammation would argue in favor of brain-specific processes causing cognitive
impairment. Correspondingly, the failure to detect any significant within-subject correlations between serum and CSF
cytokines/chemokines in the MCI/AD group suggests that at the disease stages examined, the systemic and neuro-
inflammatory responses were unrelated. However, it does not exclude potential links at earlier stages of cognitive
decline since in the control group, serum and CSF levels of GM-CSF and MCP-1 were significantly correlated.

One of the main strengths of this study was the ability to simultaneously assay paired serum and CSF
samples to assess alterations in systemic and neuro-inflammatory profiles in MCI/AD relative to control subjects, and
differential patterns of cytokine/chemokine activation in peripheral blood and brain at relatively early stages of
neurodegeneration. The results provide evidence that neuro-inflammation is accompanied by systemic inflammatory
responses in MCI/AD. However, the data also hint at dual mechanisms of neuro-inflammation in MCI/AD in which
some aspects may be driven by systemic factors (inflammation) whereas others are likely to be endogenous and
specific to the brain. The latter phenomenon could account for the failure of anti-inflammatory mediators to modify
the course of disease in AD [96,97] since many of those treatments may have had limited ability to cross the blood-
brain barrier [98].

The cross-sectional nature of the study with only single time-point samples and small group sizes limit
interpretation of the results. The significant difference in mean age may also have contributed to some of the inter-

group differences. Furthermore, the study design did not permit us to determine the sources of cytokine/chemokine
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activation in peripheral blood, e.g. peripheral blood leukocytes, liver, or other tissues. Since this study did not include
analysis of cytokine polymorphisms, no conclusions can be drawn regarding potential genetic factors driving these
pro-inflammatory responses. Future studies should include longitudinal paired assessments of the status and nature
of systemic and CNS inflammatory responses in aging, MCI, transition phases to AD, and with AD progression. In
addition, efforts should be made to determine if the same or unrelated factors mediate systemic and CNS
inflammation in MCI and AD.
Conflict of Interest

All authors declare no actual or potential conflicts of interest including any financial, personal or other
relationships with other people or organizations within three years of beginning the work submitted that could
inappropriately influence (bias) their work. Our institutions do not have contracts relating this research through
which it or any other organization may stand to gain financially now or in the future. There are no other agreements

of authors or their institutions that could be seen as involving a financial interest in this work.

Acknowledgements

This research was funded in part by grant AA-11431 from the National Institutes of Health.
References
McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR, Jr., et al. (2011) The diagnosis of dementia due to
Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on
diagnostic guidelines for Alzheimer's disease. Alzheimers Dement 7: 263-269.
Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, et al. (2011) Toward defining the preclinical stages of
Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on
diagnostic guidelines for Alzheimer's disease. Alzheimers Dement 7: 280-292.
Ueno M, Chiba Y, Matsumoto K, Nakagawa T, Miyanaka H (2014) Clearance of beta-amyloid in the brain. Curr Med
Chem 21: 4085-4090.
Kalaria RN, Ballard C (1999) Overlap between pathology of Alzheimer disease and vascular dementia. Alzheimer Dis
Assoc Disord 13 Suppl 3: S115-123.
Viola KL, Klein WL (2015) Amyloid [ oligomers in Alzheimer's disease pathogenesis, treatment, and diagnosis. Acta
Neuropathol 129: 183-206.
Nelson PT, Alafuzoff I, Bigio EH, Bouras C, Braak H, et al. (2012) Correlation of Alzheimer disease neuropathologic
changes with cognitive status: a review of the literature. J Neuropathol Exp Neurol 71: 362-381.
Hyman BT, Phelps CH, Beach TG, Bigio EH, Cairns NJ, et al. (2012) National Institute on Aging-Alzheimer's
Association guidelines for the neuropathologic assessment of Alzheimer's disease. Alzheimers Dement 8: 1-13.
Montine TJ, Phelps CH, Beach TG, Bigio EH, Cairns NJ, et al. (2012) National Institute on Aging-Alzheimer's
Association guidelines for the neuropathologic assessment of Alzheimer's disease: a practical approach. Acta
Neuropathol 123: 1-11.
Serrano-Pozo A, Frosch MP, Masliah E, Hyman BT (2011) Neuropathological alterations in Alzheimer disease. Cold
Spring Harb Perspect Med 1: 2006189.
Fleisher AS, Chen K, Quiroz YT, Jakimovich LJ, Gomez MG, et al. (2012) Florbetapir PET analysis of amyloid-beta
deposition in the presenilin 1 E280A autosomal dominant Alzheimer's disease kindred: a cross-sectional study.
Lancet Neurol 11: 1057-1065.
Cselényi Z, Jonhagen ME, Forsberg A, Halldin C, Julin P, et al. (2012) Clinical validation of 18F-AZD4694, an
amyloid-B-specific PET radioligand. J Nucl Med 53: 415-424.

Page 19 of 24 Article ID: 100004


https://www.ncbi.nlm.nih.gov/pubmed/21514250
https://www.ncbi.nlm.nih.gov/pubmed/21514250
https://www.ncbi.nlm.nih.gov/pubmed/21514250
https://www.ncbi.nlm.nih.gov/pubmed/21514248
https://www.ncbi.nlm.nih.gov/pubmed/21514248
https://www.ncbi.nlm.nih.gov/pubmed/21514248
http://www.ncbi.nlm.nih.gov/pubmed/25312211
http://www.ncbi.nlm.nih.gov/pubmed/25312211
https://www.ncbi.nlm.nih.gov/pubmed/10609690
https://www.ncbi.nlm.nih.gov/pubmed/10609690
https://www.ncbi.nlm.nih.gov/pubmed/25604547
https://www.ncbi.nlm.nih.gov/pubmed/25604547
https://www.ncbi.nlm.nih.gov/pubmed/22487856
https://www.ncbi.nlm.nih.gov/pubmed/22487856
http://www.ncbi.nlm.nih.gov/pubmed/22265587
http://www.ncbi.nlm.nih.gov/pubmed/22265587
https://www.ncbi.nlm.nih.gov/pubmed/22101365
https://www.ncbi.nlm.nih.gov/pubmed/22101365
https://www.ncbi.nlm.nih.gov/pubmed/22101365
https://www.ncbi.nlm.nih.gov/pubmed/22229116
https://www.ncbi.nlm.nih.gov/pubmed/22229116
https://www.ncbi.nlm.nih.gov/pubmed/23137949
https://www.ncbi.nlm.nih.gov/pubmed/23137949
https://www.ncbi.nlm.nih.gov/pubmed/23137949
http://www.ncbi.nlm.nih.gov/pubmed/22323782
http://www.ncbi.nlm.nih.gov/pubmed/22323782

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

Frontiers in Neuroinflammation and Neurodegenerative Diseases

Babic M, Svob Strac D, Muck-Seler D, Pivac N, Stanic G, et al. (2014) Update on the core and developing
cerebrospinal fluid biomarkers for Alzheimer disease. Croat Med J 55: 347-365.

Cure S, Abrams K, Belger M, Dell'agnello G, Happich M (2014) Systematic literature review and meta-analysis of
diagnostic test accuracy in Alzheimer's disease and other dementia using autopsy as standard of truth. J Alzheimers
Dis 42: 169-182.

de Souza LC, Sarazin M, Teixeira-Junior AL, Caramelli P, Santos AE, et al. (2014) Biological markers of Alzheimer's
disease. Arq Neuropsiquiatr 72: 227-231.

Zetterberg H (2015) Cerebrospinal fluid biomarkers for Alzheimer's disease: current limitations and recent
developments. Curr Opin Psychiatry 28: 402-4009.

Vinters HV (2015) Emerging concepts in Alzheimer's disease. Annu Rev Pathol 10: 291-319.

Piro JR, Benjamin DI, Duerr JM, PiY, Gonzales C, et al. (2012) A dysregulated endocannabinoid-eicosanoid network
supports pathogenesis in a mouse model of Alzheimer's disease. Cell Rep 1: 617-623.

Agostinho P, Cunha RA, Oliveira C (2010) Neuroinflammation, oxidative stress and the pathogenesis of Alzheimer's
disease. Curr Pharm Des 16: 2766-2778.

Singhal G, Jaehne EJ, Corrigan F, Toben C, Baune BT (2014) Inflammasomes in neuroinflammation and changes in
brain function: a focused review. Front Neurosci 8: 315.

Mehlhorn G, Hollborn M, Schliebs R. Induction of cytokines in glial cells surrounding cortical beta-amyloid plaques
in transgenic Tg2576 mice with Alzheimer pathology. Int J Dev Neurosci 18: 423-431.

Dandrea MR, Reiser PA, Gumula NA, Hertzog BM, Andrade-Gordon P (2001) Application of triple
immunohistochemistry to characterize amyloid plaque-associated inflammation in brains with Alzheimer's disease.
Biotech Histochem 76: 97-106.

Giovannini MG, Scali C, Prosperi C, Bellucci A, Vannucchi MG, et al. (2002) Beta-amyloid-induced inflammation and
cholinergic hypofunction in the rat brain in vivo: involvement of the p38MAPK pathway. Neurobiol Dis 11: 257-274.
Bishnoi RJ, Palmer RF, Royall DR (2015) Serum interleukin (IL)-15 as a biomarker of Alzheimer's disease. PLoS One
10: e0117282.

Pan W, Yu C, Hsuchou H, Zhang Y, Kastin AJ (2008) Neuroinflammation facilitates LIF entry into brain: role of TNF.
Am J Physiol Cell Physiol 294: C1436-1442.

Aisen PS (2002) The potential of anti-inflammatory drugs for the treatment of Alzheimer's disease. Lancet Neurol 1:
279-284.

McKhann G, Drachman D, Folstein M, Katzman R, Price D, et al. (1984) Clinical diagnosis of Alzheimer's disease:
report of the NINCDS-ADRDA Work Group under the auspices of Department of Health and Human Services Task
Force on Alzheimer's Disease. Neurology 34: 939-944.

Winblad B, Palmer K, Kivipelto M, Jelic V, Fratiglioni L, et al. (2004) Mild cognitive impairment--beyond
controversies, towards a consensus: report of the International Working Group on Mild Cognitive Impairment. J
Intern Med 256: 240-246.

Tong M, Neusner A, Longato L, Lawton M, Wands JR, et al. (2009) Nitrosamine exposure causes insulin resistance
diseases: relevance to type 2 diabetes mellitus, non-alcoholic steatohepatitis, and Alzheimer's disease. J Alzheimers
Dis 17: 827-844.

Yoshimura S, Teramoto T, Whalen MJ, Irizarry MC, Takagi Y, et al. (2003) FGF-2 regulates neurogenesis and

degeneration in the dentate gyrus after traumatic brain injury in mice. J Clin Invest 112: 1202-1210.

Page 20 of 24 Article ID: 100004


http://www.ncbi.nlm.nih.gov/pubmed/25165049
http://www.ncbi.nlm.nih.gov/pubmed/25165049
http://www.ncbi.nlm.nih.gov/pubmed/24840572
http://www.ncbi.nlm.nih.gov/pubmed/24840572
http://www.ncbi.nlm.nih.gov/pubmed/24840572
http://www.ncbi.nlm.nih.gov/pubmed/24676441
http://www.ncbi.nlm.nih.gov/pubmed/24676441
http://www.ncbi.nlm.nih.gov/pubmed/26147615
http://www.ncbi.nlm.nih.gov/pubmed/26147615
http://www.ncbi.nlm.nih.gov/pubmed/25387055
http://www.ncbi.nlm.nih.gov/pubmed/22813736
http://www.ncbi.nlm.nih.gov/pubmed/22813736
http://www.ncbi.nlm.nih.gov/pubmed/20698820
http://www.ncbi.nlm.nih.gov/pubmed/20698820
https://www.ncbi.nlm.nih.gov/pubmed/25339862
https://www.ncbi.nlm.nih.gov/pubmed/25339862
http://www.ncbi.nlm.nih.gov/pubmed/10817926
http://www.ncbi.nlm.nih.gov/pubmed/10817926
http://www.ncbi.nlm.nih.gov/pubmed/11440311
http://www.ncbi.nlm.nih.gov/pubmed/11440311
http://www.ncbi.nlm.nih.gov/pubmed/11440311
http://www.ncbi.nlm.nih.gov/pubmed/12505419
http://www.ncbi.nlm.nih.gov/pubmed/12505419
http://www.ncbi.nlm.nih.gov/pubmed/25710473
http://www.ncbi.nlm.nih.gov/pubmed/25710473
http://www.ncbi.nlm.nih.gov/pubmed/18385284
http://www.ncbi.nlm.nih.gov/pubmed/18385284
http://www.ncbi.nlm.nih.gov/pubmed/12849425
http://www.ncbi.nlm.nih.gov/pubmed/12849425
https://www.ncbi.nlm.nih.gov/pubmed/6610841
https://www.ncbi.nlm.nih.gov/pubmed/6610841
https://www.ncbi.nlm.nih.gov/pubmed/6610841
https://www.ncbi.nlm.nih.gov/pubmed/15324367
https://www.ncbi.nlm.nih.gov/pubmed/15324367
https://www.ncbi.nlm.nih.gov/pubmed/15324367
http://www.ncbi.nlm.nih.gov/pubmed/20387270
http://www.ncbi.nlm.nih.gov/pubmed/20387270
http://www.ncbi.nlm.nih.gov/pubmed/20387270
http://www.ncbi.nlm.nih.gov/pubmed/14561705
http://www.ncbi.nlm.nih.gov/pubmed/14561705

30.

31.

32.

33.

34.

35.

36.

37-

38.

39-

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Frontiers in Neuroinflammation and Neurodegenerative Diseases

Asai H, Ikezu S, Woodbury ME, Yonemoto GM, Cui L, et al. (2014) Accelerated neurodegeneration and
neuroinflammation in transgenic mice expressing P301L tau mutant and tau-tubulin kinase 1. Am J Pathol 184: 808-
818.

Bauer S, Kerr BJ, Patterson PH (2007) The neuropoietic cytokine family in development, plasticity, disease and
injury. Nat Rev Neurosci 8: 221-232.

Boulanger LM, Shatz CJ (2004) Immune signalling in neural development, synaptic plasticity and disease. Nat Rev
Neurosci 5: 521-531.

Gengatharan A, Bammann RR, Saghatelyan A (2016) The Role of Astrocytes in the Generation, Migration, and
Integration of New Neurons in the Adult Olfactory Bulb. Front Neurosci 10: 149.

Popovich PG, Longbrake EE (2008) Can the immune system be harnessed to repair the CNS? Nat Rev Neurosci 9:
481-493.

Rosténe W, Kitabgi P, Parsadaniantz SM (2007) Chemokines: a new class of neuromodulator? Nat Rev Neurosci 8:
895-903.

Tran PB, Miller RJ (2003) Chemokine receptors: signposts to brain development and disease. Nat Rev Neurosci 4:
444-455.

Woodbury ME, Tkezu T (2014) Fibroblast growth factor-2 signaling in neurogenesis and neurodegeneration. J
Neuroimmune Pharmacol 9: 92-101.

Huber AK, Giles DA, Segal BM, Irani DN (2016) An emerging role for eotaxins in neurodegenerative disease. Clin
Immunol .

Tsai RK, Chang CH, Wang HZ (2008) Neuroprotective effects of recombinant human granulocyte colony-stimulating
factor (G-CSF) in neurodegeneration after optic nerve crush in rats. Exp Eye Res 87: 242-250.

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

Shiomi A, Usui T (2015) Pivotal roles of GM-CSF in autoimmunity and inflammation. Mediators Inflamm 2015:
568543.

Seifert HA, Collier LA, Chapman CB, Benkovic SA, Willing AE, et al. (2014) Pro-inflammatory interferon gamma
signaling is directly associated with stroke induced neurodegeneration. J Neuroimmune Pharmacol 9: 679-689.
Seifert HA, Pennypacker KR (2014) Molecular and cellular immune responses to ischemic brain injury. Transl Stroke
Res 5: 543-553.

Walter J, Dihne M (2012) Species-dependent differences of embryonic stem cell-derived neural stem cells after
Interferon gamma treatment. Front Cell Neurosci 6: 52.

Walter J, Honsek SD, Illes S, Wellen JM, Hartung HP, et al. (2011) A new role for interferon gamma in neural
stem/precursor cell dysregulation. Mol Neurodegener 6: 18.

Park KW, Lee HG, Jin BK, Lee YB (2007) Interleukin-10 endogenously expressed in microglia prevents
lipopolysaccharide-induced neurodegeneration in the rat cerebral cortex in vivo. Exp Mol Med 39: 812-819.

Jana M, Mondal S, Jana A, Pahan K (2014) Interleukin-12 (IL-12), but not IL-23, induces the expression of IL-7 in
microglia and macrophages: implications for multiple sclerosis. Immunology 141: 549-563.

Chen Z, Duan RS, Q HC, Wu Q, Mix E, et al. (2004) IL-12p35 deficiency alleviates kainic acid-induced hippocampal
neurodegeneration in C57BL/6 mice. Neurobiol Dis 17: 171-178.

Jana M, Dasgupta S, Saha RN, Liu X, Pahan K (2003) Induction of tumor necrosis factor-alpha (TNF-alpha) by

interleukin-12 p40 monomer and homodimer in microglia and macrophages. J Neurochem 86: 519-528.

Page 21 of 24 Article ID: 100004


http://www.ncbi.nlm.nih.gov/pubmed/24418258
http://www.ncbi.nlm.nih.gov/pubmed/24418258
http://www.ncbi.nlm.nih.gov/pubmed/24418258
http://www.ncbi.nlm.nih.gov/pubmed/17311007
http://www.ncbi.nlm.nih.gov/pubmed/17311007
http://www.ncbi.nlm.nih.gov/pubmed/15208694
http://www.ncbi.nlm.nih.gov/pubmed/15208694
http://www.ncbi.nlm.nih.gov/pubmed/27092050
http://www.ncbi.nlm.nih.gov/pubmed/27092050
http://www.ncbi.nlm.nih.gov/pubmed/18490917
http://www.ncbi.nlm.nih.gov/pubmed/18490917
http://www.ncbi.nlm.nih.gov/pubmed/17948033
http://www.ncbi.nlm.nih.gov/pubmed/17948033
http://www.ncbi.nlm.nih.gov/pubmed/12778117
http://www.ncbi.nlm.nih.gov/pubmed/12778117
http://www.ncbi.nlm.nih.gov/pubmed/24057103
http://www.ncbi.nlm.nih.gov/pubmed/24057103
http://www.ncbi.nlm.nih.gov/pubmed/27664933
http://www.ncbi.nlm.nih.gov/pubmed/27664933
http://www.ncbi.nlm.nih.gov/pubmed/18602391
http://www.ncbi.nlm.nih.gov/pubmed/18602391
http://www.ncbi.nlm.nih.gov/pubmed/24210793
http://www.ncbi.nlm.nih.gov/pubmed/24210793
http://www.ncbi.nlm.nih.gov/pubmed/24210793
http://www.ncbi.nlm.nih.gov/pubmed/25838639
http://www.ncbi.nlm.nih.gov/pubmed/25838639
http://www.ncbi.nlm.nih.gov/pubmed/25104571
http://www.ncbi.nlm.nih.gov/pubmed/25104571
http://www.ncbi.nlm.nih.gov/pubmed/24895236
http://www.ncbi.nlm.nih.gov/pubmed/24895236
http://www.ncbi.nlm.nih.gov/pubmed/23162429
http://www.ncbi.nlm.nih.gov/pubmed/23162429
http://www.ncbi.nlm.nih.gov/pubmed/21371330
http://www.ncbi.nlm.nih.gov/pubmed/21371330
http://www.ncbi.nlm.nih.gov/pubmed/18160852
http://www.ncbi.nlm.nih.gov/pubmed/18160852
http://www.ncbi.nlm.nih.gov/pubmed/24224652
http://www.ncbi.nlm.nih.gov/pubmed/24224652
http://www.ncbi.nlm.nih.gov/pubmed/15474355
http://www.ncbi.nlm.nih.gov/pubmed/15474355
http://www.ncbi.nlm.nih.gov/pubmed/12871593
http://www.ncbi.nlm.nih.gov/pubmed/12871593

50.

51.
52.

53.

54.

55-

56.

57-

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Frontiers in Neuroinflammation and Neurodegenerative Diseases

Jana M, Pahan K (2009) IL-12 p40 homodimer, but not IL-12 p70, induces the expression of IL-16 in microglia and
macrophages. Mol Immunol 46: 773-783.

Mori S, Maher P, Conti B (2016) Neuroimmunology of the Interleukins 13 and 4. Brain Sci 6.

Rossi S, Mancino R, Bergami A, Mori F, Castelli M, et al. (2011) Potential role of IL-13 in neuroprotection and cortical
excitability regulation in multiple sclerosis. Mult Scler 17: 1301-1312.

Swardfager W, Winer DA, Herrmann N, Winer S, Lanctot KL (2013) Interleukin-17 in post-stroke neurodegeneration.
Neurosci Biobehav Rev 37: 436-447.

Ramesh G, MacLean AG, Philipp MT (2013) Cytokines and chemokines at the crossroads of neuroinflammation,
neurodegeneration, and neuropathic pain. Mediators Inflamm 2013: 480739.

Rossi S, Motta C, Studer V, Macchiarulo G, Volpe E, et al. (2014) Interleukin-ibeta causes excitotoxic
neurodegeneration and multiple sclerosis disease progression by activating the apoptotic protein p53. Mol
Neurodegener 9: 56.

Simi A, Tsakiri N, Wang P, Rothwell NJ (2007) Interleukin-1 and inflammatory neurodegeneration. Biochem Soc
Trans 35: 1122-1126.

Meola D, Huang Z, Ha GK, Petitto JM (2013) Loss of Neuronal Phenotype and Neurodegeneration: Effects of T
Lymphocytes and Brain Interleukin-2. J Alzheimers Dis Parkinsonism Suppl 10.

Elomaa AP, Niskanen L, Herzig KH, Viinamaki H, Hintikka J, et al. (2012) Elevated levels of serum IL-5 are
associated with an increased likelihood of major depressive disorder. BMC Psychiatry 12: 2.

Liva SM, de Vellis J (2001) IL-5 induces proliferation and activation of microglia via an unknown receptor.
Neurochem Res 26: 629-637.

Zheng C, Zhou XW, Wang JZ (2016) The dual roles of cytokines in Alzheimer's disease: update on interleukins, TNF-
alpha, TGF-beta and IFN-gamma. Transl Neurodegener 5: 7.

Spittau B, Zhou X, Ming M, Krieglstein K (2012) IL6 protects MNgD cells and midbrain dopaminergic neurons from
MPP+-induced neurodegeneration. Neuromolecular Med 14: 317-327.

Anderson KM, Olson KE, Estes KA, Flanagan K, Gendelman HE, et al. (2014) Dual destructive and protective roles of
adaptive immunity in neurodegenerative disorders. Transl Neurodegener 3: 25.

Bethel-Brown C, Yao H, Hu G, Buch S (2012) Platelet-derived growth factor (PDGF)-BB-mediated induction of
monocyte chemoattractant protein 1 in human astrocytes: implications for HIV-associated neuroinflammation. J
Neuroinflammation 9: 262.

Askovic S, Favara C, McAtee FJ, Portis JL (2001) Increased expression of MIP-1 alpha and MIP-1 beta mRNAs in the
brain correlates spatially and temporally with the spongiform neurodegeneration induced by a murine oncornavirus.
J Virol 75: 2665-2674.

Wu YP, Proia RL (2004) Deletion of macrophage-inflammatory protein 1 alpha retards neurodegeneration in
Sandhoff disease mice. Proc Natl Acad Sci U S A 101: 8425-8430.

Deuel TF, Senior RM, Huang JS, Griffin GL (1982) Chemotaxis of monocytes and neutrophils to platelet-derived
growth factor. J Clin Invest 69: 1046-1049.

Mohapel P, Frielingsdorf H, Haggblad J, Zachrisson O, Brundin P (2005) Platelet-derived growth factor (PDGF-BB)
and brain-derived neurotrophic factor (BDNF) induce striatal neurogenesis in adult rats with 6-hydroxydopamine
lesions. Neuroscience 132: 767-776.

Lee HP, Jun YC, Choi JK, Kim JI, Carp RI, et al. (2005) The expression of RANTES and chemokine receptors in the

brains of scrapie-infected mice. J Neuroimmunol 158: 26-33.

Page 22 of 24 Article ID: 100004


http://www.ncbi.nlm.nih.gov/pubmed/19100623
http://www.ncbi.nlm.nih.gov/pubmed/19100623
http://www.ncbi.nlm.nih.gov/pubmed/27304970
http://www.ncbi.nlm.nih.gov/pubmed/21677024
http://www.ncbi.nlm.nih.gov/pubmed/21677024
http://www.ncbi.nlm.nih.gov/pubmed/23370232
http://www.ncbi.nlm.nih.gov/pubmed/23370232
http://www.ncbi.nlm.nih.gov/pubmed/23997430
http://www.ncbi.nlm.nih.gov/pubmed/23997430
http://www.ncbi.nlm.nih.gov/pubmed/25495224
http://www.ncbi.nlm.nih.gov/pubmed/25495224
http://www.ncbi.nlm.nih.gov/pubmed/25495224
http://www.ncbi.nlm.nih.gov/pubmed/17956293
http://www.ncbi.nlm.nih.gov/pubmed/17956293
http://www.ncbi.nlm.nih.gov/pubmed/24058743
http://www.ncbi.nlm.nih.gov/pubmed/24058743
http://www.ncbi.nlm.nih.gov/pubmed/22230487
http://www.ncbi.nlm.nih.gov/pubmed/22230487
http://www.ncbi.nlm.nih.gov/pubmed/11523538
http://www.ncbi.nlm.nih.gov/pubmed/11523538
http://www.ncbi.nlm.nih.gov/pubmed/27054030
http://www.ncbi.nlm.nih.gov/pubmed/27054030
http://www.ncbi.nlm.nih.gov/pubmed/22772723
http://www.ncbi.nlm.nih.gov/pubmed/22772723
http://www.ncbi.nlm.nih.gov/pubmed/25671101
http://www.ncbi.nlm.nih.gov/pubmed/25671101
http://www.ncbi.nlm.nih.gov/pubmed/23198981
http://www.ncbi.nlm.nih.gov/pubmed/23198981
http://www.ncbi.nlm.nih.gov/pubmed/23198981
http://www.ncbi.nlm.nih.gov/pubmed/11222690
http://www.ncbi.nlm.nih.gov/pubmed/11222690
http://www.ncbi.nlm.nih.gov/pubmed/11222690
http://www.ncbi.nlm.nih.gov/pubmed/15155903
http://www.ncbi.nlm.nih.gov/pubmed/15155903
http://www.ncbi.nlm.nih.gov/pubmed/7076844
http://www.ncbi.nlm.nih.gov/pubmed/7076844
http://www.ncbi.nlm.nih.gov/pubmed/15837137
http://www.ncbi.nlm.nih.gov/pubmed/15837137
http://www.ncbi.nlm.nih.gov/pubmed/15837137
http://www.ncbi.nlm.nih.gov/pubmed/15589034
http://www.ncbi.nlm.nih.gov/pubmed/15589034

69.

70.

71.

72.

73-

74.

75.

76.

77

78.

79-

8o.

81.

82.

83.

84.

85.

86.

87.

Frontiers in Neuroinflammation and Neurodegenerative Diseases

Tokami H, Ago T, Sugimori H, Kuroda J, Awano H, et al. (2013) RANTES has a potential to play a neuroprotective
role in an autocrine/paracrine manner after ischemic stroke. Brain Res 1517: 122-132.

Hohman TJ, Bell SP, Jefferson AL, Alzheimer's Disease Neuroimaging I (2015) The role of vascular endothelial
growth factor in neurodegeneration and cognitive decline: exploring interactions with biomarkers of Alzheimer
disease. JAMA Neurol 72: 520-529.

Swardfager W, Lanct6t K, Rothenburg L, Wong A, Cappell J, et al. (2010) A meta-analysis of cytokines in Alzheimer's
disease. Biol Psychiatry 68: 930-941.

Ritchie C, Smailagic N, Noel-Storr AH, Takwoingi Y, Flicker L, et al. (2014) Plasma and cerebrospinal fluid amyloid
beta for the diagnosis of Alzheimer's disease dementia and other dementias in people with mild cognitive impairment
(MCI). Cochrane Database Syst Rev: CD008782.

Lewczuk P, Mroczko B, Fagan A, Kornhuber J (2015) Biomarkers of Alzheimer's disease and mild cognitive
impairment: a current perspective. Adv Med Sci 60: 76-82.

Kitazawa M, Cheng D, Tsukamoto MR, Koike MA, Wes PD, et al. (2011) Blocking IL-1 signaling rescues cognition,
attenuates tau pathology, and restores neuronal beta-catenin pathway function in an Alzheimer's disease model. J
Immunol 187: 6539-6549.

Mrak RE, Sheng JG, Griffin WS (1995) Glial cytokines in Alzheimer's disease: review and pathogenic implications.
Hum Pathol 26: 816-823.

Frankola KA, Greig NH, Luo W, Tweedie D (2011) Targeting TNF-alpha to elucidate and ameliorate
neuroinflammation in neurodegenerative diseases. CNS Neurol Disord Drug Targets 10: 391-403.

Banks WA, Kastin AJ, Broadwell RD (1995) Passage of cytokines across the blood-brain barrier.
Neuroimmunomodulation 2: 241-248.

Banks WA, Plotkin SR, Kastin AJ (1995) Permeability of the blood-brain barrier to soluble cytokine receptors.
Neuroimmunomodulation 2: 161-165.

Yarlagadda A, Alfson E, Clayton AH (2009) The blood brain barrier and the role of cytokines in neuropsychiatry.
Psychiatry (Edgmont) 6: 18-22.

Banks WA (2005) Blood-brain barrier transport of cytokines: a mechanism for neuropathology. Curr Pharm Des 11:
973-984.

Larochelle C, Alvarez JI, Prat A (2011) How do immune cells overcome the blood-brain barrier in multiple sclerosis?
FEBS Lett 585: 3770-3780.

Brun A, Englund E (1986) A white matter disorder in dementia of the Alzheimer type: a pathoanatomical study. Ann
Neurol 19: 253-262.

de la Monte SM (1989) Quantitation of cerebral atrophy in preclinical and end-stage Alzheimer's disease. Ann Neurol
25: 450-459.

Cummings BJ, Su JH, Cotman CW (1993) Neuritic involvement within bFGF immunopositive plaques of Alzheimer's
disease. Exp Neurol 124: 315-325.

Hu MH, Zheng QF, Jia XZ, Li Y, Dong YC, et al. (2014) Neuroprotection effect of interleukin (IL)-17 secreted by
reactive astrocytes is emerged from a high-level IL-17-containing environment during acute neuroinflammation. Clin
Exp Immunol 175: 268-284.

Vojdani A, Lambert J (2011) The Role of Th17 in Neuroimmune Disorders: Target for CAM Therapy. Part II. Evid
Based Complement Alternat Med 2011: 984965.

Ohki T, Kamimura D, Arima Y, Murakami M (2017) Gateway reflexes: A new paradigm of neuroimmune interactions.

Clin Exp Neuroimmunol 8: 23-32.

Page 23 of 24 Article ID: 100004


http://www.ncbi.nlm.nih.gov/pubmed/23602964
http://www.ncbi.nlm.nih.gov/pubmed/23602964
http://www.ncbi.nlm.nih.gov/pubmed/25751166
http://www.ncbi.nlm.nih.gov/pubmed/25751166
http://www.ncbi.nlm.nih.gov/pubmed/25751166
http://www.ncbi.nlm.nih.gov/pubmed/20692646
http://www.ncbi.nlm.nih.gov/pubmed/20692646
http://www.ncbi.nlm.nih.gov/pubmed/24913723
http://www.ncbi.nlm.nih.gov/pubmed/24913723
http://www.ncbi.nlm.nih.gov/pubmed/24913723
http://www.ncbi.nlm.nih.gov/pubmed/25579841
http://www.ncbi.nlm.nih.gov/pubmed/25579841
https://www.ncbi.nlm.nih.gov/pubmed/22095718
https://www.ncbi.nlm.nih.gov/pubmed/22095718
https://www.ncbi.nlm.nih.gov/pubmed/22095718
http://www.ncbi.nlm.nih.gov/pubmed/7635444
http://www.ncbi.nlm.nih.gov/pubmed/7635444
https://www.ncbi.nlm.nih.gov/pubmed/21288189
https://www.ncbi.nlm.nih.gov/pubmed/21288189
https://www.ncbi.nlm.nih.gov/pubmed/8963753
https://www.ncbi.nlm.nih.gov/pubmed/8963753
https://www.ncbi.nlm.nih.gov/pubmed/8646566
https://www.ncbi.nlm.nih.gov/pubmed/8646566
https://www.ncbi.nlm.nih.gov/pubmed/20049146
https://www.ncbi.nlm.nih.gov/pubmed/20049146
http://www.ncbi.nlm.nih.gov/pubmed/15777248
http://www.ncbi.nlm.nih.gov/pubmed/15777248
http://www.ncbi.nlm.nih.gov/pubmed/21550344
http://www.ncbi.nlm.nih.gov/pubmed/21550344
http://www.ncbi.nlm.nih.gov/pubmed/3963770
http://www.ncbi.nlm.nih.gov/pubmed/3963770
https://www.ncbi.nlm.nih.gov/pubmed/2774485
https://www.ncbi.nlm.nih.gov/pubmed/2774485
http://www.ncbi.nlm.nih.gov/pubmed/8287930
http://www.ncbi.nlm.nih.gov/pubmed/8287930
https://www.ncbi.nlm.nih.gov/pubmed/24117055
https://www.ncbi.nlm.nih.gov/pubmed/24117055
https://www.ncbi.nlm.nih.gov/pubmed/24117055
http://www.ncbi.nlm.nih.gov/pubmed/19622601
http://www.ncbi.nlm.nih.gov/pubmed/19622601
http://onlinelibrary.wiley.com/doi/10.1111/cen3.12378/abstract
http://onlinelibrary.wiley.com/doi/10.1111/cen3.12378/abstract

88.

89.

90.

o1.

92.

93.

94.
95.

96.

97.

98.

Frontiers in Neuroinflammation and Neurodegenerative Diseases

Guerrini MM, Okamoto K, Komatsu N, Sawa S, Danks L, et al. (2015) Inhibition of the TNF Family Cytokine RANKL
Prevents Autoimmune Inflammation in the Central Nervous System. Immunity 43: 1174-1185.

Huppert J, Closhen D, Croxford A, White R, Kulig P, et al. (2010) Cellular mechanisms of IL-17-induced blood-brain
barrier disruption. FASEB J 24: 1023-1034.

de la Monte SM (2012) Contributions of brain insulin resistance and deficiency in amyloid-related neurodegeneration
in Alzheimer's disease. Drugs 72: 49-66.

de la Monte SM (2014) Relationships between diabetes and cognitive impairment. Endocrinol Metab Clin North Am
43: 245-267.

S Roriz-Filho J, Sa-Roriz TM, Rosset I, Camozzato AL, Santos AC, et al. (2009) (Pre)diabetes, brain aging, and
cognition. Biochim Biophys Acta 1792: 432-443.

Sridhar GR, Lakshmi G, Nagamani G (2015) Emerging links between type 2 diabetes and Alzheimer's disease. World
J Diabetes 6: 744-751.

Cholerton B, Baker LD, Craft S (2011) Insulin resistance and pathological brain ageing. Diabet Med 28: 1463-1475.
Kim B, Feldman EL (2015) Insulin resistance as a key link for the increased risk of cognitive impairment in the
metabolic syndrome. Exp Mol Med 47: e149.

Jelic V, Kivipelto M, Winblad B (2006) Clinical trials in mild cognitive impairment: lessons for the future. J Neurol
Neurosurg Psychiatry 77: 429-438.

Nunomura A (2013) Oxidative stress hypothesis for Alzheimer's disease and its potential therapeutic implications.
Rinsho Shinkeigaku 53: 1043-1045.

Sheha M (2012) Pharmacokinetic and ulcerogenic studies of naproxen prodrugs designed for specific brain delivery.

Arch Pharm Res 35: 523-530.

Page 24 of 24 Article ID: 100004


https://www.ncbi.nlm.nih.gov/pubmed/26680207
https://www.ncbi.nlm.nih.gov/pubmed/26680207
https://www.ncbi.nlm.nih.gov/pubmed/19940258
https://www.ncbi.nlm.nih.gov/pubmed/19940258
http://www.ncbi.nlm.nih.gov/pubmed/22191795
http://www.ncbi.nlm.nih.gov/pubmed/22191795
http://www.ncbi.nlm.nih.gov/pubmed/24582101
http://www.ncbi.nlm.nih.gov/pubmed/24582101
http://www.ncbi.nlm.nih.gov/pubmed/19135149
http://www.ncbi.nlm.nih.gov/pubmed/19135149
https://www.ncbi.nlm.nih.gov/pubmed/26069723
https://www.ncbi.nlm.nih.gov/pubmed/26069723
http://www.ncbi.nlm.nih.gov/pubmed/21974744
http://www.ncbi.nlm.nih.gov/pubmed/25766618
http://www.ncbi.nlm.nih.gov/pubmed/25766618
https://www.ncbi.nlm.nih.gov/pubmed/16306154
https://www.ncbi.nlm.nih.gov/pubmed/16306154
https://www.ncbi.nlm.nih.gov/pubmed/24291874
https://www.ncbi.nlm.nih.gov/pubmed/24291874
https://www.ncbi.nlm.nih.gov/pubmed/22477200
https://www.ncbi.nlm.nih.gov/pubmed/22477200

