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The idea that alterations in the brain immunomodulation are critical for Alzheimer’s
disease (AD) pathogenesis provides the most integrative view on this cognitive disorder,
considering that converging research lines have revealed the involvement of inflamma-
tory processes in AD. We have proposed the damage signal hypothesis as a unifying
scheme in that release of endogenous damage/alarm signals, in response to accumu-
lated cell distress (dyslipidemia, vascular insults, head injury, oxidative stress, iron
overload, folate deficiency), is the earliest triggering event in AD, leading to activa-
tion of innate immunity and the inflammatory cascade. Inflammatory cytokines play
a dual role, either promoting neurodegeneration or neuroprotection. This equilibrium
is shifted toward the neurodegenerative phenotype upon the action of several risk fac-
tors that trigger innate damage signals that activate microglia and the release of tumor
necrosis factor-o, interleukin-6, and some trophic factors. In this neuroimmunomodu-
latory hypothesis we integrate different risk factors with microaglial activation and the
resulting neuronal alterations and hyperphosphorylations of tau protein. The progres-
sion of AD, with slowly increasing damage in brain parenchyma preceding the onset
of symptoms, suggests that tissue distress triggering damage signals drives neuroin-
flammation. These signals via toll-like receptors, receptors for highly glycosylated end
products, or other glial receptors activate sensors of the native immune system, induc-
ing the anomalous release of cytokines and promoting the neurodegenerative cascade,
a hallmark of brain damage that correlates with cognitive decline.
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Introduction

Alzheimer’s disease (AD) is the princi-
pal cause of dementia throughout the world
and the fourth cause of death in developed
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economies after cancer, cardiovascular dis-
eases, and vascular stroke. However, the set of
disorders that cause cognitive impairment and
that include vascular brain disorders, stroke,
and brain trauma, accounts for one of the
largest factors of morbidity and mortality.!:
In the United States approximately 5 mil-
lion people are affected by AD, and mortal-
ity from this disease is near 100,000 per year,
with a cost to the economy of over $100 bn.

Neuroimmunomodulation: Ann. N.Y. Acad. Sci. 1153: 240-246 (2009).
doi: 10.1111/j.1749-6632.2008.03972.x © 2009 New York Academy of Sciences.

240



Maccioni et al.: Innate Immunity in Alzheimer’s Disease

Considering that AD accounts for the largest
number of dementia cases, including demen-
tia from Lewy bodies, frontotemporal dementia
(FTD-17), and vascular dementia, and that age
is the main risk factor, the prevalence of these
pathologies in an aging society is presently a
major medical puzzle and a major challenge for
science.

Among many postulates for the pathogen-
esis of AD, the more plausible explanation is
based on the findings that tau hyperphospho-
rylations constitute a common final pathway of
altered signaling mechanisms in degenerating
neurons. However, this does not account for all
the sequence of events after the early triggering
factors that lead to neuronal degeneration. AD
1s a multifactorial disease. Several risk factors as
well as the contribution of genetic vulnerability
and polymorphisms among certain groups of
subjects are involved in its pathogenesis. Strong
evidence has been cumulated on the role of
neuroinflammation in AD pathogenesis. Neu-
ropathological studies in human brains demon-
strating the activation of glial cells® has been
corroborated by i vitro studies in which amy-
loid AB-exposed and activated glial cells over-
produce pro-inflammatory cytokines, which in
turn trigger a neurodegenerative cascade in
living neurons.* ® Studies with transgenic ani-
mal models of AD have also demonstrated that
brain inflammation appears to be a key com-
ponent of AD pathogenesis.” Moreover, epi-
demiological data show that individuals con-
suming nonsteroidal anti-inflammatory drugs
(NSAIDs) have a lower risk of AD.® In fact, in-
flammation is associated with brain lesions in
AD while a sparing effect of NSAIDs has been
shown; these NSAIDs are also protective in an-
imal models of AD.” In fact, patients receiving
systemic NSAIDs developed significantly less
AD manifestations, suggesting that ameliorat-
ing inflammation in the brain helps to prevent
or slow down the onset of AD.>? However, this
effect may not apply to all NSAIDs equally; a
more recent study failed to demonstrate such
an effect for certain drugs, such as naproxen
and celecoxib. !’
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How Does Neuroinflammation
Participate in AD Pathogenesis?

Neuroinflammation is characterized by the
generation of a set of pro-inflammatory medi-
ators locally produced by host cells, indicating
the engagement of the innate immune system.
In this context, AD can be considered an au-
totoxic disease in which an innate immune sys-
tem uses local phagocytes, such as microglia, as
an effector. Activated complement fragments
and inflammatory cytokines have been iden-
tified in lesions (Figs. 1 and 2). AD exhibits
marked inflammatory phenomena from the in-
herent toxicity of aggregates of AP oligomers
(much earlier than the other lesion, the se-
nile plaques) and small aggregates of the hy-
perphosphorylated tau protein. Thus, the AD
phenotype is a result of the convergence of mul-
tiple risk factors that activate one or more dan-
ger/alarm signal detectors, with microglial ac-
tivation, production of nuclear factor (NI)-kB,
and inducing multiple degeneration-promoting
signals, such as tumor necrosis factor (ITNF)-a,
interleukin (IL)-1B, and IL-6, that converge to
produce an abnormal processing of tau protein
(Fig. 2). These anomalous signals lead to an
overactivation of some cell cycle enzymes, such
as cdkd and the neuronal glycogen synthase
kinase, with the consequent tau hyperphos-
phorylations.'!"1? Increasing evidence has ac-
cumulated on the substantial toxicity of abnor-
mally phosphorylated tau variants contributing
to the neurodegenerative cascade.’® !> Once
this pathway is triggered, the expression of clin-
icopathological disorders cannot be stopped.

Several lines of evidence indicate that un-
der certain experimental conditions, dam-
age/alarm signals, such as oxidative stress, ex-
posure to toxins, hypoxia, oxidized low-density
lipoproteins, or mechanical damage promote
neuronal degeneration.!®'®  The resulting
inflammatory cytokines in all of these situa-
tions can play a dual role either promoting
neurodegeneration or assisting neuroprotec-
tion.>%? Thus, if pro-inflammatory mediators
were simply protective, one should expect that
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Figure 1. Formation of the membrane attack complex (MAC) on the surface of brain cells
as a result of the activation of the complement system and potential targets for future specific
nonsteroidal anti-inflammatory drugs NSAIDs against Alzheimer’s disease (AD) during early
stages of brain damage. (In color in Annals online.)

individuals receiving NSAIDs would be at a
higher risk of AD, which appears not to be
the case.>? In fact, the evidence indicates that
only a few pro-inflammatory molecules, such
as TNF-a,° exert neuroprotective effects.

Innate Immunity
in Alzheimers’s Disease

Neuronal damage in AD occurs long be-
fore the clinical onset of the disease, a decade
or even longer time intervals,! as a conse-
quence of the permanent action for years of the
various exogenous or endogenous risk factors.
Among the major risk factors are chronic stress,
blood lipid disorders,!”1%2? repeated mechan-
ical head trauma, oxidative stress,’>?* brain
iron overload,? folic acid deficiency, K* ef-
flux, and several others, such as genetic poly-
morphisms.?® All these conditions, or the con-
vergence of several of these, are sufficient to
trigger danger/alarm signals?’ that, through
activation of innate immunity, modify the nor-
mal activity of microglial cell receptors, such as
toll-like receptors (TLRs), receptors for highly
glycosylated end products (RAGEs), and other
sensitive receptors on the glial cell surface.
Thus, activated glial cells respond with an

overproduction of pro-inflammatory cytokines,
such as TNF-a, IL-1B, and IL-6, which are
found to be considerable increased in AD.%28 30
In this context, we have proposed a novel uni-
fying hypothesis that the release of endoge-
nous damage/alarm signals,'® in response to
converging and accumulated cell distress (e.g.,
dyslipidemia, vascular insults, head injury, ox-
idative stress, folate deficiency), is the earliest
triggering event in AD pathogenesis, which
then leads to the activation of innate immu-
nity®¥ and, subsequently, an inflammatory cas-
cade (Figs. 1 and 2). In this hypothesis we
consider the risk factors that have been ana-
lyzed separately and in different contexts, with
microglial activation, tau hyperphosphoryla-
tion in the affected neurons, and the resulting
neuronal damage. The protracted progression
of the disease, with slowly increasing damage
in brain parenchyma preceding the onset of
symptoms, suggests that moderate tissue dis-
tress triggering damage/alarm signals drives
an escalating inflammatory process until tis-
sue damage causes progressive eventually irre-
versible pathology. This hypothesis is based on
known facts about AD and experimental mod-
els of AD as well as our own reviews of these
complex sets of factors.> %1416
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Figure 2. Schematic representation of the roles of endogenous danger/alarm signals
in the innate immune system at the early stages of Alzheimer’s disease (AD) pathogenesis.
Danger signals include advanced glycation end products [AGES), HMBG1 (high-mobility box
group 1), S-100 proteins, and amyloid -B (AB) peptide oligomers (but not B-pleated fibrillar
aggregates). These activate microglia through the AGES or receptors for highly glycosylated
end products (RAGE), shown here as a transmembrane protein. Oxidized low-density lipopro-
teins (oxLDL) activate toll-like receptors (TLRs), particularly TLR4. Additional danger signals are
trauma and oxyradical damage, possibly acting on separate receptors (black boxes inserted
in the membrane) as well as by inducing the production of additional AB peptide oligomers,
AGES, and S-100 protein that contribute to this process. These danger signals trigger innate
immune system alarm mechanisms resulting in longterm overproduction of tumor necrosis
factor alpha (TNF-a), interleukin 1-beta (IL-18), and IL-6. These signals would then mediate
neuronal damage that is reflected in alterations, such as tau hyperphosphorylation, which
eventually result in neuronal degeneration and progressively more severe clinical manifesta-
tions of cognitive and behavioral decline unrelated to the amyloid aggregation process. (In
color in Annals online.)

Future Avenues for Rational lesions in the brain of patients affected with
Developmenl' of New AD.?132 The activation of the complement sys-
Anl‘i-inﬂqmmql‘ory Agents tem induces formation of the membrane attack
against AD complex (MAC) on the surface of brain cells®*

(Fig. 1). Thus, a slow, chronic, asymptomatic,

Activated complement fragments as well as  and autotoxic process leads to progressive neu-
inflammatory cytokines have been identified rodegeneration stages and to cognitive impair-
in association with the histologically evident ment in Alzheimer patients. From the point
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of view of an integrated analysis of this evi-
dence, we propose potential targets for future
specific NSAIDs against early stages of brain
damage. Considering that AB extracellular de-
posits and neurofibrillary tangles are present
during early preclinical stages of AD until the
terminal stages, their ability to strongly acti-
vate complement system provides a mechanism
for initiating and sustaining chronic, low-level,
inflammatory responses that may accumulate
over the disease course.’® This supports the
idea that the complement system cascade in-
tervention can be a pharmacological approach
to AD in the near future. Besides AP effects
on the complement system, amyloid oligomers
also signal through RAGE receptors, resulting
in the sustained production of NF-kB, which is
involved in the inflammatory cascade (Fig. 2).

Innate Immunity in AD and Other
Degenerative Diseases

The notion that endogenous signals of dam-
age trigger the earliest events of AD pathogene-
sis finds further support in the natural history of
the inherited forms of early onset AD in which
mutations in the affected genes are expressed as
an increased production of pro-inflammatory
AP peptide oligomers; this needs decades to
cause pathology and correlates with a more
precocious onset of the familial forms of this
disease compared to the most prevalent spo-
radic forms of the disease. Along the same line
of evidence, persons with Down’s syndrome, a
condition associated with a high risk of AD, ex-
hibit increased serum levels of A in childhood
and adolescence and rapidly accumulating se-
nile plaques and neurofibrillary tangles there-
after. Intriguingly, plasma AP levels in these
subjects correlate inversely with age,*® a key ob-
servation that contradicts the highly prevalent
amyloid hypothesis. In summary, we propose
that the disease phenotype/neurological con-
dition that has so far been called “Alzheimer’s
disease” is not a result of a single “cause” but
to the convergence of multiple risk factors that
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coalesce in the activation of one or more dam-
age/danger signal detectors (Fig. 1). The long-
term effect of these triggering factors results in
microglial activation and the protracted pro-
duction of NF-kB, inducing multiple predomi-
nantly degeneration-promoting signals, such as
the inflammatory cytokines. All of these con-
verge to produce abnormal processing of tau
protein, which acts as a final common path-
way.l'16 Recent reports describe the roles of
IL-6 and TNF-a on AD pathogenesis. We re-
ported that IL-6 induces tau hyperphosphory-
lation and neuronal cell death, both mediated
by deregulation of the cdk5/p35 complex.*
We have also reported that TNF-a can de-
crease cdkd activity and prevent hippocam-
pal neuron death induced by AP, 49 peptide
in vitro.> Once this pathway has been triggered
by multiple mediators of inflammation, the full
expression of the clinicopathological disorder
probably cannot be stopped. In this hypotheti-
cal scheme, interstitial amyloid deposits, senile
plaques, neurofibrillary tangles, neuronal de-
generation, and, of course, clinical manifesta-
tions occur subsequently. The key element of
this proposal, which is experimentally testable,
is that the danger/alarm signals must activate
the sensors of the innate immune system in
the brain. It remains to be determined pre-
cisely how this hypothetical chain of events
is unique to what we conceptualize today as
‘“Alzheimer’s disease,” as there are phenotyp-
ically distinct disorders that are also associ-
ated with inflammatory phenomena but that
do not result in the clinical and histopatho-
logical manifestations considered to define AD.
Among the possible explanations for this co-
nundrum, we propose that the location where
these phenomena are triggered (e.g., medial as-
pect of the temporal lobe in AD versus lat-
eral aspect of the temporal and/or frontal lobe
in the so-called frontotemporal atrophies ver-
sus midbrain and diencephalon in progressive
supranuclear palsy) may alter the time course,
topographic distribution, lesion array, and, ul-
timately, clinical manifestations of the ensu-
ing disorder. As a complementary (and not
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necessarily mutually exclusive) explanation,
there i3 also an emerging molecular basis
for the phenotypic diversity among neurode-
generative disorders that exhibit inflamma-
tory phenomena. For example, there is a dif-
ferential activation of TLRs in animal mod-
els of AD versus models of other disor-
ders. In fact, TLR2 is activated in models
of AD but not in models of other degen-
erative disorders. Furthermore, it is plausi-
ble that other mediators of innate immunity
may also be expressed differentially in distinct
neurodegenerative disorders, which is another
important avenue for further experimental
assessment.
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