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Abstract

A molecular level conceptualization of the pathogenesis of Alzheimer’s disease (AD)

remains elusive with many competing hypotheses, particularly via proteopathic and

immunopathic mechanisms. However, these need not be competitive. If amyloid

beta (Aβ) is regarded as an “early responder cytokine,” then proteopathic considera-

tions become encompassed within an overarching hybrid proteopathic-immunopathic

mechanism. As argued in this commentary, Aβ is in fact a molecular constituent of the

innate immune system. Aβ is an antimicrobial peptide (AMP) functioning not only as

a killer peptide, but also as a modulatory immunopeptide. Aβ satisfies the definition

of a cytokine, exhibiting interdependency with other cytokines. Aβ also satisfies the

functional definition of a chemokine, existing within the AMP-chemokine spectrum.

Aβ, like conventional cytokines, both binds to and is released bymicroglial cells. Finally,

Aβ interacts with the complement and Toll-like receptor systems analogously to estab-

lished cytokines. Aβmay thus be regarded as an effector molecule of innate immunity.
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1 INTRODUCTION

Amolecular level conceptualization of the pathogenesis of Alzheimer’s

disease (AD) remains elusive and hotly debated.1 There are many

different mechanistic proposals including proteopathy, tauopathy,

immunopathy, gliopathy, mitochondriopathy, synapopathy—each

with passionate supporters and detractors. In recent decades, the

two leading contenders have been the amyloid protein misfolding

hypothesis (proteopathy), and the innate immunotoxicity hypothesis

(immunopathy). However, arising from multiple much-publicized

failures of amyloid-targeting therapies, some researchers have

ardently declared “the amyloid hypothesis is dead,” proclaiming the

need to focus exclusively on other avenues such as immunopathy.

But this need not be an “either-or” situation; indeed, if amyloid

beta (Aβ) is regarded as simply an early responder cytokine, then
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proteopathic considerations become encompassed within an over-

arching hybrid proteopathic-immunopathic mechanism, embracing

the comprehensive role of innate immunity in the etiopathogenesis

of AD.

2 INNATE IMMUNE SYSTEM

Although phylogenetically ancient, the innate immune system is

complex, presenting a multi-tiered biomolecular defense strategy

hierarchically consisting of tightly homeostatically regulated peptides

(antimicrobial peptides), small proteins (cytokines, chemokines, inter-

leukins, interferons), and cellular components (macrophages/microglia,

innate lymphoid cells, neutrophils) cooperatively functioning in a con-

certed fashion.2 This biochemical defense network is initiated,
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coordinated, and harmonized by two additional signaling systems

(plasma-based complement system, membrane-based Toll-like recep-

tor system), which initially present instigating pathological processes

to trigger the innate immune system, then integrate the various

components of innate immunity with each other, and finally facilitate

an innate-to-adaptive immune system hand-off.

3 IS Aβ AN INNATE IMMUNITY EFFECTOR
MOLECULE?

Despite decades of study, Aβ remains an enigmatic and poorly under-

stood molecule. Its presence, either as a consequence or cause, is

nonetheless central to the recognized pathology of AD.However, given

theexistenceof specific enzymatic pathways for thebiosynthesis ofAβ,
coupled with the presence of selective uptake, breakdown, and clear-

ance routes, it seems plausible that Aβ has a normal physiological role

and is not merely a toxic molecule leading to dementia. Although mul-

tiple physiological roles for Aβ have been proposed, including regula-

tion of cholesterol transport, protection against oxidative stress, and

activation of key kinase enzymes, none of these capture the breadth of

Aβ’s involvement in AD.3 Recognizing the possibility of Aβ as an innate
immunopeptide (antimicrobial peptide/cytokine/chemokine) would be

consistent with Aβ’s multi-faceted role in AD (see Figure 1).

3.1 Aβ as an antimicrobial peptide

Antimicrobial peptides (AMPs; or host defense peptides) are the first

responder molecules of the innate immune system, exhibiting dual

functional roles: first as killer peptides destroying microbes, sec-

ond as immunopeptides modulating the subsequent innate immune

response. AMPs are potent, broad spectrum antimicrobials target-

ing enveloped viruses, bacteria, and fungi; they are also immunomod-

ulatory, inhibiting pro-inflammatory cytokine production, inducing

chemokine release, and stimulating chemotaxis by acting as chemoat-

tractants. To achieve certain immunomodulatory effects, AMPs bind

tomembrane-bound glycosaminoglycans (GAGs), sometimes via BBXB

(where B is any basic amino acid) peptidic motifs within their pri-

mary amino acid sequence.4,5 In fulfilling these biochemical functions,

many AMPs oligomerize and aggregate, having their actions modi-

fied by ambient concentrations of cholesterol and metallic ions (Zn2+,

Cu2+). AMPs may themselves also act as cytokines/chemokines with

some studies suggesting a significant AMP-chemokine functional over-

lap (the AMP/cytokine differentiation may be an artefact of nomencla-

ture, with many AMPs and cytokines existing on a common functional

spectrum such that AMPs have cytokine-like properties and cytokines

have AMP-like properties).

Aβ is an AMP.6 Multiple in vitro and in vivo studies demonstrate

that Aβ has potent, broad-spectrum antimicrobial properties against

viruses, bacteria, and fungi, enabled by the formation of oligomers that

disrupt membranes and entrap pathogens; moreover, overexpression

of Aβ confers increased resistance to infection from both bacteria and

viruses.7 Like AMPs, Aβ’s actions are influenced by cholesterol, Zn2+,

and Cu2+. In fulfilling the dual functional roles of AMPs, Aβ is likewise
an immunopeptide modulating innate immune responses and binding

to GAGs via its H13HQK16 (BBXB)motif.8

3.2 Aβ as a cytokine/chemokine

Cytokines, the molecular backbone of innate immunity, are a group

of diverse small proteins (4-20 kDa) which function as immunomod-

ulatory signaling molecules regulating immunity and inflammation by

influencing the maturation and responsiveness of designated cell pop-

ulations and by inducing changes in gene expression that affect cel-

lular function.9 Cytokines are produced by a range of cells, includ-

ing macrophages/microglia, lymphocytes, mast cells, endothelial cells,

and various stromal cells. Most cytokines enhance or inhibit the action

of other cytokines through a complex interdependency that involves

pleotropism, redundancy, and synergism. Chemokines, the largest sub-

group of cytokine, are chemoattractant proteins inducing cellular

movement to loci of pathology; their release is stimulated by patho-

logical pro-inflammatory stimuli, such as interleukin-1 (IL-1), tumor

necrosis factor-α (TNF-α), or lipopolysaccharide (LPS). Chemokines

are characterized by their functional and structural characteristics:

functionally, they stimulate the chemotactic migration of diverse cells,

particularly leukocytes; structurally, they have cysteine residues in

conserved locations to enforce a constrained 3-dimensional confor-

mation. Oligomerization and GAG binding are vital for the functions

of multiple chemokines;10 a conserved, BBXB motif is key to the

immunomodulatory binding of some chemokines that recognize GAGs

as co-receptors.11 Select chemokines also function asAMPs, giving rise

to a broader spectrum class of AMP/chemokine hybrid proteins.

Aβ satisfies the functional definition of a cytokine. Aβ is a small pro-

tein (4 kDa) which functions as immunomodulatory signaling molecule

mediating intercellular interactions, and regulating immunity and

inflammation. Via c-jun-n-terminal-kinase (JNK-AP1) signaling path-

ways, Aβ elicits expression of monocyte chemoattractant protein-

1 (MCP-1), growth related oncogene (GRO), IL-1β, and IL-6 inflam-

matory genes;12 Aβ likewise impacts other gene expression path-

ways important for vesicle trafficking, cell adhesion, actin cytoskele-

ton dynamics, insulin signaling, and synaptophysin downregulation.13

Aβ can be produced by numerous types of cells such as neurons,

astrocytes, neuroblastoma cells, hepatoma cells, and fibroblasts. Aβ’s
agonistic/antagonistic interactions with established cytokines display

pleotropism, redundancy, and synergism. Although Aβ lacks the defin-
ing cystine disulfide loops of chemokines, it does exist functionally

within the AMP-chemokine overlap spectrum.

3.3 Aβ and microglia

Microglia are the cellular backbone of the innate immune system,

being a specialized population of phagocytic macrophage-like cells

functioning as immunological sentinels capable of choreographing a
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F IGURE 1 Amyloid beta (Aβ) as an early responder cytokine. The innate immune system is complex, presenting amulti-tiered biomolecular
defense strategy hierarchically consisting of peptides (antimicrobial peptides), small proteins (cytokines), and cellular components (microglia,
lymphocytes) cooperatively functioning in a concerted fashion; this biochemical defense network is initiated, coordinated, and harmonized by two
additional signaling systems (plasma-based complement system, membrane-based Toll-like receptor system). Aβ interacts with all aspects of this
interconnected innate immune system. Thus, Aβmay be regarded as an effector molecule of innate immunity and functions as an early responder
cytokine

potent inflammatory response. Microglia are both a source and a

target of cytokines: activated microglia elicit the expression of pro-

inflammatory cytokines such as IL-1β, IL-6, and TNF-α influencing the
surrounding brain tissue.14

Microglia are a source and target of neurotoxic Aβ, as they are

for other cytokines. Microglia can secrete Aβ when appropriately

stimulated by LPS, other cytokines, and even Aβ itself. Correspond-

ingly, Aβ activation of microglia induces gene transcription including

activation of many pro-inflammatory cytokines, most notably IL-1β,
IL-8, andmatrixmetalloproteinases (MMP), amplifying ongoing inflam-

mation and neuronal loss.15 Like other cytokines, Aβ also activates

B-lymphocytes and other leukocytes.16
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3.4 Aβ interactions with the complement
cascade/Toll-like receptor systems

The Toll-like receptor (TLR) system of membrane-spanning proteins

initiates and integrates innate immune responses by recognizing spe-

cific molecular patterns. TLR engagement leads to the activation of

nuclear factor-κB (NF-κB) and interferon regulatory factors, result-

ing in the upregulation of downstream target genes including an array

of pro-inflammatory cytokines, chemokines, and interferon-responsive

genes; in macrophages TLR signaling also induces autophagy. The con-

comitantly activated complement system of plasma proteins also tra-

verses the histobiomolecular spectrum of innate immunity, triggering

and expanding innate responses after detecting pathogen-associated

molecular patterns (PAMPs). Subsequent protease activation releases

cytokines and establishes an amplifying cascade that also attracts

macrophages and neutrophils; arising from subsequent antibody inter-

actions, the complement system is ultimately active at the interface

between the innate and adaptive immune systems.

In amanner analogous to other cytokines, Aβ influences and is influ-
enced by the TLR and complement systems. In the early stages of AD,

fibrillar Aβ can directly interact with TLR2 and TLR4 Toll-like recep-

tors to induce microglial Aβ phagocytosis;17 similarly, TLR7, TLR8, and

TLR9 can enhancemicroglial Aβ uptake at other stages of AD.18 Within

the complement system, Aβ binds C1q protein and activates the classi-
cal pathway, inducing complement-mediated toxicity against neurons.

Complement proteins are integral components of Aβ plaques and their
accumulation occurs at the earliest stages of Aβ deposition.19,20

4 Aβ IS AN INNATE IMMUNITY EFFECTOR
MOLECULE

Aβ is a molecular constituent of the innate immune system. Aβ is an

antimicrobial peptide functioning not only as a killer peptide, but also

a modulatory immunopeptide. Aβ satisfies the definition of a cytokine
and exhibits interdependency with other cytokines characterized by

pleotropism, redundancy, and synergism. Aβ also satisfies the func-

tional definition of a chemokine, but not the strict structural defini-

tion; Aβ exists within the AMP-chemokine spectrum also exhibiting

oligomerization and binding to GAGs via its HHQK(BBXB) motif. Aβ,
like conventional cytokines, both binds to and is released by microglial

cells. Finally, Aβ interfaces with the complement and Toll-like receptor

systems analogously to established cytokines (see Figure 1).

5 CONCLUSIONS

Within the context of AD disease pathogenesis, Aβ may be regarded

as an early responder cytokine. This possibility simplifies the complex

collaborative connections between Aβ and the established anti/pro-

inflammatory cytokines of innate immunity, and enables incorporation

of amyloid misfolding into the evolving immunopathic disease mecha-

nism hypotheses of AD.
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