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Alzheimer’s disease (AD) is characterised by amyloid beta (Aβ) accumulation, tau pathology and 

neuroinflammation.  There has been considerable recent interest in the role of neuroinflammation in 

directly contributing to the progression of AD. Studies in mice and humans have identified a role 

for microglial cells, the resident innate immune cells of the CNS, in AD. Activated microglia are a 

key hallmark of the disease and the secretion of pro-inflammatory cytokines by microglia may 

result in a positive feedback loop between neurons and microglia, resulting in ongoing low grade 

inflammation. Traditionally the pathways of Aβ production and neuroinflammation have been 

considered independently, however recent studies suggest these processes may converge to promote 

the pathology associated with AD.  Here we review the importance of inflammation and microglia 

in AD development and effects of inflammatory responses on cellular pathways of neurons, 

including Aβ generation. 

Alzheimer’s disease and hallmarks of the disease

Alzheimer’s disease (AD) was first identified in 1906 by Alois Alzheimer who described the 

characteristic memory loss and confusion, as well as other psychological symptoms, in a 51-year-

old female patient. In the same patient’s brain, Alzheimer identified plaque formation, 

neurofibrillary pathology, tangles, astrogliosis and neuronal loss 1. AD is now recognized as the 

most common neurodegenerative disease and is characterized by initial short-term memory loss 

followed by subsequent severe deficits attributed to neuronal loss 2. An estimate of 46.8 million 

people globally were living with dementia in 2015. This number is expected to reach 131.5 million 

by 2050 3.

AD is characterized by widespread neuronal degeneration, synaptic loss affecting mainly the 

hippocampus and cortex, resulting in diffuse brain atrophy 4. Accumulation and deposition of 

amyloid-beta (Aβ) peptides and neurofibrillary tangles were long considered the sole major 

hallmarks of AD. However, more recently neuroinflammation has emerged as a third hallmark of 

the disease5. 

Genome wide association studies (GWAS) of late onset AD (LOAD) have identified genetic risk 

factors, which can be divided into distinct functional classes.  Notably, immune responses and 

immune related pathways represent one of the major classes of genetic risk factors for LOAD 

(Table 1). Moreover, microglia, which are resident innate immune cells in the brain, have been 
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identified as a central player in disease pathogenesis 6. An interaction between the products of 

activated microglia and neurons could result in a positive feedback loop to establish an ongoing 

chronic inflammatory condition 7.

This review will highlight the importance of neuroinflammation in the development of AD, and the 

advances arising from the integration of multiple disciplines investigating this disease, namely 

neurobiology, immunology, biochemistry, cell biology and genetics. The potential of inflammatory 

responses to perturb the cellular pathways of neurons, including the generation of Aβ will also be 

considered. 

Amyloid precursor protein 

The human amyloid precursor protein (APP) gene was first identified in 1987 8 and although 

one of the most studied human proteins, the function of APP remains poorly defined. A number of 

putative physiological functions have been assigned to APP, such as regulation of neurite 

outgrowth, cell adhesion, synaptogenesis and cell survival 9. APP, a type 1 membrane protein is 

synthesized in the ER and transported to endosomes and/or the cell surface via the secretory 

pathway 10,11,12. Posttranslational modifications of newly synthesized APP such as glycosylation, 

phosphorylation and sulfation takes place during transit through the Golgi 13 . Proteolytic 

processing of APP occurs at multiple locations in the cell and results in a variety of peptide 

products, including the pathogenic amyloid beta (Aβ) peptides, which are then secreted from the 

cell 14.  APP is located on chromosome 21 and exists in many different isoforms due to alternative 

splicing of the nascent transcript 15. APP695 is the major neuronal isoform. 

β-secretase family

The generation of Aβ occurs from the processing of APP via membrane-bound proteases 

called secretases. Three secretases, α, β and γ, are involved in the processing of APP; β and γ 

secretases have a role in mediating the amyloidogenic cleavage of APP, whereas α-secretase 

prevents Aβ generation by cleaving APP within the Aβ domain 16. 

BACE1 (beta-site APP cleaving enzyme 1) is the major β secretase responsible for amyloidogenic 

cleavage of APP in the brain 17. BACE1 is a 501-residue type 1 transmembrane protease and 

belongs to the pepsin family of aspartyl proteases with optimal activity at acidic pH 18 19. The 

protease is synthesized as a larger precursor, proBACE1, which is modified by glycosylation and 
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cleaved by a furin-like endoprotease in the trans-Golgi network to generate mature BACE1. Like 

other aspartic proteases, BACE1 precursor is a zymogen and is synthesized in the endoplasmic 

reticulum (ER). The maturation of BACE1 increases the catalytic activity of the enzyme over that 

of immature BACE1 18. An increased localization of BACE1 within the ER (which will represent 

the zymogenic non-active form) reduces generation of Aβ, whilst intracellular trafficking of 

BACE1 to the more acidic endosomes enhances Aβ production 18.

Mature BACE1 recycles between the plasma membrane and early and recycling endosomes 10. The 

recycling is regulated by a dileucine motif within the sequence, DISLL, of the cytoplasmic tail at 

residues 496-500 10. BACE1 can be phosphorylated on Ser498 within this DISLL. The 

phosphorylation of this motif regulates BACE1 recycling between the cell surface and endosomal 

compartments. There are two mechanisms for transport of BACE1 from the early endosomes to the 

recycling endosome. A slow SNX4 (sorting nexin 4) mediated pathway that can transport both non-

phosphorylated and phosphorylated BACE1, and a fast sorting signal mediated pathway dependent 

on the phosphorylation status of the DISLL motif of BACE1. Golgi-localized γ-ear containing Arf 

binding protein 1 (GGA1) recognises the phosphorylated DISLL motif of BACE1 and promotes 

cargo transport to the recycling endosomes. Perturbation of the signal sorting pathway by either 

mutation of the Ser in the DISLL motif or by silencing GGA1 or retromer results in ~30% reduction 

in the transport rate of BACE1 to the recycling endosomes. The phosphorylated  DISLL mediated 

trafficking of BACE1 is biologically relevant as elimination of the fast transport of BACE1 from 

early endosomes to recycling endosomes results in a three-fold increase in Aβ production 10.

The analysis of BACE1-/- mice also provides substantial evidence for a crucial role of BACE1 in 

AD 20. Aβ generation, amyloid pathology and cognitive deficiencies are abrogated when BACE1-/- 

mice are crossed to APP transgenics 18. In AD, BACE1 activity is elevated. BACE activity in AD 

increased by 63% in the temporal cortex and 13% in the frontal cortex, but not in the cerebellum 17. 

As BACE1 is the only β secretase in the brain, BACE1 has been considered a therapeutic target for 

lowering cerebral Aβ levels in AD 18. However, an array of problems and challenges have arisen 

associated with the development of a therapeutic BACE1 inhibitor. The issues include the ability to 

cross the blood brain barrier (BBB) and the realisation that there are a large number of 

physiological substrates for BACE1, and inhibition of BACE1 activity will result in off target 

effects 21. Notably, BACE1 knockout mice have revealed defects in synaptic function and 

behavioural problems 16. 
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Amyloidogenic and non-amyloidogenic processing of APP

APP undergoes complex, sequential proteolytic processing in the CNS via two major 

processing pathways, known as the amyloidogenic and non-amyloidogenic processing pathways, as 

well as other minor APP processing pathways, to yield fragments many of which have specific 

physiological functions  22.  The A peptides generated by the amyloidogenic pathway are cytotoxic 

and have not been considered to have a physiological function, although recent studies have 

indicated possible anti-microbial role for the A aggregates 23. 

 

The ~4 kDa Aβ peptide, derived from APP, is one of the hallmarks of AD. BACE1 is responsible 

for the initial step in Aβ production. The type-1 transmembrane aspartyl protease needs to be 

membrane bound and in close proximity with APP for cleavage, which highlights the importance of 

the spatial distribution of both APP and BACE1 within the membranes and intracellular 

compartments for processing. 

Cleavage of APP by BACE1 results in sAPPβ, a soluble APP luminal domain that is subsequently 

secreted and a membrane bound C99-residue C-terminal fragment called C99 or CTFβ. This C99 

fragment is cleaved by γ-secretase resulting in the release of hydrophobic Aβ peptides (Figure 1). 

Various mutations of the APP gene are known to cause familial AD (FAD) by increasing the 

extracellular Aβ load or shifting the ratio between Aβ 1-40 and Aβ 1-42 to the less favourable Aβ 

1-42 24. The majority of these mutations affect the proteolytic processing by β- and -secretases 25. 

A reduction of amyloidogenic peptides is found in the Icelandic APP mutation (A673T), which 

confers protection against AD, due to reduced β-secretase cleavage of APP 26. 

In the alternate, non-amyloidogenic, pathway, α-secretase initially cleaves mature APP, resulting in 

the generation of a soluble luminal domain fragment, sAPPα, and a membrane bound fragment C83 

or CTFα where the Aβ sequence is absent. Subsequent cleavage of the C83 fragment by γ-secretase 

yields a number of short peptides excluding Aβ 27. A comprehensive review focusing on membrane 

trafficking and production of Aβ has been published recently by Tan and Gleeson 14. 

Secreted Aβ
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Aβ generated from the amyloidogenic pathway is secreted from the cell and subsequently 

aggregates to form amyloid plaques. The majority of secreted Aβ peptides are 40 amino acids 

(Aβ40), and 42 amino acids (Aβ42). The later Aβ42 has the propensity to nucleate and drive 

production of amyloid fibrils 28. Aβ is usually removed from the brain by export into the 

cerebrospinal fluid (CSF), the blood vessels and local degradation by microglia. The different 

mechanisms by which Aβ can be cleared or degraded has been reviewed by Tarasoff-Conway et al, 

2015 29. Microglia can clear Aβ by uptake and degradation or can degrade extracellular Aβ by the 

release of enzymes such as neprilysin. The rapid removal of Aβ released by neurons is imperative 

as Aβ is a hydrophobic peptide with a tendency to aggregate. Thus, there is a fine balance between 

pathways to clear Aβ and the generation of Aβ aggregates, which will accumulate. An increase in 

secreted Aβ concentration by neurons above a certain level results in formation of Aβ oligomers 

and plaques 24. 

Neurofibrillary tangles

Neurodegenerative tauopathies, characterized by abnormal tau is another characteristic 

hallmark of AD. Tau is a microtubule-associated protein predominantly expressed in neurons and is 

required for microtubule stabilization as well as their assembly 30. Pathological tau protein is 

hyperphosphorylated, and aggregated into insoluble neurofibrillary tangles (NFT). Accumulation of 

toxic intracellular aggregates, together with the loss of soluble tau to stabilize microtubules, may 

synergistically lead to compromised neuronal survival accounting for the strong correlation between 

NFT burden and cognitive decline in AD 31 . Synaptic loss has been described with tangle 

accumulation. Studies of the rTg4510 tauopathy mouse model have further revealed that impaired 

synaptic plasticity also contributes to the neurodegenerative process in AD, and both Aβ and tau 

contribute to this degeneration 32. Bussian et al. have recently shown that tau formation is enhanced 

by the presence of senescent microglia and astroglial cells 33. 

Microglia 

There has been considerable recent research to identify the pathways of neuroinflammation 

and the cell types involved. It has become clear that microglial cells are a major contributor to the 

inflammatory process in the brain, and are not just bystanders as originally thought.  Microglia are 

now a major focus of neurodegenerative disease research and defining the physiological properties 

of microglia is crucial to understanding their potential role in neuronal loss and AD. 
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Microglia are the resident innate immune cells of the brain and first described as migratory 

phagocytic cells of the central nervous system 34.  Given their properties as innate immune cells 

microglia are regarded as the resident macrophages of the brain.  Microglia account for 

approximately 10% of cells in the central nervous system (CNS) and are the most abundant 

mononuclear phagocytes in this tissue 3,35. These resident myeloid cells of the CNS control the 

patterning and wiring of the brain in early development and contribute to homeostasis. 

Erythromyeloid progenitors in mice (EMPs) develop in the yolk sac from E8.5 onwards and a 

subset of these cells become microglia progenitors which migrate to the brain from E9.5 onwards. 

This original pool of microglia is the only source of myeloid cells in the healthy mouse brain. 

However, under pathological circumstances other myeloid cells such as bone marrow-derived 

monocytes may infiltrate the brain 36. However, this is unlikely to be a contributing fact in AD 

where the resident microglia, which are able to undergo local renewal, are considered the primary 

source of myeloid cells involved in the innate immune response 37.

Microglia function in both prenatal development and also postnatal development 38 . In postnatal 

development microglia influence learning and memory by regulating the strength of synapses, 

referred to as synaptic plasticity, the refinement or pruning of unwanted synaptic connections and 

the ability to clear dying neurons and cell debris, including misfolded proteins, via very active 

phagocytosis and macropinocytosis activity 38,39.  Collectively, these functions arise from the highly 

dynamic microglial cells which make intimate contact with dendrites and axons via their extensive 

cell processes constantly screening the local environment.   

Microglia express chemokine receptors including CXCR4 and CX3CR1, as well as integrins such 

as CD11b, which is constitutively expressed, and CD11c, which is upregulated in activated 

microglia 40,41. Chemokine receptors and integrins control the migration and the position of 

microglia within the CNS and enhance their ability to phagocytose and eliminate target cells. Pro-

and anti-inflammatory cytokines, such as IFNγ, TNFα, IL-1β, IL-10 and TGFβ tightly regulate the 

activity of microglia 35. Furthermore, activated microglia are capable of releasing cytotoxicity 

mediators such as reactive oxygen and nitrogen species, arachidonic acid metabolites and 

histamine, amongst others 42. Studies in rodents have shown that the precise profile of the 

neurotophic or cytotoxic factors released by microglia depends on the specific stimulus the 

microglia has been exposed to 43,44.  In particular, LPS stimulation is known to result in the 

secretion of a number of proinflammatory cytokines in mice 45.
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Microglia, like macrophages, have previously been classified according to their M1 and M2 

polarisation. The M1/M2 paradigm has helped conceptualise the pathways of microglia activation 

in vitro, but is now considered inadequate for an in vivo understanding as microglia rarely display 

bias toward either phenotype 46. A number of transcriptome studies have revealed that microglia 

activation is both varied and situation-dependent 47. Different mouse models of neurodegeneration 

have revealed that microglia express both neurotoxic as well as neurotrophic factors 46. Microglia 

under resting or non-inflammatory conditions have a small soma and numerous processes extending 

into the microenvironment. This allows microglia to penetrate throughout the parenchyma in the 

normal adult brain and survey the environment, one of their main functions. The term ‘resting’ 

microglia, commonly used in the past, is therefore a misnomer 48, as microglia triggering may occur 

intermittently. Additional roles of microglia in healthy conditions include the maintenance of 

homeostasis during neurogenesis, and shaping synaptic fields through synaptic pruning 49. 

Microglia in AD

The precise role of microglia in contributing to chronic disease is incomplete.  We need to 

better understand the balance between their protective role and one where healthy tissue is 

destroyed.  This scenario is akin to the role of macrophages in the development of chronic 

inflammatory autoimmune disease. For microglia, it can be argued that their role is mainly 

protective, to remove cell debris and/or infectious agents 49.

Microglia are involved in Aβ clearance 50, which is both beneficial, to inhibit Aβ build up, and 

deleterious, when levels of Aβ are elevated , as prolonged inflammation will result. Aβ is usually 

removed from the brain by export into the cerebrospinal fluid (CSF), the blood vessels and local 

degradation by microglia 29. Microglia can clear Aβ by uptake and degradation or can degrade 

extracellular Aβ by the release of enzymes such as neprilysin. The rapid removal of Aβ released by 

neurons is imperative as Aβ is a hydrophobic peptide with a tendency to aggregate. Thus, there is a 

fine balance between pathways to clear Aβ and the generation of Aβ aggregates, which will 

accumulate. An increase in secreted Aβ concentration by neurons above a certain level results in 

formation of Aβ oligomers and plaques 24. 

Microglia express a range of different receptors that can bind Aβ and trigger inflammation, such as 

different TLRs and NLRP3 and can be stimulated by DAMPs such as ATP 51,52. Engagement of 

these receptors induces release of TNFα and IL-1β, which mediate neuroinflammation and 

neurotoxicity and cause sustained low grade inflammation 51 (Figure 2). Deletion of receptors such 
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as TLR4 reduces Aβ induced cytokine production 53. Stimulation of pro-inflammatory cascades can 

directly mediate neuronal damage by microglia via complement mediated synapse loss 54, and 

indirectly via astrocytes 55. 

The NLRP3 inflammasome is essential for the secretion of the pro-inflammatory cytokines such as 

IL-1 amd IL18 56. A role for NLRP3 inflammasome has also been demonstrated in the 

pathogenesis of AD mouse models; NLRP3 deficiency in mice resulted in a decrease in A 

deposition  52. In addition, enhanced caspase 1 activity in patients with early onset AD 52 is 

consistent with inflammasome-mediated events associated with secretion of IL-1. Caspase 1 is 

recruited and activated via interactions with the adaptor protein apoptosis-associated speck like 

protein containing a CARD (ASC). Notably, ASC specks have been detected in brain sections of 

patients with AD and mouse transgenic models of AD, located both within microglia and 

extracellularly, and which can bind to Aβ deposits and may thereby act to enhance the inflammation 

driven pathology 57. Moreover, ASC specks were shown to promote A deposition in vivo 57.  A 

relationship between systemic inflammation and neuroinflammation is strongly suggested by a 

recent report which demonstrated that LPS-mediated systemic inflammation reduces the clearance 

of A by microglia in the mouse brain, a process shown to be dependent on the NLRP3 

inflammasome 58. 

The importance of microglia in AD pathogenesis is also demonstrated by the concentration of 

activated microglia around amyloid plaques from AD patients and in AD animal models 59,60 and 

the genetic data identifying AD risk genes from GWAS analysis as microglia membrane proteins.  

Microglia communicate and interact with other cells of the CNS, in particular astrocytes and 

neurons  5 and as indicated above, astrocytes may also play a role in neurodegeneration.  Astrocytes 

contribute to synapse formation and synaptic strength regulation 61 and, like microglia, are involved 

in monitoring neuronal activity. Astrocytes both sense and modulate synaptic output and may play a 

role in regulating in the overall computing function of the brain 61. Although a role for astrocytes in 

neurodegenerative diseases has been largely ignored in the past, potential interactions between 

microglia and astrocytes are now attracting considerable attention.  Astrocytes guide microglia to 

synapses that have been pruned via the complement pathway 62. Hence astrocytes can influence the 

interaction of microglia with neurons, and thereby indirectly affect the delivery of neurotoxic and 
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neurotrophic factors to neurons released by microglia. A recent example demonstrating the intimate 

and functional relevance of microglia-astrocyte interactions involves the regulation of localised 

release of active TGF1; LRRC33 on the surface of microglia interacts with the pro-TGN1-V8 

integrin complex on the surface of astrocytes to promote release of active TGF1 63. For a detailed 

discussion of the role of astrocytes see review articles by Kim et al. 64 and Frost and Li 65.

Microglia and other neurodegenerative diseases

Microglia involvement has also been associated with several other neurodegenerative 

diseases, in addition to AD, such as amyotrophic lateral sclerosis (ALS), where the release of 

proinflammatory cytokines by activated microglia leads to neuronal damage and neurotoxic activity 

66. They have further been implicated in Parkinson’s disease as well as Huntington’s disease. In 

these examples, neuroinflammation is the major causative neurotoxic effector, demonstrating yet 

again the relevance of a better understanding of the link between microglia activation and its 

neurotoxic effects 35. 

Neuroinflammation 

Evidence that inflammation has a causal role in the pathogenesis of AD comes both genetic 

and immunological analysis. Genes for various immune receptors such as TREM2 (Triggering 

receptor myeloid 2) and CD33 are associated with AD and are expressed on the cell surface of 

microglia.  In addition, microglia have been shown to be capable of binding to soluble Aβ 

oligomers and fibrils via cell surface receptors including CD36, CD14, CD47 and Toll-like 

receptors (TLR2, 4, 6 and 9). Moreover, Aβ binding to CD36, TLR4 or TLR6 results in activation 

of microglia, to produce proinflammatory cytokines and chemokines 67. Proinflammatory cytokines 

secreted by activated microglia include TNFα and IL-1β; moreover, these cytokines are known to 

be upregulated in brains of AD patients and in transgenic mice with AD-like pathology, and in 

addition are secreted by primary microglia in culture 68. TNF secretion can either be harmful and 

promote neural damage or be beneficial and promote clearance of A 69. For example, transgenic 

expression of TNF in the hippocampus of APP transgenic induced glial activation did not appear 

to exacerbate A pathology, rather it resulted in the reduction of A plaques 70. In addition, some 

studies indicate that TNF may not always promote a pro-inflammatory response and the relative 

levels or balance of pro-inflammatory and anti-inflammatory cytokines is likely to be critical in 

defining the role of cytokines in actively promoting the disease 71. Hence, the outcome of a pro-
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inflammatory TNF response in the CNS may be dependent on the milieu of the 

microenvironment. 

 

As for innate immune responses in the periphery, cytokines in the CNS are key regulators of 

neuroinflammation. The proinflammatory environment in the AD brain could directly and indirectly 

contribute to neuronal damage. For example, IL-1β and TNFα may directly impair neuronal 

function 72. The rate of progression from mild cognitive impairment to the dementia stages of the 

disease is increased in patients who have elevated TNFα levels and decreased TGFβ concentrations 

in the CSF (cerebrospinal fluid). Cytokines stimulate inducible nitric oxide synthase (iNOS) in 

microglia and astrocytes and iNOS is toxic to neurons at high concentrations. Notably, iNOS has 

been reported to be upregulated in the AD brain 51. Consistent with this proposal, in vitro 

experiments have shown that binding of microglia to Aβ leads to the production of reactive oxygen 

species (ROS) 67. 

Although Aβ deposition alone may be sufficient to induce an inflammatory reaction, risk factors 

such as systemic inflammation, obesity and traumatic brain injury might influence the development 

of AD through a sustained neuroinflammatory drive 51. Inflammation preceding the development of 

AD may prime microglia, causing them to be highly responsive to further activation 73. Subsequent 

stimulation by Aβ could then result in secretion of pro-inflammatory cytokines and chemokines, 

which could trigger neuronal hyperexcitability and synaptic dysfunction. Neurons had previously 

been considered to be a passive bystander in neuroinflammation, however recent studies have 

demonstrated that neurons are also able to produce inflammatory mediators 74. Activation of 

complement systems play an important role in AD and neurons produce most of the components of 

the complement cascade. The complement system can be activated by PAMPS and/or DAMPS. 

C1q can directly bind to molecules like Aβ, hence there is the potential for complement to be 

activated as a consequence of buildup of extracellular Aβ and/or release of components from dying 

neurons 75.  Moreover, neuronal production of complement components is increased in AD 76. 

Neurons have also been postulated to be source of COX-2-derived prostanoids, a subclass of 

eicosanoids which are vasoactive lipid mediators, and several cytokines such as IL-1β, IL-6 and 

TNFα 74. 
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A number of studies have shown that in vivo LPS treatment results in an increase level of Aβ1-42 and 

a decrease in the level of Aβ1-40 77. This finding suggests a close connection between 

amyloidogenesis and neuroinflammation.  However, the mechanisms responsible for LPS-induced 

amyloidogenesis are unknown. Lee et al. 77 reported elevated β- and γ-secretase activity in cortical 

and hippocampal regions of ICR mice and Sprague-Dawley rats, as well as cell lysates upon LPS 

treatment, hence modified secretase activity could be a potential contributing factor. Furthermore, 

pro-inflammatory cytokines such as TNFα and IL-1β have been shown to increase levels of β-

secretase mRNA, and BACE1 protein and enzymatic activity. Lee et al. 77 have proposed that LPS-

induced inflammatory reactions influence APP processing through the enhancement of β- and γ-

secretase activity and thereby affect amyloidogenesis. 

Unfolded, misfolded and aggregated proteins are recognized by the danger associated molecular 

pattern (DAMP) receptors found on the cell surface of innate immune cells. An important finding in 

the neuroinflammation field is that aggregated Aβ acts as a DAMP, resulting in the activation of the 

innate immune system in the brain 78 with the consequence pro-inflammatory cytokine production. 

Hence, following an initial buildup of extracellular oligomeric Aβ, there is potential to stimulate an 

inflammatory response via microglia. As the pro-inflammatory response is directed to self-DAMPS, 

and as neurons are in turn impacted by the pro-inflammatory cytokines, a positive feedback loop is 

likely to be established, resulting in disease progression and establishing a chronic on-going disease 

(Figure 3).

AD risk genes- inflammation and membrane trafficking

For many years ApoE remained the only confirmed risk factor for late onset Alzheimer’s 

disease (LOAD). GWAS studies have now identified 29 risk genes 79,80
,
81. The most recent GWAS 

study verified already known loci associated with AD and detected 9 novel loci including 

ADAMTS4 (-secretase) and CLNK (a regulator of immunoreceptor signalling) 79. This recent 

study had a sample size eight-fold larger than the previous GWAS and included genetic data of 

>600,000 individuals. Analysis of the identified single nucleotide polymorphisms (SNPs) revealed 

that most of the variants are located in non-coding regions of the genome 79.

The identified risk genes for LOAD can be broadly grouped into four categories; innate immune 

response, cholesterol metabolism, endosomal trafficking and APP catabolism/processing 

(summarised in Table 1). 
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Examples of innate immune responses include Clusterin (CLU), TREM2 and CD33. CLU also 

known as apoJ, has several SNPs that have been identified and shown to confer protection against 

LOAD. CLU is predicted to function in synapse turnover, Aβ aggregation, clearance and toxicity 82.   

TREM2 (triggering receptor expressed on myeloid cells 2) is another example of a risk factor 

identified through GWAS studies which belongs to the innate immune response group. TREMs is a 

member of the immunoglobulin superfamily of receptors encoded by a gene cluster linked to the 

major histocompatibility complex (MHC) 83. TREM2 is a receptor expressed by myeloid cells, 

including microglia in the brain.  TREM2 stimulates phagocytosis and plays a role in the reduction 

of inflammation by suppressing toll-like receptor induced inflammatory cytokines and enhancing 

anti-inflammatory cytokine transcription 83. TREM2 is also required for migration, lipid sensing 

and ApoE binding 84. Overall, TREM2 as a surface receptor plays a fundamental role in the normal 

function of microglia in clearing A deposition and controlling pathology in the brain  85,86.  A 

number of allelic variants of TREM2 confer an increased risk of AD  87.   The missense R47H 

variant of TREM2 is a major risk factor for AD and results in a partial loss of function of TREM2.  

The R47H variant of human TREM2 has been shown to have a detrimental effect on microglial 

function in a transgenic mouse model  88.  The risk associated with TREM2 mutations depends on 

the genetic background, as different populations show differences in their risk of developing AD for 

a given TREM2 mutation. For example, the TREM2 R47H variant confers an increased risk of 

developing AD similar to that of ApoE4 in Caucasians, however there is no association between 

R47H status and risk of developing the disease in East Asian individuals 87.  For a detailed review 

on TREM2 and its link to microglia and AD, see Ulland and Collona, 2018 87.

CD33 has also been identified as a risk factor for LOAD. Two SNPS in the CD33 gene have been 

associated with LOAD. Like TREM2, the CD33 variant associated with increased risk has been 

directly linked to impaired uptake of Aβ by microglia cells. CD33 is a member of the sialic acid-

binding immunoglobulin-like lectins (Siglecs) and mediates cell-cell interactions that inhibit or 

restrict immune responses 89.

Impact of neuroinflammation on trafficking of APP and BACE and Aβ production 

There is evidence that an increase of Aβ production arises as a direct result of 

neuroinflammation 90. An increase in β- and γ-secretase activities may be one reason for the 

increased amyloidogensis. In addition, pro-inflammatory cytokines in the brain (neuroinflammatory 
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cytokines) have been reported to increase APP levels in neuronal cell models, suggesting that the 

expression of APP is upregulated 90. The relationship between APP and inflammation is further 

discussed by Sastre et al. 2008 91. In addition, another key issue is whether neuroinflammation has 

an effect on production of Aβ.

Neuronal BACE1 has been found to be induced in the proximity of activated glia cells 91, hinting 

the possibility of an inflammation dependent BACE1 upregulation. This suggestion was further 

supported by a study using neuronal cultures where exposure to pro-inflammatory cytokines and 

oxidative stress, resulted in an increase in BACE1 protein 91. As such BACE1 has gained a lot of 

attention as a target for therapeutic inhibitors. Whilst BACE inhibition has been shown to reduce 

Aβ levels, many clinical trials failed to rescue cognitive decline 92. Selective targeting of BACE1 

expression could present a more successful approach. An increase of MMP13 has been observed in 

both human AD brains and AD mouse models. The overexpression of MMP13 stimulates PI3K 

(phosphatidylinositide kinase-3) signalling which in turn promotes the eukaryotic translation 

initiation factor 4B (elF4B), which facilitates BACE1 mRNA translation. Selective targeting of 

MMP13 decreases elF4B phosphorylation and led to a reduction of BACE1 synthesis. These 

finding highlight both MMP13 and PI3K/Akt signalling as therapeutic targets 93.

In order to understand the direct connection between neuroinflammation and Aβ production, several 

studies have investigated the effect of LPS on Aβ production. In vivo animal experiments have 

shown that LPS injections induce memory loss and also the generation of Aβ1-42 in the cortex and 

hippocampus. How LPS induces amyloidogenesis remains unclear but it has been postulated to be 

related to changes in secretase activity, as LPS treatment was found to increase both β- and γ-

secretase activities. This may be related to the activation of transcriptional upregulation of β-

secretase mRNA 77. Taken together, these findings indicate that LPS augmented inflammatory 

reactions could influence APP processing through the enhancement of β- and γ-secretase activity 

and thereby affecting amyloidogenesis 77. 

Not only perturbations in the activity of the membrane bound secretases, but also defects in 

membrane trafficking are linked to enhanced Aβ production. A number of trafficking machinery 

genes have been identified as LOAD risk genes 94. The regulation of membrane trafficking plays an 

important role in APP processing and there is an intimate relationship between neuron activation 

and Aβ production. Increased neuronal activity results in increased Aβ production 95. Aβ production 

resulting from increased neuronal activity has been linked to endosomal processing of APP and Aβ 
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release from the cells 96. Enhanced co-localization of exogenously expressed APP and BACE1 was 

observed following glycine-induced N-methyl-D-aspartate receptor (NMDARs) activation or 

potassium activation 97, findings suggesting that the trafficking of APP and BACE1 could be altered 

under different physiological conditions. Of relevance, is that one of us has demonstrated the 

phosphorylation of the BACE1 sorting motif, DISLL, is regulated by signalling in neurons 10 and 

that the phosphorylation of the DISLL motif of BACE1 influences endosomal trafficking of 

endogenous 10. These studies highlight that external stimuli can induce changes to the trafficking 

itinerary of APP and BACE1 in primary neurons, which can also affect Aβ production. The 

question that arises from these findings is whether cytokines secreted from activated microglia can 

drive signalling events in neurons to influence trafficking and convergence of APP and BACE1. Of 

relevance is that TNFα has been shown to stimulate BACE1 expression and is also linked to 

enhanced Aβ production 98. Collectively, these reports suggest that the inflammatory environment 

contributes to Aβ production. 

Aβ induced apoptosis is associated with cyclooxygenase-2 upregulation through activation of NFκB 

signalling, and mediated by various kinases including ERK and p38 MAPK signalling. The increase 

of apoptotic neuronal cell death via elevation of Aβ1-42 could be an important mechanism in LPS 

induced memory impairment 99.

In summary, systemic inflammatory stimuli elevate amyloidogenesis through a number of likely 

mechanisms, including activation of β- and γ-secretases, inhibition of α-secretase, alterations in 

membrane trafficking of APP and BACE1, leading to elevated Aβ1-42 levels both in vivo and in 

vitro. The elevated inflammation and amyloidogenesis would then result in neuronal cell death and 

thus memory impairment. 

 

Relationship between chronic inflammation in the periphery and AD 

Given the importance of neuroinflammation in AD, it is important to consider the potential 

impact of peripheral chronic inflammation on the progression of AD.  What do we know about 

conditions associated with chronic inflammation and susceptibility to AD? There is evidence of a 

correlation between systemic chronic inflammation, as determined by elevated C-reactive protein 

(CRP), and AD risk 100. Inflammatory conditions are also increasingly linked to AD. Oral health 

and infection, such as periodontitis, is correlated with AD, reviewed recently by Teixeria et al, 2017 

101. The relationship between chronic inflammatory autoimmune diseases, such as rheumatoid 
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arthritis (RA), which is characterised by both elevated CRP and TNFα, and AD have been studied. 

Whilst one study found that AD was more prevalent among RA patients than those individuals not 

affected by RA 102, whilst Kao et al, 2016, claim an inverse correlation between the two diseases 

103. 

Is there any evidence of protection from AD by long term anti-inflammatory medication? Several 

epidemiological studies have provided evidence for a reduced prevalence of AD among non-

steroidal anti-inflammatory drug (NSAID) users 104,105. The effects appear to be strongly dependent 

on both the duration of treatment and the ApoE genotype. Individuals with at least one ApoE 4 

allele, benefited significantly more from NSAID use 106, possibly due to their increased risk of AD. 

However, whilst some studies suggest beneficial effects of NSAIDs such as Ibuprofen, others 

studies did not find a correlation. A more recent report, involving very large cohort of 8.5 million 

participants, not only confirmed an increased AD risk among RA patients, but also indicated there 

could be an important connection between anti-TNFα therapy for RA and reduced risk of AD 

amongst RA patients. RA patients on anti TNF therapy with etanercept have a lowered risk of AD 

102. This represents an exciting observation that needs further investigation. 

Conclusion and future directions 

There is now substantial evidence that neuroinflammation contributes to the progression of 

AD and, as such, AD can now be considered as a chronic inflammatory disease. In addition, there is 

an increasing appreciation that the pathways of Aβ production and accumulation and of 

inflammation may converge and synergise the progression of this neurodegenerative disease. 

However, in spike of the recent advances there remain considerable gaps in our knowledge on the 

interactions between the different cell types involved in AD and as well as the molecular details of 

the pathways which link Aβ accumulation and on-going inflammation. Unravelling the underlying 

mechanisms of this system could help identify new therapeutic targets and to provide a deeper 

understanding as to why current therapeutic strategies are often failing. 

Given the relevance of inflammation to the progression and pathology of AD, current therapeutic 

treatments from other chronic inflammatory conditions could be exploited. The role of MMPs in 

AD was mentioned earlier. MMPs play a crucial role in the development of osteoarthritis. As for 

neuroinflammation, in osteoarthritis TNFα and IL1β drive the inflammatory process 107. 

Pharmacological inhibition of MMP13 is an effective strategy in mouse models of osteoarthritis 108. 

Of relevance, is the selective targeting of MMP13 decreases elF4B phosphorylation causing a 
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reduction of BACE1 synthesis and studies in a mouse model resulted in attenuated cerebral amyloid 

pathology, rescued learning and memory deficits in an AD mouse model 109. Hence, these findings 

provide support to investigate strategies for anti-inflammatory treatments in AD. 

Another approach is to target the feedback loop between pro-inflammatory cytokine release by 

activated microglia and Aβ production and its dispersal. The molecular details of this feedback 

pathway need to be better defined both in vitro and in vivo as it likely to provide crucial insights in 

understanding disease development and also to reveal novel therapeutic targets. More information is 

required on how activated microglia affect neurons. Co-culturing primary neurons and microglial 

cells, or exposing one cell type to conditioned media of the other, would be worthwhile experiments 

to established a system to define the effectors responsible for inflammation in AD. In addition, 

exploiting newly emerging 3D models of brain tissue 110 containing activated microglia and neurons 

could also aid in defining the key events associated with Aβ secretion and turnover, and Aβ 

neurotoxicity under inflammatory conditions. Organoid cultures of neurons, microglia and 

astrocytes from iPSC cells derived from cells from patients with familial mutations could provide a 

powerful approach to understand the impact of disease-causing mutations within a cellular 

environment that mimics the physiological tissue.

In addition to in vitro cell and tissue systems, existing mouse models used by immunologists and 

neurobiologists could be further exploited. For example, cytokine reporter mice 111, used 

extensively in immunological studies of peripheral responses, could be used for the identification of 

cytokine expressing cells in vivo, and would be particularly useful for neuroinflammation studies. 

The application of sophisticated imaging technologies with AD mouse models would also be 

beneficial. These include combining fluorescent protein labelled membrane proteins and secreted 

cytokines with cranial windows in AD mouse models, to track the events in situ. Also, laser capture 

microdissection-targeted mass spectrometry could also be used to identify inflammatory cytokines 

and other neurotoxic products in defined regions of the brain in AD mouse models. A recent study 

by MacDonald et al. 112 has successfully investigated this combined approach. Analysing both 

human and monkey model post mortem they were able to quantify over 200 proteins in different 

cortical layers. This promising approach has the advantage of exceptional precision and throughput 

without losing sensitivity and has the potential to generate insights into proteomics of specific brain 

tissues112. This approach could potentially be exploited for cytokine profile analysis in human post 

mortem studies. Such approaches would provide a spatial map of the events associated with 

neuroinflammation and the impact on neurons.
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Legends to Figures

Figure 1. Amyloidogenic processing of APP

The amyloid beta precursor protein (APP) undergoes processing by BACE1, resulting in the sAPPβ 

and the C99 fragment. This is further processed by γ-secretase, resulting in the Aβ monomer. The 

Aβ monomer can assemble into oligomers and fibrils and eventually form the characteristic Aβ 

plaques. 

Figure 2. Differences of microglia function under physiological and pathological conditions. 

Microglia mediate immune responses by clearing apoptotic cells, debris and Aβ and secrete various 

neurotrophins and cytokine. Under pathological conditions, the clearance of Aβ is often impaired, 

leading to Aβ build up and the secretion of neurotrophins, neurotoxins together with pro-

inflammatory cytokines. 

Figure 3. Potential positive feedback loop in the diseased brain between microglia and neurons.

(a) In the healthy brain microglia cells clear amyloid β from the CNS microenvironment and secrete 

neurotrophic factors maintaining a healthy neuron population. (b) A model illustrating the 

activation of microglia after DAMP recognition of inflammatory stimuli or amyloid β stimulation. 

Microglia activation induces release of pro-inflammatory cytokines and mediates 

neuroinflammation and neurotoxicity. The resulting increase of amyloid β leads to further 

aggregation and the sustained low-grade inflammation found in Alzheimer’s disease. 
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Table 1. Summary of selected genetic risk factors associated with LOAD

Functional class Risk gene

Triggering receptor expressed in myeloid cells 2 (TREM2) 67

Ephrin type-A receptor 1 precursor (EPHA1) 79

Complement receptor 1 (CR1) 79

SLP Adaptor And CSK Interacting Membrane Protein 

(SCIMP) 79

CD33 89

HLA-DRB1 79

Innate immune response

Inositol Polyphosphate-5-Phosphatase D (INPPD5) 79
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ABI family member 3 (ABI3) 79

Membrane spanning 4A (MS4A) 80

Cytokine dependent hematopoietic cell linker (CLNK) 79

Cas scaffolding protein family member 4 (CASS4) 79

Apolipoprotein E (ApoE) 113

Enoyl-CoA Hydratase Domain Containing 3(ECHDC3) 79

Clusterin (CLU) 81

ATP binding cassette subfamily A member 7 (ABCA7) 80

Cholesterol metabolism

Sortilin protein related receptor (SorL1) 80

Sortilin protein related receptor  (SorL1) 80

Bridging integrator 1 (BIN1) 80

Sortin nexin 3 (SNX3) 80 

Phosphatidylinositol binding clathrin assembly protein 

(PICALM) 80

CD2 associated protein (CD2AP) 80

Endocytosis

A disintegrin and metalloproteinase with thrombospondin 

motifs 4 (ADAMTS4) 79

APP processing A disintegrin and metalloproteinase domain-containing 

protein 10 (ADAM10) 79
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