
Inflammation in Alzheimer disease: driving 
force, bystander or beneficial response?
Tony Wyss-Coray

Alzheimer disease is a progressive dementia with unknown etiology that affects a growing number of the aging 
population. Increased expression of inflammatory mediators in postmortem brains of people with Alzheimer disease 
has been reported, and epidemiological studies link the use of anti-inflammatory drugs with reduced risk for the 
disorder. On the initial basis of this kind of evidence, inflammation has been proposed as a possible cause or driving 
force of Alzheimer disease. If true, this could have important implications for the development of new treatments. 
Alternatively, inflammation could simply be a byproduct of the disease process and may not substantially alter its 
course. Or components of the inflammatory response might even be beneficial and slow the disease. To address 
these possibilities, we need to determine whether inflammation in Alzheimer disease is an early event, whether it is 
genetically linked with the disease and whether manipulation of inflammatory pathways changes the course of the 
pathology. Although there is still little evidence that inflammation triggers or promotes Alzheimer disease, increasing 
evidence from mouse models suggests that certain inflammatory mediators are potent drivers of the disease. Related 
factors, on the other hand, elicit beneficial responses and can reduce disease.

Evidence for inflammation in Alzheimer disease
Alzheimer disease is an age-dependent neurodegenerative disorder that 
results in progressive loss of cognitive function. It is characterized by the 
accumulation of the amyloid-β (Aβ) peptide into amyloid plaques in 
the extracellular brain parenchyma1 and the formation of tangles inside 
neurons as a result of abnormal phosphorylation of the microtubule-
associated protein tau2. Rare autosomal dominant mutations in the gene 
for amyloid precursor protein (APP)3 (which is processed into Aβ) and 
in presenilin genes4 (which encode proteins involved in the processing 
of APP) have strongly implicated Aβ as a central player in Alzheimer 
disease. Amyloid deposits and tangles are accompanied by a marked 
loss of neurons in the neocortex and hippocampus.

Besides these hallmarks, prominent activation of inflammatory pro-
cesses and the innate immune response are observed in the brains of 
people with Alzheimer disease (reviewed in refs. 5 and 6). In principle, 
this neuroinflammation (Box 1) may drive pathology or be the result of 
an ongoing disease process (Fig. 1). Activation of inflammatory pathways 
early or even preceding the disease would provide support for a causative 
role for inflammation, although inflammation could still be a driving 
force and accelerate disease if it is activated later on in the disease. It is 
also possible that inflammation induces beneficial immune responses 

that limit disease. Thus, broad inhibition of inflammation would not be 
desirable. Inflammation or beneficial responses may be linked to genetic 
polymorphisms or regulated by epigenetic factors such as the presence of 
other diseases (asthma, Crohn disease, arthritis, type I diabetes and oth-
ers), microbial infections, traumatic injuries or drug use. Interestingly, 
a growing literature has linked polymorphisms in cytokines and other 
immune molecules with Alzheimer disease, and epidemiological stud-
ies indicate that use of nonsteroidal anti-inflammatory drugs (NSAIDs) 
reduces the risk of Alzheimer disease (Fig. 1). Also, the role of immune 
and inflammatory processes may be more or less pronounced in differ-
ent Alzheimer disease ‘subtypes,’ characterized by different levels of Aβ, 
tau and ubiquitin and the presence or absence of the apolipoprotein E 
(APOE) ε4 allele7.

Postmortem protein and gene expression studies. The development 
of specific antibodies in the 1980s made it possible to identify the pres-
ence of complement proteins and the expression of major histocom-
patibility complex (MHC) class II molecules on microglia surrounding 
amyloid plaques in the brains of people with Alzheimer disease8,9. Since 
then, many studies have confirmed the abnormal expression of cytokines, 
chemokines, complement proteins and other proteins typically associated 
with immune and inflammatory responses (reviewed in ref. 5).

Several of these studies not only used immunohistochemistry, but 
also validated changes in expression by western blot, ELISA or mRNA 
measurements. Unbiased gene expression analyses have confirmed 
some of these findings and identified additional proteins with roles 
in inflammation (reviewed in refs. 10 and 11). For example, in a com-
parison of genes differentially expressed in the CA1 region of indi-
viduals with mild Alzheimer disease and controls without dementia, 
interleukin (IL)-1α, IL-1β, cyclooxygenase (COX)-2, NF-κB1 and 
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several other immune and inflammatory mediators were among the 
top 20 upregulated genes, whereas Smad3, a transcription factor of the 
transforming growth factor (TGF)-β pathway, was among the genes 
with the most substantially reduced expression12. In a thorough review 
studying microarray data in aging and Alzheimer disease, it was noted 
that genes associated with inflammation are increased in aging and 
that this is accentuated in Alzheimer disease11. Genes associated with 
inflammation reported to be increased in more than one study include 
NF-κB, the chemokine CCL20, IL-1α and tumor necrosis factor (TNF)-
α–induced protein 2. Notable genes overlapping between individuals 
with Alzheimer disease and APP transgenic mice (a mouse model of 
the disease; see below) include complement components 4A and 4B, 
the microglial protein CD68 and the astrocyte activation marker glial 
fibrillary acidic protein (GFAP). However, there is overall disappoint-
ingly little overlap among the seven microarray studies on humans with 
Alzheimer disease, and there is even less overlap in reported changes 
in gene expression between humans and APP mouse models. This is 
less likely to be due to a lack of validity of individual expression mea-
surements, and more likely to result from differences in experimental 
setups, interindividual differences and different statistical tools used 
to mine the data. In addition, the immune response of inbred mouse 
strains may be different from that of a genetically diverse human popu-
lation, and the transgenic overproduction of mutant APP may result in 
additional activation of immune responses. In the end, the biological 
relevance of gene expression changes, whether detected by array or 
more conventional means, needs to be validated in different animal 
models and ultimately in humans.

A few studies have also used positron emission tomography (PET) 
to study inflammation in living individuals with Alzheimer disease 
by assessing binding of a synthetic ligand of the so-called peripheral 
benzodiazepine binding site to activated microglia. Although initial 
studies did not detect specific binding13, the use of a refined method 
led to the observation of increased binding in the entorhinal, tem-

poroparietal and cingulate cortex in those with mild to moderate 
Alzheimer disease14. A marked increase in binding was also observed 
in an additional study15, but more data are needed to validate this 
approach and to determine whether microglia are activated at the 
earliest stages of Alzheimer disease.

These neuropathological and gene-expression studies show the activa-
tion of immune and inflammatory pathways in Alzheimer disease. But 
so far, they have failed to establish whether these changes occur early 
and may promote disease or are a compensatory reaction to a degenera-
tive process. It is also critical to keep in mind that immune factors and 
inflammatory proteins are multifunctional (Box 1), and many have both 
pro- and anti-inflammatory effects. Therefore, their mere presence does 

Chronic inflammation
(detrimental)

Alzheimer
pathogenesis

Genetic factors
Epigenetic factors

NSAIDs

Beneficial immune
responses

Figure 1  Possible roles of inflammation and NSAIDs in Alzheimer disease 
pathogenesis. Alzheimer disease is associated with chronic activation of 
inflammatory pathways that are likely to be detrimental and can in turn 
promote disease (↑↓). In contrast, beneficial immune responses, including 
phagocytosis or production of repair and trophic factors, may inhibit Alzheimer 
disease. It is also possible that the disease process inhibits these beneficial 
responses (straight inhibitory arrows). Both chronic inflammation and 
beneficial immune responses may be regulated genetically or by epigenetic 
factors including traumatic injury, infections or other diseases (curved arrows). 
They may promote disease or be a response to it. NSAIDs may exert beneficial 
effects on Alzheimer disease by directly inhibiting disease development, 
progression or both (for example, by reducing Aβ production) or by inhibiting 
inflammation (curved inhibitory arrows).

BOX 1 WHAT IS NEUROINFLAMMATION?
Inflammation is a specialized immune response of the organism 
to an invading pathogen, a traumatic event, or in general 
terms, an injurious agent. The agent may be foreign or self, as 
in a necrotic cell, and inflammation may be acute or chronic. 
Inflammation in the classical sense involves innate and adaptive 
immune responses. Innate immune responses involve typically 
macrophages, natural killer cells, the complement system 
and numerous cytokines, chemokines, acute phase proteins 
and arachidonate metabolites5,112–114. The adaptive immune 
response uses the same soluble mediators, as well as T and B 
lymphocytes and specific antibodies. The inflammatory reaction 
that characterizes most neurodegenerative diseases, including 
Alzheimer disease, is often called ‘neuroinflammation’ and 
consists mainly of elements of the innate immune response. 
Activated microglia—the resident macrophages of the 
brain—and astrocytes are the main cells that participate in this 
response. Adaptive immune responses and the infiltration of 
lymphocytes or polymorphonuclear cells are limited in Alzheimer 
disease.

Whereas an inflammatory response is necessary and crucial 
if the agent is a pathogen or dying cell, aberrant inflammatory 
responses are well-known causes of tissue damage and disease. 
Overly aggressive complement activation, for example, may 
kill invading bacteria but also destroy host cells. Persistent 
inflammatory responses can lead to permanent scarring and 
tissue damage. Many wrongly equate the term ‘inflammation’ 
with these detrimental outcomes only.

Inflammation is a biological process that recruits different 
cell types and molecules that may have many other functions 
outside inflammation. ‘Inflammatory cell types’ or, worse, ‘pro- 
and anti-inflammatory’ proteins do not exist, and these terms 
greatly complicate discussions about the role of inflammation 
in disease. They are only useful to describe the action of cells 
or proteins at a given time, not their inherent nature. Most 
cells are plastic enough that they can promote or inhibit an 
inflammatory response. This is even truer for cytokines or 
chemokines, which act in highly context-dependent ways. The 
‘proinflammatory’ cytokine TNF-α, for example, may indeed 
promote an inflammatory response, but it may also kill cells, 
protect neurons or even modulate neurotransmission118. 
Conversely, the ‘anti-inflammatory’ protein TGF-β1 promotes 
inflammation and cellular infiltration early in an immune 
response, but is critical later in downregulating inflammation119. 
The same multifunctionality has been described for many 
other inflammatory mediators that have been more thoroughly 
investigated.
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not predict whether they are beneficial or detrimental and whether they 
have a role in inflammation at all. Animal studies will be necessary to 
sort out this question.

Genetic linkage between inflammation and Alzheimer disease. 
Based on the observations that inflammatory pathways are activated in 
Alzheimer disease and that people with arthritis have a reduced risk for 
the disease, geneticists have been scanning the most obvious immune-
regulatory genes for mutations or polymorphisms that might be linked 
with Alzheimer disease. Genes encoding many major cytokines, che-
mokines and acute-phase proteins have been surveyed and, although 
individual reports sometimes show statistically significant genetic link-
ages of single nucleotide polymorphisms or haplotypes in case-control 
studies, many of these findings have not been confirmed. Meta-analyses 
of multiple such association studies are therefore helpful in assessing an 
overall genetic effect. This has been done for more than a hundred genes, 
including several major immune mediators (see http://www.alzgene.
org). These genes show only very modest effects on Alzheimer disease 
risk that are not statistically significant (Table 1). It is still possible that 
other polymorphisms in these or other genes associated with inflamma-
tion might show stronger linkage to Alzheimer disease in future studies  
or in selected groups of affected individuals.

Although polymorphisms in these immune-mediator genes do 
not currently support a strong genetic effect of immune responses on 
Alzheimer disease, it should be noted that ApoE may confer some of 
its risk for the disease by modulating immune responses. The APOEε4 
allele has a prevalence of 10–15% in most populations and is the major 
susceptibility allele for Alzheimer disease16,17. This genetic effect has 
been ascribed to the role of ApoE on lipid metabolism and Aβ genera-
tion, Aβ clearance or neuroprotection and regeneration16. Notably, lack 
of apoE expression in mice is associated with increased inflammation16 
and susceptibility to a number of pathogens, and mice with targeted 
replacement of the mouse Apoe with human APOE4 show more pro-
duction of TNF-α and IL-6 in response to lipopolysaccharide (LPS) 
than mice with human APOE3 (ref. 18). How apoE exerts its effects on 
immune responses is still unclear, but a recent report showed that apoE 
is involved in the presentation of lipid antigens in the context of MHC 
class I–like CD1 molecules19. Lipid antigens have been implicated as 
autoantigens in mouse models of multiple sclerosis20, and it is interest-
ing in this context that APOEε4 is associated with a more rapid progres-
sion and a more severe clinical course in humans with this autoimmune 
disorder21. Thus, genetic differences in APOE seem to modulate immune 
responses, and it will be interesting to determine whether this is relevant 
for Alzheimer disease.

Use of NSAIDs and Alzheimer disease risk. Support for early det-
rimental activation of inflammatory processes in Alzheimer disease 
came from epidemiological observations that found a lower inci-
dence of the disease in those with arthritis22. Because most people 
with arthritis use NSAIDs, the most parsimonious conclusion is 
that these drugs reduce the risk of Alzheimer disease. Indeed, evi-
dence from multiple case-control and population-based studies 
supported a roughly 50% reduction in Alzheimer disease risk in 
long-term users of NSAIDs and warranted their testing in clinical 
trials in people with Alzheimer disease. NSAIDs generally inhibit 
cyclooxygenase (COX)-1 and COX-2 (Fig. 2), which were identified 
as the main targets of the original NSAID acetylsalicylate (aspirin). 
Currently, there are dozens of NSAIDs on the market with a range 
of specificities for COX-1 and COX-2 or alternative targets (Fig. 2). 
Unfortunately, although a small trial of indomethacin in individuals 
with mild to moderate Alzheimer disease showed positive results23, and 
a similar trial of diclofenac showed a trend24,  larger trials of rofecoxib 
and naproxen have failed (reviewed in ref. 25).

There are many reasons to explain the failure of these trials; the tim-
ing of treatment, dosing and the specificities of administered NSAIDs 
are most frequently cited. In addition, it is possible that genetic factors 
predisposing people to arthritis or other inflammatory diseases, rather 
than their use of NSAIDs, may reduce risk of Alzheimer disease, or that 
factors generally produced in the course of inflammatory diseases in 
the periphery are protective for Alzheimer disease. Although currently 
there is no experimental support for these possibilities, they should not 
be dismissed.

It is certainly intriguing that those with arthritis who used NSAIDs 
had a threefold reduction in the number of MHC class II–positive acti-
vated microglia in their brains at autopsy compared with normal con-
trols without arthritis and no chronic use of NSAIDs26. This suggests 
that use of NSAIDs—or, again, having arthritis—reduces microglial 
activation. Of note, NSAID use and arthritis did not alter the number 
of amyloid plaques and tangles, which were found at low numbers in the 
absence of cognitive dysfunction or clinically diagnosed Alzheimer dis-
ease in this relatively large autopsy study (30 individuals per group).

That NSAID use may be responsible for reduced microglial MHC class II 
expression in these individuals is consistent with recent preclinical 
studies in animal models of Alzheimer disease. In the first such study, 
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Figure 2  Reported effects of NSAIDs with respect to Alzheimer disease 
and APP processing. NSAIDs inhibit the production of prostaglandins 
and thromboxanes, key inducers of inflammation, by inhibiting their main 
targets COX-1 and COX-2 (arrows A, B). NSAIDs have many off-target 
effects, including the inhibition (C) or modulation (D) of γ-secretase, the 
inhibition of the small GTP-binding protein Rho and its associated kinase 
Rock (E) and the inhibition of translocation of the transcription factor 
NF-κB (F), which activates many genes that promote inflammation. It 
also activates BACE transcription. NSAIDs also stimulate activation of the 
nuclear receptor PPAR-γ (G), which, together with the retinoid X receptor 
(RXR), binds to DNA to increase macrophage function and repress BACE 
transcription. The following are examples of NSAIDs with the indicated 
effects: A: S-flurbiprofen, indomethacin, aspirin and ibuprofen (preferential 
COX-1 inhibitors115); B: rofecoxib, nimesulide, celecoxib and diclofenac 
(preferential COX-2 inhibitors115); C: sulindac sulfide, ibuprofen, 
indomethacin, flurbiprofen and meclofen33,36–40; D: celecoxib and 
sc-56040,41; E: sulindac sulfide, ibuprofen and indomethacin31; 
F: R-flurbiprofen, indomethacin44; G: indomethacin, ibuprofen, fenoprofen, 
flufenamic acid, naproxen, sulindac sulfide and HCT1026116,117.
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ibuprofen had a beneficial effect in APP transgenic mice27. Ibuprofen 
treatment for 6 months reduced amyloid plaque numbers, microglial 
activation around plaques and IL-1β abundance. This effect of ibuprofen 
and a few other NSAIDs on Aβ deposition in APP mice was confirmed 
in most subsequent studies (reviewed in ref. 28). However, there seems 
to be discordance between the abundance of classical COX-dependent 
inflammatory mediators and Aβ accumulation29: treatment of APP 
mice with indomethacin reduced cerebral prostaglandins by 90%, but 
reduced hippocampal Aβ only minimally and had no effect on cortical 
Aβ abundance. And other studies found no significant effects of NSAIDs 
at all in reducing Aβ deposition in APP mice30. The reasons for these 
discrepancies will have to be determined.

These and similar studies lead to the question of how NSAIDS reduce 
Aβ accumulation. Recent evidence suggests that certain NSAIDs may exert 
their effects independent of COX-1 or COX-2 (Fig. 2). At least two alter-
native targets of NSAIDs have received particular attention with respect 
to Alzheimer disease, the peroxisome proliferator-activated receptor-γ 
(PPAR-γ) and the presenilins. Several NSAIDs have also been reported 
to decrease the production of Aβ by inhibiting the small GTP-binding 
protein Rho and its associated kinase Rock (ref. 31). In addition, NSAIDs 
can reduce NF-κB translocation, inhibit MAP kinases or inhibit the cell 
cycle32. For these activities to be relevant in vivo and in Alzheimer disease, 
drug concentrations have to be within the range obtained in humans. 
Short-term treatments in mice suggest that the activities are indeed within 
the IC50 for COX-1 or COX-2 inhibition for specific NSAIDs32,33.

Studies in cell culture and APP mice indicate that NSAIDs that acti-
vate PPAR-γ may reduce Aβ production by repressing the activity of 
the β-secretase cleaving enzyme 1 (BACE1) promoter, thus decreasing 
amyloidogenic processing of APP34. Notably, the abundance of PPAR-γ 
is reduced in APP mice and in Alzheimer disease postmortem cortical 
tissue compared with controls, whereas that of BACE1 is increased, and 
acute treatment with a PPAR-γ agonist reverses these differences and 
reduces the abundance of Aβ in APP mice34. In a different APP mouse 
model, chronic treatment with only half the dose of the PPAR-γ agonist 
did not reduce Aβ abundance significantly, although a strong trend was 
observed35.

Numerous in vitro studies have also shown that certain NSAIDs can 
modulate γ-secretase and the production of Aβ33,36–40. For example, 
ibuprofen, indomethacin or sulindac sulfide reduce Aβ abundance in 
APP-expressing cells. Ibuprofen has this effect even in the absence of 

COX enzymes and also reduces Aβ after acute treatment in APP trans-
genic mice36. Notably, acute dosing of APP mice over 3 d produces drug 
levels in the low micromolar range in the brain, which, in the case of 
ibuprofen, are inversely correlated to Aβ levels33. Other NSAIDs, such 
as celecoxib, seem to selectively increase Aβ abundance in culture40,41, 
although the relevance of these effects for Alzheimer disease pathogen-
esis in individuals taking such drugs is currently unclear42.

Perhaps the most exciting finding from these studies on nonclassical 
targets of NSAIDs is the potent Aβ-reducing effect of flurbiprofen and its 
enantiomers. In particular, R-flurbiprofen, which does not inhibit COX 
activity and therefore has few COX-dependent side effects in humans, 
reduces Aβ abundance in APP mice at plasma levels below those achieved 
in humans with a therapeutic dose33. A recently concluded phase 2 trial 
of R-flurbiprofen (Flurizan) over 12 months showed a statistically sig-
nificant slowing in decline of activities of daily living and global function 
in people with mild Alzheimer disease. In an optional follow-on study, 
R-flurbiprofen continued to slow functional and cognitive decline in 
individuals receiving up to 21 months of treatment (http://www.myriad.
com/alzheimers/flurizan.php). A phase 3 trial is now underway and will 
hopefully confirm these encouraging preliminary results.

But as often with NSAIDs, there may be another twist to this story. 
R-Flurbiprofen at low doses was as efficient as its COX-inhibiting S 
enantiomer in limiting zymosan-induced hindpaw inflammation in 
rats43. This effect did not involve epimerization from the R to the S iso-
mer, but seemed to be mediated by an inhibition of NF-κB translocation 
and consequent reduced COX-2 expression (Fig. 2). If confirmed, such 
a mechanism could support the inflammation hypothesis once again. In 
support of a COX-independent action of certain NSAIDs, indometha-
cin was also found to reduce NF-κB activity in APP mice, and this was 
accompanied by a >50% reduction in brain Aβ abundance44.

So what are the lessons to be learned? Maybe that NSAIDs are not 
purely anti-inflammatory and that COX-2 may be the wrong target. It 
is striking that drugs with promising effects in humans and with Aβ-
reducing properties in APP mice have targeted COX-1 and nonclassi-
cal pathways (such as PPAR-γ and γ-secretase), whereas unsuccessful 
clinical trials in humans have used mostly COX-2–specific inhibitors. 
Because most NSAIDs have multiple targets that do not involve classical 
inflammatory pathways, it seems difficult to definitively link their use 
to anti-inflammatory actions. More specific NSAIDs or new inhibitors 
of inflammation working through pathways not utilized by previous 

Table 1  Alzheimer disease risk associated with genetic polymorphisms in immune mediators.

Genea Odds ratiob 95% confidence interval Allele; position in gene Number of studies in meta-analysis

α1-ACTc 1.06 0.96–1.17 A17T 35

CCR2 0.85 0.58–1.26 V64I 3

CCR5 1.09 0.81–1.46 ∆32 3

MCP-1 1.15 0.85–1.54 G/A; –2518 5

Fas 1.06 0.87–1.28 G/A; –670 6

IL-1α 1.08 0.98–1.18 T/C; –889 22

IL-1βc 0.94 0.87–1.02 T/C; –511 15

IL-6 0.87 0.72–1.05 C/G; –174 13

IL-10c 0.86 0.63–1.18 G/A; –1082 6

ICAM-1 1.15 0.80–1.65 E469K 3

TGF-β1 1.01 0.91–1.13 T/C; –509 4

TNF-αc 0.96 0.75–1.24 A/G; –308 6

aCCR, chemokine CC motif receptor; MCP, monocyte chemotactic protein; ICAM, intercellular adhesion molecule. bAll data were obtained from meta-analyses for the listed genes at AlzGene.org 
(Bertram, L., McQueen, M., Mullin, K., Blacker, D.& Tanzi, R. The AlzGene Database. Alzheimer Research Forum http://www.alzgene.org; accessed 11 April 2006). cMore than one meta-analysis 
available on AlzGene; results in table are for polymorphisms with largest available number of studies. None of the other polymorphisms showed significant effects.
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drugs will probably be necessary to determine whether inflammation 
is driving Alzheimer disease.

Inflammation in animal models of Alzheimer disease
Whereas the human studies are essential to establish that inflammation 
is part of Alzheimer disease, animal models are necessary to manipu-
late inflammation in vivo and to efficiently test inflammation-based 
therapeutic strategies (Box 2)45–52. However, animal models will not be 
able to answer the question of the possible causal role of inflammation 
in Alzheimer disease. We also need to establish whether models with 
Alzheimer-like disease mimic the inflammatory processes observed in 
true Alzheimer disease.

Mouse models of Alzheimer disease show activation of immune and 
inflammatory pathways in the brain that include, at the minimum, 

microglial and astrocyte activation (reviewed in ref. 28). There is also 
increased production of cytokines, chemokines, complement proteins 
and acute-phase proteins28. Several groups have carried out unbiased 
gene expression microarray studies in APP and APP–presenilin-1 (PS1) 
mice and, as discussed above, some of the genes found to be expressed 
differentially between transgenic and control mice overlapped with 
genes identified in humans with Alzheimer disease11. A direct compari-
son of significant genes in different mouse models has not been done. 
This would be particularly interesting to do in young mice, preferably 
in different genetic backgrounds or outbred strains, to detect genes 
with the most dominant changes associated with disease progression. 
A study comparing different APP and APP-PS1 mice at young and old 
ages showed increased expression of complement genes (C1q and C4) 
and genes involved in phagocytosis (FcRI, CD14, TYRO-BP and CD68) 

Table 2 Genetic modulation of immune and inflammatory pathways in mouse models of Alzheimer disease. 

Mouse modela Manipulationb Transgene targeting; function Outcome (Alzheimer disease–like pathology in 
nervous system)

Reference

APP-PS1 NSE-COX2 Neuronal; prostaglandin synthesis ↑ Aβ accumulation, ↑ PGE2 62

APP-PS1 PGE2 receptor EP2–/– Knockout; PGE2 signaling and microglial activation ↓ Aβ accumulation, ↓ β-CTF, ↓ lipid peroxidation 63

PDGF–APP-J20 Metallothionein-sCrry
Secreted; inhibits activation of complement C3 in 
brain and peripheral tissues

↑ Aβ accumulation, ↓ microglial activation (F4/80), 
accumulation of degenerating hippocampal neurons

67

Tg2576 C1q–/– Knockout; activation of classical pathway of comple-
ment

↔ Aβ, ↓ microglial activation (CD11b, F4/80, MHC-
II), ↓ astrocyte activation (GFAP), rescue of synapto-
dendritic degeneration

68

APP23 Thy1–IL-1ra
Secreted; binds IL-1 receptor and inhibits IL-1 
signaling

↔ Aβ, ↑ MIP-1α and RANTES c

APP23 GFAP–IL-6 Secreted; activates IL-6 signaling on CNS cells
↔ Aβ, same general↑ inflammation as seen in GFAP-
IL6 mice (↑ cytokines, chemokines, acute-phase 
proteins)

c

PDGF–APP-J9 GFAP–TGF-β1 Secreted; activates TGF-β signaling on CNS cells
↓ Aβ accumulation overall, ↑ cerebrovascular Aβ, 
↑ microglial activation (F4/80), ↑ astrocyte activation 
(GFAP)

69

APP-Tg2576 GFAP–MCP-1 Secreted; binds CCR2 on microglia, macrophages
↑ Aβ accumulation in diffuse deposits, ↑ number and 
clustering of microglia (Iba1), ↓ activation of micro-
glia (MHC II, CD45)

75

APP-Tg2576 CD40L–/– Knockout; binds CD40 on microglia, neurons
↓ Aβ accumulation, ↓ microglial (CD11b) and astro-
cyte (GFAP) activation

76

PDGF–APP-J9 PDGF-RAGE Neuronal; RAGE signaling
↑ Aβ accumulation, ↑ glial activation (CD11b, GFAP), 
↑ NF-κB signaling, spatial learning and memory defi-
cits, ↓ LTP, ↓ synaptic integrity

78

PDGF–APP-J9 PDGF–DN-RAGE
Neuronal; dominant negative RAGE inhibits RAGE 
signaling

↓ NF-κB signaling, improved spatial learning and 
memory, ↑ LTP

78

PDGF–APP-J9 GFAP–α1-ACT Secreted; inhibits serine proteases ↑ Aβ accumulation 81

PDAPP GFAP–α1-ACT Secreted; inhibits serine proteases ↑ Aβ accumulation, 80

↔, no change; ↑, increased; ↓, decreased; NSE, neuron-specific enolase; β-CTF, APP C-terminal fragment; GFAP, glial fibrillary acidic protein; CCR, chemokine CC motif receptor; 
PDGF, platelet-derived growth factor; IL-1ra, IL-1 receptor antagonist. J9, J20, Tg2576 and 23 refer to the founder transgenic lines of the various mouse models used.
aDetails on mouse models, including expression pattern and levels, the presence of mutations and so forth, are described in the cited papers. bTransgenic or targeted deletion of 
indicated factors. cM. Staufenbiel, personal communication.
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in old transgenic mice, but there were no striking increases in genes 
associated with inflammation in young mice53. Likewise, in a separate 
study, complement genes C1q and C4 and TYRO-BP were upregulated 
in 17- to 18-month-old APP-PS1 mice in regions where amyloid accu-
mulates54. In 2-month-old APP Tg2576 mice (several months before 
amyloid pathology occurs in this model), the chemokine receptor 
CXCR4 was increased in an unbiased array experiment55. Whereas this 
receptor for the chemokine stromal-derived factor (SDF)-1 has clear 
roles in inflammation, it also has important functions in neuronal pro-
genitor cell migration during development, in response to injury and 
in axonal pathfinding56. This example highlights again that we should 
be cautious when assigning labels to proteins (Box 1) and, in this case, 
about taking the increase in expression of the ‘inflammatory protein’ 
CXCR4 as an indication of early inflammation in APP mice.

Multiple transgenic mouse models overproducing human mutant 
tau isoforms in brain cells have been described51, and most of these 
bear filaments composed of hyperphosphorylated tau and develop neu-
rodegeneration. Mice overexpressing human tauP301S develop these 
pathological hallmarks accompanied by severe paraparesis, increased 
cerebral IL-1β and COX-2, and microglial activation57. It is not known 
whether these inflammatory changes precede tau pathology or simply 
reflect secondary responses to cell damage. In a single microarray study 
in 11-month-old P301L tau transgenic mice with tau pathology, there 
were no increases in inflammation-associated genes58.

Thus, overproduction of mutant APP or tau does not seem to result in 
marked activation of microglial cells or astrocytes before Aβ accumulates or 
tangles form, and it does not result in the concerted and widespread activa-
tion of inflammatory signaling pathways. It is possible, however, that small 
soluble aggregates of Aβ trigger local activation of glial cells, as suggested 
by a recent study in young thymus cell antigen 1 (Thy1)-APPV717I mice 
that had not yet developed Aβ deposits59. Intriguingly, neuronal BACE1 
was increased within foci of activated microglia and astrocytes together 

with IL-1 and IL-6, suggesting that inflammatory processes may directly 
increase the local production of Aβ59. If this is the case, the small increases 
in Aβ production observed in people with familial forms of Alzheimer dis-
ease may be sufficient to cause inflammation and promote disease. At least 
one microarray study tried to address this issue in fibroblasts from over 
20 individuals with different APP or presenilin Alzheimer disease–linked 
mutations60. Although the authors reported differences in gene expres-
sion between fibroblasts from affected and unaffected individuals, they 
did not disclose the identity of any markers60. In contrast to the absence 
of overt inflammatory changes in young APP or tau transgenic mice, glial 
cells and inflammatory pathways are clearly activated at later stages in the 
pathogenesis in these models.

Manipulation of inflammation in Alzheimer disease models
Available mouse models for Alzheimer disease should be ideal to test 
whether specific immune and inflammatory mediators affect amyloid 
or tau pathology, neurodegeneration and functional outcomes. Indeed, 
a growing number of hypothesis-driven studies have shown that some 
mediators have prominent effects on Alzheimer-like disease in APP mice 
(Fig. 3 and Table 2). No transgenic or knockout studies testing immune 
or inflammatory proteins in tau transgenic mice have been reported.

Genetic manipulations of inflammation. Mouse models have been 
instrumental in supporting a role for COX enzymes and their prod-
ucts—the prostaglandins—in Alzheimer disease. COX-2 overexpression 
in neurons induces neuronal apoptosis and cognitive deficits in trans-
genic mice61. A cross of these mice with APP-PS1 mice led to a doubling 
in Aβ plaque formation62, supporting a detrimental role for COX-2 in 
neurodegeneration and a potential use of specific COX-2 inhibitors in 
the treatment of Alzheimer disease. Evidence for a role of prostaglandin 
E2 (PGE2) in Aβ accumulation comes from APP-PS1 mice in which the 
PGE2 receptor EP2 has been removed63. Levels of F2-isoprostanes and 
F4-neuroprostanes, indicators of lipid peroxidation, were reduced by 
half in these mice compared with APP-PS1 mice, and this was associated 
with a 40–50% decrease in Aβ peptide and plaques. Because APP frag-
ments cleaved by BACE were reduced only in old mice, not in young, the 
authors concluded that EP2 receptor signaling promotes BACE cleavage 
in an age-dependent way. In addition, primary microglia lacking EP2 
were 2.5 times more efficient in phagocytosing Aβ and exerted signifi-
cantly less neurotoxicity in cell culture64. These studies suggest that the 
EP2 receptor may be a valid target for inhibiting specific inflammatory 
processes involved in Alzheimer disease.

Because of its key role in initiating an inflammatory response65, acti-
vation of the complement system in Alzheimer disease is of particular 
interest. Glial cells and neurons in the central nervous system (CNS) can 
produce most components of this complex cascade, and their produc-
tion is increased in Alzheimer disease5,66. The function of the comple-
ment system in the CNS remains largely unknown. Overexpression of 
soluble complement receptor–related protein y (sCrry), which inhibits 
activation of the central component C3 of the complement cascade, 
results in increased Aβ load in the brains of APP transgenic mice and in 
the accumulation of degenerating neurons in the hippocampus67, indi-
cating that complement factors such as C3bi are involved in phagocytosis 
of amyloid and degenerating cells in the brain. In contrast, a different 
study showed no effect on Aβ accumulation in APP transgenic mice 
lacking C1q, the first component of the classical pathway of comple-
ment, but found that C1q deficiency ameliorates synaptic degeneration 
in APP mice68. It is possible that C3, which is inhibited by (sCrry), is 
involved in amyloid clearance, whereas C1q is not.

The IL-1 and IL-6 cytokine pathways have been implicated in 
Alzheimer disease on the basis of their increased activation in the 
brains of affected individuals and the proinflammatory effects of these 

BOX 2 TRANSGENIC MODELS OF ALZHEIMER 
DISEASE
Transgenic mouse models have greatly advanced our 
understanding of Alzheimer disease pathogenesis. They 
display Alzheimer disease–like pathology and have been 
invaluable in the development of preclinical testing of some of 
the most promising therapeutic approaches to the disease45. 
Transgenic mice overproducing human APP containing 
familial Alzheimer disease mutations show increased 
production of Aβ, which accumulates with age into diffuse 
or compact amyloid plaques46. The mice also show synaptic 
transmission deficits that often precede the formation of 
amyloid plaques47, and they show neurodegeneration48 and 
cognitive deficits49. In these models, APP containing familial 
Alzheimer disease mutations is typically overexpressed in 
neurons in the presence or absence of the PS1 transgene; PS1 
further increases Aβ production and accelerates pathology. 
Mice overexpressing human tau protein mutants that are 
associated with familial forms of frontotemporal dementia—a 
dementia characterized by extensive tangle formation—
develop neurofibrillary tangles similar to the ones observed in 
Alzheimer disease50. Additional models have been created, 
some of which develop cognitive deficits51. In addition, 
a mouse model has been described (3×Tg-AD mice) that 
harbors three mutant genes—tauP301L, APPK670N,M671L and 
PS1M146V—and produces amyloid plaques and tangles and 
shows synaptic transmission deficits52.
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cytokines in culture5. Notably, astroglial overexpression of IL-6 or IL-1 
receptor antagonists that bind to the IL-1 receptor and inhibit bind-
ing of IL-1α and IL-1β does not seem to affect amyloidosis in Thy1-
APP751K670N, M671L line 23 (APP23) mice (M. Staufenbiel, Novartis 
Pharma, Basel, Switzerland; personal communication). In contrast, 
overexpression of TGF-β1 in APP mice results in a 70% reduction in 
parenchymal amyloid plaques and a 60–70% decrease in Aβ compared 
with APP transgenic littermate controls69. Like that in single transgenic 
TGF-β1 mice, increased astroglial TGF-β1 production in aged APP mice 
causes extensive microglial and astroglial activation in the hippocampus 
and cortex69. Both cell types are phagocytic, and activation of cultured 
microglia with TGF-β1 results in increased Aβ degradation69. In addi-
tion, primary adult astrocytes phagocytose Aβ bound to plastic or in 
brain sections from APP mice70. TGF-β1 also caused a marked shift in 
the site of Aβ accumulation. Whereas Aβ accumulates almost exclusively 
in parenchymal plaques in APP mice, most of the remaining Aβ is associ-
ated with vascular structures in APP–TGF-β1 mice, possibly owing to an 
increase in cerebrovascular basement membrane protein synthesis71. So, 
although fibrosis due to overexpression of TGF-β1 seems to promote the 
deposition of Aβ to vascular walls, TGF-β1–activated microglia, astro-
cytes or both can degrade Aβ and lower its overall concentration in 
the brain. In addition, TGF-β1 is neuroprotective in transgenic mice72 
and may reduce Aβ production by reducing neuronal stress. In people 
with Alzheimer disease, Aβ accumulation in parenchymal plaques seems 
to correlate inversely with Aβ in cerebral blood vessels69,73,74, and it is 
tempting to speculate that TGF-β1 is involved in this process.

In a related model, monocyte chemotactic protein (MCP)-1, a potent 
chemoattractant of microglia and monocytes and macrophages, was over-
produced from astrocytes in APP–MCP-1 double transgenic mice75. This 
leads to a twofold increase in the number of microglia, many in clusters 
around plaques, and a sharp increase in diffusely deposited Aβ75. Because 
the microglia do not express typical activation markers or ameboid shapes, 
the authors concluded that they may not be fully activated or phagocytic 
and that defective microglial clearance may be responsible for the overall 
Aβ increase. In another model, however, reduced microglial activation 
is associated with less, not more, Aβ deposition. In APP mice lacking 
CD40L, which binds to CD40 and provides an important costimulatory 
signal for immune cells including microglia76, Aβ accumulation is strongly 
reduced76. In addition, neurons also express CD40, and CD40L treatment 
increases amyloidogenic processing of APP, suggesting that CD40L defi-
ciency exerts its effects at least in part via neurons.

Inflammation may also be activated by binding of Aβ to specific 
receptors, thereby promoting the disease process as Aβ accumulates. 
The receptor for advanced glycation end products (RAGE) is one of 
several known receptors for Aβ and is particularly interesting in the 
context of inflammation because it activates the Jak-Stat and NF-
κB signaling pathways77. An elegant set of experiments with RAGE 
transgenic and signaling-deficient mice showed a role for RAGE 
signaling in Aβ dependent neuronal perturbation that seems to 
involve NF-κB and MAPK signaling and results in increased synap-
tic transmission deficits and cognitive impairment78. Because these 
functional deficits preceded activation of glial cells, it is possible that 
the observed effects do not involve typical inflammatory responses 
in glia but perhaps instead neuronal dysregulation of NF-κB- and 
MAPK-dependent processes78. In addition, RAGE overexpression 
increased Aβ accumulation in APP mice (O. Arancio, Columbia 
University, New York; personal communication).

Other inflammatory mediators implicated in Alzheimer disease 
include acute-phase proteins such as α1-antichymotrypsin (α1-ACT). 
This protease inhibitor rapidly increases in abundance  after injury and 
is associated with neurodegeneration5. In Alzheimer disease, mature 

amyloid deposits are decorated with α1-ACT (ref. 79), and increased 
expression of α1-ACT results in higher plaque burden independent of 
APP processing in APP transgenic mice80,81, suggesting that α1-ACT 
either promotes aggregation or reduces clearance of Aβ.

In summary, genetic studies in mouse models show that there are 
multiple inflammatory mediators that have potent effects on Alzheimer 
disease–like pathogenesis (Fig. 3). The studies highlight the complexity 
in the function of immune and inflammatory mediators in vivo and 
in the CNS, in particular where these factors may have roles that are 
independent of inflammation. Note that negative results do not exclude 
a role for a tested factor in Alzheimer disease, as the models may not 
represent all aspects of the disease and the factors studied may have 
nonphysiological temporal and spatial expression patterns in transgenic 
or knockout mice. In addition, the functions or cellular distributions 
of immune molecules in mouse and humans may differ. The studies 
reviewed here also make it obvious that the field needs microglial mark-
ers that go beyond the loosely defined state of ‘activation’ and are instead 
associated with cellular functions. Despite these caveats, several new 
pathways have emerged as potential new therapeutic targets to reduce 
inflammatory processes associated with disease or to promote beneficial 
immune responses and reduce disease (Fig. 3).

Neuroinflammation

Cell dysfunction,
degeneration

Cytokines
Chemokines

        TGF-β1
LPS acute

CR3

C3bi C3

CD40α1-ACT

Aβ

C1q

EP2-R

PGE
2 Protein, lipid

(per)oxidation

CD40L
     MCP-1
          LPS chronic

Microglia
phagocytic

Microglia
neurotoxic

MAC

RAGE

COXDying cell sCrry

Figure 3  Transgenic and knockout studies in APP mice reveal beneficial 
and detrimental effects of immune and inflammatory factors. Inflammation 
may induce beneficial responses that include the activation of microglial 
cells to phagocytose dying cells or Aβ assemblies. TGF-β1 and acute 
LPS treatment seem to promote this phagocytic state. sCrry inhibits the 
activation of C3 and thus the deposition of C3bi onto dying cells or Aβ 
assemblies, which are possible targets for subsequent phagocytosis via 
complement receptor 3 (CR3). Inflammation can also induce detrimental 
responses and lead to the activation of microglia and the secretion of 
neurotoxic factors. CD40L, MCP-1 and chronic LPS treatment seem to favor 
such responses in APP mice. Acute-phase proteins such as α1-ACT can 
promote cerebral Aβ accumulation, whereas complement C1q may injure 
neurons directly or lead to activation of the lytic complement pathway and 
formation of the membrane attack complex (MAC). This transmembrane 
pore can disrupt cellular function. Binding of Aβ to RAGE can also lead 
to neuronal dysfunction. Lastly, COX can promote Aβ accumulation and 
neurodegeneration directly or through the production of PGE2 and signaling 
via the EP-2 receptor on microglia.
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Treatment of Alzheimer disease models with anti-inflammatory 
drugs
Manipulation with anti-inflammatory drugs or LPS.  Pharmacological 
treatments provide an alternative to genetic approaches in studying the 
role of inflammation in Alzheimer disease. They have the advantage that 
time points of treatment and dosage can easily be varied. They have the 
disadvantage, however, that drugs may not be specific, and off-target 
effects are difficult to rule out. Treatments of APP mice with NSAIDs 
have been discussed above and are reviewed in more detail in reference 
28. Besides NSAIDs, a new class of anti-inflammatory drugs—amino-
pyridazines—shows promise in reducing glial activation, cytokine pro-
duction and neuronal damage in rats infused with synthetic Aβ82. It will 
be interesting to see whether these compounds are effective in reducing 
pathology or improving function in APP or tau transgenic mice and 
possibly in humans with Alzheimer disease.

To study the general effect of inflammatory processes on Alzheimer 
disease–like pathology directly, many groups have treated APP mice 
either acutely or chronically with LPS28. Although these reports initially 
seemed contradictory, a careful review shows that acute LPS treatment 
generally reduces (while chronic treatment increases) Aβ accumula-
tion28. LPS induces a strong activation of innate and acquired immune 
responses and results in a prominent activation of microglial cells. These 
studies may help in dissociating microglial activation patterns and phe-
notypic markers associated with Aβ clearance from those seen in the 
chronic administration paradigms (Fig. 3).

Again, very few studies have been done in tau transgenic models, 
although there is substantial evidence that inflammatory processes 
may increase tau phosphorylation in other situations. For example, 
IL-1β is sufficient to induce tau phosphorylation in cell culture83 and 
in rats implanted with pellets that slowly release IL-1β into the cor-
tex84. Chronic administration of LPS, which induces IL-1 (among other 
cytokines), results in tau hyperphosphorylation in triply transgenic 
Alzheimer disease model mice85 (see Box 1), an effect that is most likely 
dependent on cyclin-dependent kinase 5 (Cdk5) activity. In contrast to 
its action in APP transgenic mice (see above), LPS does not affect the 
abundance of cerebral Aβ or other APP cleavage products, suggesting 
that tau phosphorylation in this case is not dependent on increased Aβ 
production85. Whether specific inflammatory factors other than IL-1 
are sufficient or even necessary to induce tau phosphorylation in vivo 
is unclear.

It is noteworthy in this context that hyperphosphorylation and 
aggregation of tau have been observed in experimental autoimmune 
encephalomyelitis (EAE), a model of multiple sclerosis86. Several tau 
kinases are increased in the injured brainstem of EAE rats and associ-
ated with tau hyperphosphorylation. Anti-inflammatory treatment with 
prednisolone reduces both EAE and tau pathology. Notably, models of 
axonal damage or acute demyelination that do not involve inflamma-
tion, including deficiency of the oligodendroglial protein 2′,3′-cyclic 
nucleotide 3′- phosphodiesterase or treatment with cuprizone, do not 
cause tau hyperphosphorylation86. These results support the idea that 
inflammation may cause or accelerate tau phosphorylation, and the 
relevance of this process to tauopathies or Alzheimer disease needs to 
be explored.

Is there immune dysfunction in Alzheimer disease?
Increased numbers of activated microglia are present in most neurode-
generative diseases and, although they can secrete toxic factors under 
certain conditions, their primary function seems to be to protect the 
brain. In Alzheimer disease, microglia probably phagocytose and clear 
Aβ, at least under certain conditions, and because acute LPS treatment 
or traumatic brain injury can reduce Aβ deposition in APP mice28, it has 

been hypothesized that activating immune responses may limit pathol-
ogy (Fig. 3). Consistent with this idea and as reviewed extensively else-
where45, Aβ antibodies, either induced by active immunization with 
synthetic Aβ peptide or transferred passively, can reduce Aβ accumula-
tion and functional deficits in APP mice, and this occurs at least in part 
through the action of microglial cells45. Conversely, defects in microglial 
function or other immune responses in the CNS or even in the periphery 
may promote Alzheimer disease. This may be the case in op/op mice, 
which lack macrophage colony-stimulating factor (M-CSF) and, as a 
consequence, have fewer macrophages and only around two-thirds the 
number of microglia found in wild-type mice87. These mice have been 
reported to develop Aβ immunoreactive deposits spontaneously in the 
brain parenchyma88.

A limited number of microglia in the adult brain are continuously 
recruited from circulating monocytes to populate perivascular spaces 
or to differentiate into parenchymal microglia89,90. The number of these 
cells is increased after brain injury, and they can take on a resting or acti-
vated appearance91. Three recent studies asked whether these infiltrating 
blood-derived cells may have a role in Alzheimer disease. The authors 
transferred bone marrow cells from actin–green fluorescent protein 
(GFP) transgenic mice into irradiated young or old APP or wild-type 
mice and found more GFP-positive microglia in APP brains than in 
wild type92–94. In one study, this recruitment was found to be more 
pronounced if transplants were performed before Aβ had been depos-
ited and was found to be further enhanced by intracranial injection of 
LPS92. Similarly, a 50–80% increase in GFP-positive cells was observed 
in APP23 mice that received transplants before onset of pathology, but 
it was also seen when plaques were already present93. Many of these cells 
had ameboid morphology and were likely to be microglia, although a 
surprisingly high number of T lymphocytes was also observed. Using 
electron microscopy, these authors concluded that microglia do not 
phagocytose Aβ93, although this technique would probably not show 
digested material efficiently. To test the role of bone marrow–derived 
microglia in amyloid deposition, the authors of the third study depleted 
dividing macrophages in the brain using a thymidine kinase transgene 
expressed in myeloid cells in combination with the drug gancyclovir, 
and these authors showed that dividing, infiltrating myeloid cells are 
reducing plaque formation in APP mice94. One limitation of these three 
studies is that mice had to be lethally irradiated before bone marrow 
transplantation, and this is known to result in vascular inflammation 
and increased infiltration of immune cells into the brain95. In addition, 
the number of GFP-positive cells in the brain was overall quite small, 
and although some plaques were surrounded by several cells, on average 
there was no more than one cell detected per plaque94. Whether these 
few cells indeed have an active role in limiting Alzheimer disease will 
have to be addressed in additional studies.

Changes or defects in immune responses, notably in the blood, have 
also been reported in individuals with Alzheimer disease. For example, 
peripheral blood macrophages from affected individuals were found to 
be less effective in phagocytosis of Aβ, and monocytes were impaired in 
differentiating into macrophages96. Abnormalities in lymphocyte dis-
tribution in individuals with Alzheimer disease have been reported not 
only in the brain, where increased numbers of T lymphocytes, predomi-
nantly CD8+ but also CD4+, are present97–99, but also in the blood. Thus, 
people with Alzheimer disease were reported to have fewer CD8+ cells in 
the blood than people without100,101, or fewer lymphocytes overall102, 
although these findings were not always confirmed103. Other changes 
in immune function in individuals with Alzheimer disease include a 
reduction in peripheral T-cell activation by Aβ and other APP-derived 
peptides104. However, using a more sensitive assay with a strongly immu-
nogenic Aβ peptide, people with Alzheimer disease were found to have 
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increased T lymphocyte reactivity against Aβ105. In addition, autoreac-
tive B lymphocytes and autoantibodies against Aβ, which are found 
naturally in the serum of aging humans, are increased in Alzheimer 
disease and reported in different studies to either enhance Aβ toxicity106, 
to correlate inversely with disease severity107,108 or to be unchanged109. 
Autoantibodies against Aβ and RAGE are also several times higher in 
individuals with Alzheimer disease compared with controls, and anti-
body titers correlate inversely with cognitive function110. Of possible rel-
evance to recent studies suggesting a key role for oligomeric forms of Aβ 
in Alzheimer disease, plasma autoantibodies against these Aβ assemblies 
were found to be lower in affected individuals than in controls without 
dementia, whereas titers for autoantibodies recognizing monomeric Aβ 
were similar in the two groups111. Lastly, dozens of reports show changes 
in levels of cytokines or other immune mediators in serum or plasma of 
individuals with Alzheimer disease compared with controls, but most 
studies have tested small samples that come from a single center and 
have not been confirmed by independent studies.

At this point, the significance for Alzheimer disease of lymphocytes, 
autoantibodies against Aβ and other molecules, or changes in immune 
mediators in the periphery are far from clear. If animal studies were to 
show prominent effects of these immune cells and molecules on Aβ or 
tau pathologies, however, it might be worth investigating their impor-
tance in large-scale human studies. This could also help in the develop-
ment and evaluation of safe and efficient immunotherapies or in the 
diagnosis of Alzheimer disease.

Conclusion
The field has come a long way from the first descriptions of activated 
complement and microglia in Alzheimer brains to the sophisticated 
mouse models with genetic manipulations of inflammatory pathways 
we have today. Although there are still no convincing genetic or other 
data to support an early role of inflammation in Alzheimer disease, these 
mouse models indicate that inflammatory processes may be a driving 
force of pathology. Similarly, as the role of NSAIDs in Alzheimer disease 
remains controversial, the effects of NSAIDs in APP mice support, at 
least in part, a role for inflammation in the disease. In addition, a grow-
ing number of animal studies, apart from the Aβ immunization para-
digm, support the idea that some inflammatory responses are beneficial 
and may be effective in preventing or treating the disease. In summary, 
the reviewed literature identifies immune and inflammatory pathways 
as potential modulators of Alzheimer disease and targets for therapeutic 
interventions.
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