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Abstract The amyloid cascade hypothesis of Alzhei-

mer’s disease (AD) is testable: it implies that interference

with Ab aggregation and plaque formation may be thera-

peutically useful. Ab42 immunisation of amyloid precursor

protein (APP) transgenic mice prevented plaque formation

and caused removal of existing plaques. The first clinical

studies of Ab immunisation in AD patients (AN1792, Elan

Pharmaceuticals) were halted when some patients suffered

side effects. Since our confirmation that Ab immunisation

can prompt plaque removal in human AD, we have per-

formed a clinical and neuropathological follow up of AD

patients in the initial Elan Ab immunisation trial. In im-

munised AD patients, we found: a lower Ab load, with

evidence that plaques had been removed; a reduced tau

load in neuronal processes, but not in cell bodies; and no

evidence of a beneficial effect on synapses. There were

pathological ‘‘side effects’’ including: increased microglial

activation; increased cerebral amyloid angiopathy; and

there is some evidence for increased soluble/oligomeric

Ab. A pathophysiological mechanism involving effects on

the cerebral vasculature is proposed for the clinical side

effects observed with some active and passive vaccine

protocols. Our current knowledge of the effects of Ab

immunotherapy is based on functional information from

the early clinical trials and a few post mortem cases.

Several further clinical studies are underway using a vari-

ety of protocols and important clinical, imaging and

neuropathological data will become available in the near

future. The information obtained will be important in

helping to understand the pathogenesis not only of AD but

also of other neurodegenerative disorders associated with

protein aggregation.

Keywords Alzheimer’s disease � Immunotherapy �
Amyloid hypothesis

The limitations of post mortem neuropathology

in understanding Alzheimer’s disease (AD)

The neuropathology of AD is characterised macroscopi-

cally by widespread cerebral atrophy and microscopically

by: accumulation of amyloid-b (Ab) protein in the form of

plaques in the grey matter and in the walls of blood vessels

as cerebral amyloid angiopathy (CAA); accumulation of

tau protein within neurons—in the cell bodies as neurofi-

brillary tangles, in neuronal processes as dystrophic neurite

clusters associated with plaques, and as neuropil threads

distributed through the grey matter; synaptic and neuronal

loss; reactive microglia and astrocytes [59]. These features

have been defined based on post mortem human neuropa-

thology and their pathological recognition is still viewed as

the gold standard for the diagnosis for AD. However, post

mortem neuropathological studies have limitations in terms

of the understanding of the disease pathogenesis; only a

single time point in the development of the disease is

assessable and that time point, in many cases, is at the end

of the disease process many years or even decades after the
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disease initiation. A consequence of this limited histolog-

ical view of AD is the difficulty in gaining a clear

conception of how the different features of the disease are

inter-related, both in terms of the timing of their appear-

ance during AD pathogenesis and also in terms of cause

and effect. If it was possible to manipulate one feature of

the disease then, by analysing the effects this had on other

features of the disease, it might be possible to obtain useful

insights into the interconnectivity of the different aspects of

the neuropathology of AD.

The amyloid cascade hypothesis

For many years, a major driving force behind much of the

research in understanding AD pathogenesis has been the

amyloid or Ab cascade hypothesis [38]. In order to prevent

this concept from becoming an overwhelming dogma, it is

useful to scrutinise the evidence on which this hypothesis is

based. The major supporting evidence is as follows:

• APP gene point mutations cause AD in some rare

familial cases [27, 49, 73, 108, 109, 129].

• Rare familial forms of AD caused by point mutations in

APP, PS1 and PS2 genes have in common increased

Ab42, a form which is particularly prone to aggregation

[37, 71, 72, 95, 96, 115, 128].

• People affected by Down’s syndrome, due usually to

triplication of chromosome 21 on which the APP gene

is located, consistently develop AD pathology at an

early age [40].

• Duplication of the APP gene alone can cause AD [93,

106].

• The APOE e4 allele, the major genetic risk factor for

the common form of AD (i.e. sporadic AD) [110], is

associated with Ab accumulation [44].

• Transgenic mice expressing human AD-causing gene

point mutations develop some features of AD pathol-

ogy, including Ab plaques, with ageing [13, 29, 42, 45,

111].

The unifying thread for these points involves Ab in the

form of fibrillar or oligomeric aggregates as the starting

point of the disease process, leading ultimately to the

generation of the full spectrum of AD pathology [39, 100].

It is worth noting that most of this evidence is derived from

rare genetically caused forms of AD rather than the much

more common sporadic form of the disease. Although

similar in neuropathological characteristics, it requires a

leap of faith to extrapolate the same mechanism of disease

pathogenesis from genetically caused AD to sporadic AD.

Indeed, credible alternative hypotheses exist, e.g., putting

APOE at the centre of the disease-initiating process. APOE

acts as a lipid transport protein in the central nervous

system [3, 14, 18], delivering to neurons lipids which are

essential for the development and maintenance of mem-

branes and synapses [87], and thus for synaptic plasticity

[64], an important physiological process in the establish-

ment of memory [51, 52, 57, 75, 80, 82, 117].

Nevertheless, the Ab cascade hypothesis provides a clearly

testable hypothesis that AD results from production of Ab
peptide by cleavage of APP protein by b and c secretases

[54] with subsequent Ab aggregation and that this causes,

directly or indirectly, all of the pathological and functional

abnormalities of AD.

Ab immunotherapy in animal models

Immunotherapeutic manipulation of Ab, in effect testing

the Ab cascade hypothesis, emerged with the seminal work

of Schenk and colleagues [97] on PDAPP transgenic mice,

which bear a human familial AD-causing APP gene point

mutation and develop Ab plaques, resembling those seen in

AD, as they age [29]. Active immunisation of PDAPP mice

with Ab42 peptide early in their lives, before the appear-

ance of plaques, was found to abolish the formation of

plaques with ageing. It was also observed that immunisa-

tion of older mice, in which plaques were already present,

resulted in a reduction in plaque load, with some evidence

that plaques had been actively removed [97]. This study

has spawned a major field within AD research involving

exploration of a number of different active and passive Ab
immunisation protocols [1, 5–7, 50, 56, 60, 67, 69, 90,

105], their effects on pathology and function in animal

models [58, 68, 126] and, subsequently, second generation

clinical trials which are currently in progress [55, 127].

Early studies in mice showed that not only there was pre-

vention or reversal of some of the Ab-associated pathology

in these models (e.g. synaptic loss) but also there were

benefits in terms of preventing or reversing the decline in

function [16, 47, 68, 81, 104, 125, 126].

The first Ab immunotherapy clinical trial

Concepts from these early studies of immunotherapy in

experimental models were first translated into human

studies by Elan Pharmaceuticals who initiated a clinical

trial in year 2000. The study involved active immunisation

with full length Ab42 and the adjuvant QS21 (AN1792) of

patients with mild to moderate AD [Mini-mental State

Examination (MMSE) 15-25] [28]. A total of 80 patients

were enrolled in 4 clinical trial centres across the south of

the UK (Southampton, Cardiff, Bath and Swindon). In each

centre, 16 patients received Ab42 plus adjuvant and 4

patients received the adjuvant alone as a placebo control.
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This was designed primarily as a safety and immunoge-

nicity study, rather than a study of efficacy [8]. The

findings were that no major adverse events occurred and

Ab antibodies were detectable in blood samples in more

than half of the patients receiving the active vaccine [8].

Active Ab42 immunotherapy removes Ab deposits

from the human brain

In 2002, one of the patients receiving the active vaccine in

the first Elan Pharmaceuticals trial died for reasons unre-

lated to the trial and we had the opportunity to see for the

first time the effect of Ab immunisation in AD. The find-

ings were remarkable in that there were extensive areas of

cerebral cortex devoid of Ab plaques [78]. However, pla-

ques remained in other cortical areas and there was residual

tau pathology, permitting a neuropathological diagnosis of

AD in which there had been some removal of Ab plaques

[78]. These intriguing observations prompted us to perform

a long-term clinical and neuropathological follow-up study

of the patients who had enrolled in the trial. Meanwhile, a

second clinical trial of AN1792 had begun, recruiting a

total of 372 patients with mild to moderate AD in centres in

Europe and the United States. This trial was halted when it

was recognised that a small proportion of the patients (6%)

were experiencing side effects interpreted as inflammatory

in nature [83].

Our initial census of the clinicopathological follow-up

study provided information from post mortem neuropa-

thology on nine patients, all of whom had received the

active Ab42 vaccine, and seven of whom had responded by

generating detectable titres of antibodies to Ab [43]. Sur-

vival times after the first immunisation dose ranged from 4

to 64 months. In one case, the neuropathological diagnosis

was progressive supranuclear palsy, not AD, and it was

excluded from subsequent analysis. This case highlights

the point that, despite major recent advances, clinical

diagnosis of the pathological substrate underlying dementia

is not perfect. This is a point that is currently being

urgently addressed, by searching for biomarkers and new

imaging methodologies, because having 10% or so of the

patients in a therapeutic trial that do not have the disease

process targeted by the therapy impairs the statistical

power of the study [130]. The neuropathology from the

immunised AD cases (iAD) was compared with unim-

munised AD archival histology controls (cAD, n = 12),

matched for age at death, history of progressive dementia

and which satisfied consensus criteria for AD.

The histological pattern of Ab immunostaining in the

cerebral cortex in the iAD cases was remarkably variable:

some cases (Fig. 1a) had a plaque density indistinguishable

from AD controls, some had almost complete absence of

plaques (Fig. 1b), whereas others had an intermediate

appearance often with alternating patches of presence and

absence of plaques in the cortex (Fig. 1c) [43]. This vari-

ability in distribution of Ab throughout the cerebral cortex

is illustrated in whole sections of frontal lobe to give an

impression of variable occurrence of plaque removal

(Fig. 1e–g). All iAD cases illustrated had Ab antibody

titres detectable in the blood. In Fig. 1e, Ab remains present

extensively throughout the neocortex with only a few small

patches devoid of Ab. In Fig. 1f, there is an intermediate

pattern with patches and bands of residual Ab within the

cortex. In contrast, in Fig. 1g, there is virtually complete

absence of Ab from the hemisphere. Quantification of

Ab42 immunostaining throughout frontal, temporal and

parietal neocortex revealed a substantially lower Ab42 load

in the iAD cases compared with the AD controls (Fig. 1h;

iAD: 2.70 vs. cAD: 4.55; P = 0.026).

It is important to note that demonstrating a lower Ab
load in iAD cases than in AD controls is not the same as

demonstrating that Ab has been removed by the immuno-

therapy. Ideally, histological samples of cortex would be

available from before treatment and after treatment from

each patient. Recently, in vivo PET imaging of amyloid

using Pittsburgh B compound has confirmed that Ab
immunotherapy does indeed result in a reduction in amy-

loid signal when comparing post-treatment scans with pre-

treatment scans. However, before this, we were able to

define a constellation of features based on Ab immuno-

histochemistry which we interpreted as reflecting positive

evidence of Ab plaque clearance [76]. This interpretation

was given confidence as each of these histological features

is also demonstrated in PDAPP mice actively immunised

with Ab42 peptide [30, 97]. The positive features of Ab
clearance following Ab immunotherapy are as follows:

• A ‘‘moth-eaten’’ appearance of some remaining diffuse

plaques, interpreted as reflecting partial or ongoing

removal of diffuse amyloid (Fig. 2a).

• Residual plaque cores in plaque-free areas, interpreted

as reflecting removal of diffuse amyloid from dense

core plaques (Fig. 2b).

• Marked Ab within the walls of cortical and leptome-

ningeal arteries (CAA). Much of this is Ab42, which is

usually scarce in sporadic CAA, and is interpreted as

being derived from plaques that have been ‘‘dissolved’’

by the immunotherapy [11] (Fig. 2c).

• Association of Ab with capillaries in plaque-free areas,

both within the walls of the capillaries and forming

nodules attached to the outer surface of the capillaries

(Fig. 2d).

• A granular pattern of Ab immunoreactivity within

microglia (Fig. 2a). This pattern reflects Ab within

microglial lysosomes, is confirmed by double-label
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confocal microscopy, and is therefore interpreted as Ab
which has been phagocytosed; Ab was observed very

infrequently within microglia in unimmunised AD

cases [76] (Fig. 2e, f).

A striking feature of the findings was the considerable

variability of Ab plaque removal after immunotherapy

which may be explained, at least in part, by the variability in

the immune response to Ab immunisation. Active immu-

nisation in AD relies on the ageing immune system to

generate antibodies and only 53% of the patients in the

study generated Ab antibodies [8], with considerable vari-

ation in peak titres amongst the responders. A significant

association was observed between the mean Ab antibody

response assessed during the 18-month trial period and the

degree of Ab plaque removal subsequently identified at post

mortem [43]. Nevertheless, the levels of antibody titres in

the blood seem unlikely to fully explain the patchy nature of

plaque removal in some of the cases and the reasons for this

variability remain unclear. A possible explanation may

relate to access of immunoglobulins from the blood into the

brain parenchyma, a process which seems to be poorly

understood, and which may depend on the physiological/

pathophysiological status of local blood vessels.

Neuropathological studies have been performed on

some patients who were immunised with the same vaccine

(AN1792) in the subsequent trial. In that study dosing was

Fig. 1 Low power views of Ab immunohistochemistry in the

cerebral neocortex of patients with Alzheimer’s disease after Ab
immunisation to illustrate the variability and often patchy nature of

plaque removal: a–c three iAD cases with a high immune response

compared to d an unimmunised AD case. a iAD case with extensive

Ab plaques remaining throughout the cortex. b iAD case with

virtually complete absence of Ab. c iAD case with an intermediate

pattern characterised by patches and bands of residual Ab within the

cortex. d Unimmunised AD case with Ab throughout the neocortex.

e–g Scanned images of Ab immunostained sections of whole frontal

lobe from three iAD cases, each with a high immune response,

showing marked variability in the amount of Ab (yellow) remaining

in the cortex. h Quantification of Ab42 load in the cerebral neocortex

shows it is significantly lower after Ab immunisation (n = 9)

compared with unimmunised AD cases (n = 12). Scale bar
0.5 mm. iAD immunised AD, cAD unimmunised AD
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halted, because of recognition of side effects [83], after

patients had received only 1, 2 or 3 vaccine doses, rather

than the 8 doses received by the patients in the initial trial.

Nevertheless, essentially identical pathological alterations

have been described in these patients [12, 26, 62, 78].

Active Ab42 immunotherapy influences tau pathology

One important unanswered question about the pathogenesis

of AD, which potentially can be addressed in these studies,

is the inter-relationship between Ab and tau. There has

long been controversy surrounding whether plaques (Ab
aggregation) and/or tangles (tau aggregation) appear earlier

in the disease process; their inter-relationship in terms of

cause and effect, and which, if either, is more important in

influencing cognitive function. In studying the neuropa-

thology of the first immunised AD case, it became clear

that plaque removal did indeed have some influence on tau

pathology [78]. In this case, there were areas of cortex

where plaques remained and appeared unaffected by the

immunotherapy process and other areas completely devoid

of plaques, where plaques were presumed to have been

removed. Subjective assessment of tau immunostaining

in corresponding areas showed that where plaques

remained, tau was present as expected in plaque-associated

dystrophic neurite clusters, tangles and neuropil threads. In

contrast, where plaques had been removed, tangles and

neuropil threads remained but there was complete absence

of dystrophic neurite clusters. The inference is that when

Ab plaques are cleared by immunotherapy, the plaque-

associated tau-containing dystrophic neurites are also

cleared. This interpretation was supported by observations

from a mouse study using the elegant technology of in vivo

multiphoton microscopy which allows revisualisation

of individual plaques over a period of days. This study

Fig. 2 Illustrations of the key

histological features reflecting

Ab removal after Ab
immunisation. a Moth-eaten

appearance of remaining diffuse

plaques and a granular pattern

of Ab immunostaining within

microglia. b Residual plaque

cores in plaque-free areas.

c Abundant Ab42 in the cortical

and leptomeningeal vasculature

in an area devoid of plaques.

d Association of Ab with

capillaries in plaque-free areas.

Double-label confocal

microscopy for Ab (green) and

HLA-DR (red) showing e only

very occasional granules of Ab
in an unimmunised AD case

compared with f abundant Ab
within microglia in an

immunised AD case. Scale bar
a, b, d 50 lm, c 150 lm, e,

f 20 lm. Arrow moth-eaten

plaques, arrow head core

plaques, asterisk Ab within

microglia, white arrow
colocalisation Ab and HLA-DR

(yellow)
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showed that removal of a plaque following application of

Ab antibody was associated with removal of the dystrophic

neurites associated with that plaque [15]. However, it is

important to point out that although there are dystrophic

neurites associated with the plaques in this mouse model

there is no aggregation of tau within the neurites.

Those preliminary observations were confirmed in two

subsequent cases [76] and prompted us to revisit this

question in a quantitative fashion when more cases became

available. Quantification of Ab42 and phospho-tau (AT8)

immunohistochemistry was performed in 3 neocortical

regions (superior and middle temporal gyrus, inferior

parietal lobule and medial frontal gyrus) and the hippo-

campal formation (CA1, subiculum and entorhinal cortex)

in 10 iAD cases and 28 AD controls matched for age,

disease duration and APOE genotype [9]. The results

demonstrated that in the iAD cases, compared with cAD

cases, in association with a lower Ab42 load there was a

significantly lower phospho-tau load in the neocortex

and all three hippocampal fields. The interpretation is that

Ab immunotherapy has an effect not only in reducing

histologically detectable Ab but also has an effect on in-

traneuronal phospho-tau accumulation. The effect appears

to be restricted to phospho-tau accumulation in neuronal

processes, both in the form of dystrophic neurite clusters

and neuropil threads. In contrast, there was no difference in

the density of phospho-tau positive neuronal cell bodies, or

in Braak stage, between the iAD and cAD cases (Fig. 3).

The patients in the trial were immunised at the stage of

mild to moderate AD (MMSE 15-25), corresponding to a

Braak stage in the range III–V [74]; as 9/10 were stage VI

when they died, this implies that accumulation of phospho-

tau in neuronal cell bodies and tangle formation may have

continued despite Ab immunotherapy.

A recent detailed study of the hippocampi of five

patients immunised with AN1792 in the second trial

identified a reduction in abnormal curvature of neuronal

processes and some differences in tau-neuronal cell body,

notably a reduction in late stage hyperphosphorylated tau

[101]. However, as observed in the study described above,

the density of neurofibrillary tangles was not affected by

the immunotherapy. Overall, this evidence of a relative

reduction of phospho-tau in neurons seems likely to reflect

a beneficial effect on neuronal metabolism of the removal

of Ab prompted by Ab immunisation.

In conclusion, there seems to be clear evidence that tau

pathology can be ameliorated to some extent by Ab im-

munisation [9, 76, 78, 101] with the effects most marked on

phospho-tau aggregation in the neuronal processes rather

than neuronal cell body. However, even when plaque

clearance is very extensive, there is still substantial

aggregated tau protein. This raises the possibility that a

combined approach targeting both aggregated Ab and tau

may be of beneficial. A few studies have been performed in

experimental models which suggest that tau antibodies can

modify tau pathology [4, 103], but as far as we are aware a

combination of Ab and tau immunotherapy has not been

investigated.

Is there a beneficial effect of Ab immunotherapy

on synapses?

Previous studies of AD have shown a close correspondence

between synaptic loss and cognitive decline [21, 53, 61,

100, 112, 113]. Despite much investigation, the patho-

physiological link between Ab aggregation and synaptic

dysfunction and loss remains poorly understood. From the

earliest studies, which demonstrated that synaptic loss in

AD occurs not only within cortical amyloid plaques but is

also distributed throughout the cortical neuropil [63], it

seemed clear that the presence of the plaques themselves is

Fig. 3 Illustration of the effect of Ab immunisation on plaques and

tangles using modified Bielschowsky staining. In unimmunised AD

(left), tangles and plaques are visible, with dystrophic neurites

associated with some of the plaques (arrow). In immunised AD

(right), the plaques and associated dystrophic neurites are gone, but

the tangles remain. cAD unimmunised AD case, iAD immunised AD

case. Scale bar 50 lm
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not directly responsible for the synaptic loss. More recent

studies have focused on the synaptotoxic role of Ab oligomers

which interfere with long-term potentiation [102, 118].

In our study, quantification of synaptophysin immunohis-

tochemistry, both relative optical density measurements and

protein load, showed no difference between iAD cases and

cAD cases (Fig. 4). Indeed, the cortical and hippocampal

neuropil were severely degenerated in many of the iAD cases,

with marked status spongiosus typical of advanced AD,

including those iAD cases in which plaque removal was vir-

tually complete. In other words, removal of plaques in the iAD

cases seemed to confirm no protective benefit to synapses.

This observation is based on a small number of cases and

merits further and more detailed study.

The overall histological changes in AD pathology

induced by Ab immunotherapy are illustrated in Fig. 5.

Is there clinical benefit associated with removing Ab
deposits from the brain?

Long-term clinical follow up of the 80 patients who had

been immunised in the study showed no evidence of ben-

eficial effects either in terms of survival or time to the

development of severe dementia (defined as MMSE B 10)

[43]. As this was a clinicopathological study, we were

able to match the cognitive function scores with the post

mortem neuropathology for some patients. Interestingly,

Fig. 4 Lack of an effect of

plaque removal induced by Ab
immunotherapy on synapses.

An iAD case showing a a

neocortical area with plaques

remaining and b the

corresponding area stained for

synaptophysin (presynaptic

protein, SY38) compared with

c an area in which plaques have

been removed and d the

corresponding area stained for

synaptophysin. There is no

visible difference in the synaptic

staining as a consequence of the

plaque removal. e This

observation is confirmed by the

absence of a significant

difference in the quantification

of synaptophysin load or

relative optical density (using

the pons as a reference) of

synaptophysin

immunohistochemistry in seven

immunised AD cases (iAD) and

nine unimmunised AD cases

(cAD). Scale bar 50 lm
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excluding one patient who had died very shortly after im-

munisation, the cognitive function of all the immunised AD

patients had continued to decline and reached a terminal

end stage dementia (MMSE = 0) prior to death. This

included two patients in whom there was virtually com-

plete clearance of Ab plaques from the brain [11].

Although based on detailed examination of a small

number of patients from a clinical trial which was not pow-

ered to study efficacy; the findings seemed to have some

inescapable conclusions regarding the role of plaques in the

neurodegenerative pathology of AD and in the progressive

cognitive decline. Specifically, the findings imply that

removal of plaques is not sufficient to halt the progression of

neurodegeneration and associated cognitive decline in AD.

There are several potential explanations for this observation.

Firstly, Ab plaques may be necessary to initiate, but not

necessary to maintain the neurodegenerative mechanism; in

this case, the progression of the disease could rely purely on

other features of the pathology, either singly or in combi-

nation. Possible candidates for progressive neurodegene-

ration in the absence of plaques are: self-perpetuating tau

aggregation [20]; activation of microglia [31, 85] or astro-

cytes [124]; synaptic degeneration and cerebrovascular

pathology, including CAA [120]. Secondly, the studies

reported so far are of histologically detectable Ab plaques

and leave open a potential role for non-plaque forms of

Ab (e.g. soluble, oligomeric or intraneuronal Ab). Indeed,

preliminary studies have indicated that levels of oligomeric

Ab are more variable in iAD than in cAD [116] and con-

centrations of soluble Ab are remarkably high after

immunotherapy [84]. Thirdly, a further logical possibility to

explain the continued progression of cognitive decline in AD

patients who have been immunised and in whom the plaques

have been removed is that, after all, Ab aggregation is not

involved in the causal sequence of events in AD.

Clearly, more remains to be learned in terms of the

effects on clinical function of Ab immunotherapy. Some

studies showed evidence of modest benefit in some of the

assessment parameters in patients treated with active Ab42

immunisation (AN1792) [8, 32, 41]. Particularly illumi-

nating will be the cognitive follow up of larger numbers of

patients with pre- and post-immunotherapy brain imaging

for amyloid plaques, e.g., by use of PIB PET scans, in the

larger cohorts of patients in ongoing clinical trials.

Pathological ‘‘side effects’’ associated with removing Ab

There are several reasons for thinking that there may

be risks associated with Ab immunisation. Indeed,

Fig. 5 Cartoon to summarise the effects of Ab immunotherapy on

Alzheimer’s disease histopathology. Stage 0 In unimmunised AD, all

of the characteristic features of the disease are present as illustrated.

Following immunotherapy, stage 1 antibodies enter the brain and bind

to plaques resulting in phagocytosis of Ab by microglia and

solubilisation of Ab which is translocated to the vasculature resulting

in an increase in the severity of cerebral amyloid angiopathy. ‘‘Moth-

eaten’’ plaques are seen at this stage. Stage 2 Plaques have been

removed but some dense plaque cores remain; there is marked

accumulation of Ab in the cerebral vasculature, including in cortical

capillaries, arteries and arterioles and also leptomeningeal arteries.

Microhaemorrhages may occur, probably at this stage. Plaque-

associated dystrophic neurites are removed and there is some

reduction in the density of neuropil threads, but tangles remain.

Stage 3 This is an end stage at which Ab may have been completely

removed from the parenchyma and the vasculature. Tangles and

neuropil threads remain, although the neuropil thread density may be

reduced. In some cases there are old microvascular lesions, reflecting

previous microhaemorrhages
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immunisation is performed against a self-protein and as

such may initiate an autoimmune disease. In addition, Ab
is a peptide which is normally present in the brain and may

have a physiological role, with which immunisation could

interfere. Finally, in disaggregating Ab plaques, the levels

of soluble Ab may be increased which could overload the

aged and already compromised cerebral systems by which

Ab is normally removed.

Effects on microglia

Ab immunotherapy stimulates microglia and targets their

activity towards plaques. The evidence for this comes from

marked clustering of activated microglia, identified with

CD68 and HLA-DR (MHC class II) immunostaining,

around plaques and the presence of Ab within microglial

lysosomes [76, 78]. Data from animal and human studies

indicate that microglial phagocytosis of Ab is one of the

mechanisms by which Ab immunotherapy results in plaque

removal [10]. The proposed mechanism is that antibodies

enter the brain parenchyma from the blood stream, bind to

and opsonise Ab in plaques, thereby prompting phagocy-

tosis by microglia [7, 76]. Whereas plaque removal may be

a helpful end result, stimulating microglia in order to

remove plaques may also provoke unwanted side effects.

Indeed in AD, there is a longstanding literature invoking

‘‘neuroinflammation’’ (i.e. microglial activation) as under-

lying the continuing neuronal damage [2, 35, 36, 48, 66,

70, 123]. One of the proposals for the role of microglia in

AD pathogenesis is that the presence of Ab deposits in

themselves is not harmful, but that the microglial activation

provoked in response to Ab is associated with the release

of neurotoxic cytokines. Further stimulation of microglia

by Ab immunotherapy could provoke additional collateral

damage as the process of plaque removal is in progress, but

conceivably ultimately could result in lowered microglial

activation once the plaques have been removed. Our

understanding of the overall balance between the beneficial

and harmful effects of activated microglia is evolving and

seems likely to depend on the precise nature of their acti-

vation status [85, 91]. There are clearly unanswered

questions here in relation to the precise level and pheno-

type of microglial activation following Ab immunotherapy,

but it is notable that there is no evidence of an overall

accelerated decline in function in AD patients subject to

the immunotherapy, which might be predicted if stimulat-

ing microglia in this way was particularly neurotoxic.

Effects on CAA

Previous studies have proposed that although the CNS does

not have a lymphatic system for the drainage of extracel-

lular fluid, there is an analogous pathway involving the

basement membranes of the walls of the vessels forming

the cerebral arterial trees [17, 19, 79, 119, 121, 122].

Evidence for the existence of a perivascular drainage

pathway includes the observation that soluble substances,

such as Indian ink injected into the rodent brain track

towards blood vessels, delineating the arterial walls in a

pattern similar to that of CAA in humans. A recent study

using fluorescent dextran as a soluble tracer, which is of

similar molecular weight to monomeric Ab, colocalises

rapidly with the laminin in the vascular basement mem-

branes [17].

Recognition of (a) the concept of the perivascular

drainage pathway and (b) that in AD, Ab42 is located

predominantly in cortical plaques whereas CAA is com-

posed predominantly of Ab40, gives rise to the possibility

of tracking the path of plaque Ab to the vasculature after its

mobilisation by Ab immunotherapy. We found that despite

the substantially lower Ab42 load located in plaques in

iAD, overall, the amount of Ab42 located in the blood

vessel walls was many times higher in iAD than in cAD

[11]. With the iAD cases available for analysis distributed

over a period of many years following immunisation and at

different phases of plaque removal, it is possible to

envisage a sequence of events in which (a) in cAD, Ab42 is

located mainly in plaques with very little in the vascula-

ture, (b) shortly after immunisation, plaques begin to

disaggregate and Ab42 appears in the blood vessel walls,

(c) abundant Ab42 is present in the walls of blood vessels

in cortical regions devoid of plaques and (d) at a late stage

in cases with extensive removal of parenchymal Ab, Ab42

is ultimately removed from the vasculature [11]. The

overall interpretation is that plaque Ab is solubilised by the

therapeutic process, enters the perivascular drainage path-

way indicated by increased Ab42 immunostaining of blood

vessel walls and eventually may be cleared from the

vasculature. This interpretation is supported by elegant

well-controlled experimental studies with multiple pre-

determined time points of assessment [88, 126].

The increase in CAA after immunotherapy could be

regarded as a beneficial event, indicating that Ab is

draining out of the brain or, alternatively, increased CAA

could be viewed as potentially harmful for an aged vas-

culature. Previous studies of naturally occurring CAA have

shown that severe CAA can be associated with large lobar

cerebral haemorrhages, presenting with stroke, and cortical

microhaemorrhages, associated with rapidly progressing

dementia [77]. As far as we are aware, there are no reports

of large lobar CAA-related intracerebral haemorrhages

after Ab immunotherapy. However, quantification of

microhaemorrhages using Perl’s Prussian stain for iron

has shown a substantially higher density of cortical

microhaemorrhages and microvascular lesions in some

iAD patients compared with cAD [11], as observed in
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experimental models [86]. It, therefore, appears that Ab
immunotherapy can induce cortical microhaemorrhages,

and possibly other forms of microvascular lesions in the

AD brain. The clinical implications of this effect, if any,

are as yet unclear. Nevertheless, there is an intense interest

in this question in the current clinical trials of Ab immu-

notherapy in which the occurrence of microhaemorrhages

can be documented in vivo by T2 gradient echo MRI scans

[34].

Naturally occurring severe CAA has been previously

associated with changes in the underlying superficial

cerebral white matter. This is thought to occur as a con-

sequence of the anatomical arrangement in which

leptomeningeal arteries branch to supply the underlying

cerebral cortex and then the superficial white matter. If the

leptomeningeal and cortical segments of the arterial tree

are affected by severe CAA, then the periarterial spaces in

the superficial white matter become dilated [92]. We have

identified enlarged perivascular spaces in the superficial

cerebral white matter in some of the iAD cases with severe

CAA. This observation may have some clinical utility

because the size of the periarterial spaces (up to 2–3 mm in

diameter) would be visible in vivo on MRI scans. Recog-

nition of this feature as an indirect marker for the presence

of severe CAA may be of use in diagnostic imaging as

direct methods for imaging CAA in vivo are currently

lacking.

Effects on soluble and oligomeric Ab

One of the proposed mechanisms by which Ab immuno-

therapy removes plaques is by Ab antibody binding to Ab
plaques, resulting in plaque disaggregation with solubili-

sation of fibrillar Ab. Direct evidence of this comes from

biochemical studies of two cases indicating several fold

higher levels of soluble Ab in the cerebral cortex after

immunisation [84]. This supports our interpretation of the

cause of the increased severity of the CAA, as described

above. Recent studies have suggested that soluble Ab
levels correlate better with cognitive function than plaque

load or other parameters of AD pathology [65, 114], con-

sequently, solubilising Ab plaques by immunotherapy and

thereby raising levels of soluble Ab could potentially be

functionally harmful. Nevertheless, as already mentioned,

there is no evidence overall that cognitive function is

worsened in the immunised AD population. There is

intense interest in the role of oligomeric Ab in AD as the

key cause of neurotoxicity [65]. Preliminary studies in iAD

cases using Ab oligomer-specific antibodies have shown an

increased variability in the concentration of Ab oligomers

in iAD compared to cAD controls [116]. Interestingly, in a

recent post mortem study of patients immunised with

AN1792, it was found that plaques remaining after

immunotherapy had increased numbers of dystrophic

neurites per plaque [101]. This observation was interpreted

as consistent with the immunisation process increasing

local soluble/oligomeric Ab with worsening neuritic dys-

trophy localised to remaining plaques. The effects of

immunotherapy on soluble/oligomeric Ab and the conse-

quences that any such changes may have on function in AD

still require further clarification.

Clinical evidence of side effects with the active Ab42

vaccine

Progress with the active Ab42 vaccine (AN1792, Elan

Pharmaceuticals) came to a halt when it was recognised

that a small proportion of patients (6%) developed a sub-

acute neurological deterioration accompanied by the

presence of lymphocytes in the cerebrospinal fluid and

variable focal white matter abnormalities on imaging [83].

This side effect was interpreted as a form of meningoen-

cephalitis, likely an autoimmune reaction, probably

occurring as a result of reformulation of the detergent

carrier in the vaccine in order to increase solubility of the

Ab42 in the preparation [89, 98]. Post mortem neuropa-

thology has been reported on two patients who had this

complication, the patient we described initially [78] who

had been dosed with the reformulated agent in an extension

phase to the initial study, and a further Spanish patient

from the subsequent trial [26]. Taken together, the main

neuropathological features appeared to be, focal abnor-

malities in the cerebral white matter comprising white

matter rarefaction and macrophages, associated with infil-

tration of T lymphocytes mainly clustered around

leptomeningeal blood vessels severely affected by CAA.

Although these features seem to be relatively specific for

these two patients who presented clinical evidence of this

side effect, it should be noted that both patients died many

months after the acute clinical event and so the neuro-

pathological features may have changed in that time.

Second generation Ab immunotherapy approaches

and apparent re-emergence of side effects

The clinically evident side effect described above [83]

prompted the growing Ab immunotherapy field to devise a

number of immunotherapy protocols with a major aim of

avoiding a T lymphocyte response, as this was thought to

be responsible. These protocols include the following

approaches:

1. Active immunisation with a truncated peptide contain-

ing only the N- or C-terminal region of Ab [104, 107].
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2. Passive immunisation which has the advantage of

reliability, control of the antibody concentration in the

bloodstream and management of the kinetics of Ab
removal [127].

3. Use of pooled immunoglobulins from a large numbers of

donors (IVIg) which have anti-inflammatory properties

and the capacity to dissolve fibrillar Ab in vitro [46].

4. Enhancing the ‘‘peripheral sink effect’’ to stop anti-

bodies getting into the brain: This can be achieved by

binding Ab antibodies to large molecules to ensure that

they remain in the blood or by inducing production of IgM

only, instead of IgG. This methodology generates an

alteration in the equilibrium of Ab across the blood–brain

barrier resulting in plaque removal [22–24, 104].

5. Specifically targeting Ab oligomers rather than fibrillar

amyloid using Ab oligomer-specific antibodies [33].

6. Immunisation early in the disease process: at the stage

of mild cognitive impairment or before.

There are currently in the region of 15 second genera-

tion Ab immunotherapy approaches in clinical trials [55],

altogether involving many thousands of subjects, and

interesting and informative findings are expected to emerge

over the next few years. Published data are already avail-

able from the first of these studies. The study involved 234

patients (124 treated and 110 placebos) who received

passive immunisation with a monoclonal Ab antibody

directed against the N-terminal region of Ab (Bap-

ineuzumab). Six intravenous infusions were administered

13 weeks apart with the final assessments at week 78.

Overall, there was no significant difference in cognitive

function between the treated and placebo patients; how-

ever, there was a significant benefit in study completers

(i.e. patients who completed the protocol to their final

assessment) amongst APOE e4 non-carriers, but not in the

APOE e4 carriers [94]. On the basis of these findings,

Bapineuzumab has progressed to a phase III trial (Janssen

Alzheimer Immunotherapy Research & Development).

However, a side effect was encountered in a small pro-

portion of patients (12/124) who had associated symptoms

including headache, confusion, vomiting and gait distur-

bance. The findings on imaging included FLAIR MRI

signal in the white matter, leptomeninges or sulci associ-

ated with gyral swelling. This effect was observed with the

higher dosage of Bapineuzumab and in APOE e4 carriers

and was resolved after cessation of dosing [94]. The overall

findings are somewhat reminiscent of the side effect

encountered with AN1792 which is disappointing as pas-

sive immunotherapy was supposed to avoid provoking the

T cell inflammatory reaction thought to be responsible for

the ‘‘meningoencephalitis’’. This highlights the point that

the cause of the side effects encountered with Ab immu-

notherapy remains to be fully understood.

Proposed pathophysiological mechanism for the clinical

side effects

We propose a pathophysiological mechanism which

attempts to draw together the key pieces of information

(Fig. 6). The concept is as follows: after Ab immunisation,

Ab antibodies enter the brain parenchyma and bind to

plaques, resulting in solubilisation and mobilisation of Ab
which is translocated to the vasculature. The precise

mechanism of Ab transport, whether in the form of soluble/

oligomeric Ab, or as IgG/Ab immune complexes or in

association with ApoE is not clear at this stage, neverthe-

less, this results in an increase in the severity of CAA. It is

also conceivable that immune complexes deposited in the

blood vessel walls activate the complement pathway and

provoke an inflammatory response. As a consequence,

there is a disturbance of the vascular function resulting

in focal abnormalities within their territory of supply,

including the underlying white matter. The changes

observed in the white matter are due to an altered fluid

balance, ‘‘vasogenic oedema’’, for which the mechanism

may be due to impaired perivascular drainage of fluid from

the white matter. The relatively common occurrence of

these events in APOE e4 carriers may be due to this group

being more likely to have pre-existing CAA as a part of the

AD pathology, or/and the association of APOE e4 with

other forms of vascular pathophysiology (i.e. atheroscle-

rosis and arteriosclerosis). In addition, Ab antibodies may

bind to pre-existing CAA and this could conceivably

contribute to the vascular effects. The overall implications

of this mechanism are that (a) Ab immunisation induces an

iatrogenic process which might be relevant to any Ab
immunotherapy whichever protocol is used; and (b) it may

reflect rapid mobilisation of Ab from plaques, occurs par-

ticularly in patients in whom the cerebral vasculature

cannot cope with the volume of Ab traffic due to either pre-

existing cerebrovascular disease and/or inflammation rela-

ted to rapid mobilisation of plaques, and is likely to be

associated with increased microglial activation.

It is intriguing to note that a remarkably similar process

seems to occur rarely as a natural disease process. Eng and

colleagues [25] identified a group of patients with lym-

phocytic infiltration associated with CAA in whom there

were reversible white matter hyperintensities on MRI

scans. In addition, Scolding and colleagues [99] observed a

similar disease process in which there were perivascular

and leptomeningeal CD3? T cells associated with severe

CAA, scarcity of Ab plaques, presence of Ab in microglia,

accompanied by white matter rarefaction and gliosis, as

described above in response to Ab immunisation. It is

tempting to suggest, therefore, that these are patients with

AD who have sensitised themselves to the presence of Ab
in their central nervous system and responded in a fashion
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similar to that subset of immunised AD patients who

develop the side effect.

Implications for other neurodegenerative disorders

with protein aggregation

Abnormal aggregation of specific proteins is a common

feature of many neurodegenerative disorders. Although

recognising the protein aggregates has been useful in

defining the different disease processes and remains useful

in their diagnosis, it is still unclear whether the protein

accumulation is a cause or effect of the disease. A powerful

way to test the hypothesis that aggregated protein is key to

the pathogenesis of these diseases is to manipulate the

system. There are a number of examples either from

observational studies or after manipulations, both in human

and experimental models, in which there is dissociation

between the histologically detectable protein accumulation

and the neurodegenerative process. These examples would

seem to raise the possibility that the histologically detect-

able protein accumulation is not the cause of the

neurodegeneration in these disorders.

Conclusion

AD, in common with other neurodegenerative disorders, is

a complex disease process with multiple facets to its neu-

ropathology, each of which may contribute to the overall

damage to the brain and consequent dysfunction. Remark-

ably, it is possible to modify AD pathology by targeting one

of those facets, namely Ab aggregation, by Ab immuno-

therapy. However, mobilising Ab, particularly by use of

immunological methods, seems to be associated with side

effects at least in a proportion of patients. In addition, as the

human brain is notoriously poor at repairing itself after

damage, it seems optimistic to expect that a therapy aimed

at only one facet of the disease, even if it is involved in

initiation of the disease process, may have substantial

benefit late in the course of the disease. It is noteworthy that

even patients presenting with mild cognitive impairment

already at that stage have a substantial burden of Ab and tau

pathology as a result of a process that began many years or

even decades before. An intriguing point to consider, on

returning to the seminal study of Schenk and colleagues

[97], is whether immunotherapy could be used as preven-

tion for AD rather than treatment of established disease. The

initial studies showed that Ab immunisation in young APP

transgenic mice prevented the accumulation of Ab plaques

during ageing. It is intriguing to speculate whether this

observation would translate to humans: could young or

middle-aged humans be safely immunised against Ab and,

if so, would this prevent the formation of Ab plaques,

together with prevention of all of the other features of AD

pathology including intraneuronal tau aggregation, loss of

synapses and neurons and the glial reaction? It is chal-

lenging to envisage how these studies could be performed,

but surely this would be the ultimate test of the Ab cascade

hypothesis.

Fig. 6 A proposed

pathophysiological mechanism

which may underlie the

clinically encountered side

effects of Ab immunotherapy. It

is possible that this mechanism

may be activated in any form of

immunotherapy in which Ab is

the target and which results in

rapid mobilisation of Ab
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