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Alzheimer’s disease (AD) is the most common form of senile dementia and the fourth highest cause of
disability and death in the elderly. Amyloid-f (AB) has been widely implicated in the etiology of AD.
Several mechanisms have been proposed for A clearance, including receptor-mediated A transport

across the blood-brain barrier and enzyme-mediated AB degradation. Moreover, pre-existing immune
responses to Ap might also be involved in Ap clearance. In AD, such mechanisms appear to have become
impaired. Recently, therapeutic approaches for Ap clearance, targeting immunotherapy and molecules
binding AB, have been developed. In this review, we discuss recent progress and problems with respect to
AP clearance mechanisms and propose strategies for the development of therapeutics targeting Ap

clearance.

Alzheimer’s disease (AD) is the most common senile dementia of
later life and a major cause of disability and death in the elderly.
Amyloid plaques are one of the pathological hallmarks of AD.
Amyloid-B peptide (AP) appears to play a pivotal role in the
pathogenesis of AD. A relatively small number (<5%) of AD
patients (familial cases) might have increased AR production in
the brain because of inherited mutations in the amyloid protein
precursor (APP) gene or presenilins 1 or 2 genes. However, the
majority of patients with so-called sporadic or late-onset AD do not
have an increased AB production or APP overexpression in the
brain. The steady levels of AR are determined by the balance
between its production and clearance (Figure 1). Dysfunction in
AR clearance is crucial for the accumulation of AB in AD brains. In
this review, we discuss recent progress and problems with respect
to AB clearance mechanisms and propose strategies for the devel-
opment of therapeutics targeting A clearance.

Receptor-mediated AP transport across blood-brain
barrier (BBB)

Soluble AB can be removed slowly, via interstitial fluid (ISF) bulk
flow, into the bloodstream [1]. However, this is responsible for

Corresponding authors: Zhou, X.F. (zhou0010@flinders.edu.au) and Zhou, H.D.
(zhouhuad@163.com)

the clearance of only 10-15% of the total AR in the brain and
circulating AB can also influx into the brain from plasma. Recep-
tor-mediated transport of AB is principally responsible for the
transport of AR across the BBB (Table 1).

Efflux of Ap from brain to blood

Lipoprotein receptor-related protein (LRP)-mediated AS efflux
Low-density LRP mediates the efflux of AB from the brain into
blood. The interaction between AR and LRP mediates AR brain
capillary binding, endocytosis and transcytosis across the BBB into
blood [2,3]. Dysfunction of LRP leads to reduced efflux of AB from
the brain and thus increased A deposition in the mouse brain [3—
5]. LRP has been shown to be genetically linked to AD in epide-
miological studies [6]. In AD reduced expression of brain endothe-
lial LRP is associated with positive AR staining of vessels [3]. The
expression of LRP is negatively regulated by AR levels [3,7]. This
might explain previous observations of relatively low LRP activity
in brain microvessels in AD patients and mutant APP mouse
models.

P-glycoprotein-mediated AB efflux

ATP-binding cassette transporter p-glycoprotein (p-gp) has been
suggested to be involved in AB clearance as an AB efflux pump
at the BBB [8]. Increased levels of AP in the temporal lobe of
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FIGURE 1

Mechanisms of Amyloid-p (AB) clearance. The steady-state level of AR depends on the balance between production and clearance. The transport of A
across the blood-brain barrier (BBB) is mainly mediated by receptors [i.e. receptor for advanced glycation end products (RAGE) and lipoprotein receptor-related

protein (LRP)] on endothelial cells. AB in the extra- and intra-cellular space can be de
Peripheral anti-AB antibodies and AB-bindable substances are able to enter the bra

graded by enzymes [i.e. neprilysin (NEP) and insulin-degrading enzyme (IDE)].
in at low levels, where they prevent AR aggregation and resolve AR fibrils. By

binding to peripheral AR they also exert as a peripheral sink to promote the efflux of AB from the brain and disrupt the AR equilibrium between the brain and the
blood, resulting in the clearance of AB from the brain. These mechanisms of AR clearance become potential targets for drug development for Alzheimer's disease.

the brain of non-demented elderly people are inversely
correlated with p-gp expression levels in cerebral vessels [9].
However, the significance of p-gp in the development of
amyloid accumulation and AB clearance in AD remains to be
determined.

TABLE 1

Influx of AB from blood to brain

Receptor for advanced glycation end products (RAGE)-mediated
AB influx

RAGE, a multi-ligand and cell surface receptor, binds soluble
AB in the nanomolar range [10], and mediates transport of

Receptors that mediate Amyloid-f3 (A3) transport across the blood-brain barrier

Receptor Function

Evidence for involvement
in in vitro or animal models

Evidence for involvement in
human Alzheimer’s disease (AD)

Lipoprotein receptor-related Transport of A from [3-5] Low level of LRP is associated with

protein (LRP) brain into blood positive staining of vessels for AR

[3]; linkage studies [6]
P-glycoprotein Transport of AR from [8] Levels in cerebral vessels reduced
brain into blood with increased AR level in AD brain [9]

Receptor for advanced glycation Transport of AB from [10,11] Not established

end products (RAGE) blood into brain
gp330/megalin Transport of A from [12] Not established

blood into brain
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pathophysiologically relevant concentrations of plasma A across
the BBB [11]. Downregulation of RAGE can inhibit the influx of A
[11]. A feature of RAGE is its unusual sustained juxtaposition with
its ligand in tissues. In contrast to suppression of receptors
observed with LRP in an AB-rich environment [3], RAGE expres-
sion is upregulated and sustained at an elevated level by excess
amounts of AB in AD brain through a positive-feedback mechan-
ism. Given that AR efflux appears compromised during aging and
in AD [3], this mechanism might exacerbate cellular dysfunction
because of RAGE-AB interaction, as increasing expression of the
receptor allows for more profound RAGE-mediated influx of AB.

gp330/megalin-mediated AB influx

Although gp330/megalin has also been reported to transport
circulating plasma A in a complex with ApoJ back into the brain
across the BBB [12], it is normally saturated by high levels of plasma
ApoJ, which precludes significant influx of AB into the brain under
physiological conditions. Thus, RAGE is the most likely receptor
responsible for the transport of AR back into the brain [13].

Enzyme-mediated AP} degradation

AB is degraded by several peptidases, principally two zinc metal-
loendopeptidases referred to as neprilysin and insulin-degrading
enzyme (IDE) (Table 2).

Neprilysin

Neprilysin is a rate-limiting Ap-degrading enzyme in the brain
[14]. The catalytic site of neprilysin is exposed extracellularly,
making it a prime candidate for peptide degradation at extracel-
lular sites of AR deposits. Intracerebral human neprilysin gene
transfer leads to a remarkable decrease in amyloid deposits in an
AD mouse brain [15], and inhibition of neprilysin protein or
disruption of the neprilysin gene results in a defect in AB degrada-
tion [16,17]. In AD brain, the level and activity of neprilysin
decrease in the cortex and hippocampus but not in other brain
areas or peripheral organs [18-20]. A clear inverse correlation
between neprilysin and AB peptide levels has been found in the
vasculature of AD patients [21]. These findings suggest that the
deficient degradation of AB caused by low levels of neprilysin
might contribute to AD pathogenesis.

IDE
IDE is another major enzyme for AP degradation in the brain. The
levels of IDE in the brain decrease during aging. It has a distinct

TABLE 2

distribution in the AD brain, with lower levels and being more
oxidized in the cortex and hippocampus than in the cerebellum
[18]. In animal models, deficits in IDE function lead to the impair-
ment of AR degradation in the brain [22-24], whereas overexpres-
sion of IDE reduces AB levels, and retards or completely prevents
amyloid plaque formation in the brain [25]. Defect in AR proteo-
lysis by IDE also contributes to AR accumulation in the cortical
microvasculature of AD cases with cerebral amyloid angiopathy
[26].

Epidemiological studies suggest that chromosome 10q encom-
passing the gene encoding IDE has genetic linkage for both late-
onset AD (LOAD) [27,28] and type 2 diabetes mellitus (DM2) [29].
Within the region, the gene for IDE represents a strong positional
and biological candidate for LOAD, DM2, and for the epidemio-
logical relationships among hyperinsulinemia, DM2, and AD [30].
In this regard, sequence variants of IDE have recently been shown
to be associated with LOAD [31] and extent of AB deposition in the
AD brain [32].

Other enzymes associated with AB degradation

Other metalloendopeptidase candidates, such as endothelin-con-
verting enzyme (ECE) and angiotensin-converting enzyme (ACE),
also degrade AB. ECE-1 and a closely related enzyme, ECE-2, can
hydrolyze A in the brain [33,34]. Consistent with the relationship
between ACE and AD as revealed in epidemiological studies [35],
ACE has recently been found to be capable of degrading AB [36].

Anti-Ap autoantibodies

Recently, endogenous autoantibodies against AR have been found
in AD patients and healthy individuals [37-39]. These autoanti-
bodies exist in very low levels, tend to be reduced in AD patients,
and appear to be harmless. Some studies have raised concerns with
regard to their functions. Autoantibodies against the neurotoxic
oligomeric AB species have been found to be depleted in AD
plasma and correlated with age at onset for AD [40]. In a small-
size pilot study, monthly treatment for six months with intrave-
nous immunoglobulins containing autoantibodies against AR
significantly lowered cerebrospinal fluid (CSF) levels of total AR
and improved the cognitive performance in AD patients [41].
Autoantibodies isolated from immunoglobulin preparations also
strongly blocked AR fibril formation, disrupted formation of fibril-
lar structures and almost completely prevented AP neurotoxicity
[42]. In addition, some naturally occurring proteolytic antibodies
have also been found to cleave AP [43,44]. These findings make it

Enzymes that degrade Amyloid-8 (AB)

Enzyme Function Evidence for involvement Evidence for involvement in
in in vitro and animal models human Alzheimer’s disease (AD)
Neprilysin Degrades AB [15-17] Levels and activity decreased in
aging and AD brains [18-21]
Insulin-degrading enzyme Degrades AB [23-25] Levels reduced in AD cases with
cerebral amyloid angiopathy [26];
some linkage studies [27,28]
Endothelin-converting Degrades AB and synthetic [33,34] Not established
enzyme AB40 and Ap42
Angiotensin-converting enzyme Degrades AB [36] Epidemiological studies [35]
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tempting to speculate that naturally occurring autoantibodies
against AB might be beneficial to AR clearance. Although levels
of these autoantibodies are normally very low, their persistence for
many years in serum might be sufficient to protect against AD.

Therapeutic clearance of A3

Immunotherapy-mediated AB clearance

Immunological approaches intended to reduce AB load in the
brain by either active or passive immunization, have shown con-
comitant improvement in neuritic dystrophy and cognitive def-
icits in animal models [45-50]. Clinical trials also suggested that
the active immunization with A peptide is therapeutically effec-
tive, as demonstrated by eliciting amyloid plaque clearance,
attenuating plaque-associated pathology (reduction in dystrophic
neurites or reactive astrocytes compared with unimmunized con-
trols), decreasing CSF tau level and slowing patients’ cognitive
decline [51-54]. However, a significant number of patients devel-
oped autoimmune meningoencephalitis, caused primarily by the
infiltration of autoreactive T lymphocytes into the brain in
response to active immunization [51,52]. T lymphocytes are acti-
vated by T-cell epitopes mapped to the AB15-42, which is segre-
gated from the dominant B-cell epitopes identified in AB1-15 [S5].
In addition to meningoencephalitis, cerebral haemorrhage might
be another potential risk of immunotherapy. Postmortem exam-
inations showed severe small cerebral blood vessel disease and
multiple cortical haemorrhages [51]. A recent study suggested that
the occurrence of microhaemorrhage requires the presence of
cerebral amyloid angiopathy and antibody recognition of depos-
ited forms of AB [56].

Currently several basic hypotheses have been proposed on the
mechanism of AB-plaque clearance by immunotherapy, including
AB phagocytosis by microglia, disruption of AR aggregates, neu-
tralization of oligomers and peripheral sink hypothesis. These
mechanisms are not necessarily mutually exclusive and could
act in concert.

AB-bindable substance-mediated AB clearance

According to the peripheral sink hypothesis, AB-bindable sub-
stances sequester plasma AR, leading to clearance of AR by pro-
moting a net efflux of a rapidly mobilized soluble pool of AR
(Figure 1). Peripheral treatment with gelsolin or GM1, an agent
that has high affinity for AB, reduced the level of AB in the brain,
probably because of a peripheral action [S7].

Penetration of AB-bindable substances into the brain provides a
chance for them to inhibit the aggregation of soluble AR and/or
resolubilization of AR fibrils, then shift brain equilibrium between
soluble and aggregated AR species towards soluble ones and finally
facilitate AB clearance. The phenolic, yellow pigment, curcumin,
found naturally in turmeric, a spice used extensively in Indian
cookery, directly binds small AB species to block the formation of
oligomer and fibril as well as to disaggregate AR aggregates in vitro
and in vivo. When administered peripherally, curcumin can cross
the BBB, bind plaques, and reduce amyloid levels and plaque
burden in aged transgenic AD mice [58]. Another AB-bindable
substance, enoxaparin (a low-molecular-weight heparin), when
administered peripherally, significantly lowered the number of,
and the area occupied by, cortical AR deposits and the total AB40
cortical concentration, possibly by either impeding the structural

changes in AB necessary for fibril formation in the brain, or by
sequestering the plasma AR peripherally [59].

Perspectives for drug discovery of A3 clearance

The molecular pathways responsible for transport of AR across the
BBB and the mechanisms involved in the proteolytic degradation
of AB (Figure 1), suggest an array of potential therapeutic strategies
for the clearance of brain AB. Clearance of A via BBB transport
and cellular degradation reduce brain plaque burden, but in the
AD brain these mechanisms are either impaired or overloaded and
might even contribute to disease progression. Based on the
mechanisms of AR transport and degradation, some therapeutic
strategies could be developed for the clearance of AR from the
brain.

Promoting receptor-mediated AB efflux

RAGE and LRP play opposing roles in the regulation of AB trans-
port across the BBB. In AD patients and in APP transgenic models
of AD, RAGE is significantly upregulated at the BBB, whereas LRP is
downregulated [3]. One potential strategy would be to develop
new drugs that regulate the activity or expression of AR transport
receptors in the vascular system. The downregulation of RAGE and
upregulation of LRP at the BBB might readjust the transport
equilibrium for AB by promoting its net efflux from the brain into
the bloodstream. Two statins (simvastatin and lovastatin) which
upregulate LRP on BBB endothelial cells, might facilitate the
clearance of AB from the brain [60]. It is worth noting that
blockade of RAGE, using RAGE-specific IgG, can also increase
the expression of LRP in human brain endothelial cells exposed
to an AB-rich environment [60]. This interesting finding not only
implies a close link between the two receptors, but also suggests
the potential of this strategy to promote the LRP-mediated AR
efflux and inhibit RAGE-mediated A influx.

Another strategy is to block the interaction between AR and
RAGE, and thus prevent the RAGE-mediated influx of AR and block
detrimental responses induced by the AB-RAGE interaction. As
RAGE activation by AB could take place at an early stage of AD and
result in early neuronal dysfunction [61,62], the prevention of
RAGE-AR interaction at very early stages of AD might be a useful
strategy. The antibodies to RAGE and soluble RAGE have been
shown to block the AB-RAGE ligation-induced cell-type-specific
consequences [63,64]. Peripheral administration of soluble RAGE
can significantly reduce the AR levels in the brain of transgenic
APP mice by either preventing the RAGE-mediated influx of AB or
via the peripheral sink mechanism [11]. Interestingly, the amino
acid residues of AR involved in the interaction with RAGE are from
17 to 20, which are also involved in AB-AB binding. Therefore,
drugs targeting this region might prevent AB-RAGE interaction
and arrest the AP aggregation.

Upregulating enzyme-mediated AB degradation

Experimental and epidemiological studies suggest that a decrease
in activities of the AB-degradating enzymes because of genetic
mutations, and age- or disease-related alterations in gene expres-
sion or proteolytic activity, might increase the risk for AD.
Enhancement of AB-degradation enzymes through gene therapy,
transcriptional activation or even pharmacological activation of
the AB-degrading enzymes represents a novel therapeutic strategy
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for the prevention and treatment of AD [65]. In animal models,
gene transfer of neprilysin and IDE reduces the accumulation of A
in the brain [15,25,66]. A small synthetic peptide substrate has
been shown to increase the activity of IDE with respect to the
hydrolysis of AR without affecting its activity towards insulin,
suggesting that small-molecule peptide analogs can be used to
increase the rate of AR clearance without affecting insulin levels
[67]. Somatostatin can also regulate the metabolism of AB in the
brain through enhanced proteolytic capacity as a result of upre-
gulation of neprilysin. Aging-induced downregulation of soma-
tostatin expression might, therefore, be a trigger for A
accumulation leading to LOAD, suggesting that somatostatin
receptor agonists might be useful in the prevention and treatment
of AD. Neprilysin gene promoters can be transactivated by amyloid
precursor protein intracellular domain (AICD) produced from
gamma-secretase cleavage of APP-like proteins [68]. This preseni-
lin-dependent regulation of neprilysin provides a physiological
means to modulate AR levels with varying levels of gamma-secre-
tase activity [68]. A very recent study has shown that the enzy-
matic activity of neprilysin is elevated in mouse brain and
inversely correlated with amyloid burden after exposure of trans-
genic mice to an ‘enriched environment’, suggesting the role of
brain activity and exercise in the prevention and treatment of AD
[69]. It should be kept in mind that upregulation of neprilysin and
IDE might affect physiological functions of other endogenous
substrates, such as neuropeptides.

Overcoming adverse effects of immunotherapy

Several alternative strategies might be considered for the future
development of a safer immunotherapy. Because full-length AB1-
42 peptide contains both B-cell epitopes mapped in AB1-15 and T-
cell epitopesin AB15-42 [55], immunization with the full-length AR
would be expected to result in extensive T-cell activation. New
vaccines composed of parts of the AR molecule, specifically exclud-
ing the epitope that might provoke abnormal T-cell reactions, are
currently under development. Recent studies indicate that immu-
nization with AB1-15 is effective to generate anti-Ap antibodies in
the absence of a T-cell response against full-length AR and leads to a
reduction of cerebral-plaque burden and cognitive deficits in AD
animal models [50,70]. Antibodies generated against N-terminal of
AR are able to inhibit AR fibrillogenesis and cytotoxicity, disaggre-
gate pre-existing AR fibrils, and are most effective in clearance of
amyloid plaque [45,71-73]. Recent data from the clinical Phase Ila
study suggest that the predominant antibodies generated after
immunization with AB42 (AN1792) are primarily N-terminal (1-
8) specific, independent of the presence of meningoencephalitis
seen in a subset of immunized patients [74]. These preclinical and
clinical data provide the basis for an improvement of immunization
antigens by selecting epitopes of eliciting beneficial immune
response and avoiding a potentially deleterious cellular immune
response.

DNA vaccination is an attractive alternative to direct peptide
and adjuvant approaches for inducing a humoral response to A.
DNA immunization offers significant advantages over peptide/
protein-based immunization, including ease of production, the
stability of episomal DNA and the eradication of time-consuming
procedures needed for the purification of subunit proteins. Active
vaccination with DNA vaccine encoding full-length AR peptide

alone can effectively induce anti-AB antibody and reduce brain AR
burden [75]. An important feature of DNA immunization is that it
offers the capability of modifying genes coding for desired anti-
gens, and to target the desired type of immune response using the
appropriate immunostimulatory and immunomodulatory
sequences, such as construction of DNA vaccine encoding B-cell
epitope of AB alone or with Th2-type immune response favouring
immunostimulatory and immunomodulatory sequences. Immu-
nization of a DNA vaccine expressing cholera toxin B subunit and
AB42 fusion protein induced a prolonged, strong production of
AB-specific serum IgG and resulted in improved ability of memory
and cognition, and decreased AR deposition in the brain of trans-
genic AD mice [76]. DNA vaccines encoding N-terminal sequence of
AB (i.e. 11 tandem repeats of AB1-6 or AB1-21) alone are able to
induce an anti-inflammatory Th2-type immune response, with no
inflammation-related pathology detected in the brain of immu-
nized mice [75,77]. A DNA vaccine with the mouse interleukin-4
fused to AB42 as amolecular adjuvant generates enhanced Th2-type
immune responses. The antibodies generated are primarily of IgG1
and IgG2b subtype and are predominantly directed against the N-
terminal sequence (1-15) [78]. Co-immunization of adenovirus
vector encoding granulocyte-macrophage colony stimulating factor
(GM-CSF) with AB42 DNA vaccine also favors a Th2 response [79].
Compared with peptide vaccination, gene-gun delivery of AR DNA
vaccines offers the advantage of higher efficiency in breaking self-
tolerance and for inducing beneficial Th2-based immune responses
to reduce possible adverse effects related to Th1 adverse responses
seen with AB42 peptide.

Mucosal immunization via oral or nasal routes is a desirable
strategy because of its convenience and high tolerability [80]. By
combining AR immunogens selective for the B-cell epitopes with
appropriate immune-response-directed adjuvants and routes of
administration, it is possible to develop a safer and effective AR
vaccine [81].

Based on the peripheral sink hypothesis, it is possible to reduce
brain AB burden without the need for antibodies to actually cross
the BBB. Passive immunotherapy was effective in reducing the AR
burden in animal models. This approach has the potential to be
much safer than current active immunization. A Phase I clinical
trial with passive immunotherapy is already under way in the
United States [82]. The intravenous use of antibodies against AR
resulted in a reduction in the AB concentration in the CSF and
stabilization, or even a mild improvement, in cognitive function
in AD patients [41].

Single-chain antibody provides another alternative potentially
noninflammatory approach to facilitate AR clearance. Currently
some single-chain antibodies specific against AR have been devel-
oped with different functions. Single-chain antibodies are able to
inhibit AR aggregation and disaggregate pre-existing AB fibrils in
vitro, prevent toxic effect of AB on cultured cells, and even reduce the
AR burden after being injected into the brain of AD mouse [83-86].
Two single-chain antibodies have been found to possess a-secretase-
like activity, providing a novel use of immunotherapy [87]. Intra-
cellular expression of single-chain antibodies raised to an epitope
adjacent to the B-secretase cleavage site of human APP drastically
inhibited or almost abolished the A production [88]. Single-chain
antibody also provides an opportunity for developing a gene
therapy-based non-inflammatory approach to AB clearance. Our
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experiment shows that adeno-associated virus-mediated

intracranial and intramuscular delivery of a single-chain antibody
gene, isolated from a human single-chain antibody library [89], can
effectively reduce the brain AR burden without activating microglia
and T lymphocyte (unpublished). Because single-chain antibodies
inherit some properties of their parental antibodies, it could be of
interest to develop an alternative non-inflammatory approach by
mimicking the current active immunotherapy without evoking the
detrimental T-cell response and Fc-mediated inflammation.

Another important approach to avoid adverse effects is to select
appropriate patients for immunotherapy. A recent study examined
the preimmunization gene expression patterns of peripheral blood
mononuclear cells of patients participating in the AN1792 study,
suggesting that genes related to apoptosis and proinflammatory
processes, and the tumor necrosis factor pathway in particular, were
associated with the occurrence of meningoencephalitis, and upre-
gulation of genes relating to protein synthesis, protein trafficking,
DNArecombination, DNA repair, and cell cycle were associated with
immunoglobulin responsiveness to immunization [90]. This key
observation provides evidence of the power and precision of using
genomic analysis to predict both the patients most at risk of
meningoencephalitis, and by so doing, potentially prevent it,
and those most likely to give a favorable response to immunization
in advance.

Searching for new high-affinity ApB-bindable substances
Based on the peripheral sink hypothesis, therapeutic agents are
not limited by the need to penetrate the BBB or evoke an anti-AB
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immune response. Several AB-bindable substances have been found
to effectively facilitate AR clearance [57-59]. A search for high-
affinity AB-bindable compounds from AR receptors, functional
foods or herbs could be a very attractive and promising strategy
to shift the AB transport equilibrium towards plasma.

Conclusion

The steady-state level of AR depends on a balance between
production, clearance and influx. Recently, pathologic, genetic
and transgenic evidence has suggested that physiological
receptor-mediated BBB transport and enzyme-mediated degra-
dation of AB are impaired in AD. Immunotherapy is effective in
reducing the AP load, attenuating AD-like pathology and
improving cognitive deficits. Although clinical trials were
halted, immunotherapy still holds promise as the first definitive
treatment for AD. Several AB-bindable substances have been
shown to be able to remove AB from the brain. Promoting
receptor-mediated AR efflux from the brain, suppressing the
AB influx across the BBB, upregulating the enzyme-mediated
degradation, overcoming the adverse effect of the immunother-
apy and searching for new high-affinity Ap-bindable agents are
some of the many promising approaches for future treatments
for AD.

Acknowledgements

The authors would like to thank Steven Johnson, Ernest Aguilar
and Tony Pollard at Flinders University School of Medicine for
critical reading of the manuscript.

14 Kanemitsu, H. ef al. (2003) Human neprilysin is capable of degrading amyloid beta
peptide not only in the monomeric form but also the pathological oligomeric form.
Neurosci. Lett. 350, 113-116

15 Marr, R.A. et al. (2003) Neprilysin gene transfer reduces human amyloid pathology
in transgenic mice. J. Neurosci. 23, 1992-1996

16 Iwata, N. et al. (2001) Metabolic regulation of brain Abeta by neprilysin. Science 292,
1550-1552

17 Newell, AJ. et al. (2003) Thiorphan-induced neprilysin inhibition raises
amyloid beta levels in rabbit cortex and cerebrospinal fluid. Neurosci. Lett. 350,
178-180

18 Caccamo, A. et al. (2005) Age- and region-dependent alterations in Abeta-degrading
enzymes: implications for Abeta-induced disorders. Neurobiol. Aging 26, 645-654

19 Maruyama, M. et al. (2005) Cerebrospinal fluid neprilysin is reduced in prodromal
Alzheimer’s disease. Ann. Neurol. 57, 832-842

20 Yasojima, K. et al. (2001) Reduced neprilysin in high plaque areas of Alzheimer
brain: a possible relationship to deficient degradation of beta-amyloid peptide.
Neurosci. Lett. 297, 97-100

21 Carpentier, M. et al. (2002) Declining expression of neprilysin in Alzheimer disease
vasculature: possible involvement in cerebral amyloid angiopathy. J. Neuropathol.
Exp. Neurol. 61, 849-856

22 Miller, B.C. et al. (2003) Amyloid-beta peptide levels in brain are inversely correlated
with insulysin activity levels in vivo. Proc. Natl. Acad. Sci. U. S. A. 100, 6221-
6226

23 Farris, W. et al. (2003) Insulin-degrading enzyme regulates the levels of insulin,
amyloid beta-protein, and the beta-amyloid precursor protein intracellular domain
in vivo. Proc. Natl. Acad. Sci. U. S. A. 100, 4162-4167

24 Farris, W. et al. (2004) Partial loss-of-function mutations in insulin-degrading
enzyme that induce diabetes also impair degradation of amyloid beta-protein. Am. J.
Pathol. 164, 1425-1434

25 Leissring, M.A. et al. (2003) Enhanced proteolysis of beta-amyloid in APP transgenic
mice prevents plaque formation, secondary pathology, and premature death.
Neuron 40, 1087-1093

936 www.drugdiscoverytoday.com



Drug Discovery Today * Volume 11, Numbers 19/20 » October 2006

REVIEWS

26 Morelli, L. et al. (2004) Insulin-degrading enzyme in brain microvessels: proteolysis
of amyloid-beta vasculotropic variants and reduced activity in cerebral amyloid
angiopathy. J. Biol. Chem. 279, 56004-56013

27 Bertram, L. et al. (2000) Evidence for genetic linkage of Alzheimer’s disease to
chromosome 10q. Science 290, 2302-2303

28 Ait-Ghezala, G. et al. (2002) Confirmation of association between D10S583 and
Alzheimer’s disease in a case-control sample. Neurosci. Lett. 325, 87-90

29 Wiltshire, S. et al. (2001) A genomewide scan for loci predisposing to type 2 diabetes
in a U.K. population (the Diabetes UK Warren 2 Repository): analysis of 573
pedigrees provides independent replication of a susceptibility locus on
chromosome 1q. Am. J. Hum. Genet. 69, 553-569

30 Biessels, G.J. et al. (2006) Risk of dementia in diabetes mellitus: a systematic review.
Lancet Neurol. 5, 64-74

31 Bian, L. et al. (2004) Insulin-degrading enzyme and Alzheimer disease: a genetic
association study in the Han Chinese. Neurology 63, 241-245

32 Blomgqvist, M.E. et al. (2005) Sequence variants of IDE are associated with the extent
of beta-amyloid deposition in the Alzheimer’s disease brain. Neurobiol. Aging 26,
795-802

33 Eckman, E.A. et al. (2001) Degradation of the Alzheimer’s amyloid beta peptide by
endothelin-converting enzyme. J. Biol. Chem. 276, 24540-24548

34 Eckman, E.A. et al. (2003) Alzheimer’s disease beta-amyloid peptide is increased in
mice deficient in endothelin-converting enzyme. J. Biol. Chem. 278, 2081-

2084

35 Elkins, J.S. et al. (2004) Alzheimer disease risk and genetic variation in ACE: a meta-
analysis. Neurology 62, 363-368

36 Hemming, M.L. and Selkoe, D.J. (2005) Amyloid beta-protein is degraded by cellular
angiotensin-converting enzyme (ACE) and elevated by an ACE inhibitor. J. Biol.
Chem. 280, 37644-37650

37 Brettschneider, S. et al. (2005) Decreased serum amyloid beta(1-42) autoantibody
levels in Alzheimer’s disease, determined by a newly developed immuno-
precipitation assay with radiolabeled amyloid beta(1-42) peptide. Biol. Psychiatry 57,
813-816

38 Geylis, V. et al. (2005) Human monoclonal antibodies against amyloid-beta from
healthy adults. Neurobiol. Aging 26, 597-606

39 Mruthinti, S. et al. (2004) Autoimmunity in Alzheimer’s disease: increased levels of
circulating IgGs binding Abeta and RAGE peptides. Neurobiol. Aging 25, 1023—
1032

40 Moir, R.D. et al. (2005) Autoantibodies to redox-modified oligomeric Abeta are
attenuated in the plasma of Alzheimer’s disease patients. J. Biol. Chem. 280,
17458-17463

41 Dodel, R.C. et al. (2004) Intravenous immunoglobulins containing antibodies
against beta-amyloid for the treatment of Alzheimer’s disease. . Neurol. Neurosurg.
Psychiatry 75, 1472-1474

42 Du, Y. et al. (2003) Human anti-beta-amyloid antibodies block beta-amyloid fibril
formation and prevent beta-amyloid-induced neurotoxicity. Brain 126, 1935-1939

43 Liu, R. et al. (2004) Proteolytic antibody light chains alter beta-amyloid aggregation
and prevent cytotoxicity. Biochemistry 43, 9999-10007

44 Paul, S. et al. (2005) Antibodies as defensive enzymes. Springer Semin. Immunopathol.
26, 485-503

45 Bard, F. et al. (2003) Epitope and isotype specificities of antibodies to beta-amyloid
peptide for protection against Alzheimer’s disease-like neuropathology. Proc. Natl.
Acad. Sci. U. S. A. 100, 2023-2028

46 Dodart, J.C. et al. (2002) Immunization reverses memory deficits without reducing
brain Abeta burden in Alzheimer’s disease model. Nat. Neurosci. 5, 452-457

47 Schenk, D. et al. (1999) Immunization with amyloid-beta attenuates Alzheimer-
disease-like pathology in the PDAPP mouse. Nature 400, 173-177

48 Wilcock, D.M. et al. (2004) Microglial activation facilitates Abeta plaque removal
following intracranial anti-Abeta antibody administration. Neurobiol. Dis. 15,
11-20

49 Billings, L.M. et al. (2005) Intraneuronal Abeta causes the onset of early Alzheimer’s
disease-related cognitive deficits in transgenic mice. Neuron 45, 675-688

50 Maier, M. et al. (2006) Short amyloid-beta (Abeta) immunogens reduce cerebral
Abeta load and learning deficits in an Alzheimer’s disease mouse model in the
absence of an Abeta-specific cellular immune response. J. Neurosci. 26,
4717-4728

51 Ferrer, 1. et al. (2004) Neuropathology and pathogenesis of encephalitis following
amyloid-beta immunization in Alzheimer’s disease. Brain Pathol. 14, 11-20

52 Nicoll, J.A. et al. (2003) Neuropathology of human Alzheimer disease after
immunization with amyloid-beta peptide: a case report. Nat. Med. 9, 448-452

53 Masliah, E. et al. (2005) Abeta vaccination effects on plaque pathology in the
absence of encephalitis in Alzheimer disease. Neurology 64, 129-131

54 Gilman, S. et al. (2005) Clinical effects of Abeta immunization (AN1792) in patients
with AD in an interrupted trial. Neurology 64, 1553-1562

55 Monsonego, A. etal. (2003) Increased T cell reactivity to amyloid beta protein in older
humans and patients with Alzheimer disease. J. Clin. Invest. 112, 415-422

56 Racke, M.M. et al. (2005) Exacerbation of cerebral amyloid angiopathy-associated
microhemorrhage in amyloid precursor protein transgenic mice by
immunotherapy is dependent on antibody recognition of deposited forms of
amyloid beta. J. Neurosci. 25, 629-636

57 Matsuoka, Y. et al. (2003) Novel therapeutic approach for the treatment of
Alzheimer’s disease by peripheral administration of agents with an affinity to beta-
amyloid. J. Neurosci. 23, 29-33

58 Yang, F. et al. (2005) Curcumin inhibits formation of amyloid beta oligomers
and fibrils, binds plaques, and reduces amyloid in vivo. J. Biol. Chem. 280, 5892-5901

59 Bergamaschini, L. et al. (2004) Peripheral treatment with enoxaparin, a low
molecular weight heparin, reduces plaques and beta-amyloid accumulation in a
mouse model of Alzheimer’s disease. J. Neurosci. 24, 4181-4186

60 Deane, R. et al. (2004) RAGE (yin) versus LRP (yang) balance regulates alzheimer
amyloid beta-peptide clearance through transport across the blood-brain barrier.
Stroke 35 (11, Suppl 1), 2628-2631

61 Arancio, O. et al. (2004) RAGE potentiates Abeta-induced perturbation of neuronal
function in transgenic mice. EMBO J. 23, 4096-4105

62 Yan, S.D. et al. (2000) Cellular cofactors potentiating induction of stress and
cytotoxicity by amyloid beta-peptide. Biochim. Biophys. Acta 1502, 145-157

63 Lue, L.F. et al. (2001) Involvement of microglial receptor for advanced glycation
endproducts (RAGE) in Alzheimer’s disease: identification of a cellular activation
mechanism. Exp. Neurol. 171, 29-45

64 Giri, R. et al. (2000) beta-amyloid-induced migration of monocytes across human
brain endothelial cells involves RAGE and PECAM-1. Am. ]. Physiol. Cell Physiol. 279,
C1772-C1781

65 Eckman, E.A. and Eckman, C.B. (2005) Abeta-degrading enzymes: modulators of
Alzheimer’s disease pathogenesis and targets for therapeutic intervention. Biochem.
Soc. Trans. 33, 1101-1105

66 Iwata, N. et al. (2004) Presynaptic localization of neprilysin contributes to efficient
clearance of amyloid-beta peptide in mouse brain. J. Neurosci. 24, 991-998

67 Song, E.S. and Hersh, L.B. (2005) Insulysin: an allosteric enzyme as a target for
Alzheimer’s disease. J. Mol. Neurosci. 25, 201-206

68 Pardossi-Piquard, R. et al. (2005) Presenilin-dependent transcriptional control of the
Abeta-degrading enzyme neprilysin by intracellular domains of betaAPP and APLP.
Neuron 46, 541-554

69 Lazarov, O. et al. (2005) Environmental enrichment reduces Abeta levels and
amyloid deposition in transgenic mice. Cell 120, 701-713

70 Agadjanyan, M.G. et al. (2005) Prototype Alzheimer’s disease vaccine using the
immunodominant B cell epitope from beta-amyloid and promiscuous T cell epitope
pan HLA DR-binding peptide. J. Immunol. 174, 1580-1586

71 McLaurin, J. ef al. (2002) Therapeutically effective antibodies against amyloid-beta
peptide target amyloid-beta residues 4-10 and inhibit cytotoxicity and
fibrillogenesis. Nat. Med. 8, 1263-1269

72 Horikoshi, Y. et al. (2004) Abeta N-terminal-end specific antibody reduced beta-
amyloid in Alzheimer-model mice. Biochem. Biophys. Res. Commun. 325, 384-387

73 Bussiere, T. et al. (2004) Morphological characterization of Thioflavin-S-positive
amyloid plaques in transgenic Alzheimer mice and effect of passive Abeta
immunotherapy on their clearance. Am. J. Pathol. 165, 987-995

74 Lee, M. et al. (2005) Abeta42 immunization in Alzheimer’s disease generates Abeta
N-terminal antibodies. Ann. Neurol. 58, 430-435

75 Hara, H. et al. (2004) Development of a safe oral Abeta vaccine using recombinant
adeno-associated virus vector for Alzheimer’s disease. J. Alzheimers Dis. 6, 483-488

76 Zhang, J. et al. (2003) A novel recombinant adeno-associated virus vaccine reduces
behavioral impairment and beta-amyloid plaques in a mouse model of Alzheimer’s
disease. Neurobiol. Dis. 14, 365-379

77 Kim, H.D. et al. (2005) Induction of anti-inflammatory immune response by an
adenovirus vector encoding 11 tandem repeats of Abetal-6: toward safer and effective
vaccines against Alzheimer’s disease. Biochem. Biophys. Res. Commun. 336, 84-92

78 Ghochikyan, A. et al. (2003) Generation and characterization of the humoral
immune response to DNA immunization with a chimeric beta-amyloid-interleukin-
4 minigene. Eur. J. Immunol. 33, 3232-3241

79 Kim, H.D. et al. (2005) Induction of a Th2 immune response by co-administration of
recombinant adenovirus vectors encoding amyloid beta-protein and GM-CSF.
Vaccine 23, 2977-2986

80 Lemere, C.A. et al. (2006) Amyloid-beta immunotherapy for the prevention and
treatment of Alzheimer disease: lessons from mice, monkeys, and humans.
Rejuvenation Res. 9, 77-84

81 Qu, B. et al. (2004) Gene vaccination to bias the immune response to amyloid-beta
peptide as therapy for Alzheimer disease. Arch. Neurol. 61, 1859-1864

82 Schenk, D. et al. (2004) Current progress in beta-amyloid immunotherapy. Curr.
Opin. Immunol. 16, 599-606

www.drugdiscoverytoday.com 937

2
w
[T}
o
v
v
-
(%]
=]
a

o

v

=
2

>

<)
oc




o]
)

=
)

2

1%

°
o
(7}
-
(73
n
o
m
m
4

REVIEWS

Drug Discovery Today * Volume 11, Numbers 19/20 ¢ October 2006

83 Fukuchi, K. et al. (2006) Amelioration of amyloid load by anti-Abeta single-chain
antibody in Alzheimer mouse model. Biochem. Biophys. Res. Commun. 344, 79-86

84 Frenkel, D. et al. (2000) Modulation of Alzheimer’s beta-amyloid neurotoxicity by
site-directed single-chain antibody. J. Neuroimmunol. 106, 23-31

85 Liu, R. etal. (2004) Single chain variable fragments against beta-amyloid (Abeta) can
inhibit Abeta aggregation and prevent abeta-induced neurotoxicity. Biochemistry
43, 6959-6967

86 Manoutcharian, K. et al. (2004) Human single chain Fv antibodies and a
complementarity determining region-derived peptide binding to amyloid-beta 1-
42. Neurobiol. Dis. 17, 114-121

87 Rangan, S.K. et al. (2003) Degradation of beta-amyloid by proteolytic antibody light
chains. Biochemistry 42, 14328-14334

88 Paganetti, P. et al. (2005) beta-site specific intrabodies to decrease and
prevent generation of Alzheimer’s Abeta peptide. J. Cell Biol. 168,
863-868

89 Cai, J. et al. (2003) Screening and characterization of human single-chain Fv
antibody against beta-amyloid peptide 40. Neuroreport 14, 265-268

90 O’Toole, M. et al. (2005) Risk factors associated with beta-amyloid(1-42)
immunotherapy in preimmunization gene expression patterns of blood cells. Arch.
Neurol. 62, 1531-1536

Elsevier.com - linking scientists to new research and thinking

Designed for scientists’ information needs, Elsevier.com is powered by the latest technology with
customer-focused navigation and an intuitive architecture for an improved user experience and
greater productivity.

The easy-to-use navigational tools and structure connect scientists with vital information — all
from one entry point. Users can perform rapid and precise searches with our advanced search
functionality, using the FAST technology of Scirus.com, the free science search engine. Users can
define their searches by any number of criteria to pinpoint information and resources. Search by a
specific author or editor, book publication date, subject area — life sciences, health sciences,
physical sciences and social sciences — or by product type. Elsevier’'s portfolio includes more than
1800 Elsevier journals, 2200 new books every year and a range of innovative electronic products.
In addition, tailored content for authors, editors and librarians provides timely news and updates
on new products and services.

Elsevier is proud to be a partner with the scientific and medical community. Find out more about
our mission and values at Elsevier.com. Discover how we support the scientific, technical and
medical communities worldwide through partnerships with libraries and other publishers, and grant
awards from The Elsevier Foundation.

As a world-leading publisher of scientific, technical and health information, Elsevier is dedicated to
linking researchers and professionals to the best thinking in their fields. We offer the widest and
deepest coverage in a range of media types to enhance cross-pollination of information,
breakthroughs in research and discovery, and the sharing and preservation of knowledge.

Elsevier. Building insights. Breaking boundaries.
www.elsevier.com

938 www.drugdiscoverytoday.com



	Clearance of amyloid-beta in Alzheimer&apos;s disease: progress, problems and �perspectives
	Receptor-mediated A&beta; transport across blood-brain barrier (BBB)
	Efflux of A&beta; from brain to blood
	Lipoprotein receptor-related protein (LRP)-mediated A&beta; efflux
	P-glycoprotein-mediated A&beta; efflux

	Influx of A&beta; from blood to brain
	Receptor for advanced glycation end products (RAGE)-mediated A&beta; influx
	gp330/megalin-mediated A&beta; influx

	Enzyme-mediated A&beta; degradation
	Neprilysin
	IDE
	Other enzymes associated with A&beta; degradation

	Anti-A&beta; autoantibodies
	Therapeutic clearance of A&beta;
	Immunotherapy-mediated A&beta; clearance
	A&beta;-bindable substance-mediated A&beta; clearance

	Perspectives for drug discovery of A&beta; clearance
	Promoting receptor-mediated A&beta; efflux
	Upregulating enzyme-mediated A&beta; degradation
	Overcoming adverse effects of immunotherapy
	Searching for new high-affinity A&beta;-bindable substances

	Conclusion
	Acknowledgements
	References


