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Abst ract : Both active and passive amyloid-beta (A§) immunotherapies in
AlzheimerÕs disease (AD)-like mouse models reduce cerebral A§ protein levels,
especially if given before or early in the disease process, and improve cognitive
deficits. The AN1792 active vaccine Phase IIa clinical trial was halted in 2002 due
to meningoencephalitis in ~6% of the AD patients. The immunogen, full-length
A§1-42, is speculated to have led to an autoimmune response. Currently, we are
developing novel  A§ pept ide immunogens for act ive immunizat ion in APP
transgenic (Tg) mice to target A§ B cell epitopes (within A§1-15) and avoid A§-
speci fic T cel l  epi topes (A§16-42) to improve safety.  APP Tg mice were
intranasally (i.n.) immunized for 6 months with dendrimeric A§1-15 (16 copies of
A§1-15 on a lysine core) or a tandem repeat of A§1-15 joined by 2 lysines and
conjugated to RGD with adjuvant LT(R192G). Our short A§ immunogens induced
robust titers of predominantly anti-inflammatory Th2 antibodies that were able to
clear cerebral A§ in the absence of A§-specific T cell reactivity, indicating the
potential for a safer vaccine. 

Key w ords: Alzheimer ' s disease, amyloid-beta, vaccine, B cel ls, T cel ls,
transgenic mice.
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INTRODUCTION

Alzheimer's disease (AD) is the most common form of dementia, affecting
~18 million people worldwide.  Currently there is no effective, long-lasting
treatment or cure for AD.   The pathological  hal lmarks of AD in brain
include the presence of extracellular A§ plaques, selective neuronal loss,
neurofibri l lary tangles containing hyperphosphorylated tau, gl iosis, and
neurotransmitter deficits.  These changes are associated with a progressive
loss of memory and impaired cogni tion.  A § is a 40- to 42-amino acid
protein that is proteolytically cleaved from its precursor, amyloid precursor
protein (APP), by beta and gamma secretases.  Several genetic mutations in
APP and components of the gamma secretase complex, presenilins 1 and 2,
have been described in a small number of families and have contributed to
the "amyloid hypothesis" w hich states that overproduction or reduced
clearance of A§ protein plays a causative role in the disease [1].  The fact
that A§ aggregates and oligomers are neurotoxic, and that A§ is found very
early in cerebral plaque formation, also points to a contributing role for A§
in AD.  Thus, within the past 10 years or so, many new lines of investigation
have been undertaken to find ways to lower the level of A§ in brain either
by reducing its production or enhancing its clearance.  A§ immunotherapy
involves the binding of specific A§ antibodies to A§ protein to promote
clearance and prevent  or  reduce A § deposi t i on and accompany ing
pathology in the brain.

A§ IMMUNOTHERAPY IN MICE AND NON-HUMAN PRIMATES

In 1999, Dale Schenk and his colleagues were the first to report that active
immunization w ith full-length A§1-42 peptide (and adjuvant) resulted in
plaque reduction and lower levels of insoluble A§ protein in the brains of
immunized APP transgenic (Tg) mice, a model of AD-l ike pathology in
which the mice develop plaques, gliosis, neuritic changes, and cognitive
impairment, but no neurofibrillary tangles [2].  Since then, we and others
have conf i rmed and extended these resul ts by actively immunizing a
variety of AD-like mouse models with different A§ peptide immunogens,
adjuvants, and routes of administration [as reviewed in 3].  In particular, we
found that intranasal immunization (i.n.) using full-length A§ and a non-
toxic mutant form of E. col i  heat-labi le enterotoxin, LT(R192G), as an
adjuvant led to robust anti-A§ antibodies of mostly Th2 anti-inflammatory
immunoglobulin isotypes (IgG2b and IgG1) that recognized a B cell epitope
within the first 15 residues of the A§ amino-terminus and reduced A§ levels
in preseni l i n/ A PP double Tg mice.  Passive t ransfer  of  pur i f i ed A §
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monoclonal antibodies has also been tested in AD-like Tg mice.  In general,
both active and passive A§ immunotherapies have demonstrated that anti-
A§ antibodies can lower cerebral levels of A§, especial ly i f given early,
increase per ipheral  A § in blood, and improve learning and memory
deficits.  Overall, mice tolerated the treatments quite well and did not show
any signs of adverse events, except for an increase in cerebrovascular
microhemorrhage when older mice w ith significant vascular A§ deposits
were passively immunized with large doses of anti-A§ antibodies. 

In 2004, we provided the fi rst evidence of successful lowering of A§
burden in brains of  aged non-human A fr ican green pr imates, cal led
Caribbean vervets, following active A§ immunization with full-length A§
and adjuvant over 10 months [as reviewed in 3].  Non-human primates
have the same A§ protein as human and typically develop plaque deposits
in brain w ith aging, similar to humans.  In our study, A§ immunization
induced generation of anti -A § antibodies that recognized the amino-
terminus of A§, bound human and APP Tg mouse brain plaques in addition
to monomeric and oligomeric A§, but did not recognize APP.  The four
immunized animals that completed the study had reduced A§ levels in
brain and CSF and elevated A§ in blood compared to archived samples
from 13 age-matched control animals. Importantly, no adverse events were
observed in the A§ immunized monkeys. 

A l though the exact  mechanism(s) for  cerebral  A § low er ing i s not
currently known, several potential mechanisms have been described [as
reviewed in 3].  These include the ability of anti-A§ antibodies to: 1) prevent
A§ aggregation and dissolve A§ fibrils, 2) bind Fc receptors on microglial
cells and induce A§ phagocytosis, and 3) shift the equilibrium of A§ efflux
from the brain to the blood (i.e., the peripheral sink hypothesis).  It is quite
possible that more than one mechanism may be involved and that the exact
mechanisms may be different for prevention versus treatment.

A§ IMMUNOTHERAPY:  HUMAN CLINICAL TRIALS

Based on the encouraging results of A§ immunotherapy in mice and
monkeys, clinical testing of an A§ active vaccine for humans was initiated.
Full-length A§1-42 (AN1792) and a strong Th1 adjuvant, QS-21, were given
by intramuscular  inject ion and found safe in a Phase I  cl inical  t r ial .
Thereafter, a Phase IIa trial was halted early in 2002 due to the induction of
meningoencephalitis in ~6% (18/ 300) mild-to-moderate AD patients [4].
Only 19.7% of  immunized pat ients generated ant i -A § t i ters (termed
"responders"). Sev eral  of  these pat i ents (w i th or  w i thou t
meningoencephal i t is) have since come to autopsy and had focal  brain
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regions devoid of A§ plaques.  In addition, responders had lower levels of
tau in CSF and some slow ing of cognitive decl ine compared to placebo
controls.   It is still unclear as to what caused the meningoencephalitis but it
is suspected that some patients may have had an autoimmune, T cel l -
mediated response to the human full-length A§ peptide immunogen as T
cel l s w ere observ ed  i n the brai ns of  some pat i ents.   Passi v e A §
immunotherapy tr ials using humanized monoclonal  A § antibodies are
cur rent l y  underw ay.  The use of  such ant i bod ies should  avoid  any
unw anted  cel l u l ar  immune responses but  may  enhance the r i sk  of
microhemorrhage in patients w i th abundant cerebrovascular  amyloid
angiopathy.  Also, passive immunization requires frequent dosing (~once a
month) and is costly.  Therefore, we are pursuing the development of an
active A§ vaccine that w il l  generate high ti ters of anti-A§ antibodies by
targeting the A§ B cell epitope (within A§1-15) and avoiding an A§-specific
T cell response that might lead to adverse events such as those seen in the
AN1792 human trial.  Of note, the meningoencephalitis observed in humans
has not been observed in APP Tg mice upon active immunization with full-
length A§ peptide.

NOVEL SHORT A§ IMMUNOGENS

Over the past several years, we have designed and developed several
short A§ peptide immunogens, two of which will be discussed here.   The
first immunogen, dendrimeric A§1-15 (dA§1-15) consists of 16 copies of
A §1-15 on a lysine tree [5].  Weekly immunization w i th dA §1-15 and
adjuvant LT(R192G) for 6 weeks resulted in high anti-A§ antibody titers of a
predominantly Th2, anti-inflammatory, Ig isotype (IgG2b), that recognized
epitopes w ithin the amino terminus of A§.  Cultured splenocytes from
immunized mice proliferated upon in vitro restimulation with dA§1-15 but
not full-length A§ peptide suggesting that a T cell neo-epitope had formed
that avoided an A§-specific cellular immune response.

The second immunogen, R2xA§1-15, consists of an RGD motif followed
by a tandem repeat of A§1-15 separated by two lysine residues (RGD-A§1-
15-KK-A§1-15) [6].  RGD is a cell recognition motif for cell adhesion and has
been used w i th other  vaccines to improve immunogenici ty .  Weekly
intranasal immunization with R2xA§1-15 and LT(R192G) resulted in robust
anti-A§ antibody ti ters of mostly Th2 Ig isotypes (IgG1 and IgG2b) that
recognized epitopes within the A§ amino-terminus.  Cultured splenocytes
f rom immunized mice prol i ferated fol low ing rest imulat ion w i th the
immunogen (R2xA§1-15) but not w ith full-length A§, again indicating the
lack of an A§-specific cellular immune response.
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Each immunogen [dA§1-15 or R2xA§1-15, with adjuvant LT(R192G)]was
then tested by weekly intranasal immunization from 6 to 12 months of age
in J20 APP Tg mice [5, 6].  These mice begin to develop cerebral A§ plaque
deposits between 5 and 6 months of age.  Immunized APP Tg mice had
similar humoral and cel lular immune responses to the immunogens as
described earlier for their wildtype counterparts.  Immunization with each
immunogen resul ted in reduct ions in A § plaque burden (Figure 1),
insoluble A§ protein, gliosis and neuritic dystrophy in brain, and elevated
A§ levels in blood. In another study, intranasal immunization with 2xA§1-
15 (without the RGD motif) and LT(R192G) from 4.5 to 12 months of age led
to lowering of cerebral A§ levels (including plaque burden) and improved
learning and memory in w atermaze test [6].  N o adverse effects w ere
observed in any of our immunized mice.

Figure 1
Intranasal immunization with dA§1-15 (weekly) or R2xA§1-15 (weekly for 14 weeks
then bi-weekly) plus the adjuvant LT(R192G) from 6 to 12 months of age resulted in

generation of anti-A§ antibodies and reduced hippocampal plaque burden in an
AD-like mouse model, J20 APP Tg mice.  Examples are provided for two mice from

each treatment group.  Scale bar, 300 µm.

SUMMARY AND CONCLUSIONS

Immunization with our novel short A§ immunogens improved anti-A§
antibody generation in APP Tg mice compared to immunization with full-
length A §, and resul ted in low ering of A § in the brain.  The humoral
response demonstrated mostly Th2 anti-inflammatory antibodies.  An A§-
specific cellular immune response was avoided by tricking the immune cells
to recognize an unfamiliar neo-epitope and to provide help to B cells to
produce antibodies.  When tested, one immunogen was associated w ith
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i mprovement  of  cogni t i ve def i ci t s.  Therefore, our  novel  shor t  A §
immunogens have the potential to induce anti-A§ antibody production in a
greater  number  of  peop l e than i n the A N 1792 t r i al .  I n add i t i on,
immunization with these peptides may be effective in clearing cerebral A§
without eliciting an A§-specific T cell response thereby, potentially avoiding
the brain inflammation seen in the AN1792 trial.  Further development of
mouse models that mimic this inflammatory side effect are needed but we
remain hopeful that our novel A§ immunogens may be safe and effective for
the prevention and early treatment of AD.
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