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The spectrum of inflammatory diseases of the central nervous system has been steadily expanding from classical
autoimmune disorders such as multiple sclerosis to far more diverse diseases. Evidence now suggests that
syndromes such as Alzheimer’s disease and stroke have important inflammatory and immune components and
may be amenable to treatment by anti-inflammatory and immunotherapeutic approaches. The notion of
‘vaccinating’ individuals against a neurodegenerative disorder such as Alzheimer’s disease is a marked departure
from classical thinking about mechanism and treatment, and yet therapeutic vaccines for both Alzheimer’s disease
and multiple sclerosis have been validated in animal models and are in the clinic. Such approaches, however, have

the potential to induce unwanted inflammatory responses as well as to provide benefit.

nflammation of the central nervous system (CNS)

may be the result of both innate and adaptive

immune responses. In Alzheimer’s disease (AD) an

innate immune response is triggered by local

production of amyloid B-protein (AB), whereas in
multiple sclerosis (MS) an adaptive immune response
directed  against myelin  components initiates
inflammation in the CNS (Table 1). Adaptive immune
responses involving antibody- or cell-mediated responses
have differential effects in AD and MS, and in animal
models of these diseases. In addition, the recent
appearance of encephalitis in individuals with AD that
have been immunized with AP has parallels to underlying
mechanisms of cell-mediated adaptive immune responses
in MS, in which pro-inflammatory T-cell responses seem
to drive the disease. These features of inflammation, which
are outlined for AD and MS in Table 1, are reviewed here
in terms of both disease pathogenesis and therapy.

Multiple sclerosis

Multiple sclerosis is an inflammatory disease of the central
nervous system characterized by perivascular cuffs of
mononuclear cells that include both lymphocytes and
macrophages'. This infiltration leads to damage of the
myelin sheath and the underlying axon. Activation of
microglia and astrocytes occurs in MS, but it is secondary to
infiltrating lymphocytes. In the initial stages of the disease,
the inflammation that occurs in MS s episodic and associat-
ed with discrete attacks of neurological dysfunction
followed by recovery, which may leave residual neurological
damage. Subsequently the disease often becomes more
progressive, developing to a stage where there is less

Figure 1 Three-dimensional MRI
scans of multiple sclerosis showing
old scars (yellow), a new area of
inflammation that appears on day
266 (red) and evidence of resolution
of the inflammation on day 362. The
MS lesions are shown in relation to
the ventricular cavities of the brain
(blug).
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inflammation and nervous system damage is caused by a
degenerative process initiated by the inflammation.

The episodic inflammation that is classic of MS is clearly
visualized by magnetic resonance imaging (MRI) scans of
the brain after administration of the contrast material
gadolinium®. Gadolinium crosses an open blood-brain
barrier created by the inflammation and highlights discrete
areas of inflammation. The duration of enhanced inflam-
mation in individuals receiving weekly MRI scans is
4-8 weeks, and virtually all new lesions enhance in their
earliest phasesa. When the acute inflammation resolves, it
leaves a scar and tissue damage. This can be seen in the three-
dimensional MRIimages in Fig. 1, which were recorded over
a 1-yr period in a single individual affected with MS. The
new inflammatory focus can be seen appearing adjacent to
the ventricle and then beginning to resolve. The inflamma-
tory process of MS is associated with a complex cascade of
inflammatory molecules and mediators, including
chemokines, adhesion molecules associated with activated
endothelial cell walls and matrix metalloproteases*™.

The cause of the recurrent inflammation in MS is now
generally accepted to be autoimmune in nature, that is, a
cell-mediated autoimmune attack against the white matter
sheath’. An alternative explanation for the episodic and
chronicinflammation that is the hallmark of MS is the pres-
ence of a virus or infectious agent that has persistently
infected the nervous system. But although infectious agents
have been extensively sought in MS, none has been isolated®.
Viruses and infectious agents are, however, thought to be
important in triggering the immune system and the
immune attack on the nervous system’. Given the
inflammatory nature of the pathological process and the
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Table 1 Immune responses and CNS inflammation in Alzheimer’s disease and multiple sclerosis

Immune response Features AD/APP mouse model MS/EAE mouse model
Innate* Microglia/astrocyte activation Induced by AB+_» Induced by myelin-reactive T cells
Adaptive (humoral) Antibody Antibodies against AB are therapeutic Antibodies against MOG worsen EAET
in mouse model
Adaptive (cell-mediated)f
Pro-inflammatory T-cell responses (T1) IFN-y (IL-12) Meningoencephalitis after AR immunization Anti-myelin T,;1 responses initiate

MS and EAE
Protective in MS and EAE

in individuals with AD; encephalitis in mice
Unknown in AD; induced by nasal A
in mouse model

Anti-inflammatory T-cell responses (T2,
T.3, Ty1, CD25 cells)

*The innate immune response in AD and the APP mouse model of AD involves the activation of microglia and astrocytes. This activation is induced by the accumulation of AB,_,, in the CNS. Microglia and
astrocyte activation also occurs in MS but is induced by myelin-reactive T cells that are activated in the periphery and migrate to the CNS.

1The adaptive humoral immune response after immunization with AR has marked beneficial effects in the APP mouse model of AD, leading to the clearance of A from the brain and improvement in
cognitive function. There is no significant endogenous adaptive humoral response against A in individuals with AD, and the effect of exogenously induced antibodies against A in AD awaits clinical trials.
Adaptive endogenous humoral immune responses against myelin antigens (such as MBP and MOG) have been identified in individuals affected with MS but are not thought to have a central role in the
disease. Antibodies against MOG worsen the T-cell-meditated EAE model of MS.

1A pro-inflammatory (T,;1)-type adaptive cell-mediated immune response against AB is postulated to be the cause of meningoencephalitis in individuals with AD who are vaccinated with A in adjuvant.
Endogenous adaptive T-cell responses (pro- or anti-inflammatory) against A have not been identified in these individuals although continuing investigations suggest that they may exist. T,,1-type cell-
mediated adaptive immune responses against myelin antigens have been shown to cause EAE, and accumulating evidence suggests that they have a central role in MS. Treatments that decrease T,;1-
type responses and induce anti-inflammatory (IL-4, TGF-, IL-10) responses are beneficial in MS and protective in EAE. Note that in immune-deficient mice T,,2-type responses can induce a form of EAE.

IL-4, TGF-B, IL-10

autoimmune hypothesis, one might expect that anti-inflammatory
immunosuppressive drugs would reduce inflammation, as measured
by MRIimaging, and positively affect the clinical course. Indeed, this
has been shown clearly with agents such as mitoxanthrone', a
chemotherapy drug, and cyclophosphamide'"'?, a chemotherapy
drug thatis also used in other inflammatory conditions such as lupus
nephritis and inflammatory muscle disease. The most widely used
drugs in MS, B-interferon and glatiramer acetate, have anti-inflam-
matory and immunomodulatory effects and are discussed in more
detail below".

Adaptive cell-mediated immune responses in MS

The adaptive immune system can be classified broadly into cellular
and humoral (antibody)-type responses. Among cellular responses,
different types or classes of cellular immune responses have been
identified that are essential to understanding the mechanisms of the
inflammatory process in MS and to devising strategies to control it.
As discussed below, the different classes of cell-mediated immune
response have important implications for attempts to develop a
vaccination strategy not only for MS butalso for AD.

Cellular immune responses can be classified as Tyl-type or
Ty2-type responses (Fig. 2), depending on how they differentiate
from Ty0 precursors'. Ty1 (or pro-inflammatory) responses are
induced when T cells differentiate in the presence of interleukin 12
(IL-12), and Ty1 cells are characterized by the secretion of interfer-
on-y (IFN-y) and inflammatory mediators such as tumour-
necrosis factor-a (TNF-a). Ty 1-type responses are important in
fighting viral infections, and MS seems to be a cell-mediated
autoimmune disease of a Tyl type. Anti-inflammatory T-cell
responses include both T2 responses and T cells that have been
classified as ‘regulatory cells’. Ty;2 responses are induced when T cells
differentiate in the presence of IL-4, and T,;2-type cells secrete anti-
inflammatory cytokines such as IL-4 and IL-10. T;;2-type responses
are important in fighting parasitic infections, and Tyl and T2
responses may cross-regulate each other.

Another class of T cell comprises regulatory cells that can
downregulate Ty;1-type inflammatory processes. Different types of
regulatory cell have been described”. T;;3 cells act primarily through
the secretion of transforming growth factor-f3 (TGF-f) and are pref-
erentiallyinduced at mucosal surfaces'®, T 1 cells (T regulatory cell 1)
act primarily through the secretion of IL-10 (ref. 17), and
CD4'CD25" regulatory cells are T cells that express CD25 (IL-2
receptor) and exert potent regulatory function through cell contact
and also through cytokines such asIL-10 and TGF- (ref. 18). If MSis
a T;1-type cell-mediated autoimmune disease, it might be possible
to regulate the Ty1 responses by the induction of regulatory cell
populations.

The induction of T;1-type myelin-reactive cells and their migra-
tion into the nervous system is shown in Fig. 2a. It is postulated that
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TyP (T precursor) myelin-reactive T cells are induced to differentiate
into myelin-reactive T};1 cells when an antigen that crossreacts with a
myelin antigen is presented to a T cell by an antigen-presenting cell in
the context of IL-12 and co-stimulatory molecules. It is generally
thought that viruses with structures that crossreact with myelin anti-
gens act as crossreactive antigens'’. T;;1 T cells that react with myelin
antigens, such as proteolipid protein (PLP), myelin basic protein
(MBP) and myelin oligodendrocyte glycoprotein (MOG), cross the
blood-brain barrier where the myelin antigens are represented to the
T cell by antigen-presenting cells in the brain (microglia cells),and an
inflammatory cascade is triggered with the release of inflammatory
mediators that cause damage to the myelin sheath and ultimately the
underlying axon.

One of the primary animal models for MS, experimental allergic
encephalomyelitis (EAE), is induced by immunizing different mouse
or rat strains with a myelin autoantigen (such as MBP, PLP or MOG)
given in complete Freund’s adjuvant, which induces a Ty1-type
cell-mediated response against the myelin antigen. In EAE, myelin-
reactive Ty1-type CD4" T cells migrate from the periphery into the
CNS, where theyalso initiate a cascade of immune-mediated damage
(Fig. 2a). In animals, EAE can be induced by the adoptive transfer of
Ty1-type CD4" cells specific for one of the myelin proteins.

The hypothesis that MS is a inflammatory Ty 1-type disease is
supported by several observations. First, it has been shown directly
by the effects of y-interferon, the prototypic Tyl cytokine, which
when administered to individuals with MS caused clinical exacerba-
tions™. Second, individuals affected with MS have a T};1 bias, as indi-
cated by increased concentrations of IL-12 (refs 21, 22) and IL-18
(ref. 23), both of which induce IFN-y and increase Tyl-type
chemokine receptor expression™*. Last, IL-12-secreting cells in the
peripheral blood are linked to inflammation in the CNS, as measured
by gadolinium enhancement on MRI imaging”: increased numbers
of IL-12-secreting cells in the blood are associated with gadolinium
enhancement, and cyclophosphamide decreases the number of
IL-12-secreting cells, which is linked to clinical response™.

In addition to IL-12, it has been shown recently that osteopontin
is important in Ty differentiation in autoimmune demyelinating
disease””. The most widely used immunomodulatory drug in MS,
B-interferon, seems to have two broad mechanisms of action: it
decreases y-interferon secretion by cells in the peripheral blood and
blocks the migration of T cells across the blood—brain barrier".

Vaccination

The term ‘vaccination’ stems from the original observation of Jenner
and his use of subcutaneous administration of cowpox to prevent the
subsequent development of smallpox. Since then, the term vaccina-
tion hasacquired abroader meaning. According to currentimmuno-
logical theory, vaccination is no longer restricted to administering
infectious agentsbutapplies to manipulating theimmune systemina
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Figure 2 Inflammation and immune mechanisms
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in multiple sclerosis. a, Multiple sclerosis is
thought to be induced by the generation of T,1-
type myelin-reactive cells from precursor cells
(TP), which are presumed to be triggered by
crossreactive antigens such as viruses in the
context of co-stimulatory molecules and IL-12.
Ty1-type cells directed against myelin migrate into
the nervous system where they re-encounter
myelin antigens presented by microglia and are
restimulated to initiate a destructive inflammatory
cascade. Immune therapy involves the induction of
anti-inflammatory regulatory T cells (T,;2, T,3, Ta1,
CD25* cells) that secrete anti-inflammatory
cytokines, such as IL-4, IL-10 and TGF-, or may
also act by cell to cell contact (CD25" cells). These
regulatory cells inhibit T,,1 responses in the
periphery and/or migrate to the CNS, where they
are re-stimulated by local microglia cells and
inhibit or suppress the local inflammatory cascade
in the CNS. Regulatory cells can be induced by
different means, including glatiramer acetate
(Copaxone), altered peptide ligands, mucosal
administration of antigen and compounds that
block co-stimulation pathways®*"#',
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manner that regulates or suppresses inflammatory and even non-
inflammatory processes that can cause tissue damage. Thus, one can
redefine vaccination as ‘the generation or induction of an immune
response that is beneficial to the host in halting a pathological
process;, irrespective of whether that process is immune-mediated,
autoimmune or even inflammatory.

Thus, vaccination involves not only the use of the immune system
itself to correct or to alter abnormal immune responses that cause
damage, but the immune system may be used to affect beneficially
pathological processes that are neither autoimmune nor inflamma-
tory. A striking example is represented by reports of the effectiveness
ofactiveimmunization with AB peptide in adjuvant® and the passive
administration of antibodies against AB™ to clear amyloid deposits
and their surrounding glia and neuronal cytopathology from the
brains of transgenic mouse models of AD.

It has also become clear that injury to the nervous system by non-
immune mechanisms, such as stroke or trauma, may have a secondary
stage associated with inflammation and that immune-based therapies
candecrease CNSdamage. For example, oral administration of MBP in
arat model of stroke decreases infarct size after middle cerebral artery
occlusion and this is associated with increased expression of the anti-
inflammatory cytokine TGF-B in the nervous system, and nasal
administration of myelin oligodendrocyte glycoprotein (MOG) has
similar effects in a mouse model of stroke (D. Frenkel and
H.W., unpublished results). In an extensive series of studies, Schwartz
and co-workers® have shown that T-cell autoimmunity against myelin
antigens can be beneficial in animal models of central nervous system
trauma caused by crush injury of the optic nerve or spinal cord contu-
sion. Thus, an ‘inflammatory response’ directed against nervous sys-
tem tissue also has the potential to have a protective or beneficial role.

Antigen-specific vaccination in MS

Antigen-specific modulation of the immune system is presumed to
be the most specificand potentially least toxic way in which to manip-
ulate the immune system in disease and represents the classic model
of vaccination, that is, the induction of an antigen-specific beneficial
immune response. For MS, a Ty1-type cell-mediated disease, the
strategy is to induce Ty;2 or antigen-specific regulatory cells (Table 1
and Fig. 2b).
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Numerous approaches using antigen-specific therapy have been
successful in the murine EAE model and some of these have been
tested in individuals with MS. The most successful so far has been the
use of glatiramer acetate or copolymer 1, which is now an approved
therapy for MS". Glatiramer acetate is a random copolymer of four
amino acids that was designed to mimic MBP and thus to induce EAE.
It does not have encephalitogenic properties but instead works effec-
tively in what seems to be an antigen-specific manner to suppress EAE
by generating regulatory T cells. Although glatiramer acetate has sev-
eral effects on the immune system, it seems principally to be acting as
an altered peptide ligand that induces Ty;2- and T;3-type regulatory
cells, which react in the CNS to suppress inflammation™.

One of the major conceptual conundrums in designing antigen-
specific vaccines for MS relates to the issue of which antigen to
administer in MS. There is reactivity to several myelin antigens in
MS™”, both because MS seems to be a syndrome rather than a single
disease and because of epitope spreading, in which damage caused by
a T cell specific for one myelin antigen induces reactivity to another
myelinantigen®. This conundrum seems to have been resolved by the
phenomenon of bystander suppression, in which antigen-specific
myelin-reactive regulatory cells are induced that secrete anti-inflam-
matory cytokines such as IL-10 and TGE- (ref. 37). Such regulatory
cells secrete anti-inflammatory cytokines when they encounter the
autoantigen in the target tissue and thus suppress inflammation in
the CNS caused by T cells of a different specificity. Thus, in the EAE
model, one can suppress PLP-induced EAE by glatiramer acetate, by
mucosal administration of MBP or by the use of altered peptide lig-
ands of MBP, all of which induce anti-inflammatory regulatory T-cell
responses (T2, Ty;3). Of note, in immune-deficient mice, Ty;2-type
responses can induce a form of EAE™.

But therapeutic vaccination is not without potential risks both in
MS and in AD. In the early 1980s, Jonas Salk and colleagues attempt-
ed to treat individuals with MS by injecting large amounts of MBP
subcutaneously to ‘vaccinate’ against putative harmful T-cell
responses to MBP. They could induce both cellular and humoral
(antibody) immune responses to MBP but obtained no consistent
positive clinical effects and even some suggestion that the injections
might have been harmful®. To obviate harmful sensitization by injec-
tion of MBP, an analogous approach was undertaken using an altered
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Figure 3 Inflammation and immune mechanisms in Alzheimer’s disease.
Accumulation of AR leads to stimulation of the innate immune response, including
activation of microglia and astrocytes, release of cytokines such as TNF-ac and IL-3,
complement activation and free-radical formation. This innate immune activation may
contribute to neurotoxicity. An adaptive immune response induced by vaccination with
AB generates antibodies against AB; these antibodies decrease accumulation of AB in
the brain through Fc-mediated clearance and also seem to draw AR from the brain into
the cerebrospinal fluid and to the bloodstream. The adaptive immune response is
under T-cell control and, depending on genetic background and T-cell immune
tolerance, the effectiveness of vaccination to induce antibodies may be enhanced or
decreased. In the context of AB vaccination and as part of the adaptive immune
response, Ty1-type T cells directed against A may be induced, which migrate to the
nervous system and which may trigger an inflammatory response and a clinical picture
of meningoencephalitis.

peptide ligand of MBP in which key amino acid sequences had been
altered so that injection caused a T};2 or T};3 response as opposed to a
Ty1 response. Results ofa phase IT trial showed that injections of large
doses of the peptide led to a worsening of MS inflammation in some
people, as measured by gadolinium-enhanced lesions on brain MRI,
and an increased number of cells reactive to MBP*’. As part of alarger
trial in individuals given a smaller dose, however, positive effects were
observed on MRI and immune deviation towards Ty 2-type respons-
eswas observed'.

As discussed below, an AP vaccine developed for use in AD has
been found to cause adverse effects, which were most probably relat-
ed to the induction of Ty;1-type T-cell responses against AB. Of note,
T-cell vaccination with myelin-reactive T cells to downregulate
pathogenic T 1 responses has been applied successfully to the EAE
model and is being tested in individuals with MS**™*, but it is not
applicable to AD because there is no evidence of a pathogenic adap-
tive T-cell response in AD. DNA vaccination is another approach for
treating CNS autoimmune diseases such as MS and has been used
effectively in the EAE model by several investigators*>™,

Alzheimer’s disease
Alzheimer’s disease is the most common form of age-related cogni-
tive failure in humans. It is characterized neuropathologically by the
progressive accumulation of the 42-residue A peptide in limbic and
association cortices, where some of it precipitates to form a range of
amorphous and compacted extracellular plaques®. These plaques,
particularly the more compacted ones, are associated with dystroph-
ic neurites (altered axons and dendrites), activated microglia and
reactive astrocytes. Some of these dystrophic neurites contain
intracellular bundles of abnormal paired helical filaments composed
of insoluble, hyperphosphorylated forms of the microtubule-associ-
ated protein, tau. Paired helical filaments also accumulate in large
cytoplasmic masses, called neurofibrillary tangles, in the cell bodies
of innumerable limbic and neocortical neurons. The detection of
neuritic (amyloid) plaques and neurofibrillary tangles in brain
regions important for memory and other cognitive functions pro-
vides the basis for confirminga clinical diagnosis of AD after death.
Although it has become increasingly recognized that inflamma-
tion may be important in the neuropathological damage that occurs
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in AD, unlike MS the inflammation in AD seems to arise from inside
the CNS with little or no involvement of lymphocytes or monocytes
beyond their normal surveillance of the brain®. The inflammatory
cytopathology (microgliosis, astrocytosis, complement activation,
increased cytokine expression and acute phase protein response) is
thought to represent a secondary response to the early accumulation
of AB in the brain (Fig. 3). This innate immune response that occurs
in the brain, which is presumably secondary to amyloid deposition,
leads to theaccumulation of inflammatory mediators such as TNF-a,
IL-1,1L-6, free radicals and microglia activation.

Towhat degree this activation of microglia®** and other potential
antigen-presenting CNS cells and secretors of cytokines is involved in
the progressive neurodegenerative process is not yet clear, although it
has been generally assumed to do more harm than good. Studies of
transgenic mice that overexpress an AD-causing mutant form of
human amyloid precursor protein (APP) and develop amyloid
deposits have shown, however, that crossing such mice with mice
overexpressing a natural inhibitor of complement C3 results in a
worsening of AP plaque load and more neuronal loss™. This result
suggests that the inflammatory changes found in AD and mouse
models thereof, including activation of the classical complement
cascade, may represent a beneficial response, at least in part.
Nonetheless, clinical studies suggest that conventional anti-inflam-
matory drugs such as those used in arthritis may delay or slow the
progression of AD™.

Despite the fact that only local innate inflammation occurs in AD,
the theory and immune mechanisms of therapeutic vaccination dis-
cussed above with reference to MS have unexpectedly become relevant
to AD, because theinduction of specificadaptive immune responses has
been shown to be of benefit in the animal model of AD (Fig. 3). It has
been discovered that parenteral immunization of APP transgenic mice
with synthetic A in complete Freund’sadjuvant can markedly decrease
the number and density of AR deposits in the brain, with concomitant
improvements in neuritic dystrophy and gliosis”. Positive effects have
also been found after repetitive mucosal (intranasal) administration of
the peptide to transgenic mice™. It seems that the induction of antibod-
ies against AP has a primary role in the vaccine-mediated clearance of
A from the brain, because passive transfer of AR antibodies has shown
similar beneficial neuropathological effects”. Notably, a single
parenteral administration of a monoclonal antibody against AP has
been shown to produce rapid (within hours) benefits on certain behav-
ioural measures of cognitive function in a mouse model, apparently by
interfering with some diffusible, putatively synaptotoxic form of AR
(for example, AP oligomers) without lowering the overall amount of
AB depositsin thebrain”.

Two broad theories about the mechanisms by which AR antibod-
ies workin mice have emerged. First, evidence of Fc-mediated uptake
and clearance of AR antibody complexes by local activated microglia
has been obtained™. Second, evidence of a net movement of Ap pep-
tide out of the brain as a result of its binding and mobilization by AR
antibodies, both peripherally (in the serum) and centrally (in the
cerebrospinal fluid), has been provided®. These two proposed mech-
anisms are not mutually exclusive, and there may be additional ways
in which antibodies decrease AB-mediated synaptic and neuronal
dysfunction. So far there is no clear evidence that T cells have either a
protective or an injurious effect in AD or its mouse models, but this
possibility needs further research. As discussed below, T-cell
responses seem to havearole in the generation of meningoencephali-
tisafter AR vaccination to induce antibodies.

Human trials of A vaccination in AD

The finding that active vaccination with AR could profoundly reduce
quantities of AR peptide in an animal model led to early clinical trials
in which an AB,_,, synthetic peptide was administered parenterally
with a previously tested adjuvant (QS21) to individuals with mild to
moderate AD. Although a phase I safety study in few individuals did
not detect significant side-effects, a subsequent phase II trial was
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discontinued shortly after its initiation when roughly 5% of the
treated participants developed what seemed to be an inflammatory
reaction in the CNS (an aseptic meningoencephalitis). The occur-
rence of the meningocerebral inflammation was not correlated with
either the presence or titres of antibodies against AR among the trial
participants”. The mechanism of this self-limited inflammatory
reaction is unknown, but the appearance of the inflammation before
the detection of AR antibodies in some of the recipients may suggest
that a T-cell-mediated immune reaction to AP was responsible. Such
cellular reactions were not detected in mice and other mammals
exposed to the vaccine during preclinical safety and efficacy testing,
although a recent report suggests autoimmune encephalomyelitis
canbe induced in mice vaccinated with AR peptide plus pertussis®.
Efforts are underway to determine the basis for the adverse
inflammatory reaction induced by AB,_,, and to attempt to model it
in animals. No abnormal effects have been documented in APP
transgenic mouse models to which A antibodies have been admin-
istered, and such mice have shown robust clearing of brain AP
deposits and even improvements in behavioural deficits’”’. Thisisin
contrast to the EAE model in which administration of antibody to
MOG worsens the progression of EAE®. There is therefore an interest
in conducting trials with a humanized monoclonal antibody to AB as
the next step in the clinical evaluation of the immunotherapeutic
approach to AD. It may also be possible to immunize with portions of
AP to generate only antibodies that target N-terminal residues®®.

Ap as an autoantigen

We have found recently that APP transgenic mice, which produce
robust quantities of AR in the brain, have a form of immunological
tolerance in which they show significantly lower T-cell responses
when immunized with AB than do wild-type mice®. This deficit can
be overcome in part by providing T-cell help to the animal. Thus, the
presence of abundant A in the brain may not only cause local neu-
ronal and glia damage but also hinder the generation of a therapeutic
immune response, whether innate or induced.

Very recently, we have begun to extend such analyses to humans
and, by using sensitive short-term cloning techniques, have found
heightened in vitro reactivity of peripheral T-cells against A in some
elderly individuals and people with AD*. Early studies did not find
lymphocyte proliferation in response to APP peptides in individuals
with AD®. The likelihood of seeing this T-cell hypereactivity in
humans increased with age but was not observed in all individuals
with AD orall aged normal individuals. Our results raise the possibil-
ity that endogenous T-cell reactivity in a host may relate to the
progression of the cytopathological process of AD. In addition, such
data suggest that it may useful to test individuals for their intrinsic
T-cell reactivity to AR before offering them any immunotherapeutic
based on AB.

Beneficial versus deleterious T-cell responses
The issue of beneficial versus deleterious T-cell responses in vaccina-
tion models against CNS antigens is a concept that applies to
approaches in both AD and MS. It has been shown that deleterious
T-cell responses, presumably related to the induction of Ty1-type
responses, can be induced in humans affected with either AD or
MS. This does not mean that vaccination approaches in CNS diseases
cannot be successful, as has been shown by the use of glatiramer
acetate in MS; however, strategies that induce nonpathogenic T-cell
responses must be utilized, for example, modified autoantigens,
tolerogenic routes such as mucosal administration and non-Ty1-
inducing adjuvants should be used, and careful attention should be
paid to dosing. In addition, the genetic background of the host and
the immune repertoire may also determine whether a detrimental
T-cell response will occur after vaccination.

For example, we have found that SJL mice strains immunized with
MOG peptide in complete Freund’s adjuvant are susceptible to EAE,
whereas B10S mice treated similarly are resistant®. This does not seem

NATURE | VOL 420 | 19/26 DECEMBER 2002 | www.nature.com/nature

© 2002 Nature Publishing Group

review articles

torelate to the generation of immune response against MOG, but to the
type of immune response. In the SJL mouse there is infiltration of cells
expressing y-interferon in the brain and a predominantly T};1 response,
whereas in the B10S mice there is a Tj;2 and T3 response that seems
to prevent disease. Thus, the immune repertoire of the host before
vaccination may determine the outcome of vaccination.

It seems that vaccination strategies both in AD and in MS will be
dependent on skewing the immune response in such a way that it is not
harmful to the host. In this regard, we have found in the APP mouse
model of AD that nasal administration of AR induces antibody respons-
es in association with an ‘anti-inflammatory’ cellular immune
response involving IL-4, 1L-10 and TGF-B. These ‘anti-inflammatory’
responses may themselves help the pathologic process by suppressing
inflammation and microglial activation, which are believed to
contribute to the CNS dysfunction in AD**. Furthermore, cells
secreting TGF- may themselves aid in the clearance of AB*. Such AB-
reactive T cells would actin the CNS only at sites where A is involved in
the inflammatory process and thus would not be expected to interfere
with normal physiology. O
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