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Vaccination against amyloid B-peptide (AB) has been shown to be
successful in reducing A burden and neurotoxicity in mouse
models of Alzheimer’s disease (AD). However, although AB immu-
nization did not show T cell infiltrates in the brain of these mice,
an AB vaccination trial resulted in meningoencephalitis in 6% of
patients with AD. Here, we explore the characteristics and speci-
ficity of AB-induced, T cell-mediated encephalitis in a mouse model
of the disease. We demonstrate that a strong Ap-specific T cell
response is critically dependent on the immunizing T cell epitope
and that epitopes differ depending on MHC genetic background.
Moreover, we show that a single immunization with the dominant
T cell epitope AB10-24 induced transient meningoencephalitis
only in amyloid precursor protein (APP)-transgenic (Tg) mice ex-
pressing limited amounts of IFN-y under an myelin basic protein
(MBP) promoter. Furthermore, immune infiltrates were targeted
primarily to sites of A plaques in the brain and were associated
with clearance of AB. Immune infiltrates were not targeted to the
spinal cord, consistent with what was observed in AD patients
vaccinated with AB. Using primary cultures of microglia, we show
that IFN-y enhanced clearance of A, microglia, and T cell motility,
and microglia-T cell immunological synapse formation. Our study
demonstrates that limited expression of IFN-y in the brain, as
observed during normal brain aging, is essential to promote T
cell-mediated immune infiltrates after AB immunization and pro-
vides a model to investigate both the beneficial and detrimental
effects of AB-specific T cells.
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Izheimer’s disease (AD) is characterized by aging-

associated deterioration of learning and memory functions
of the brain. Affected regions of the brain exhibit accumulation
and deposition of amyloid B-peptide (AB) and frequently the
appearance of neurofibrillary tangles (1). Cleavage of amyloid
precursor protein (APP) canyield either AB1-40 or AB1-42 (2).
The amounts and the ratio between the two forms and their
deposition in the brain are affected by mutations in the APP and
presenilin genes or the presence of the ApoE4 allele (3, 4).
Immunolabeling of extracellular AB in the brain reveals neuritic
and diffuse plaques. The former are colocalized with activated
microglia and astrocytes as well as degenerating neurons,
whereas the latter do not clearly associate with glial activation or
neurotoxicity (5). Recent findings also demonstrate a role for AB
synaptotoxicity independent of plaques, possibly mediated by
soluble AB oligomers at intra- and extracellular compartments
(6-9).

Parenteral immunization of APP transgenic (Tg) mice with
synthetic AB in adjuvant can markedly decrease the number and
density of AB deposits in the brain, with concomitant improve-
ment in neuritic dystrophy and gliosis (10, 11). Positive effects
have also been found after repetitive mucosal (intranasal)
administration of the AB peptide to Tg mice (12, 13). Passive
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transfer of AB antibodies has shown similar beneficial neuro-
pathological effects (14-16); however, brain hemorrhage ap-
pears as a possible side effect of this approach if tested in mice
with cerebral amyloid angiopathy (7).

The finding that active vaccination with AB had profound
Ap-lowering effects in an animal model of AD led to a clinical trial
in which an AB1-42 synthetic peptide was administered parenter-
ally with adjuvant to patients with mild to moderate AD. Although
a phase [ safety study in a small number of patients did not reveal
significant side effects, a subsequent phase II trial was discontinued
shortly after its initiation, when ~6% of the treated patients
developed meningoencephalitis (17). Nonetheless, a cohort of
patients with AD vaccinated with AB have shown promising results,
demonstrating slower decline of cognitive functions over a 1-year
period, which was evident also in patients who experienced tran-
sient encephalitis (18). Postmortem analysis of brain sections re-
vealed decreased AR plaques in neocortex regions associated with
activated microglia and T cell infiltrates in the CNS, as compared
with unimmunized patients with AD (19).

The meningoencephalitis observed after AB vaccination of
patients with AD is postulated to be the result of activation of
Ap-reactive T cells in the periphery and their migration to A
plaques in the brain. Understanding the factors that are required
to induce AB encephalitis are crucial for the development of A
vaccination approaches in AD. The present study addresses the
conditions under which A vaccination elicits T cell responses
directed to AB plaques in the CNS, responses that result in
temporary encephalitis and clearance of pathogenic forms
of AB.

Results

AB Immunogenicity Is Determined by Epitope Specificity. To analyze
genetic control of AB immunogenicity, we immunized C57BL/6
and SJL mice (H2b and H2s MHC class II haplotypes, respec-
tively) with human AB1-42 in complete Freund’s adjuvant
(CFA) and assessed proliferative responses in popliteal draining
lymph nodes (LNs). AB-specific T cell proliferation was signif-
icantly higher in LNs from SJL than from C57BL/6 mice: 18,376
cpm versus 1,100 cpm, respectively (Fig. 1). To determine the
specific AB T cell epitopes in each of the strains, T cell
proliferation was measured by using 10 overlapping peptides of
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Fig. 1. AB10-24is a highlyimmunogenicT cell epitope in SJL and NOD mice
compared with AB16-30in C57BL/6. Mice were immunized parenterally once
with human AB1-42 and, after 10 days, lymph nodes were excised from SJL
and C57BL/6 mice and analyzed for T cell proliferation induced by AB1-42 and
10 overlapping AB peptides (each of 15 residues) as described in Materials and
Methods.

ApB1-42. Peptides 7-21, 10-24, and 13-27 induced T cell pro-
liferation in the SJL-derived lymphocyte cultures (Fig. 1),
whereas only peptide 16-30 induced proliferation in C57BL/6
mice (Fig. 1). The highest proliferative response was obtained by
using 2.5 and 25 ug/ml of AB peptide in SJL and C57BL/6 mice,
respectively (Fig. 1). Responses to peptides 10-24 in SJL and
16-30 in C57BL/6 mice were equivalent to those induced by
AB1-42 (Fig. 1). The low T cell reactivity in C57BL/6 mice
results from a low-affinity T cell epitope that is presented by the
specific I-A> MHC class II allele (Fig. 54, which is published as
supporting information on the PNAS web site).

Because residues 5, 10, and 13 of AB are different in rodent
as compared with human (see Fig. 5), we sought to determine
whether the high T cell responses obtained in SJL mice
immunized with human AB1-42 were also specific to the self
(rodent) AB peptide. Thus, SJL mice were immunized with
rodent AB1-42, and T cell responses to rodent and human Af
peptides were tested in vitro. Similar T cell proliferation was
obtained when human or rodent AB7-21 and human or rodent
AB10-24 were used as the stimulating peptide (Fig. 5B). In
addition, there was gradual increase in T cell proliferation
using AB7-21, AB8-22, AB9-23, and AB10-24 peptides as
antigens (Fig. 5B), suggesting that the full-length AB T cell
epitope in SJL mice is located between residues 10 and 24 and
that immunization with either human or rodent AB1-42
evokes T cell responses to this peptide. We then measured
recall T cell responses to human AB1-42 in vitro after immu-
nization of SJL mice with human AB10-24. Lymph node-
derived T cells from SJL mice immunized with AB10-24
proliferated in vitro when stimulated with human AB1-42 but
not AB16-30 (Fig. 5C). Overall, these results demonstrate that
different AB-specific CD4 T cell epitopes presented by differ-
ent MHC class II alleles have a significant impact on Af
immunogenicity.

Immunization with the T Cell Epitope AB10-24 Results in Transient
Encephalitis in APP/IFN-y Double Tg Mice. As shown in Fig. 1, the
I-As but not I-A® MHC class II haplotype was essential to mount
a significant AB-specific T cell response. To determine whether
carrying the I-A*® allele was sufficient to induce T cell activation
and migration of T cells to the CNS of APP-Tg mice, B6SJLF1
APP-Tg mice (line J20, see Materials and Methods) were immu-
nized with AB10-24 (because APP-Tg mice carry the human
gene; for the rest of the study, we have used only peptides
homologous to human A for immunization) in CFA followed
by i.v. injection of pertussis toxin (PT) at the time of immuni-
zation and 48 h later. AB-specific T cell responses were as high
in APP-Tg B6SJLF1 as in immunized SJL mice (data not shown).
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Infiltrates of CD4 cells were not observed in meningeal tissues
or anywhere else in the brain of APP-Tg mice (Fig. 24 and Table
1, which is published as supporting information on the PNAS
web site) or non-Tg controls (data not shown). In addition, no
MHC class II expression was observed (Fig. 24 and Fig. 64,
which is published as supporting information on the PNAS web
site). Immunostaining of brain sections from immunized
APP-Tg mice showed a similar pattern to that observed in
unimmunized APP-Tg mice, i.e., activated microglia at sites of
compact AB plaques colocalized with expression of the T cell
costimulatory molecule CD86 (Fig. 2A4).

We then examined the role of microglial activation on the ability
of T cells to migrate to the brain and accumulate at sites of AB
plaques. Although some microglial activation was observed in
APP-Tg mice, it was not sufficient to support T cell infiltration.
Because IFN-vy is known to up-regulate genes required for antigen
processing and presentation (20), we locally activated microglia in
the CNS by crossing SJL mice expressing IFN-vy in the CNS under
a myelin basic protein (MBP) promoter (21) with APP-Tg mice.
Immunization of APP/IFN-vy double Tg mice (9 months old) with
AB10-24 resulted in a marked meningoencephalitis as early as 12
days after immunization, shown by immunolabeled CD4" T cells
and CD11b* macrophages, primarily in the hippocampus, but also
in the cortex and the cerebellum (Fig. 2B, see arrows). Three-color
staining of sections of this time point showed AB deposits (blue) in
the hippocampal region and accumulating macrophages (green)
and T cells (red) in the adjacent meningeal tissues (Fig. 2C).
Activated microglia and macrophages migrating from the meninges
were colocalized with accumulated A plaques (Fig. 2C). In IFN-vy
single-Tg mice, a small number of infiltrating cells were observed
only in the meninges (Table 1). In contrast to APP/IFN-y Tg mice,
these cells accumulated in meningeal space and did not migrate to
the parenchymal tissue.

APP/IFN-vy Tg mice that were immunized with AB10-24 were
also analyzed by immunohistochemistry 20, 30, and 60 days after
immunization for immune infiltrates associated with A plaques. In
contrast to day 12 postimmunization, when CD4 T cells and CD11b
macrophages were located primarily in meningeal tissues, on day 20,
CD4 and CD11b cells were located at sites of AB plaques in the
hippocampus, and fewer were observed in the meninges (Fig. 2D).
These cells migrated primarily to compact AB plaques (Fig. 2D;
circled area is magnified in the Lower panels), sites that were
occupied by activated microglia before immunization. On day 30,
reduced numbers of CD4 and CD11b infiltrates were detected in
meningeal tissues of the brain, as well as at sites of AB plaques
(Table 1). No infiltrates were observed at day 60 postimmunization
(Table 1). Of note, immune infiltrates or AB were not observed in
the spinal cord of these mice at any time (Fig. 2E). As shown in
Table 1, CD4 and CD11b cell infiltrates were observed in brain
sections of APP/IFN-vy double Tg mice immunized with AB10-24
but not in APP/IFN-y Tg mice immunized with AB1-15 or BSA or
in APP single-Tg mice having the same genetic background.
Immune infiltrates also were not observed in AB10-24/CFA
immunized APP/IFN-y Tg mice that were not injected with PT
(n = 3, data not shown). Overall, we demonstrate that AB10-24
immunization can induce temporary meningoencephalitis primar-
ily targeted to sites of AB burden provided that IFN-vy is expressed
in the brain. IFN-y induced an immune milieu in the brain of
APP/IFN-y Tg mice essential to support a dialogue with the
immune cells in the CNS and did not significantly reduce the
integrity of the blood—brain barrier as compared with APP-Tg mice
(Fig. 2F). Immunostaining of brain sections taken from a mouse
with experimental autoimmune encephalomyelitis (EAE) is shown
as a positive control (Fig. 2F).

AB10-24-Induced Encephalitis Is Mediated by ApB-Specific T Helper

(Th) 1 Cells. Peripheral immune responses to AB were character-
ized in vitro on days 14, 20, and 30 after AB immunization.

PNAS | March 28,2006 | vol. 103 | no.13 | 5049

IMMUNOLOGY



Lo L

P

1\

o LN A D

CD11b CD4

APPTg APPIFNyTg  EAE

Fig. 2. Immunization with the T cell epitope AB10-24 induces meningoencephalitis in APP/IFN-y double Tg mice. (A) APP-Tg mice (9 months old, B6SJLF1

background) were immunized with AB10-24 and injected twice with PT (see Materials and Methods). Mice were killed 2 weeks later, and brain sections were
analyzed by immunohistochemistry for AB, CD4, and MHC class Il. Hematoxylin was used for counterstaining (shown in purple). High-power images show staining
for AB, CD11b, and CD86 costimulation molecule, taken from the box shown in the A Upper panel. (B-E) APP/IFN-y Tg or single IFN-y Tg mice were immunized
with AB10-24 and injected with PT. At the time indicated, brain and spinal cord tissues were examined for immune infiltrates as described in Materials and
Methods. (B) CD4 and CD11b immunostaining in hippocampus, cerebellum, and cortex regions of the CNS 12 days after immunization (see arrows for stained
area). (C) High-power images of the meningeal area (taken from the box in B Lower) immunolabeled with antibodies to AB (blue), CD11b (green), and CD4 (red)
and analyzed by a confocal microscope as described in Materials and Methods. (D) AB, CD4, and CD11b immunostaining in the hippocampus of APP/IFN-y Tg
mouse 20 days after immunization. (Lower) Higher-power versions of the circled area shown in the Upper panels. (E) AB, CD4, and CD11b immunostaining of
spinal cord sections of APP/IFN-y Tg mice 12 days after immunization with AB10-24. (F) Brain sections from nonimmunized APP and APP/IFN-y Tg mice were

immunostained with antibodies to fibrinogen. Brain sections from a mouse brain with EAE were used for a positive control staining.

Proliferation of spleen-derived T cells was induced by AB but not
by myelin peptides derived from proteolipid protein (PLP),
myelin oligodendrocyte glycoprotein (MOG), and MBP, all
known to induce EAE in these mouse strains (Fig. 34). High
amounts of IFN-y and low amounts of IL-4 and IL-10 were
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Fig. 3. AB10-24 immunization induced AB-specific Th1-type T cell prolifer-
ation and no AB antibodies in APP/IFN-y Tg mice. APP/IFN-y Tg mice were
immunized with AB10-24, and spleen-derived T cells were analyzed in vitro
for T cell proliferation, cytokine production, and A antibodies on days 12, 20,
and 30 after immunization as described in Materials and Methods. Represen-
tative results are shown for day 30 after immunization. (A) T cell proliferation
induced by AB, PLP139-151, and MOG35-55 peptides and whole mouse MBP.
(B) Supernatants collected from spleen-derived cultures incubated with 50
wg/ml AB or PLP were tested for IFN-v, IL-10, and IL-4 production by sandwich
ELISA assay. (C) Sera from APP/IFN-y Tg or B6SJLF1 mice immunized with
AB10-24 or human AB1-42, respectively, were analyzed for IgG1, 19G2a
(allotypes a and b), and IgG2b AB antibodies. The data shown are represen-
tative results of five different experiments.
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secreted by these AB-specific T cells, indicating that primarily a
Th1 but not Th2 type of immune response was elicited (Fig. 3B).
Serum isolated from AB10-24-immunized APP-Tg mice had no
AB-binding antibodies, in contrast to AB1-42-immunized mice,
in whom high serum titers of all three isotypes IgG1, IgG2a, and
IgG2b were detected (Fig. 3C). Taken together, these data
demonstrate that, upon immunization with the T cell epitope
AB10-24, ApB-reactive T cells migrate specifically to brain
regions where A is accumulated and trigger a proinflammatory
response that lasts for ~30 days. Because AB10-24 lacks the sites
in which the dominant B cell epitopes are located, the immune
response did not include production of AB antibodies after
immunization.

Clearance of A in the Hippocampus Is Enhanced by Activated Micro-
glia/Macrophages. As shown in Figs. 2 and 3, a single immunization
with AB10-24 resulted in a T cell-mediated encephalitis in APP/
IFN-y double Tg mice in the absence of AB antibodies. To
determine whether this encephalitis was associated with enhanced
clearance of A, brain sections were analyzed for microglial acti-
vation colocalized with A in the hippocampus. Nuclei in the brain
were stained with the dimeric cyanine nucleic acid dye TOTO-3
iodide, and analysis was localized to the inflammation site below the
dentate gyrus and the hippocampus CA1 region, which was rela-
tively devoid of inflammation (Fig. 4). Brain sections of APP-Tg
mice showed a few activated microglia (green) primarily at sites of
neuritic plaques but not diffuse plaques (Fig. 4 Aa—-Ac). In contrast,

Monsonego et al.
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Fig.4. ApBburdenisdecreased in hippocampus regions of APP/IFN-yTg mice
immunized with AB10-24. (A) APP or APP/IFN-y Tg mice were immunized
with AB10-24 at 9 months of age. Six-micrometer brain sections were taken
from the hippocampus and were immunolabeled for CD11b (green) and AB
(red). TOTO-3 nuclei dye (blue) was used for counterstaining. Brain sections
were analyzed by confocal microscopy as described in Materials and Methods.
(Aa-Af) Two separate images and their merged image, showing the hip-
pocampal-meningeal area of APP (Upper) and APP/IFN-y (Lower) Tg mice
taken atidentical exposures. (B) Intensity representation of the ABand CD11b
images shown in panels Aa and Ab and Ad and Ae was performed by using
Zeiss LsM 510 software as described in Materials and Methods.

submeningeal tissues in the hippocampus of APP/IFN-y mice
immunized with AB10-24 had many highly activated microglia/
macrophages that colocalized with AB deposits (Fig. 4 Ad-Af and
Fig. 7A, which is published as supporting information on the PNAS
web site). These deposits contained significantly decreased
amounts of AB. Intensity analysis of A3 and CD11b fluorescence
staining in representative areas of the CAl and the dentate gyrus
is shown in Fig. 4B. These data demonstrate significant increased
intensity of the CD11b staining and reduction in the intensity of A
staining at the site of inflammation in the area of the dentate gyrus
of APP/IFN-y Tg as compared with APP-Tg mice (Figs. 4B and
7B). No significant differences were observed in the CAl regions
between APP/IFN-y and APP-Tg mice (Fig. 4B). The mean
intensity of AP staining, at the frame shown in Fig. 44a, was
calculated from five sections of the hippocampus in each mouse
(see Materials and Methods). To further investigate the reduction of
AB in brains of AB10-24-vaccinated APP/IFN-y Tg mice, we
measured the amounts of AB in brain extracts by ELISA. Amounts
of AB1-40 (ng/g wet tissue) were 67 = 28 (n = 4) and 831 = 161
(n = 3) in immunized vs. control APP/IFN-y Tg mice (P = 0.043),
respectively. Amounts of AB1-42 (ng/g wet tissue) were 658 = 176
and 2,460 * 18 in immunized vs. control APP/IFN-y Tg mice (P =
0.0021), respectively. Thus, immune infiltrates in the brain associ-
ated with microglia/macrophage activation can result in clearance
of A, and this clearance seems to be more efficient for AB1-40
than for AB1-42. Because AB10-24 immunization did not evoke

Monsonego et al.

antibody production up to 3 weeks after immunization, it is
suggested that this clearance was antibody-independent.

IFN-y Enhances Microglia Motility and Uptake of AB, and Microglia-
Induced T Cell Activation. The meningoencephalitis we observed was
followed by clearance of AB and was completely dependent on
expression of IFN-vyin the CNS. We therefore established anin vitro
system to examine the effect of IFN-vy on uptake of AB by microglia
and early events associated with microglia-induced T cell activation.
Ap uptake (green in Fig. 84, which is published as supporting
information on the PNAS web site) was significantly enhanced in
microglia pretreated with IFN-y as compared with untreated
cultures as indicated by the fluorescence images (Fig. 84) and the
related intensity analysis (Fig. 8B). Furthermore, filipodia forma-
tion as an indication of microglia motility was longer and occurred
with higher frequency in the IFN-vy-treated cultures. (Fig. 8C).
We then cocultured IFN-y-treated or -untreated microglia with
resting AB-reactive T cells and examined T cell motility and
immunological synapse formation in the presence of AB1-42 as an
antigen. We demonstrate that IFN-y not only increases uptake of
AP by microglia, but also activates microglia to facilitate T cell
motility and synapse formation (Movie 1 and Fig. 9, which are
published as supporting information on the PNAS web site).

Discussion

The present study addresses the conditions under which Ap
vaccination elicits T cell responses directed at AB plaques in the
CNS. We demonstrate that AB becomes an encephalitogenic
antigen when three conditions are met: (/) when A is present
in the brain as occurs with aging; (ii) when the genetic back-
ground is conducive for T cell response to a high-affinity AB T
cell epitope; and (iif) when there is a proinflammatory signal
such as IFN-vy in the CNS. Of note, the immune infiltrates in the
CNS we observed after A vaccination were transient and were
targeted primarily to sites of AB plaques.

In the present study, we demonstrate that AB is highly
immunogenic in SJL and nonobese diabetic (NOD) mice and
that the dominant T cell epitope resides between residues 10 and
24 of AB. In contrast, AB evokes a weak T cell response in
C57BL/6 mice, as has been previously suggested (22) for which
the T cell epitope is between residues 16 and 30. NOD congenic
mice bearing the I-AP class II allele also failed to mount strong
T cell responses, suggesting that the low immunogenicity of
AB16-30in C57BL/6 is a result of a low-affinity epitope selected
by the I-A® MHC class II and not because of T cell selection in
the thymus. Overall, in this study and in our previous study (23),
we found that the T cell epitopes in mice were localized between
Ap residues 7 and 30, and that no T cell responses were evoked
by immunization with AB1-15 (23). An AB T cell epitope
between residues 1 and 16 was detected in HLA-DR3/DQS8
double Tg but not in HLA-DR3 or HLA-DQS single Tg mice
(22). In BALB/c, an AB T cell epitope was mapped between
residues 6 and 20 (24). However, because T cell responses to
AB10-24 were not measured, it is not clear whether AB6-20 is
a new epitope or a partial epitope similar to AB7-21 detected in
this study in SJL mice. In summary, MHC class II alleles are
crucial in determining the strength and phenotype of the adap-
tive immune response evoked to AB after immunization.

Despite the high frequency of AB-reactive T cells induced
after immunization, we did not observe encephalitis in APP-Tg
mice (B6SJLF1 background), even though AB had accumulated
in the brain and had induced microglial activation and expression
of the CD86 costimulatory molecule at sites of AB plaques. A
mild encephalomyelitis was reported in normal C57BL/6 mice
after AB immunization using large amounts of PT; APP-Tg mice
were not studied (25). In the current study, we found weak T cell
reactivity to AB in the C57BL/6 strain as reported by others (13,
22) and did not observe encephalomyelitis. Nonetheless, menin-
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goencephalitis in the hippocampus, cortex, and cerebellum was
detected when we immunized APP/IFN-y Tg mice. During the
entire encephalitis course, T cell responses in the periphery were
observed only to AB1-42, and only slight T cell proliferation was
induced by the myelin antigens PLP139-151, MOG35-55, and
whole MBP, suggesting that antigen spreading did not occur.
Ap-reactive T cells migrated primarily, but not only, to sites of
AB accumulation and triggered transient inflammation. No
inflammation was observed in the spinal cord as occurs in EAE
after myelin immunization (26). We have observed no infiltrates
in nonimmunized APP/IFN-y Tg mice or after BSA or AB1-15
immunization, and PT was required to evoke the meningoen-
cephalitis induced by AB10-24/CFA immunization. Because the
blood-brain barrier was not disrupted to allow spontaneous or
nonspecific T cell infiltrates, these data suggest that IFN-y
changed the milieu at sites of AB plaques to support migration
of AB-specific T cells once they were activated in the periphery.
It remains to be investigated whether parenchymal microglia,
endothelial, and/or peripheral migrating dendritic cells (DCs)
served as AP antigen-presenting cells (APCs) in the brain to
support such migration and interaction with T cells (27), which
seem to be dominantly suppressed in APP-Tg mice.

IFN-v is a key cytokine that induces microglia differentiation to
mature professional APCs (reviewed in ref. 28). A recent study has
shown that IFN-y promotes a genetic program in microglia cells
toward their function as APCs (20). IFN-vy also affects immune cell
trafficking into the CNS by means of regulation of chemokines in
the CNS (29). As shown in the present study, IFN-y indeed
facilitates microglia motility and uptake of AR, as well as T cell
motility and immunological synapse formation. These characteris-
tics of IFN-y promote the T cell responses in the brain observed in
this study. Of note, it is unclear whether IFN-v is expressed in the
adult CNS (30); however, in aged mice, increased mRNA levels of
IFN-vy, MHC class I, CD86, and CIITA, associated with decreased
IL-10, were recently demonstrated, suggesting a shift toward a more
proinflammatory environment in the brain (31). In the AD brain,
there is primarily an innate immune response including activation
of complement, secretion of the proinflammatory cytokines IL-13,
TNF-a, and IL-6, and the secretion of nitric oxide (NO) (32-37).
However, microglia express IFN-vy receptors and, upon exposure to
IFN-y, as occurred in APP/IFN-y Tg mice, they readily differen-
tiate into professional APCs and thus promote a self-limited
encephalitis after AB vaccination. Exposure of the brain to IFN-y
also may occur after viral or bacterial infection, predisposing to
higher state of microglia activation in general and at sites of AB
plaques in particular. It is worth notice that, at 9-10 months of age,
expression of IFN-v by itself in APP-Tg mice, although it changed
the vulnerability of the brain to immune infiltrates, did not signif-
icantly affect the amounts of AB plaques.

The meningoencephalitis we observed in APP/IFN-y Tg mice
was similar to that which occurred in patients with AD vaccinated
with AB (17, 19). The current study strongly suggests that the
meningoencephalitis observed in AD patients after vaccination
with AB1-42 was due to activation of AB-specific T cells. Using
sensitive methods, we have found clearly increased Ap-reactive T
cells in elderly healthy individuals and patients with AD as com-
pared with adult healthy individuals (38). The T cell reactivity in a
subset of patients was particularly high and may explain why
meningoencephalitis was induced only in 6% of the patients. We
have further characterized these responses to be associated with
certain HLA alleles and T cell epitopes (unpublished results).
Immune infiltrates, however, were not observed in APP-Tg mice,
and the question is whether a substantial difference exists between
human and mice with regard to microglia activation and the
dialogue with autoreactive AB T cells. In contrast to the case with
APP-Tg mice, microglia in AD seem to be in a higher state of
activation as they express significant amounts of MHC class II at
sites of AB plaques (39, 40). This difference could be due to

5052 | www.pnas.org/cgi/doi/10.1073/pnas.0506209103

environmental factors and/or a genetic polymorphism that predis-
poses to a proinflammatory milieu in the human brain (37), possibly
as part of immune surveillance of the CNS (41). It has not yet been
reported whether AD patients with meningoencephalitis expressed
IFN-v in the affected regions. Furthermore, the number of T cells
was increased in the brains of patients with AD compared with
other neurodegenerative diseases and control individuals, analyzed
postmortem (42). The phenotype of these T cells indicates that they
were activated but not fully differentiated.

This finding raises the possibility that, in contrast to APP-Tg
mice, the pathogenicity of AB in humans carrying certain HLA
alleles triggers AB-specific T cell responses with yet unknown
function. However, AP vaccination with the QS21 adjuvant
could presumably induce a robust expansion of these cells in the
periphery and consequently their accumulation in the CNS.

The meningoencephalitis observed in our study involved migra-
tion of T cells primarily to brain regions where A is accumulated,
similar to that observed in postmortem analysis of AD patients
vaccinated with AB (19). This migration of T cells resulted in a
substantial migration of macrophages, which further enhanced the
proinflammatory response first in the meningeal tissue and subse-
quently in the parenchyma and facilitated the clearance of A
plaques. In contrast to the A vaccination trial, AB antibodies were
not induced in our study and thus clearance was B cell-independent
although the role of macrophages and microglia remains to be
elucidated. B cell-independent clearance of AB was also demon-
strated recently by using nasal vaccination with a proteosome-based
adjuvant and glatiramer acetate (43). Clearance was associated with
microglia/macrophage activation induced directly by the adjuvant
and T cells specific to glatiramer acetate. Taken together, although
T cell responses in the brain can be detrimental (44, 45), in some
instances, they are beneficial, as previously demonstrated in animal
models of brain trauma (46, 47) or multiple sclerosis (48), and raise
the possibility that some of the beneficial effects observed in the
human trial were related to the induction of AB-reactive T cells,
which can direct protective microglia/macrophage activation in the
brain (49-51). Our study demonstrates that Ap-reactive T cells can
directly facilitate the clearance of AB and provides a model to
investigate both their beneficial and detrimental outcomes after
immunization.

Materials and Methods

Mice. C57BL/6 and SJL mice were purchased from The Jackson
Laboratory. NOD mice were purchased from Taconic Farms.
APP-Tg J20 line in a C57BL/6 background expressing APP
under the PDGF promoter were received from L. Mucke (6).
Transgenic SJL mice expressing IFN-y under the MBP promoter
were received from T. Owens (21). Homozygous IFN-y-Tg mice
were bred with APP-Tg mice to generate double Tg B6SJLF1
mice. All APP/IFN-y Tg mice and their control littermates were
immunized at 9 months of age.

Antigens. AB1-40 and AB1-42 peptides were synthesized in the
Biopolymer Laboratory (Center for Neurologic Diseases,
Brigham and Women’s Hospital). FITC-labeled AB was pur-
chased from BioSource International (Camarillo, CA). All other
AB peptides, MOG35-55 peptide, and PLP139-151 peptide
were synthesized by Quality Control Biochemicals (Hopkington,
MA). For in vitro stimulation of lymphocytes, AB peptides were
dissolved in DMSO (Sigma) at 2 mg/ml before final dilution in
X-vivo media (BioWhittaker). MOG35-55, MBP, and PLP were
dissolved in distilled water at 2 mg/ml. For immunization, A
peptides were dissolved in distilled water at 2 mg/ml.

Immunization and Measurement of Immune Responses. Mice were
immunized by footpad injection if killed on day 12; for longer
periods, mice were injected in the flanks. At the indicated time
points, popliteal draining lymph nodes (PLN) or spleens were
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Lo L

P

1\

BN AN PNASN D

excised and tested in vitro for antigen-induced proliferation and
cytokine production. Antigen-induced cytokine production was
measured by sandwich ELISA. Anti-Af antibodies in serum were
measured by ELISA as described (23).

Immunohistochemistry and Confocal Imaging Analysis. Sagital sec-
tions (6 uwm) were taken to include full representation of the
hippocampus and the dentate gyrus. Sections were examined
under a Zeiss Laser Scanning Confocal Microscope. We assessed
at least three sections per animal evenly spaced across a 2-mm-
wide region of the hippocampus, which provides full represen-
tation of the dentate gyrus and CAl regions in the brain. We
have used two methods of AB quantification: (i) Intensity
analysis of the entire hippocampus was performed by using 3D
image analysis software (Zeiss). (if) To obtain numerical values
of fluorescence intensity, we have used the region of interest
(ROI) feature of the advance imaging LSM software. We defined
areas of 300 um? that comprised the entire neuropil or hip-
pocampus. Twenty such areas were defined for three noncon-
tiguous slides of each mouse and were analyzed at the same
acquisition parameters. The pixel intensity of all areas in indi-
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vidual channels was obtained for statistical analysis by using
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were confirmed by measuring the covariance of both channels
(CD11b and AB) in each area (see also supporting information).

Preparation of Cultures of Mouse Brain Microglia. Glial cultures were
prepared as described (52). On day 7, cultures were incubated
with 100 pg/ml IFN-vy for 72 h, and, on day 10, the entire glial
culture was trypsinized and microglia were labeled with phyco-
erythrin (PE)-conjugated anti-CD11b and sorted by using a
FACS Vantage SE Cell Sorter.

Detection of AB by ELISA. Brain tissues were homogenized in
ice-cold 5 M guanidine thiocyanate/HCL, pH 8, and were then
rotated at room temperature for 4 h. The homogenates were
stored at —80°C. Brain homogenates were diluted and centri-
fuged, and AP levels were measured by ELISA according to the
manufacturer’s instructions (BioSource International).
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