DINA vaccing therapies for alsheimer's disesie

injection. Histological examination revealed that there were extensive
areas of the neocortex with very few AP plaques. Those areas of the
cortex that were devoid of AP plaques contained neurofibrillary
tangles, neuropil threads and cerebral amyloid angiopathy (CAA)
similar to untreated AD, but lacked plaque-associared dystrophic
neurites and astrocyte clusters. These findings were very similar to
those obuined in mouse models of AD after AR immunotherapies
and suggested thac the immune response generated against the
peptide accelerated AP clearance.'? Essentially the same findings
were found in subsequent two autopsy cases.!14

The effects of AP immunotherapies on cognitive functions are
controversial. Hock et al. followed thirty patients (24 patients received
2 immunizations and 6 received placebo) in Zurich University for 1
year after halt of the AN-1792 trial.'® Twenty patients generated
antibodies against Af, as determined by tissue amyloid plaque immu-
noreactivity assay. AD patients who generated antibodies performed
markedly better on the Mini Mental State Examination (MMSE)
scores after the immunization compared to control patients. As
compared to baseline, patients who generated antibodies against Af
remained unchanged after 1 year. In contrast, patients in the control
group worsened significantly.'® Later, Gilman et al. reported the
results of large-scale phase II-A studies thar did not include Hock’s
dara.'® OF the 300 AN1792 (QS-21)-treated patients, 59 (19.7%)
developed the antibody response. Complete analysis of all the treated
patients demonstrated that no significanc differences were found in
11 of 14 cognitive disability global change score between antibody
responder and placebo groups. However, antibody responders had an
improvement in the Wechsler Memory Verbal-Delayed (WMVer-D)
scale. Furthermore, nine-component composite NTB z-score and
all memory composite z-score (p = 0.033) indicate less worsening at
12 month from the first analysis. CSF examinations performed in a
small number of subjects revealed that CSF tau was decreased in anti-
body responders (n = 11) compared with placebo-given patients (n =
10; p < 0.001).!6 Recently, long-term (6years) effects of 80 parients
in phase I clinical trial, were reported.!” This report contains both
expected and unexpected results, Expectedly, cortical AB loads were
lowered in treated patients than in the control group. Furthermore,
in patients with higher antibody titers showed more extensive Af}
removal. Unexpectedly however, there was no stadstically significant
evidence for improvement in cognitive function or survival, even in
patients with high antibody titers. These results suggest thar plaque
removal is not enough to halt progressive neurodegeneration in AD.

There are a number of possible mechanisms to explain the differ-
ences in the outcome. First, AP plaque formation might be necessary
to initiate pathological processes, but not to progressive neurodegen-
eration. This hypothesis explains well why there is a poor correlation
between AP plaque load and the degree of dementia.'® Second, plaque
removal occurs progressively over a period of months.'? Therefore, it
is easily assumed that the improvement of cognitive functions after
AP removal by the treatment takes a considerable time. Follow-up
period may be too short to elucidate the relationship berween AR
clearance and the cognitive function. Third, it is well known that
AB oligomers are critical factor to induce synaptic dysfunction
in AD patients.2®?! The degree of oligomeric A removal by the
treatment should be estimared, which was not performed in these
studies. Fourth, the human clinical studies were performed on aged
patients with mild to moderate AD.® Obviously, anti-Af immuno-

therapics should be initiated on younger patients with mild signs
and symproms before irreversible AD-related brain damages occur.”?
Taken together, further studies are necessary to evaluate the effects of
anti-Af immunotherapies for AD patients.

Development of New AP Pepfide Vaccines

To contol harmful T cell responses, new Af vaccines are
developing after the clinical wials with AB peptide vaccines. Nasal
vaccination with proteosome-based adjuvant plus glatiramer acetate
cleared AP plaques in Alzheimer model mice.?? Fine epitope analysis
with overlapping oligomers of the AB1-42, sequence identified the
1-15 region as a dominant B cell epitope.?* A short AP peptide
(AB1-15), which contains antibody cpitopes but lacks T-cell reactive
sites, induced anti-Af antibodies in the absence of T cell respanses
in wild-type mice? and significantly reduced AB plaques in APP
transgenic mice.” AR epitope vaccine consists of self-B cell epitope
of AP and non-self T helper cell epitope produced high diters of
anti-Ap antibodies in mice. In addition, the new approach to develop
vaccine using virus-like particles (VLPs) was reported.”” Due to their
virus-like nature, VLPs are very immunogenic and their potential to
be effective vaccines have long been recognized.® A conjugated to
VLPs elicited and-Ap antibody responses at low doses and withour
the use of adjuvants. The flexibility of these virus-based display
systems allowed to induce antbodies against short Ap-derived
peptides from the amino- and carboxyl-termini of the peptide.”

Recendy, other clinical trials using second-generation peptide
vaccines were started.?? Wyeth and Elan Inc., developed ACC-001,
which contains AP1-7 derivatives. The trial was suspended in April
2008 because a patient in a phase II trial was hospitalized with skin
vasculitis. Vasculitis was considered as immune, or allergic, reac-
tions. However, the patient was treated successfully and the trial was
restarted 6 weeks later. Novartis Inc., developed CAD106 which
consists of carrier Qb coupled with AB1-6. Phase I trial was finished
without problems and Phase I1 trial was started in 2007 (all informa-
tion was obtained from press-release of the indicated companies).

Passive Immunization with Anti-AB Antibodies

Passive transfer of anti-AP andbodies is an alternative strategy,
which is effective as well as active immunization in the mouse model
of AD. Peripheral administration of antibodies against Ap peptide
was sufficient to reduce amyloid burden. Despite relatively modest
serum levels, passively administrated antibodies were able to enter
the central nervous system, decorated plaques and induced clear-
ance of AB deposits.*” Passive immunization is more acceptable than
active vaccination because it does not need an adjuvant and does
not elicit hazardous cellular responses found in the clinical trial of
active immunization. In addition, the dose can be controlled easily.
However, administration of anti-Af antibodies may cause micro-
hemorrhages in old APP mice'? and its incidence was significantly
increased following 5 months of passive immunization.”!

Phase 11 clinical trial of AB-specific N-terminal directed human-
ized monoclonal antibodies, bapineuzumab (AAB-001, Elan and
Wyeth), was completed in 2008.2732 On July 29, 2008, Elan and
Wyeth Corporation reported in the press release that the treat-
ment showed beneficial effects on the Apolipoprotein E4 (ApoE4)
no-carrier population, However, vasogenic cerebral edema occurred
dose-dependently in 12 out of 124 antibody-treated patients and
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10 patients carried the ApoE4 allele. Moreover, eight of 12 parients
belonged to the high-dosage group. As was mentioned above, it
is also well known that a number of microhemorrhages occurred
after administration of anti-Af in old APP mice.*'? These find-
ings suggest that the abrupt reduction of AR deposits in the vessel
wall may result in the functional change of the blood brain barrier,
leading to these adverse effects. Another humanized monoclonal
antibody, LY2062430 (Eli Lilly Co.,), is now in the phase IT trial.*2
The favorable outcome is expecred for LY2062430 because this anti-
body directs to the central domain of the AB1-42 pepride and does
not induce intracerebral hemorrhage or vascular pathology in the
experiment.’® However, there are still some problems to be solved
in passive immunization. In vivo preduction of ant-idiotype anti-
bodies, which may neutralize the effects of anti-Ap antibodies, must
be controlled to maintain the effect of the antibodies. Moreover,
a serious disadvanrage of passive immunization is the cost of the
antibodies. The expense of weekly or monthly monoclonal infusion
for decades could be extremely difficult from the economic point of
view. Many patients cannot afford expensive medical costs which is
estimated over several tens thousands dollars torally.

Development of DNA Vaccines as Effective Drugs in the Next
Generation

To compensate the disadvantage of conventional immuno-
therapies, DNA vaccination has been developed as a new therapy
for AD, which is simple, casily modified and can be adminis-
tered without adjuvants.?¥35 At the injection site, vaccines are
taken up by muscle cells and the AP peptide-protein complex is
produced for a certain period.>® Translated AB complex stimulates
immune responses in the host, and induced anti-AB antibodies.’”
Importantly, immune responses of the host can be easily mani-
pulated to obtain a Th2 type reaction.*#3%:39

DNA vaccines with viral vectors. Viral DNA vaccines were devel-
oped using adeno-associated virus (AAV) vectors?™#! or adenovirus
vector.#2 The effects of viral DNA vaccines are expected to continue
for several months after one administration because the viral vector
has the high introduction efficiency. An AAV vaccine developed
by Zhang et al. could express CB-AB1-42 (Cholea toxin B subunit
and AP1-42 fusion protein) in vivo. A single administration of the
AAV vaccine induced a prolonged (at least 12 month) production
of AB-specific serum IgG (1:4,096-1:16,384) in model mice and
resulted in improved ability of memory and cognition, decreased Af}
depositions and plaque-associated astrocytosis in the brain. 43 Hara
et al. constructed AAV vaccines that express for AB1-43 or Ap1-21,
and administrated to Tg2536 mice transorally. IgG antibodies
were detected in the serum at 4 weeks, and existed in the body for
more than 6 months. Quantitative analysis of the brain showed a
significant decrease of AP burden in all vaccinated mice. ! Intranasal
injection of an adenovirus vector encoding AB1-42 and granulocyte/
macrophage-colony stimulating factor (GM-CSF) decreased the AB
load in Tg2536 mice.*?

Although viral DNA vaccines are effective, it remains to be deter-
mined whether viral vectors are really safe. In 1999, an 18-year-old
patient with an inherited enzyme deficiency died 4 days after gene
therapy with a genetically altered adenovirus vector in Pennsylvania,
USA.# In France, clinical trials of gene therapy with retrovirus vector
to treat X-linked severe combined immunodeficiency disease (SCID)
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were halted due to the development of leukemia.®® Furthermore,
significantly increased incidence of hepatocellular carcinomas and
angiosarcomas was noted in rAAV-mediated gene therapy.*¢47 Thus,
these problems should be overcome as soon as possible. In addition,
limitations to scale up the AAV vector production severely restrict
the commercialization and use of AAV-associated DNA vaccines 8
Taken together, the clinical application of DNA vaccines using viral
vectors seems to be difficult at present.

Non-viral DNA vaccines. Others and we have focused on the use
of plasmid vectors for AB DNA vaccines. Non-viral DNA vaccines
have many advantages over those with virus vecrors. Non-viral
plasmid DNA vaccines can be easily mass-produced at a low cost**33
have no possibility of viral infection or transformation. 3% Non-viral
DNA vaccine with AB fused to mouse interleukin-4 (pAf 42-1L-4)
as a molecular adjuvant generated anti-AP antibodies in wild type
B6 mice.”! AR DNA vaccine with a secrerary signal, tissue-type
plasminogen activator (cPA) reduces amyloid plaque in mice mode
with simultancous use of low dose AP peptide. However, significant
reductions of AR deposition were not obtained only with these DNA
vaccines.”? In addition, other groups utilized gene-gun for the delivery
of DNA vaccines, which has the advantage over pepride vaccination
of higher efficacy in breaking self-tolerance and for inducing benefi-
cial Th2-based immune responses’>>* to reduce the possible adverse
effects related to Thl adverse responses seen with AB1-42 peptide
vaccine. AB1-42 and AB1-16 gene were chemically fused and deliv-
ered to APPswe/PS1DE9 transgenic mice with gene-gun.®®

In our laboratory, three types of A DNA vaccines were prepared
using a mammalian expression vecror and reduce AR plaque in AD
model mice without side effects.®6 The first vaccine possessed the
core 142 sequence inserted into plasmid vector (K-AP vaccine).
The second one possessed the immunoglobulin leader sequence at
the N rerminus (IgL-Af vaccine) to increases the secretion of the A
peptide. Furthermore, human immunoglobulin Fe portion was added
to the third vaccine to stabilize the vaccine product (Fc-Ap vaccine).
These leader sequences inserted into the plasmid were important for
the AR secretory property of the vaccines. Supernatants of cultured
cells that had been transfected with IgL-Ap and Ap-Fc vaccines
contained translated proteins, whereas K-AB-transfected cells did
not secrete the pepride into the extracellular space. K-A vaccine
was less effective in AP reduction than the former two and was not
used in subsequent experiments. AD model mice received 6 weekly
and subsequent biweekly injections of the vaccines. Prophylactic
treatment, administration before the appearance of amyloid depo-
sition, with AP-Fc vaccine demonstrated that the final reduction
rate of AP burden in the cerebral cortex at 18 months of age was
approximately 39% of untreated groups (Fig. 1). Therapeutic treat-
ment, administration after the appearance of AP deposition revealed
almost equal AP plaque reduction as prophylactic trearment (Figs. 1
and 2). Concerning the excessive immune reaction of our vaccine,
T cell activation and proliferation, as measured by {*H]-thymidine
incorporation of T cells from vaccinated mice, was negative in both
wild type B6 and model mice (Fig. 3). Furthermore, pathological
examinarions using monoclonal antibodies, CD5 (anti-T cell) and
Mac-3 (anti-macrophage), demonstrated no inflammarory lesion in
the brain after long-term treatments. Subsequent analysis revealed
that Ap-monomers and dimers were significantly reduced after
DNA vaccination.’” Recently, to make DNA vaccine more safe and
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effective, DNA epitope vaccine was developed, which consists of
3 copies of the self-B cell epitope of AB1-11, a non-self T helper
cell epitope (PADRA), and macrophage-derived cytokine (MDC/
CCL22).%8 It generated high titer of anti-Af antibody (200-1,000
pig/ml) after 3-5 times vaccination and reduced AP plaques in triple
transgenic mice. The Af oligomers were significantly reduced and
behavioral deficit of model mice were improved in the vaccine mice.

As mentioned above, there are two types of DNA vaccines, viral and
non-viral DNA vaccines. We believe that non-viral DNA vaccines are
superior to viral DNA vaccines for several reasons. Non-viral DNA
vaccines can be prepared at a large amount with standard technology.
One can make the vaccines at a low cost and the safety has been
established. The primary concern for non-viral DNA vaccines is their
potential to integrate into the host cell genome. With an integra-
tion assay based on purification of high-molecular-weight genomic
DNA away from free plasmid using gel electrophoresis, such that the
genomic DNA can be assayed for integrated plasmid using a sensi-
tive PCR method. The assay sensitivity was approximately 1 plasmid
copy/ug DNA (representing approximately 150,000 diploid cells).>?
When integration occurred, the frequency was 1-8 integrations
per 150,000 diploid cells, which would be below the spontancous
mutation rate.”? Thus, the risk of mutation due to integration of
plasmid DNA vaccines following intramuscular injection is negli-
gible. In addition, if unwanted side effects occur, they can be easily
controlled by stopping further administration of the vaccine because
their half-life within the body is shorter than viral vaccines.%0 When
considering clinical use, AD patients receive vaccines for life long
and such advantages are quite important factors for the choice of the
treatment. Non-viral plasmid vector is the best choice at present for
the DNA vaccine treatment against Alzheimer's disease.

Mechanisms of AP Reduction with Vaccine Therapies

Immunotherapies against AD are effective not only in the mouse
model®7 but also in human clinical trials.! However, the mecha-
nisms of AB reduction in the brain remain to be elucidated. There
are at least three hypotheses. One possible mechanism is operated
through microglial phagocytosis.®!®* When examined in an ex
vivo assay with sections of PDAPP mice or AD brain tissue, anti-
bodies against AB-peptide triggered microglial cells to clear plaques
through Fc receptor-mediated phagocytosis and subsequent peptide
degradation.?® However, recent reports suggest that other receptors
also participate to clear AR plaques. Immunization of Tg2576 mice
crossed with Fe receptor gamma knockout mice were as efficient at
clearing plaques as Tg2576 mice alone.5® Murine microglia bind
and internalize fibrillar AR microaggregates via the type A scavenger
receptor.” The second mechanism is direct binding of antibodies
leads to dissolution of AB peptides.5566 Anti-AB antibodies arose
from mice selectively directed against residues 4-10 of AB42, and
that these antibodies inhibit both AP fibrillogenesis and cytotox-
icity without cliciting an inflammatory response.” Using in vivo
multiphoton microscopy, FITC-labeled F(ab), fragments of 3d6
(which lack the Fc region of the antibody) also led to clearance of
45% of the deposits within 3 days, similar to the results obtained
with full-length 3d6 antibody.5> The third mechanism is that blood-
circulating antibodies increase the net efflux of AR peptides from the
brain to the circulation (the peripheral sink hypothesis).%*? The
monoclonal andbody m266, having a very high affinity for soluble
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Figure 1. Reduction of AB burden in APP23 mice after DNA vaccination. The
overall quantilative analysis is depicted. The amyloid depasition wos first
defected in unireated mice at 7 months of age and rapidly increased affer 15
months of age [open squares). Prophyloctic administration of Fe-Ap vaccine
prevented the AB depesition lo 10-30% of that in unireated animals before
12 months of oge and to 40-50% alter 15 months (closed triangles). The
affects of therapeutic administration were almost same os those of prophylac-
tic administration [open circles). Each group consists of 4-6 mice.

AP, may not require entering the brain, which can extract free brain
AP into blood circulation when given peripherally.5® Peripheral
administration of m266 to PDAPP transgenic mice results in a
rapid 1,000-fold increase in plasma AP, which can rapidly reverse
memory deficits in both an object recognition task and a holeboard
learning and memory task.?

We examined these possible AP reduction mechanisms to
determine which the major route of AP clearance is in our DNA
vaccination system.”” Immunohistochemical examinations revealed
that activated microglia significandy increased after DNA vaccina-
tion not only around plaques but also in areas remote from plaques.
Furthermore, microglia in treated mice phagocytosed AP debris
more frequently than in untreated mice. Although microglia had an
activated form, they did not produce a significant amount of TNFe.
Amyloid plaque immunoreactivity and Ap concentration in plasma
increased slightly in the treated group at 9, but not at 15, months
of age. Collectively, these data indicate that phagocyrosis of AB
deposits by microglia play a central role in Ap reduction after DNA
vaccination. There are at least two explanations for these results.
First, anti-AP antibodies in plasma were mildly elevated after DNA
vaccination, > compared with active immunization,* which is suffi-
cient for AP clearance by microglia but not for transition of Ap from
the brain ro the blood stream. Second, cerebral amyloid angiopathy
may progress, especially in the late stage, and interfere with the
perivascular drainage pathway of AB.”® The findings obtained in
this study provide useful information for the development of new
and more effective DNA vaccines against AD because DNA vaccines
are easily reconstructed by adding or changing the sequence in the
plasmid vector.

Recently, it is also known that AB clearance is augmented by drugs
via the antibody-independent and cell-mediated pathways. Nasal
vaccination with a protcosome-based adjuvan thar is well tolerated
in humans plus glatiramer acetate, an FDA-approved synthetic copo-
lymer used for treatment of multiple sclerosis, decreases AP plaques
in model mice.?® This effect did nor require the presence of anti-Af
antibodies in the brain because AP reduction by the treatment was
also observed in B cell-deficient (Ig mu-null) mice. Vaccinated
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Figure 2. AB burden reduction at 18 months of oge after therapeutic treatment starfing from 12 months. While large AB deposits [>100 pm) were observed
in the frontal cortex of control mice at 18 months of age (B, significant reduction was observed dfter 6 month theropeutic administration of the Igl-Ap vac-

cine [A). Mognification (A and B), x27.

receprors such as heparin sulphate proteo-
glycans (HSPGs),%? insulin receptors™ and
proteinase inhibitor serpin-enzyme complex
receptor (SEC-R),¥ resulting in phagocy-
tosis of soluble AB. Activated microglia can
degrade AP by releasing AP degrading enzymes
including metalloproteases, insulin-degrading
enzyme3385 and gelatinize A8 In addition,
activation of microglia with toll-like receprors
(TLRs), a family of pattern-recognition recep-
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tors in the innate immune system, markedly
boosted ingestion of AB in vitro.®’
Conversely, dysfunction of micro-

Figure 3. T cell responses in APP23 (A] and B6 (B] mice after immunization with A peptide/CFA
or DNA vaccination, lymphocytes isolated from two strains were incubated with A§ pepfide (0-10
M) for 3 days. Incorporation of {?H} thymidine was meosured by liquid scintillation spectrometry. In
APP23 mice, neither T cells from peptide-immunized mice nor thase from DNA vaccinaled mice were
activated in the presence of AB1-42 (n = 3) (A). In conlrost, AP peptide immunizalion, but not DNA
vaccination, induced a significant T cell respanse in B& mice (n = 3] (B). All the dalo are the mean
volues + 5.D. and the representative results from three different experiments are shown. Figures 1-3

are reproduced with permission from PNAS (ref. 56).

animals developed activated microglia that colocalized with A
fibrils, and the extent of microglial activation correlated strongly with
the decrease in Ap fibrils.??

Role of Microglia in AB Accumulation or Reduction

Microglia are resident brain cells and react with various parho-
logical conditions including autoimmune inflammation, infection
and degeneration in the central nervous system. Previously, microglia
were thought to be harmful and toxic to neurons in the AD brain as
there were susrained inflammarory responses including complement
activation;”! however it becomes consensus that microglia could
play a neuroprotective role under a certain circumstance as well as
pathogenic role in the disease processes.”2”7* It has been shown that
microglia react with Af plaques and phagocytose AP deposits under
various stimularions.”®7? When activated, microglia express recep-
tors involved in the clearance and phagocytosis of AR (e.g., class A
scavenger receptor, CD36 and recepror for advanced-glycosylation
endproducts).®*8! Soluble AB can be directly bound by microglial
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glia is related to the progression of AD.
A large number of apoprotic microglia are
present in AD brain. 8% Microglia from
old PS1-APP mice showed decrease expres-
sion of the AB-binding scavenger receptors
A (SRA), CD36 and RAGE (receptor for
advanced-glycosylation endproducts), and the
AB-degrading enzymes insulysin, neprilysin,
and MMP9, compared with their littermate
controls.”! PS1-APP microglia had a 2.5-fold increase in the proin-
flammarory cytokines IL-1f (interleukin-1P) and tumor necrosis
factor-¢ (TNFua), suggesting that there is an inverse correlation
between cytokine production and AP clearance.” In addition,
microglial accumulation plays a protective role in the early stages of
AD by promoting AP clearance. The deficiency of CC-chemokine
receptor 2 (Ccr2),” a chemokine receptor expressed on microglia,
which mediares the accumulation of mononuclear phagocytes at
the site of inflammation, accelerates early disease progression and
markedly impairs microglial accumulation in Tg2576 mice.”? These
findings suggest that AR clearance by microglia is essential for the
maintenance of normal neural function in the brain.

Effect of A3 Vaccines in Non-Human Primates

Treatments of non-human primates with DNA vaccines provide
useful informarion as an essential step before clinical rtrials. As
non-human primates have the same AR sequence as humans and

develop AR plaques with aging, certain kinds of monkeys provide
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an attractive Alzheimer’s disease animal model.* Investigators have
been employed vervet monkeys for studies on brain injuries?¢ and
AD. %798 Lemere et al. immunized five aged ververs (16-25 yr) with
AP peptide over 10 months and examined plasma and CSF samples
longitudinally. By day 42, immunized monkeys generated plasma
AP antibodies that labeled plaques in the human AD and model
mouse brain. The antibody levels peaked at day 100 (1,677 pg/ml in
plasma, 2.1 pg/ml in CSF) in the immunized animals and dropped
to relatively steady levels by Day 301 (452 mg/ml in plasma, 0.2
mg/ml in CSF). Soluble AB levels were elevated approximately 2- to
5-fold in plasma and decreased up to 64% in CSF in immunized
vervets. Insoluble AP was decreased by 66% in brain homogenates
of the immunized animals compared to controls.?® Since it is diffi-
cult to obrain verver monkeys, rhesus monkeys (Macaca mularea)
were also examined extensively.!%® Senile plaques appear in variable
numbers in animals >23 years bur were not scen in monkeys <15
years of age.'%! AP deposits were observed in the cerebral correx of all
aged animals.'%? Gandy et al. injected aggregated AB1-42 to rhesus
monkeys (Macaca mulatta). Immunized monkeys developed anti-Ap
titers exceeding 1:1,000, and their plasma AR levels were 5-10-fold
higher than the plasma AP levels observed in monkeys vaccinated
with aggregated amylin.!®3

Recendy, we evaluated the effects of DNA vaceines on Af reduc-
tion found in aged rhesus monkeys (15-18 years old) (manuscript
in preparation). DNA vaccine and empty vector (control) at a dose
of 3 mg were injected 15 times for 6 months (n = 3 in each group).
Quanrirtarive analysis revealed a significant reduction of AB in treated
monkeys without obvious side effects. Previous two studies?”'9 and
our examinarion clearly demonstrated AP reduction in monkeys after
vaccination. Analysis of oligomeric AP} and cognitive assessment will
be necessary to determine whether such immunotherapies provide
beneficial effects an behavioral disorders. Collectively, these findings
suggest that DNA vaccines are also cffective in AP reduction in non-
human primates.

Conclusion

Current drug therapies for AD aim at slowing the cognitive
decline and ameliorating the affective and behavioral signs associated
with disease progression. Based on the results obrained in animal and
human clinical studies, AB vaccine therapy is a principal strategy for
AD weatment. Active peptide immunotherapy and passive immuno-
therapy have some problems to be solved before clinical application.
Newly developed DNA vaccines were effective in reducing A plaque
on model mice and aged monkeys. Oligomeric AR, which is most
neurotoxic among A species, was also decreased in the mouse brain
after vaccination. Although preclinical trials are under way, DNA
vaccination will be a promising therapy for Alzheimer's disease in
the near future.
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Characterization of CD8-positive
Macrophages Infiltrating the Central
Nervous System of Rats With Chronic
Autoimmune Encephalomyelitis

Keiko Hiraki, II-Kwon Park, Kuniko Kohyama, and Yoh Matsumoto®
Department of Molecular Neuropathology, Tokyo Metropolitan Institute for Neuroscience, Tokyo, Japan

CDB" macrophages appear in the central nervous sys-
tem (CNS) under various pathological conditions such
as trauma and ischemia. Furthermore, macrophages
expressing CD8 were found in CNS lesions of chronic,
but not acute, experimental autoimmune encephalomy-
elitis (EAE). To further characterize cells with this phe-
notype, we examined CD8" macrophages/monocytes
in the CNS and peripheral organs during the course of
acute and chronic EAE that had been induced by im-
munization of rats with myelin basic protein and myelin
oligodendrocyte glycoprotein, respectively. Counting
CD8" macrophages in CNS lesions revealed that their
numbers increased reaching about 60% of total infil-
trating macrophages in chronic EAE, while CD8" mac-
rophages remained less than 5% throughout the course
of acute EAE. Unexpectedly, however, higher abun-
dance of CD8" monocytes/macrophages in the periph-
eral blood was found in both acute and chronic EAE.
Real-time polymerase chain reaction analysis revealed
no significant difference in the levels of chemokines
and chemokine receptors of blood CD8% monocytes
between acute and chronic EAE. mRNA expression of
perforin, a cytotoxic substance, was up-regulated in
CDB8" monocytes compared with that of CD8™ mono-
cytes in both acute and chronic EAE. These findings
suggest that activated CD8" macrophages may play a
cytotoxic role in chronic EAE lesions and that cells
other than CD8" monocytes/macrophages determined
the difference in CNS pathology between acute and
chronic EAE. Analysis of CD8" monocytes/macro-
phages may provide useful information to permit further
dissect the pathomechanisms of multiple sclerosis and
to develop effective immunotherapies against autoim-
mune diseases in the CNS. @ 2008 Wiley-Liss, Inc.

Key words: experimental autoimmune encephalomy-
elitis; chronicity; CD8; macrophage

Multiple sclerosis (MS), which is considered to be
an autoimmune disease involving the central nervous
system (CNS) (Sospendra and Martin, 2005), is charac-
terized by relapse and remission of the disease (Lublin
and Reingold, 1996). In about half of all MS patients,

© 2008 Wiley-Liss, Inc.

the clinical course changes from relapsing-remitting to
secondary progressive MS after 10 years (Noseworthy
et al., 2000). However, little is known with regard to
the pathomechanism of disease progression. In experi-
mental settings, it is suggested that encephalitogenic T-
cell activation is closely associated with disease relapse
and progression because inactivation or elimination of
pathogenic T cells prevented further relapse (Chen er al.,
1998; Shao et al., 2003; Pryce et al., 2005). In contrast,
tolerance induction to T cells failed to halt progression
of a certain type of experimental autoimmune encepha-
lomyelitis (EAE), suggesting that non-T immune cells,
such as macrophages (M®), are involved in disease pro-
gression (Pryce et al., 2005).

M® are major immunocompetent cells that have
multiple functions. As reviewed by Duffield (2003), M®
in inflammatory lesions either promote immune-medi-
ated damage or act as tissue-healing cells, depending on
their subtypes, the stage of inflammation, and other
undetermined factors. In vitro studies demonstrated that
M® phagocytose degraded myelin proteins such as mye-
lin basic protein (MBP), proteolipid protein, and myelin
oligodendrocyte glycoprotein (MOG) and released tu-
mor necrosis factor alpha (TNF-«) and nitric oxide,
which may further contribute to the overall process of
demyelination during MS and EAE (van der Laan et al.,
1996; van der Goes et al.,, 2005). Recently, it was also
reported that a large number of CD8" M® were found
in the spinal cord of rats with chronic, but not acute,
EAE (Schroeter et al., 2003), suggesting that CD8™ M®
play a role in the progression of EAE. Importanty,
CD8" monocytes (MO)/M® were found in the periph-
eral blood of healthy human subjects and in the target
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organ of patients with autoimmune disease (Nakamura
et al., 2004; Baba et al., 2006).

In the present study, we tried to elucidate the
pathomechanisms of the disease progression of chronic
EAE by examining the role of CD8" M® that infiltrate
CNS lesions. For this purpose, we first performed quan-
titative and longitudinal examinations of CD8" M® in
injured spinal cord tissues. Then we measured the abun-
dance and the kinetics of this M® subpopulation in the
peripheral blood and lymphoid organs during EAE.
Finally, we determined the levels of chemokine, chemo-
kine receptor, and M®-associated factor mRNA of
sorted CD8" MO in the peripheral organs in compari-
son with those of the CD8 counterpart. The present
analysis revealed several interesting features of CD8"
M® and strongly suggested that infiltration of CD8"
M® into the CNS is closely associated with the mainte-
nance of chronic lesions in the CNS.

MATERIALS AND METHODS

Unless otherwise indicated, all reagents and apparatus
were obtained in Tokyo, Japan.

Animals

LEW.1AV1 rats (RT1*! in the LEW background gene)
were provided by Dr. R. Gold, Department of Neurology,
Wiirzburg University, Germany, and maintained in our animal
facility. Lewis (LEW) rats (RT1' in the LEW background
gene) were purchased from Japan SLC Inc. (Shizuoka). Rats
were 8§-12 weeks of age. All ammal experiments were
approved by the appropriate institutional committee and were
performed in accordance with institutional guidelines.

Reagents

Recombinant rat MOG was prepared as described pre-
viously (Sakuma et al, 2004). Briefly, the gene coding the
extracellular domain (amino acid 1-125) of MOG was amphi-
fied by using primers specific to the corresponding MOG
sequence. The polymerase chain reaction (PCR) products
were then digested with Sphl and HindlIl and subcloned into
pQE30 (Qiagen) used for large-scale preparation. Recombi-
nant MOG produced in transformed Escherichia coli were iso-
lated under denaturing conditions and purified with Ni-NTA
Agarose (Qiagen). Then punfied MOG was diluted and
refolded in phosphate-buffered saline containing 1 M vL-argi-
nine, 2 mM glutathione (reduced form), and 0.2 mM glutathi-
one (oxidized form). The obtained protein contained endotox-
ins at less than 10 EU/1 mg protein as determined with a Tox-
inometer ET-2000 (Wako). Guinea pig, bovine, and rat MBP
were prepared as described previously (Deibler et al., 1972).

EAE Induction and Clinical Evaluation

In early experiments in the present study, acute EAE
was induced in LEW rats by immunization with 100 pg MBP
emulsified in an equal volume of complete Freund's adjuvant
(CFA) (Mycobacterium tuberculosis, 2.5 mg/ml) in the footpads
and chronic EAE was induced in LEW.1AV1 rats by immuni-
zation with 250pg MOG/CFA (M. tuberculosis H37RA, 2.5

mg/ml) in the tail base. Later, we learned that LEW.1AV1
rats developed acute monophasic EAE after immunization
with MBP/CFA, and we also analyzed this type of EAE. Per-
tussis toxin (2pg) was administered intraperitoneally once at a
time of MOG immunization. Clinical signs were evaluated
daily as the total score of the degree of paresis of each limb
and tail (partial paresis, 0.5; complete paresis, 1.0). Therefore,
the clinical score of complete paralysis of four limbs plus the
tail or moribund conditions was 5.

Histological and Immunohistochemical Examination

The optic nerve, cerebrum, brain stem, and cerebellum
and the cervical, thoracic, and lumbar spinal cord were rou-
tinely examined for histology of chronic EAE, while acute
EAE was mainly evaluated by examination of the lumbar spi-
nal cord. The tissues were fixed in 4% paraformaldehyde and
processed for paraffin embedding. Six-micron sections were
cut and stained with hematoxylin and eosin (HE) and wath
Kruever and Barrera's (KB) method (Luxol fast blue plus cre-
syl violet). Inflammatory lesions were graded using sections
stained with HE into four categories (grade 1, leptomeningeal
and adjacent subpial cell infiltration; grade 2, mild perivascular
cuffing; grade 3, extensive perivascular cuffing; grade 4, exten-
sive perivascular cuffing and severe parenchymal cell infiltra-
tion). Demyelinating lesions were assessed using sections
stained with the KB method and ED1 for M® into five cate-
gories (grade 1, trace of perivascular or subpial demyelination;
grade 2, focal demyelination; grade 3, demyelination involving
a quarter of tissues examined, 1.e., the spinal tract, brain stem,
cerebellar white matter or optic tract; grade 4, massive conflu-
ent demyelination involving half of the tissue; grade 5, exten-
sive demyelination involving the entire tissues) according to

Storch et al. (1998) with a few modifications.

Single immunoperoxidase staining was performed as
described previously (Masumoto and Fujiwara, 1987; Ohmori
et al., 1992). Briefly, paraffin-embedded sections were depar-
affinized and rehydrated. After blocking the endogenous per-
oxidase activity with methanol containing 0,3% hydrogen per-
oxide, sections were incubated with mAb ED1 (X200, puri-
fied from the hybridoma supernatant) for M® for 1 hr at
room temperature. In the CNS, ED1 stins fine processes of
microglia, whereas the whole cell bodies of MO/M® are pos-
itive for ED1 (our unpublished observation). Therefore, it can
be said that ED1 stains mainly M® in diseased spinal cords.
After washing, sections were incubated with biotinylated anti-
mouse or rabbit IgG (X200, Vector) followed by the horse-
radish peroxidase-labeled Vectsain Elite ABC Kit (Vecror).
Horseradish peroxidase binding sites were detected in 0.005%
diaminobenzidine and 0.01% hydrogen peroxide. All the pro-
cedures were performed at room temperature. To confirm the
specificity of staining, primary antibodies were omitted or
replaced with normal mouse IgG. The controls did not show
any specific staining.

Double immunofluorescence staining was performed as
follows. Frozen sections were air-dried and fixed in ether.
After washing, the sections were reacted with OX8 (X200,
anti-CD8 mAb), followed by incubation with Cy3-labeled
anti-mouse IgG (%50, Amersham). The free binding sites of
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the secondary antibody were blocked with normal mouse se-
rum and then biotinylated ED1 was applied. Finally, the sec-
tions were incubated with Alexa 488-conjugated streptavidin
(X100, Molecular Probe). Morphological observarions and
quantitative analysis were made by microphotographs taken
under a confocal microscope (Leica).

Flow Cytometric Analysis

Leukocytes in the spleen, lymph node (LN), blood (pe-
ripheral blood leukocytes, PBL) and spinal cord were collected
and stained with unlabeled OX35 (X200, anti-CD4) followed
by phycoerythrin (PE)-conjugated anti-mouse IgG (X50,
Vector). To saturate free binding sites of the secondary ano-
body, cells were incubated with normal mouse serum. Then
FITC-OX42 (X20, anti-MO/M® mAb) and biotnylated
OX8 was applied in the second step. Finally, the cells were
incubated with PerCP-strepravidin (X50). During incubation
(15 min each), samples were kept on ice. Ten thousand cells
were analyzed in each sample by FACScan (BD Bioscience).
We previously confirmed with double immunofluorescence
staining that more than 95% of MO/M® in the lymphoid
organs are positive for ED1 and OX42 (data not shown).

For the 1solation of infiltrating leukocytes in the CNS,
rats with or without clinical signs of EAE were killed under
ether anesthesia. The spinal cords were removed and minced
with scissors and treated with 0.015% collagenase/dispase
(Boeringer Mannheim) and 0.015% trypsin (Sigma) for 15
min at 37°C. After passing through a stinless mesh screen,
two volumes of the cell suspension were mixed with one vol-
ume of 90% Percoll solution and centrifuged at 15,000 rpm
for 20 min. By means of this procedure, a myelin cake floated
on the top and the infiltrating inflammatory cells were con-
tained in the pellet. The pellet was harvested and used for
analysis.

Isolation of CD8Y MO/M®

CD8" MO/M® were isolated with an AutoMACS
(Miltenyi Biotec) according to the manufacturer’s instructions.
In brief, PBL, spleen and LN cells were taken from naive or
immunized rats by the density gradient methods and T, B and
dendritic cells were removed by negative selection with an
antibody cocktail including R73 (anti-T cells), OX33 (anti-B
cells) and OX62 (anti-dendritic cells) followed by anti-mouse
lgG-Microbeads (Miltenyi Biotec). Then CD4 and CDS8 cell
populations were negatively selected with OX8 (anao-CDS8)
and OX35 (anti-CD4), respectively. Finally, bead-free cells
were positively selected with OX42 (anu-MO/M®). The pu-
nty of each population was >90%.

Real-time PCR

Total RNA was extracted from the indicated tssues
with an RNAqueous Kit (Ambion) and ¢cDNA was then syn-
thesized by reverse wanscription with a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). SYBR. Green
real-time PCR reactions were performed on an ABI PRISM
7500 sequence detection system (Applied Biosystems) in a
total volume of 25 pl with the SYBR. Premix Ex Taq (Takara
Bio, Otsu, Japan). Each PCR was performed in duplicate
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with the following thermocycler conditions: stage 1, 95°C for
10 min for one cycle and stage 2, 95°C for 15 sec and 58°C
for 1 min for 50 cycles. All primers were designed on an
intron-exon junction to prevent coamplification of genomic
DNA and their sequences were shown in previous reports
(Masumoto et al., 2004, 2005). Relatve quantification of
mRNA was performed by the standard curve method.
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was
used as internal control. The absence of nonspecific amplifica-
ton was confirmed by dissociation curve analysis.

Statistical Analysis

Data were analyzed by Student’s t-test or Mann-Whit-
ney's [-test. P values less than 0.05 were considered statisti-
cally significant.

RESULTS

Clinical and Pathological Features of Acute
and Chronic EAE

To characterize CD8" M® that appear in EAE
lesions in the CNS, we induced acute EAE in LEW and
LEW.1AV1 rats and chronic EAE in LEW.1AV1 rats.
Figure 1 summarizes the clinical and pathological fea-
tures of acute and chronic EAE. The clinical course of
acute EAE was monophasic and the onset (day 10), peak
(day 14), and recovery (by day 18) were relatively con-
stant (Fig. 1A). This time course was almost identical in
acute EAE induced in LEW and LEW.1AV1 rats (data
not shown). In contrast, chronic EAE showed a variety
of clinical courses including relapsing-remitting and sec-
ondary progressive forms as shown in our previous study
(Sakuma et al., 2004). The rat depicted in Figure 1B
developed clinical signs on postimmunization (PI) day
30 with remission around PI day 42, and died during
severe relapse.

Routine pathology with HE and KB staining
revealed that acute EAE lesions consisted mainly of small
mononuclear leukocytes (Fig. 1C) with minimal demye-
lination (Fig. 1E), whereas there was dense and extensive
“foamy macrophage™ infiltration (Fig. 1)) with marked
demyelination (Fig. 1F) in chronic EAE lesions. Consist-
ent with these findings, M® staining with ED1 mAb
revealed localized penivascular M® infiltration in acute
EAE (Fig. 1G) and diffuse M® infiltration in chronic
EAE (Fig. 1H).

A Large Number of CD8" M® Infiltrate CNS
Lesions in Chronic, but Not in Acute, EAE

We then examined the presence or absence of M®
expressing CD8 in CNS lesions at various time points of
acute and chronic EAE. Acute EAE was examined on
days 9 (preclinical, Fig. 2A-C), 14 (\Jcak. Fig. 2D-F),
and 21 (recovery, Fig. 2G-1). As clearly shown, the vast
majority of ED17 M® did not express the CD8 mole-
cule in acute EAE. Only two cells, indicated by arrows
in Figure 1C and Figure 11, were doubly labeled.

As reported previously (Schroeter et al., 2003) and
confirmed here, CD8" M® were present in chronic
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Fig. 1. Clinical and pathological features of acute and chronic EAE.
LEW rats that had been immunized with MBP developed acute and
monophasic EAE with a relatively constant onset and recovery (A).
The mean clinical scores £ SD of 9 rats are shown. In contrast,
chronic EAE induced by the immunization of LEW.1AV1 rats with
MOG showed a variety of clinical courses including relapsing-remit-
ting and secondary progressive EAE. The rat depicted in (B) devel-
oped clinical signs on Pl day 30 with remission around Pl day 42,
and died during severe relapse. Note that the tmescale in (B) is dif-
ferent from that in (A). Routine pathology with HE and KB staining
revealed that acute EAE lesions (PT day 14) in the spinal cord consist
mainly of small mononuclear leukocytes (C) with minimal demyelin-
ation (E), whereas there is dense and extensive “foamy™ M@ infiltra-
tion (D) with marked demyelination (F) in chronic EAE lesions (PI
day 40) in the spinal cord. Consistent with these findings, M® stain-
ing with ED1 mAb revealed localized perivascular M@ infiltration in
acute EAE (G) and diffuse M® infiltraton in chronic EAE H). C
and D, HE suining; E and F, KB suining; G and H, ED1 staining,
C-H, onginal magnification, 120X,

EAE lesions in the spinal cord (Fig. 3). In addition to
the previous study, we found an interesting finding by
longitudinal examinations on days 14 (early stage, Fig.
3A-C), 20 (intermediate stage, Fig. 3D-F), and 40 (peak
stage, Fig. 3G-I). On day 14, only a small number of
double-positive cells were detected. Cells in yellow in
Figure 3C were difficult to judge whether they were
double-positive cells or simple overlap of two types of
cells, However, on day 20, a definite number of MO
expressed CD8 (Fig. 3F) and, on PI day 40, the majority
of ED1" M® were also positive for CD8 (Fig. 31).

Quantitative Analysis of CDS8"ED1" M
Infiltrating CNS Lesions in Acute and
Chronic EAE

The above findings prompted us to quantitate
CD8" M® in CNS lesions at various time points during
acute and chronic EAE. As shown in Figure 4A, CD8"
M® in acute EAE lesions (hatched bars) accounted for
less than 5% throughout the course of the disease. In
sharp contrast, approximately 20% of M® in chronic
EAE lesions expressed CD8 in the early stage (solid bar
on day 14). CD8" M® peaked on PI day 40 (58.8 *
21.3%) and remained at a high level even on PI day 58.
These findings indicate that CcD8" M® infilaton in
CNS lesions is a characteristic pathological feature of
chronic EAE and that the number reaches the maximal
level at the peak of chronic EAE (around PI day 40).

During analysis, we found that immunization of
LEW.1AV1 rats with MBP elicited acute monophasic
EAE and its clinical course was essentially the same as
that found in acute EAE in LEW rats (data not shown).
With spinal cord sections taken from rats with chronic
EAE (LEW.1AV1-MOG in Fig. 4B) and with acute
EAE (LEW.1AV1-MBP and LEW-MBP in Fig. 4B), we
counted CD8" and CD8™ M® at the indicated time
points of disease. In chronic EAE, the proportion and
absolute number of CD8" M® increased at the peak
stage (day 40) compared with the early stage (day 14).
The majority of M® forming cluster lesions expresse
CD8 (“clustered” in Fig. 4B). The proportion of cps”
M® that did not form a cluster lesion (“nonclustered”
in Fig. 4B) was relatively low compared with clustered
M®. By contrast, in acute EAE, the proportion of
CD8" M® in the CNS was very small (LEW-MBP).
Interestingly, in LEW.1AV1 rats with acute EAE
(LEW.1AV1-MBP), the proportion of CD8" M® was
very low, as in LEW rats. These findings strongly sug-
gest that CD8” M® infiltration into the CNS is closely
associated with the clinical course of EAE and the used
antigen but not with the rat strain.

Flow Cytometric Analysis of CD8” M® in the
Lymphoid Organ and Peripheral Blood of Rats
With Acute and Chronic EAE

Although it is generally believed that CD8 expres-
sion on M® occurs in CNS lesions (Popovich et al,
2003), there is no definite information regarding this
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Fig. 4. (A) Quantuaton of CD8" M® in acute (hatched bars) and
chronic (solid bars) EAE lesions. At least three fields conuining M@
infiltration were taken as confocal images and all ED1 ¥ and
ED17OX8" M® were counted and expressed as percentages (OX87
M®/total MD) * SD. CD8" M® in acute EAE lesions (hatched
bars) accounted for less than 5% throughout the course of the disease.
In sharp contrast, approximately 20% of M® in chronic EAE lesions
expressed CD8 in the early stage (solid bar on day 14), CD8" M®
peaked on day 40 (58.8 = 21.3%) and remained at a high level even
on day 58. There was significant difference in the percentage of
CD8" M® berween acute and chronic EAE on days 14 and 21 (P <
0.01). (B) Comparison of the numbers of CD8" (solid bars) and
CD8™ (open bars) M® in the spinal cord at the peak of chronic
(LEW.1AV1-MOG) and acute (LEW.1AVI-MBP and LEW-MBP)
EAE. In chronic EAE, the proportion and absolute number of
CD8" M® increased at the peak stage (day 40) compared with the
carly stage (day 14). The majority of infiltrating M® formed cluster
lesions expressed CD8 (clustered). In contrast, the proportion of
CD8* M® in the acute EAE lesions is very low (LEW.1AV1-MBP
and LEW-MBP). The mean values = SD for ED17 CDB8- cells are
26.8 = 7.3 (on day 14 of LEW.1AV1-MOG), 47.8 = 17.3 (nonclus-
tered on day 40 of LEW.1AVI-MOG), 15.3 = 11.5 (clustered on
day 40 of LEW.1AV1-MOG), 62.0 * 294 (on day 11 of
LEW.1AV1-MBP) and 54.5 * 15.8 (on day 11 of LEW-MBP). At
each time point, a total of four to six fields from three rats were pho-
tographed, and the mean values of the positive cells are shown.

issue. In order to analyze the nature of CD8" M® in
more detail, we examined the peripheral blood, spleen,
and LNs of naive, MOG-immunized and MBP-immu-
nized LEW.1AV1 rats at the preclinical stage. In order
to surface-label M® for flow cytometric analysis, we
used OX42 for MO/M® instead of ED1 and OX8 for
CD8. We previously confirmed by immunohistochemis-
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Fig. 5. A-D: Representative profiles of CD8" MO/M® in PBL
(A,C) and the spleen (B,D) of MOG-immunized (A,B) (day 13) and
MBP-immunized (C,D) (day 12) LEW.1AV1 rats. The numbers in
parentheses are percentages of OX8" cells in total OX42" cells. E:
In naive and MOG-immunized rats, the proportions of CD8" MO/
M® were approximately 15-20% in PBL, spleens, and inguinal LNs.
In sharp contrast, CD8° MO/M® in PBL and spleens of MBP-
immunized rats accounted for 35% and 40%, respectively. Three rats
were examined in each group, and the percentages of oxs*ox4z’
cells in total OX42" cells (mean value = SD) are shown.

try that the majority of M® in the lymphoid organs are
double-labeled with ED1 and OX42 (dara not shown).
As mentioned above, immunization of LEW.1AV1 rats
with MOG induced chronic EAE, whereas immunization
of the same strain with MBP resulted in acute EAE. In
the CNS lesions, the proportion of CD8" M® was high
in chronic EAE and very low in acute EAE (Fig. 4B).

In lymphoid organs, a different finding was obtained.
As shown in Figure 5, the proportions of CD8™ MO/M®
in naive control (Fig. 5E) and MOG-immunized (Fig.
5A,B.E) rats were approximately 15-20% in all organs
examined (“Naive” and “MOG” in Fig. 5E). In sharp con-
trast, CD8" MO/M® in PBL and spleens of MBP-immu-
nized rats (Fig. 5C—E) accounted for about 35% and 40%,
respectively (“MBP” in Fig. 5E). These findings suggest
that MBP immunization induces a sufficient number of
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Fig. 6. A-F: Flow cytometric analysis of
CD8" MO/M® in the blood, spleen, and
LN of normal (A-C) and chronic EAE
(D=F) LEW.1AV1 rats. PBL (A,D), spleen
(Sph) (B,E), and LN (C,F) cells were 150~
lated and stained for CD8 with OX8 and

for M@ with OX42. In PBL and spleen of
a naive rat (A and B, respectively), CD8"

M@ accounted for 10-15%, whereas those
in LN of naive rats (C) are relatively few.

In a rat with chronic EAE, CD8" MO in
PBL increased significanty (D), whereas
those in the spleen and LNs were not sig-
nificantly different from a naive rat (EF).
Thﬂ numbcn irl p:lrentheses are ptrl:r_'n—
tages of OX8" cells in total OX42" cells.
G: During chronic EAE, the numbers of
CD8" M@ in all organs remained
unchanged in the preclinical smage but
CD8" M® abruptly increased in number
around the onset of chronic EAE in PBL
(D and diamonds in G). Such change was
observed only in PBL and the proportion

0X42+CD8+ /OX42+
8
(=]

of CD8™ M® in other organs remained 0 ——

stable throughout the observation period. 9
At each time point, three to four rats were
examined.

CD8" MO/M® in the periphery. However, MOG, but
not MBP, immunization may up-regulate factors that
recruit CD8 " MO/M® into the CNS more efficiently.

We also performed similar analysis with mononu-
clear cells isolated from the spinal cord during the peak
of chronic EAE. Unfortunately however, it was
revealed that harvested CD8" cells were always small
in both number and size. On the basis of this finding,
we judged that the majority of foamy M®, the major
inflammatory cell population in spinal cord lesions,
were destroyed during the processes of isolation and
staining for analysis and decided not to use the
obtained data.

Kinetics of CD8" M® in the Lymphoid Organ
and Peripheral Blood in Chronic EAE

Flow cytometric analysis that used PBL obrained
from rats on day 12-13 revealed that the proportion of
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CD8" MO was significantly higher in MBP-immunized
rats than in MOG-immunized rats (Fig. 5E). To exam-
ine in more detail, we made a longitudinal examination
of the numbers of CD8" MO/M® in the periphery
during the course of chronic EAE. The representative
profiles of naive control rats and rats with EAE are
shown in Figure 6A-F and the summary is in Figure
6G. In PBL, spleens, and LNs (Fig. 6A,B,C, respec-
tively) of naive control rats, CD8" MO/M® accounted
for about 10-20%. During chronic EAE, the numbers of
CD8" MO/M® in all organs remained unchanged at
the preclinical stage (Fig. 6G) but CD8" MO/M®
PBL abruptly increased in number around the onset of
chronic EAE (Fig. 6D and diamonds in Fig. 6G). Such
change was observed only in PBL and the proportions
of CD8" MO/M® in the spleen and LN remained sta-
ble throughout the observation period. Thus, it was
demonstrated that CD8" MO in PBL was equally up-
regulated in both MBP- and MOG-immunized rats but
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Fig. 7. Real-time PCR. analysis of chemokine, chemokine receptor
{A) and perforin (B) mRNA of peripheral blood MO. PBL were
taken from MBP-immunized (day 12-13, grade 2.5-3, n = 4) and
MOG-immunized (day 13-20, grade 2.5-3, n = 4) rats with clinical
EAE. Then CD4" and CD8" MO were punified with AutoMACS.
mRNA levels of the indicated molecules were determined by real-
time PCR. The mRNA levels of chemokines and chemokine recep-
tors of CD8" MO (A) and of perforin of CD4" and CD8" MO is0-
lated from MBP- and MOG-immunized rats are shown. GAPDH
was used as internal control.

that CD8'
chronic EAE.

MO/M® infiltrated the CNS mainly in

Quantitative Analysis of Chemokines and Other
Bioactive Substances by Real-time PCR

Quantitation of mRNA encoding chemokines and
other bioactive substances such as perforin, granzyme
B, and Fas-L was performed by using sorted cell popu-
lations of PBL. Figure 7A shows levels of chemokines
and chemokine receptors in CD8" M® in the periph-
eral blood taken from MBP-immunized and MOG-
immunized rats at the peak of acute and chronic EAE.
Analysis revealed no significant difference between the
two groups. We also examined several bioactive sub-
stances related to the cytotoxicity of CD8" M® and
compared them with those of CD4" M®. As shown in
Figure 7B, the perforin mRNA level was significantly
higher in the CD8 population than in the CD4 popula-
tion in MBP-immunized rats (P = 0.013), and a similar
tendency was noted in MOG-immunized rats. Essen-
tdally the same results were obtmined with regard to
granzyme B (data not shown). However, there was no
significant difference between MBP-immunized and
MOG-immunized rats.
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Fig. 8. Real-time PCR analysis of IGF-1 (A), BDNF (B), and
TNF-a (C) mRNA of naive control (N) and inflamed (MOG and
MBP) spinal cords. LEW.1AV1 rats were immunized with MBP or
MOG, and spinal cords were taken from MBP-immunized (Pl day
11, grade 4-5, n = 3) and MOG-immunized (day 14-20, grade 4-5,
n = 4) rats with clinical EAE. Then mRNA levels of the indicated
molecules were determined by real-time PCR. GAPDH was used as
internal control, *P <0.05. There was no significant difference in
TNF-a levels among three groups.

To learn the role of infiltrating M® in acute and
chronic EAE lesions in the spinal cord, we also deter-
mined mRNA levels of tissue repair-promoting (insulin-
like growth factor [IGF]-1 and brain-derived neurotro-
phic factor [BDNF]) and neurotoxic (TINF-a) substances
(Fig. 8). IGF-1 was significantly down-regulated in both
acute (MBP in Fig. 8A) and chronic (MOG in Fig. 8A)
EAE lesions than in control spinal cord ussue. There
was no significant difference in BDNF mRNA level
among the three groups (Fig. 8B). In contrast, one of
major neurotoxic substances, TNF-a, were up-regulated
in both acute and chronic EAE lesions. Importanty,
there was no significant difference in the levels of 1GF-
1, BDNF, and TNF-a between acute and chronic EAE
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lesions, suggesting that it is less likely that CD8" M®
found in chronic EAE lesions play a role in lesion repair.

DISCUSSION

It has recently become known that hematogenous
M® bearing a unique phenotype, i.e., CD8" M®, nfil-
trate the CNS under various pathologua] conditions
such as EAE (Schroeter et al., 2003), spinal cord injury
(Popovich et al., 2003), focal ischemia (Jander et al.,
1998; Schroeter et al., 2001), and Wallerian degenem—
tion (Jander et al., 2001) Although the role of cps*t
M® in CNS lesions is largely unknown, there are com-
mon pathological conditions. Furthermore, Schroeter
et al. (2003) demonstrated that in chronic EAE, there
are a large number of CD8" M® in the highly demyeli-
natm‘g‘_ lesions, whereas only small lymphocyte-like
CD8" cells were found in acute EAE lesions. These
findings strongly suggest that the presence of severely
damaged CN‘; tissues is closely linked with the appear-
ance of CD8" M®.

In the present study, we have extended previous
studies and obtained several intriguing findings. By
means of acute and chronic EAE systems, we first made
longltudmal examinations of the distribution and number
of CD8"Y Md in the spinal cord. Consequently, we
found that CD8" M® in chronic EAE lesions increased
in number and peaked on PI day 40. At this time point
and thereafter, CD8" M® accounted for about 60% of
total M®. Contrary to the previous study (Schroeter
et al., 2003), a small but definite number of M® bearing
CD8 were present in acute EAE lesions and accounted
for about 5% throughout the disease course.

The kinetic study of CD8" MO/M® in the pe-
ripheral blood and lymphoid organ during chronic EAE
revealed that there was a transient but robust increase of
CD8" MO in the peripheral blood on day 26 when
chronic EAE was in the early stage. This suggests that at
least a part of MO acquire CD8 molecules outside the
CNS and infiltrate the target organ. Although it was pre-
viously presumed that the CD8 expression by M® rtakes
place in the CINS on the basis of the findings obtained by
the treatment experiment with OX8 (Schroeter et al.,
2001; Popovich et al., 2003), the present study clearly
showed that MO expressing CD8 molecules increase in
number in the blood in the early stage of chronic EAE
and move into the CNS with EAE lesions. However, this
finding does not exclude the possibility of CD8 molecule
acquisidon by M in CNS lesions.

We also analyzed the numbers and percentages of
CD8" MO/M® in the lymphoid organ and CNS with
EAE lesions induced by immunization of LEW and
LEW.1AV1 with MBP (acute EAE) and of LEW.1AV1
with MOG (chronic EAE). As a result, we obtained two
unexpected findings, First, in the CNS lesion of
LEW.1AV1 rats with acute EAE elicited by immuniza-
ton with MBP, the number of infiltrating CD8" M®
was very small compared with chronic EAE induced in
the same strain. This finding clearly indicates that the
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appearance of CD8" M® in the CNS is closely associ-
ated with the type of EAE and is rotally dependent on
the encephalitogenic antigen used for EAE inducton.
Second and most unexpectedly, there were a large num-
ber of CD8" MO/M® in the blood of LEW.1AV1 rats
with acute EAE. This suggests that, in LEW.1AV1 rats,
the factors that promote the migration of CD8" MO/
M® from the blood to the inflamed CNS are induced
by MOG, but not MBP, immunization. The quantita-
tion of chemokine and chemokine receptor mRNA by
real-time PCR in the peripheral blood using sorted cell
populations revealed no significant difference in the
MO/M® phenotype between MBP-immunized and
MOG-immunized rats. This finding suggests two possi-
bilities. First, cytokines and chemokines that were not
examined in the present study play a role in determining
the kinetics of CD8" MO/M®. Second, factors pro-
duced by non-MO/M®, such as T and dendritic cells,
are critical for the migration of C D8" MO/M®. In this
regard, we are currently investigating more than 30
cytokines and chemokines at both protein and mRINA
levels by multiplexed ﬂow cytometric analysis.

The role of CD8" MO/M® is poorly understood.
By means of alveolar M® expressing CD8, it was dem-
onstrated that these M® produce TNF, IL-1B and nimic
oxide after stimulation through the CD8 molecule {Hn:]r:
et al, 1998; Lin et al, 2000). Moreover, CD8" M®
were reported to secrete perforin and granzyme B and to
kill tumor cells (Baba et al., 2006, 2008). We also eval-
uated the function of CD8* M® by examining tissue
repair-promoting substances such as IGF-1 and BDNF.
However, we were unable to obtain the results suggesting
such role. Collectively, it is possible that CD8" M® show
strong cytotoxic effects in the CNS of rats with chronic
EAE. Another important :ssue is related to the presence
or absence of the CD8" MO/M® population u)
humans. Two groups clearly demonstrated that CD8"
MO/M® are present in PBL of healthy subjects (Baba
et al., 2006) and that a substantial number of cells with
this phmmype were found in the thyroid gland of
patents with autoimmune thyroid disease (Nakamura
et al., 2004). Therefore, analysis of MO/M® with this
subtype provides useful information with regard to eluci-
dation of the pathomechanisms of MS.

In summary, we characterized the nature and
kinetics of CD8" MO/M® during the course of acute
and chronic EAE. Although CD8" MO/M® increased
in number in the peripheral organs of rats with both
acute and chronic EAE, cells with this subtype infiltrated
the CNS mainly in chronic EAE. Targeting of these
cells and/or the processes of their migration from the
peripheral blood to the CNS could be effective immu-
notherapies against autoimmune diseases in the CNS.
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Novel Vaccine Therapy for Alzheimer's Disease
— Recent Progress and Our Approach

Yoshio Okura®, Yoh Matsumoto®

Abstract

Alzheimer's disease (AD) is the most common cause of dementia with very few drugs available for its
treatment. [n 1999, Schenk et al reported that A8 1-42 peptide vaccination in AD model mice causes the
reduction in A# deposits. Thereafter, a vaccine therapy was developed for the curative treatment of AD.
Clinical trials of active vaccination for AD patients were halted due to the development of meningoence-
phalitis in some patients; however, vaccine therapy is thought to be effective based on the clinical and
pathological findings of the vaccinated patients. Based on this information, active and passive vaccines
have been.developed, some of which are now urdergoing clinical trials in Europe and USA. However,
there are still some problems for general application of such drugs for AD patients. Recently, we devel-
oped nonviral DNA vaccines and used them to obtain a substantial A reduction in AD model mice without
any side effects. In this article, we will review conventional vaccine therapies and introduce our non-viral
DNA vaccine therapy. Finally, we will present data regarding the mechanisms of A# reduction after DNA

vaccination. DNA vaccination for AD may open up new avenues in vaccine therapy for the treatment of
AD.

Key words : Alzheimer's disease, nonviral DNA vaccine, AS redudtion, microglial activation, phagocytosis by microglia
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Table 1 Viral vs Nonviral DNA vaccines

Viral

Nonviral
Advantage + Safe

+ Mass-producible

* Low cost
Disadvantage * Low induction efficacy

+ Inducible to particular cells
- High induction efficiency

* Possibilities of tumorigenecity or leu-
kemia

* Possibilities of adverse effects (im-
munogenicity, cytokine storms)

+» Difficulty in mass production

BN, FEERBEZIE (neurofibrillary tangle), i
HHBED 3 SOHES D3, 7104 FOBRRSS Y
PHEMROEEEETIa LS {OMBIC LD
E5h, FROEEALY Y U EORBETOEESL
Tw3, FE, 73104 FOUENI OREOE
WRL7 o4 FOBMEBILTE 225K, Z0&K
EE2B®, bbb, MEMEAO Y YOFN, HE
HROKER 552 BEHC o LBTEZLETE 7
104 MER, BELBIARSRS &I Kok,

. DUFUREDRE EBRERE

Tiod F{EB%Yb LI, 1999 4 Schenk 62 kD 7
YA 7 —EORENEREE LT A _TFEF - Y
7 F AREDHBE NI, o B, &b S Ag ST
FRRERIES (Foatv k) LEebicBEL, &R
THABHRHOESLTHERL, BAD Ap EMaiELT
BLERTAYNLT—EFATIATHERALE, 20
%, MAOFBEYNFREDOAL s THEREBHEALT 7
FrESCEOWBEND I EHBESHITE D, Bk
KEBWTAB 7277 (ABL427 ¥ 2t F)DE B
FEEBSMBshs Z kol Elanic TMES A
TeEBk Apd2 MHFITH % Betabloc (AN-1792) 2RV 7z
FI1EHER (Z24HBR) T, 100 FloEEHSH
FEOTVINAT—FOBECHRE AL, ZORE
HEEZEFALLZ(ETL, B#52nicBEomkd
KA HESEEARTERE L Z LBREBE L
29, BIHEBBCS | 2RE7 A VA LEI—0w DN
DRBIZBBTBELSPEROT VYN, v —BEK
*f LTHE R (CEWHRAR) »fThbhk, Ll
EELEEZZF2 288D S5 5 1861 (6 %) Bk
BRIEL, MEEBRTEEERS M0, 20025148
REEESR L ALY, 77 F rOREEE{EER
& DT »oimki YOMBESHEERlsERE s

fh, —HOBET AL KREIET 5 Thl & CD4 ik
MRENL, Ty F-HERENREREO LS 2
HEREEISECLEOTIREVWh RSN,
HEHBRTHELEREDbonbDD, TDED
BRCI>T72F /ERBERTHL L WS EELRT
Batmant, 20034, 727 B5 20 0E0R
VIOHERFISHE S Y, &R 72 BOZET 5 5M
ORFAETHORIERE O£:BH1H D, AN-1792 (pre-
aggregated Af 42; 50 pg) ®5E{SENRLE, 2001
F£5 Ao RRERMHEE L, #EIEshEEh
EOHRBEBTbh L bOD, B-E2D D20 HBE
D2W2FE2ACHEEDL-HFETL . MEHER
Braak stage V.VI D7 Y4 v —fFOMAETH o7z,
B4 OFFTR & LR, BEEEMmERES L CRBEEA~
OTHil: 707 7 —YOBEXED 5h, AREH
CREESEORI BB N, LLEOD—H, F
FRETEEAMBEEL, FhEfES3 7Aoo b
METETHEBELHZ T, BEAESHELTVLIE
fIT A DRRENEZARE LI 20/ )V TORLED
s, COFRBHETZF N bOTNYNAT—IF
EBWTHEAHROFIURNS S LS, &5
2% 0O, Gilman & EEREBOH A HAEOHEM
EERBREOUBEOVTREBRE LT R, 72 F
Y5300 &P 59 ASGIEEMETH D, BERTRAE
EXBEEEEED 5 % neuropsychological test battery
(NTB)ITHEDOHEE2EDH ., chsOWER, EWNR
EREC LD —BBFCHAREERXHALLLO
D, P72F &5 AEBVHRBE FTAVNAT—
BEFKBVLTLRDENEZILE2RTLOTHD, A
FrRaFREEIHT I LS TENE, EMEBLT
L7 2 FRMENENTH HFEMME L L 2REL
Twd,

BRHERG, MEFEELRWEIRT 7+ v EH%E
fEaZ L 2BWML L TEAMERTOh TW S, A<
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7FFREOC (ANKFon) FKBRIZS T A pb
EELTThl EGE5AL, N (72/) ®igl757
AP ThRICEZBTHI eBbhoTWHEY, £
T, ElanftiZ A ONFRBZ7Z /A 2+ VT
EHREERES2 RV F-2HBL, TO77FE
AolEBREMEL TWAN, 201Ed, ¥+ ) 7TEAEH
PEALZLBNER 7 ZIAY 7 27F 2 LT ABL-
15_FFF2XEVIBRETODZWEDHELR,
FIINnA 7 —{ET NI ATEOEHENER SN
Tw3, Thl RIG#EI LIt bk 215 kG
G2 T, MEEELHAT IV 77 bHBINT
VB, L L, EERERER T oy P ELEET
L7z, R EORIFAERSITRT s I L3R
FRT@LLWEHILND,

TI. ZERERE

HAp iR EBEEN IS T 2 2HRERER, €
BRI b 3 2 HETH D, ROEREDLSHER
B LT L THRESED SN T LS, Kilid o
ApfitkeBE5ETaZLIcL Y, 7o FEORLHS
EHEhTED, SEERRETE ELRAICADT
o4 FHOBIUMRENHE Z Libiro T3,
BT DR Tt Ap BEHONFROSHARBRE ML LT
EETHL I LR, ZHRERLE Ag ONKE
BEEL, AESERLSPTWHLSTHIEHFIGNT
V3, ZEIREREORAOF S REREREERL
BWIETHD, TORHERRLERED £ HERKER
THEL % - IRE 2 MEAESERE S Lo v, B
B BT Elan-Wyeth#o & MEE/ Z 02— L0
& (AAB-001) @ & | ESPREABA S 111 AHAER & THETL
Twad, BRIEBVTLIEREER I B\ THBREINE
BEBENTED, HEH, BIHEBBESFEZATLS,

Lo LZBaiEisic i, S5 aniiA ka7
2o FEDAZLT7 204 FHEEEL T aME
LiEe L ThESRORBEREEL, HmE&F2 L
DESN TS I LW, S5 nkehikicn L THE
BEEEh (A 74424 75 #EEORSICL
NEhRMBEFE, TLLRMET IS ERY
ZVFLEYREZSRLWEBLS L, 351k, Z2R
FERERie UAGRONFRANE DI, HER
VEAXLZBE R LBTFHENTEY, ThitiL D
BETERE L 22— AN THAEIEHFL AT
%,
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IV, RERCAFEHLWIIFU/EER
—DNA D2F 2 OR%

IRAIbATLYNA ~—RBOF 72 F ik L
LT, BESNWOBRDNA Y7 F ®ETH 5. DNA
T7FIREFERELAIY— (FFASFRTA N
A) WA EAEFoE s METFEHAAATESL,
T2 FERDAALZHEKE Ag B 2o €5, EE
SRl A RAFERERIML, M AsTIE*ERT 3
(Fig.1). DNA 72 # > ik, B#SHTEMEERIZEY
&0, a—F3hi7F F2@EREVRT IO
BRI SY 5 L oiE[EET, HEinWETH
Z-OMERRBTEIIENTES, "™, 26k, BE
ERNINIRERCR TR THA L wIFEHDH
51?.1!.N1ﬂ

W OBDIN—T s, TT/IANARY Z =),
T7/HfE7ANA~T F— (AAV)22 22004 )
AR -l 2 F 2B LLEERESZZ L
fz.Zhang 51X, AAV 7 25 % 1EOHBETHI L
Ik D BT Ag R T AL YNA T —FET LT T A
N Ah, MAD AR LHSEL L, REEBTGESD
WETEZEERELLE®, 25 Kimbit, 77/ 7
AWARY ¥ — it flaAA T GM-CSF 8 &£ TF11 tan-
dem repeats of Ag 1.6 ZRIFHSTAZ &0 kD, B
wigffin@ehi-Z EERELLY, L LEds, 7
F/OANART 7L/ HE7A VA RESER*FET
AU RIEET S I LA T E Il (B,
g, AAVRZ 7 —2BFHERCAVLIRETA
=Ty 7T50RFHcEET, BEAIATESI Y
RATRBBIE®ZEDE, VA VAR Y—%H
W DNA 72 F v RBEREET LR, BEDEL
AMEHAKE N,

—H, BvANVAEODT7AIF28—%2F0nT
DNARZF 2B L-BELVBOLEND, 7T A
Fr2d—icEBETALAEDNA 77 F 2BV 2
AbEDARBREESNTETSH DY, TA NLABRP
EHEBOERME VL i P OF] S 5, Ghochi-
kyan 51k, FEVANAKTS T A S FRZy—diz AgL-
42 ¥ Th-2 cytokine T#% % IL-4 sequence £#HAL,
wild type B6 =7 AIZfA g Tk 2 EEH L /-9, Schiltz
SRBWSFFNVNTHIERT 7 A/ —FT2F
R—g—DRETESUDNAVZF - 2ERRD AR
EOLRBRE T A LIZED, FAYNAR—ET WV
29 ADBN AB DEPCEII Lz, L3 L DNA Y2
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