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0.01) by Fe-AB (Fig. 1A) and IgL-AB vaccina-
tions compared with the controls (Fig. 1B). AB
depositions in the hippocampus were also de-
creased. Although the therapeutic protocol
seemed to be less effective than the prophy-
lactic one (Fig. 1C), the difference was not sta-
tistically significant. Thus, AB DNA vaccines
had sufficient effect even if the vaccines were
administrated after amyloid depositions ap-
peared. We also confirmed that the level of
anti-Af antibodies in plasma of model mice
significantly increased after DNA vaccina-
tion. The levels of increase in our system were
mild compared with those reported in active
immunization.? The safety of our vaccines has
been established as well as the effects. T cell
activation and proliferation, as measured by
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[*H]-thymidine incorporation of T cells from
vaccinated mice, was negative in both wild-
type B6 and model mice. Pathological exam-
inations using monoclonal antibodies, CD5
(anti-T cell) and Mac-3 (anti-macrophage),
demonstrated no inflammatory lesion in the
brain after long-term treatments.

As mentioned above, there are two types of
DNA vaccines, viral and non-viral DNA vac-
cines. We believe that non-viral DNA vaccines
are superior to viral DNA vaccines for several
reasons. Non-viral DNA vaccines can be pre-
pared in large amounts with standard technol-
ogy. They are safe because they lack a viral
component. One can make the vaccines at a low
cost. When considering clinical use, AD pa-
tients receive vaccines for the span of their life,

FIG.2. Double staining with 6F3D (amyloid plaque, blue) and Iba-1 (microglia surface marker, blown) in the brains
of treated and untreated mice. Around plaques of untreated mice, there are microglia with rich cytoplasms and pro-
cesses that show bulbous swellings (A). After the treatment, more microglial cells infiltrated the amyloid plaques (C).

In the remote area of non-treat

AFP23 mice, resting microglia were sparsely distributed (B). In the remote area of

treated APP23 mice, microglial cells also increased in number and demonstrate the activated form (D).
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and such advantages are quite important fac-
tors for the choice of their treatment.

MECHANISMS OF AMYLOID
REDUCTION WITH
VACCINE THERAPIES

Although A DNA vaccination has significant
effects on AB reduction in the mouse model, the
mechanisms of AB clearance remain unclear.
There are three hypotheses to explain how anti-
Ap antibodies reduce AB deposits in the brain.
One possible mechanism is augmentation of Fe-
mediated phagocytosis by microglia.”’?® The sec-
ond mechanism is direct dissociation by anti-Aj
antibodies. 2?30 The third mechanism is augmen-
tation of AB efflux from the brain to the blood
circulation3?2 We examined whether these
mechanisms are operating in our system.

To analyze microglial activation after vaccine
treatment, we first performed double-staining
with Iba-1 (microglia surface ma rker, blown) and
6F/3D (anti-Ap 8-17, blue) using brain sections
from vaccinated and control mice. In non-trans-
genic control B6 mice, resting form of microglia
characterized by small soma and fine projection
were sparsely distributed in the brain (data not
shown). In non-treated model mice, activated
amoeboid microglia were seen around amyloid
plaques (periplaque area), whose processes deeply

microglia

FIG. 3. Phagocytosis of A deposits by activated microgli
were stained with 6F3D (amyloid plaque, green) (A) and Ib
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entered into the plaques (Fig. 2A). In the area re-
mote from plaques (remote area), the retesting
form of microglia was observed, as was seen in
wild-type mice (Fig. 2B). After DNA vaccination,
microglia in periplaque area increased in number
and clustered around plaques (Fig. 2C). The sig-
nificant change after the vaccination was the mor-
phological change of microglia in the remote area.
Microglia increased in number and switched their
form to the amoeboid type, which have long and
stringy cytoplasmic processes all over the brain.

To quantitatively analyze the increase of mi-
croglia after the vaccination, the number of the
microglia was counted both in periplaque and
remote areas. At 9 months of age, microglia
were increased in number significantly (p <
0.01) in both areas after the vaccination. The
number of microglia in the periplaque area was
larger than that in the remote areas. At 15
months of age, microglia were significantly in-
creased (p < 0.01) in number, in similar fash-
ion as that seen in 9 months of age.

While analyzing double-stained sections, we
often observed small AB deposits inside mi-
croglial cells. This phenomenon was confirmed
by confocal microscopy. Cy3-labeled microglia
(Fig. 3B) enclosed FITC-labeled AB deposits (Fig.
3A). A merged image indicates ingestion of A
within microglia (Fig. 3C). We con firmed by 3D
analysis that this wasnota simple overlay of two
structures (not shown). The number of phago-

phagocytosis

a. Brain sections from treated and untreated AFPP23 mice
a-1 (microglia, red) (B} and observed with a confocal mi-

croscope. Solely existed microglia in remote area contain Ap deposits (C, arrows).
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cytosing microglia was significantly increased
(p < 0.01) after vaccine treatment. The increase
of activated microglia in remote areas suggests
that clearance of invisible small AB aggregates is
performed by activated microglia. If this is the
case, it is greatly beneficial for AD patients be-
cause AB oligomers are responsible for AD
pathology®*** and synaptotoxicity.*

We also examined that direct dissociation by
anti-AB antibodies™ was operating in our treat-
ment system. It is very difficult to evaluate in
vive direct effects of anti-AB antibodies on AB
dissociation. We determined the levels of anti-
AP antibodies with high affinity by tissue amy-
loid plaque immunoreactivity (TAPIR) assay
using plasma taken from treated and untreated
mice. Although the titer from treated mice was
slightly higher ‘than that of plasma from un-
treated mice, the difference was not statistically
significant. Thus, direct dissociation of AB de-
posits by the antibodies is not so marked in this
system although it may be present.

We next examined the sink effects of anti-Af
antibodies by measuring the levels of Ag in
plasma taken from treated and untreated mice.
At 9 months of age, some treated mice showed
relatively high levels of plasma ApB, suggesting
that AB migration from the brain to the blood
is upregulated. However, there was not signif-
icant difference at 15 months of age. These find-
ings suggest that the Ap efflux from the brain
to blood (peripheral sink) is not the major route
of AB reduction after DNA vaccination.

Microglia are thought to play a role in either
neuroprotection or neurodamage. We examined
the nature of activated microglia in our DNA vac-
cine therapy. The levels of tumor necrosis factor-
alpha (TNF-a), one of cytotoxic cytokines,”” were
determined using brain homogenates of treated
and untreated mice. A large quantity of TNF-«
was detected in the brain and spinal cord from
the positive control, i.e., LPS-treated and MOG-
EAE-induced mice. Without DNA vaccine ther-
apy, TNF-z in the brain of wild-type or model
mice was nearly zero. After DNA vaccination, the
levels of TNF-a in these mice seemed to be
slightly increased; however, they were not sig-
nificantly different from control mice. These find-
ings suggest that activated microglia detected af-
ter DNA vaccination may be neuroprotective.

Taken together, in DNA vaccine therapy, Fc-
mediated phagocytosis of AB deposits by acti-
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vated microglia is a major route of AB reduc-
tion. Direct AB dissociation and sink effects
may be weak in this situation. This information
is very important for improvement of DNA
vaccines. DNA vaccines are easily recon-
structed by adding or changing the sequence
in the plasmid vector. We expect that more ef-
fective vaccines will be developed and applied
for human AD in the near future.

CONCLUSION

Vaccine therapy for AD is a promising strat-
egy if excessive immunoreactions are con-
trolled. We have developed non-viral DNA
vaccines for AD that were effective in the ani-
mal model without side effects. In our system,
Fc-mediated phagocytosis of AB depositions
by activated microglia is a major route of AB
reduction. The accumulation of such data helps
to develop more effective, safer vaccines that
may be clinically applied in the near future.
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Although interrupted, the phase II clinical trial of AN-1792 provides further
support for AP immunotherapy of Alzheimer's disease. Alternative vaccine
therapies, such as nonviral DNA vaccines, are being investigated to reduce

excessive immune reactions of the host brain.

Anti-Ap Vaccination
as a Promising Therapy for
Alzheimer’s Disease

by Yoshio Okura
and Yoh Matsumoto

Izheimer’s disease, first re-
ported by Alzheimer 100 years
ago, is most common cause of

age-related cognitive decline, affect-
ing more than 12 million people
worldwide.! The disease is character-
ized in its earlier stage by progressive
memory impairment and cognitive
decline, altered behavior and language
deficit. Later, patients develop global
amnesia and slowing of motor func-
tion, and finally die typically within 9
years after diagnosis. Current drug
therapies such as donepezil hydro-
chloride slow cognitive decline; how-
ever, the effect is limited. Recently, it
is generally believed that accumula-
tion of amyloid beta (Ap) is the first
event in the pathogenesis of Alzhei-
mer's disease. In other words, AP
deposition is an upstream event of tau
phosphorylation, tangle formation and

Summary

Alzheimer’'s disease is the most common cause of dementia characterized by pro-
gressive neurodegeneration. Recently, a vaccine therapy for Alzheimer's disease was
developed as a curative treatment. Although clinical trials of active vaccination for
Alzheimer's disease were halted due to the development of meningoencephalitis in
some patients, the clinical and pathological findings of treated patients suggest that
the vaccine therapy is effective. Hence, newly designed vaccines are being invented
to control excessive T-cell immune reactions after the human clinical trial. In this arti-
cle, we will review conventional vaccine therapies and newly developed vaccine ther-
apies, mainly DNA vaccines, for possible clinical application in the near future. @ 2007

Prous Science. All rights reserved,

neuronal death (amyloid cascade
hypothesis).* Based on this hypothe-
sis, vaccine therapy has been devel-
oped for curative treatment of
Alzheimer disease by targeting the
underlying cause.

Antiamyloid immunotherapy

Schenk et al. for the first time
demonstrated the effect of AP vac-
cines. Monthly inoculation with syn-
thetic AP in complete Freund’s adju-
vant (CFA) could lead to high anti-Af
antibody titers (Fig. 1A), and dramat-
ic reductions of amyloid deposition in

Copyright @ 2007 Prous Science. CCC: 0214-0934/2007. DOI

PDAPP transgenic mice.” The vaccine
was able to slow or reverse amyloid
deposit formation, even if administrat-
ed after amyloid deposition occurred.
Neuritic plaques and astrocytic reac-
tions were also decreased by the vac-
cination. They speculated that acceler-
ation of Fc receptor-mediated micro-
glial phagocytosis plays a major role
in plaque reduction. Subsequent stud-
ies demonstrated that clearance of A}
depositions following immunization

Correspondence: Y. Matsumoto, matyoh@

tmin.ac |p
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A) Active immunization

o B |

Af peptide
with adjuvant

C) DNA vaccination

Intake of the vaccine into cells

O o DNA vaccine
/sﬁﬁf’&

production

anti-Ap
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e
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b
<
anti-Af} antibody

Bool production

Fig. 1. Types of vaccine therapies for Alzheimer’s disease. A) Active immunization: A, .,
peptides are administered with an adjuvant to induce anti-Ap antibodias, B) Passiva immu-
nization: anti-Af antibodies are administrated directly. C) DNA vaccination: plasmid vectors
encoding Afly.4; gene are injected to generate AP peptides and subsequent anti-Af anti-
bodies. Afi peptide production is continued for a certain period.

protected APP-Tg mice from develop-
ing memory deficits.** Clearance of
AP depositions and improvement of
memory were also observed after pas-
sive administration of antibodies
against AP (Fig. 1B).*7

Mechanisms of amyloid
reduction with vaccine
therapies

Although AR peptide vaccination
has effects on Af reduction in the

(]

mouse model, the mechanisms of AP
clearance remain unclear. There are
three hypotheses to explain how anti-
AP antibodies reduce AP depositions
in the brain (Fig. 2). One possible
mechanism is that anti-Af} antibodies
enhance Fc receptor-mediated phago-
cytosis of AP by microglial cells (Fig.
2A). Following peripheral administra-
tion of anti-Af antibodies, activated
microglia were found surrounding the
plaques.® The culture of microglial

cells with anti-AP antibodies on brain
slices from Tg mice induced the clear-
ance of AR.°

The second mechanism is a direct
effect of antibodies on AP leading to
dissolution of amyloid fibrils or neu-
tralization of Af oligomers (Fig. 2B).
Direct injection of F(ab'), antibodies
into the brain equally mediated a
decrease in AP." Antibodies raised
against the N-terminal region (1-28) of
the AP peptide binded to in vitro-
formed AP assemblies, leading to dis-
aggregation and increased solubility
of AP fibrils.!!

The third mechanism, the periph-
eral sink hypothesis, postulates that
administration of anti-Af} antibodies
to the circulation results in a net efflux
of AR from the brain to the plasma
(Fig. 2C).” Rapid improvement in cog-
nition was observed in animals after
intravenous injection of antibodies
and increased plasma concentrations
of AB."? Injection of an agent that has
high affinity for A (gelsolin or GM1)
reduced the level of Af in the brain."

A clinical trial of amyloid
vaccination

Based on the promising results
obtained using transgenic mice, clini-
cal trials with Af};; (AN-1792) in con-
junction with the T helper (Th) 1 adju-
vant QS-21 were initiated. The phase |
studies using single or multiple doses
of the vaccine demonstrated good
immunological responses and tolera-
bility to the vaccine. However, a phase
[Ta study performed in 375 patients at
several sites was halted because
meningoencephalitis developed in 18
patients.' It was suggested that vacci-
nation with the Af peptide vaccine in
a Thl type adjuvant induced T-cell
responses against Af. However, the
autopsy case showed apparent clear-
ance of Af plaques from large areas of
the neocortex as well as a decrease in
plaque-associated astrocytes and neu-
ritic dystrophy.'® Thus, the clinical
trial clearly demonstrated benefits of
vaccine therapy. Taken together, the
results indicate that the vaccine thera-
py is potentially effective for human

Pp.
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A) Phagocytosis by microglia

A plaque

Al plaque

C) Peripheral sink hypothesis
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Fig. 2. Mechanisms of amyloid reduction with a vaccine treatment. A} Phagocytosis by
microglia: anti-Af antibodies traverse blood—brain barrier (BBB) and attach to AP deposits,
which leads to Fe receptor-mediated phagocytosis by microglia. B) Dissolution and neu-
tralization of AP plague: antibodies bind N-lerminal end of AR depositions and dissolve
amyloid fibrils or neutralize Af oligomers. C) The peripheral sink hypothesis: anti-Ap ant-

bodies in the circulation induce a net efflux of AR from the brain to the plasma.
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Alzheimer's disease if excessive
immune reactions are minimized to

avoid unwanted neuroinflammation.

After further improvement of pep-
tide vaccines, there are two phase |
clinical trials of active immunization
with minimum side effects using
ACC-001 (Elan and Wyeth), which
contains Af [-7 derivatives, and
CAD-106 (Novartis), which consists
of an Af} fragment coupled to a carri-
er.'® However, there is still the possi-
bility of meningoencephalitis in active
immunization because adjuvants are
necessary for peptide vaccination.

Passive immunization

Passive transfer of anti-Aff anti-
bodies is an alternative strategy (Fig.
1B), which is as effective as active
immunization in the mouse model of
Alzheimer’s disease. Peripheral ad-
ministration of antibodies against AP
peptide was sufficient to reduce amy-
loid burden. Despite relatively modest
serum levels, the passively adminis-
tered antibodies were able to enter the
central nervous system, decorate
plaques and induce clearance of pre-
existing amyloid.® Direct injection of
antibodies into the brain induced rapid
parenchymal AP clearance.'’ Passive
immunization is more acceptable than
active vaccination because it does not
need adjuvant injection and does not
elicit the hazardous cellular responses
observed in the clinical trial of active
immunization. Moreover, the dose can
be controlled easily. However, this
approach will require caution in the
conduct of human trials. Long-term
adoptive transfer of the antibodies in
old APP transgenic mice reduced amy-
loid loads, but doubled the number of
microhemorrhages in 27-month-old
APP mice treated for 5 months with an
N-terminal specific anti-Af mono-
clonal antibody.!” Moreover, after pas-
sive immunization, in vivo production
of neutrizing antibodies such as anti-
idiotype antibodies must be consid-
ered. A serious disadvantage of pas-
sive immunization is the cost of
monoclonal antibodies, An enormous
number of patients cannot afford the
expensive medical costs.
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Although there are some problems
to be solved, passive administration of
an Af-specific humanized monoclon-
al antibody (bapineuzumab; Elan and
Wyeth) is currently in a phase 11 clini-
cal trial in patients with Alzheimer’s
disease.'®

Development of new vaccine
therapies for the next
generation (DNA vaccines)

Among alternative vaccine thera-
pies, DNA vaccination may open up a
new avenue for the treatment of
Alzheimer’s disease because it is sim-
ple, casily modified and can be used
without adjuvant (Fig. 1C)."*"" The
immune responses of the host induced
by DNA vaccination are generally Th2
type. 182021

Initially, AB DNA vaccines were
developed using adeno-associated
virus (AAV) vectors*2?* or adenovirus
vector.** A single administration of the
AAV vaccine induced a prolonged and
strong production of AB-specific
serum IgG in Tg mice and resulted in
improved ability of memory and cog-
nition, decreased A depositions in
the brain, and a resultant decrease
in plaque-associated astrocytosis.”
Much higher titers of antibodies
against AR were obtained when an
adenovirus vector encoding granulo-
cyte-macrophage colony-stimulating
factor (GM-CSF) was co-administered
with the vector encoding 11 tandem
repeats of AP, ¢.** However, the abili-
ty to scale up the AAV vector produc-
tion severely restricts the commercial-
ization and use of AAV vectors.™
Moreover, a viral replication could not
be completely excluded when the ade-
novirus vector is used for vaccines.
Thus, the clinical application of DNA
vaccines with virus vectors seems to
be difficult at present.

We and others have focused on
plasmid vectors. DNA vaccines with
plasmid vectors have many advan-
tages over those with virus vectors
because the vaccines can be mass pro-
duced at a low cost'®"” and have no
possibility of viral infection or trans-
formation.?**” Ghochikyan et al.
developed an Af, ,;, DNA vaccine

with Th2 cytokine sequence (IL-4) and
confirmed the generation of anti-Ap
antibodies after vaccination in wild-
type B6 mice.”® Schulz et al, developed
and AR DNA vaccine with a secretary
signal, tissue-type plasminogen activa-
tor (tPA). With simultaneous use of low
dose AP peptide, DNA vaccine therapy
reduces amyloid plaque in a mouse
model.* However, significant reduc-

tions of AP deposition were not ob-
tained with these DNA vaccines alone.

We also focused on the benefit of
the plasmid vector and prepared three
types of AP DNA vaccines using a
mammalian expression vector.’” The
sequence of AP, and additional
sequences were inserted in the plas-
mid, as shown in Figure 3A. The first

A 1) pTarget-Ap (Ap) B
Kozak
Ap 1-42 3
od R
) ey 3§
pTarget s
12 kba
) parnet-lﬂ-AB (lgL) kot

37 kDa
25 kDa
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)
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Fig. 3. Construction of DNA vaccines (A), in vitro characterization (B) and the treatment
protocol (C). A) Three DNA vaccines were produced using a mammallan expression vec-
tor. DNA encoding the AR, sequence was insertad in Xhol/Kpnl site of the plasmid (K-Ap
vaccine) (A-1). In tha second vaccine, the signal sequence of mouse Igk is added to the 5'
end to improve the secretive efficiency (IgL-Af vaccine) (A-2), The third vaccine possess-
s the Fo portion of human immunoglobulins to improve the stability of the secreted protein
(Ap-Fe vaccine) (A-3). B) Westem blot analysis revealed that translated A proteins were
detected in supematants of cultured cells transfected with IgL-AB and Af-Fc vaccines. C)
The protocol of vaccine treatment. To examine the prophylactic effect of DNA vaccines, the
vaccines were administrated to APP23 mice from 3-4 months of age before the appear-
ance of amyloid depositions. The mixture of one of the vaccines (100 meg) and bupiva-
caine (0.25 mg) was injected intramuscularly on a weekly basis for the first 6 weeks, Then,
the vaccine without bupivacaine was injected every 2 weeks thereafter. Mice were sampled
at7,9, 12, 15 and 18 months of age (C-1). For therapeutic treatment, the vaccines were
administered to APP23 mice from 12 months of age, after the appearance of amyloid
plagues. Samplings were performed at 15 and 18 months of age (C-2). (Reproduced from
Okura, Y., Miyakoshi, A., Kohyama, K. et al. Nonviral Abata DNA vaccine therapy against
Alzheimer's disease: Long-term effects and safety. Proc Natl Acad Sci U S A 2006, 103:
9619-24. © 2008 National Academy of Sciences, U.S.A.)
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one contains only the AP, 4, sequence
with the Kozak sequence at the 5' end
(referred to as K-AP vaccine) (Fig.
3A-1). To the second, the Igk signal
sequence of murine immunoglobulin
was added to improve the secretion
ability (IgL-AP vaccine) (Fig. 3A-2),
and the third possesses the Fc portion
of human immunoglobulin at the 3'
end to maintain stability (Fc-Ap vac-
cine) (Fig. 3A-3). Before in vivo
administration, these DNA vaccines
were transfected to HEK295T cells
and the secretion of AP, ,; peptide
into the culture supernatant was
assayed with Western blotting (Fig.
3B). The production of intracellular
AP, 4 peptide was confirmed in all
three vaccines by ELISA (data not
shown). It was clearly demonstrated
that the supernatants of cultured cells
that were transfected with IgL-Af} and
AfB-Fe vaccines contained translated
proteins (4.5 and 35 kDa, respective-
ly), whereas K-Af-transfected cells
did not secrete the peptide into the
extracellular space. These findings
indicate that the addition of the leader
sequence is important for transporta-
tion of the protein to the extracellular
space and that this event is critical for
the effects of DNA vaccines.

We employed two types of regi-
mens, prophylactic and therapeutic, to
examine the effect of A} DNA vacci-
nation. For the prophylactic protocol,
vaccine administration was started
from 3 to 4 months of age, before the
appearance of amyloid deposition.
APP23 mice received 6 weekly and
subsequent biweekly injections of the
vaccines and were examined at 7, 9,
12, 15 and 18 months of age (Fig. 3C-
I). At 7 months of age, granular amy-
loid depositions were recognized in
the frontal cortex in the control groups
(empty vector-administrated and
untreated mice) (Fig. 4B). At this
stage, AP plaques were not detected in
the hippocampus. In sharp contrast,
cortical Af} depositions in mice treated
with AP-Fc (Fig. 4A), IgL-Ap and AP
vaccines were significantly reduced (p
<(.01). The Af burden was reduced to
approximately 15-30% that of the
untreated groups (Fig. 4E). At 12
months of age, amyloid depositions in

pp

untreated mice were increased and
some of them became large (> 50 pg)
in the frontal cortex of the untreated
mice (Fig. 4D). AR depositions in the
hippocampus were also equally
decreased (p <0.01). It was shown that
the suppressive effect of Ap-Fe vac-
cine was almost equal to that of [gL.-
AP vaccine. However, K-ApB vaccine

was less effective than the former two
(Fig. 4E and 4F) and was not used in
subsequent experiments. At 15 and 18
months of age, the plaques in untreat-
ed groups were rapidly increased.
Untreated APP23 mice showed an
age-dependent increase of amyloid
plaques in the cerebral cortex (Fig. 5,

open square) and hippocampus. The

Fig. 4. Reduction of AR burden in APP23 mice at 7 months after DNA vaccination starting
from 4 months (A, B and E). Immunohistochemical examinations revealed that granular
amyloid depositions were detected in the frontal cortex of untreated mice at 7 months of age
(B). In mice vaccinated with Af-Fc vaccine, amyloid plagues in the frontal cortex were
reduced (A). Quantitative analysis demonstrated that the cortical Af burden at 7 months was
significantly decreased (p < 0.01) after the treatment with Afi-Fc (15.5% of
untreated controls), Igl-Af (18.2%) and AP vaccine (31.4%) than those found in untrsated
and empty vector-vaccinated mice (E). Reduction of Afl burden in APP23 mice at 12 months
after DNA vaccination starting from 4 months (C, D and F). Many Afi deposits were observed
in the frontal cortex of control mice (D), but were significantly reduced after treatment with
Ap-Fe (C) vaccines. Quantitative image analysis of Af burden in the cortex at 12 months of
age revealed that Afl deposits were significantly reduced ("p < 0.01) in mice with prophy-
lactic treatment with Af-Fc (33.7% of untreated mice), IgL- AB- (28.6%) and K-AB (51.3 %)
vaccines (F). K-Ap vaccine was less effective than the former two. A-B xB2,
C-D »24. (Reproduced from Okura, Y., Miyakoshi, A., Kohyama, K. et al. Nonviral A DNA
vaccine therapy against Alzheimer's disease: Long-term effects and safety. Proc Natl Acad
SciU S A 2006, 103: 9619-24. © 2006 Naticnal Academy of Sciences, U.S.A.)
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Fig. 5. The overall quantitative analysis. The amyloid deposition was first detected in
untreated mice at 7 months of age and rapidly increased after 15 months of age (open
squares). Prophylactic administration of Fc-Afl vaccine prevented the AP deposition to
10-30% of that in untreated animals before 12 months of age and to 40-50% after 15
months (closed triangles). The effects of therapeutic administration (open circles) were

the vaccines were administrated after
amyloid depositions appeared.

Recently, it was reported that the
intracellular AB deposition in cortical
pyramidal neurons is the first neu-
rodegenerative event in Alzheimer’s
disease.’! Therefore, we counted the
number of neurons containing intra-
cellular AP depositions in the cortex of
Ap-Fc vaccine-administered and con-
trol mice. Af-deposited neurons were
significantly decreased with both the
prophylactic (50.2% of untreated con-
trol, p < 0.01) and therapeutic (59.5%,
p < 0.05) treatments at 15 months of
age (Fig. 7).

The titers of plasma anti-Af anti-
bodies after the treatment were deter-
mined by ELISA. The levels of anti-
AP antibodies were significantly

almost the same as those of prophylactic administration (closed triangles).

prophylactic protocol, using Af-Fc
vaccine, revealed that the final reduc-
tion rate of AP burden in the cerebral
cortex at 18 months of age was
approximately 38.5% that of untreated
groups (Fig. 5, closed triangles). These
results demonstrated that two of three
vaccines produced in this study were
effective in the prophylactic treatment.

When considering the clinical
applications, it is critical to know the
effects of the vaccines in therapeutic
application. For this purpose, the vac-
cination was started at 12 months of
age, 6 months after the start of Af
deposition and the brains were exam-
ined at 15 and 18 months (Fig. 3C-1).
In therapeutic treatments, amyloid
plaques in the cortex were significant-
ly decreased (p < 0.01) by Ap-Fc and
Igl-AR vaccination (Fig. 6A) com-
pared with the controls (Fig. 6B). A
depositions in the hippocampus were
also decreased (p < 0.01) (Fig. 6D).
Although the therapeutic protocol
(Fig. 5. open circle) seemed to be less
effective than the prophylactic one
(Fig. 5, closed triangle), the difference
was not significant. Thus, AR DNA
vaccines had sufficient effects even if

increased compared with the untreated

600000 C) Cortex S0 D) Hippocampus
¥ Y
g £ 200000
§ . g § 150000}
2 200000 2 1000000 -
< 1(Kmlli < 50000 |

ol - - : . ; o4
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Fig. 6. AP burden reduction at 18 months of age after therapeutic treatment starting from
12 months. While large Af} deposits (> 100 pm) ware observed in the frontal cortex of con-
trol mice at 18 months of age (B), significant reduction was obsarved after 6-month thera-
peutic administration of the IgL-AB vaccine (A). Quantitative image analysis of AB burden
in the cortex at 18 months of age revealed that Afl deposits were significantly reduced (*p
< 0.01) in mice with therapeutic treatment of Af-Fc (47.0% of untreated mice) and IgL-Ap
(49.9%) vaccines. AP deposits in the hippocampus were also significantly reduced (*p <
0.01) after Af-Fc (38.0% of the control) and IgL-Ap (46.0%) vaccine treatment (D).
Magnification A and B, x24.
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Fig. 7. Quantitative analysis of intracellular AR depositions after the prophylactic (A) and

therapsutic (B) treatment with Ap-Fc vaccine at

15 months of age. Microphotographs of the

cerebral cortex (8 fields/mouse) were taken and neurons containing AR depositions were
counted in a blinded manner. The numbers of positive neurons in vaccinated mice were
significantly reduced compared with those in untreated mice (*p < 0.05; **p < 0.01).

and empty vector-vaccinated mice.
Double staining with 6F/3D (anti-Af)
and Iba-1 (antimicroglia) demonstrat-
ed the increase of phagocytizing
microglia in the cerebral cortex of vac-
cine-treated Tg mice (unpublished
data). It suggests that A} phagocytosis
by activated microglia is a major path-
way of Af} clearance during nonviral
DNA vaccine therapy.

The safety of our vaccines has
been established as well as the effects.
T-cell activation and proliferation,
[*H]-thymidine incorporation of T
cells from vaccinated mice was nega-
tive in both wild-type B6 and APP23
Tg mice strain. Pathological examina-
tions using monoclonal antibodies,
CD5 (anti-T cell) and Mac-3 (anti-
macrophage) demonstrated no inflam-
matory lesion in the brain after long-
term treatments (data not shown).
Thus, our nonviral A DNA vaccines
are highly effective and safe and
promising as vaccine therapy against
human Alzheimer’s disease.

Conclusions

Although interrupted, the phase I1
clinical trial of AN-1792 provides fur-
ther support for A immunotherapy of
Alzheimer's disease. Alternative vac-
cine therapies have been investigated
and developed to reduce excessive
immune reactions of the host brain. As
discussed in this article, nonviral DNA
vaccines are being introduced as a

pp-

promising therapy against human
Alzheimer’s disease.
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Abstract

Multiple sclerosis (MS) exhibits several clinical subtypes such as the relapsing - remitting (RR) and secondary progressive (SP) forms. In accordance
with this, formation of demyelinating plaques in the central nervous system (CNS) occurs by different mechanisms. In the present study, we induced
acute, biphasic and chronic (RR or SP) EAE in rats and examined the effects of decoy chemokine (7ND) gene therapy, which inhibits the migration of
macrophages, to address the above issue, Interestingly, it was demonstrated that the clinical signs of acute EAE and the first attack of biphasic EAE were
minimally affected, whereas chronic EAE and the relapse of biphasic EAE were completely suppressed with 7ND treatment. In the CNS, the number of
infiltrating macrophages was reduced in all the stages of the three types of EAE. These findings suggest that in acute EAE and in the first attack of
biphasic EAE, where anti-macrophage migration therapy was almost incffective, pathogenic T cells are mainly involved in lesion formation. In contrast,
the relapse of biphasic EAE and chronic EAE macrophages play a major role in the disease process. Thus, the mechanisms of lesion formation are not

uniform and immunotherapy should be performed on the basis of information about the pathomechanisms of autoimmune diseases,

© 2007 Elsevier B.V. All rights reserved.

Keywords: Acute; Biphasic; Chronic EAE; Macrophage; TND; Gene therapy

1. Introduction

The pathogenesis of multiple sclerosis (MS) and its related
disorders such as neuromyelitis optica (NMO) is still poorly
understood. One of the reasons for this is that there are many
variants in terms of the clinical course (Lublin and Reingold,
1996) and pathology (Lucchinetti et al., 2000). Recent progress
has shown that the clinical course of MS consists of the early
inflammatory phase and late neurodegenerative phase (Sospendra
and Martin, 2005). Moreover, even in the early inflammatory

: EAE, experimental phalomyelitis; CNS,
central nervous system; MBP, rn)«:lm basic protein; MO, monocyte; MDG.
myelin oligodendrocyte glycop : MP, phage; PI, post-i

RR, rci.npsmg remitting; SC, spinal cord; SP, secondary progressive.

* Cor ding author. Depar of Molecular Neuropathology, Tokyo
Mmpnlim Institute for Neuroscience, Musashidai 2-6 Fuchu, Tokyo 183-8526,
Jupan. Tel.: +81 423 25 3881x4719; fax: +81 423 21 B67E.

E-mail address: matyoh@tmin.ac.jp (Y. Matsumoto).

Abbreviati

0165-5728/% - see front matter © 2007 Elsevier B.V. All rights reserved.
doi: 10,1016/ jneuroim.2007.11.012

phase, the predominant population of infiltrating cells varies
considerably (Lucchinetti et al., 2000; van der Goes et al., 2005).
Therefore, it is possible that similar neurological deficits are
produced by the different mechanisms. The present study aimed
to clarify the precise pathomechanisms of lesion formation by
treating different types of experimental autoimmune encephalo-
myelitis (EAE). For this purpose, we performed the treatment
experiments with decoy chemokine gene (7ND) to inhibit
macrophage infiltration into the central nervous system (CNS).
We reasoned that if certain lesions are formed mainly by
macrophages, then clinical and pathological conditions would
be greatly improved or completely suppressed by anti-macro-
phage migration therapy. In contrast, the lesions formed mainly
by T cells would be minimally affected or unaffected.

TND was first developed by Zhang et al. as a potent inhibitor of
MCP-1/CCL2, as evidenced by the finding that 7ND specifically
inhibits MCP-1/CCL2-mediated monocyte chemotaxis (Zhang
etal., 1994). On the basis of these data, 7ND has been used for the
treatment of various disease models such as vascular diseases
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(Egashira, 2003; Egashira et al., 2000), arthritis (Gong et al.,
1997) and pulmonary hypertension (lkeda et al., 2002). In all
these diseases, macrophages play an essential role in lesion
formation and 7ND treatment was found to be effective.

In a previous study, we demonstrated that the neutralization
of MCP-1/CCL2 with decoy chemokine receptor gene encoding
the binding site of CCR2, which is a receptor for MCP-1/CCL2,
significantly suppresses the relapse, but not the first attack, of
biphasic EAE (Matsumoto et al., 2005). This suggested that
EAE lesions in the spinal cord at the first attack are formed by
pathomechanisms different from that during the relapse. In the
present study, we examined the effects of 7ND, a potent inhibitor
of MCP-1/CCL2, on acute, biphasic and chronic EAE o
elucidate the differences in the pathomechanisms among three
types of EAE. Consequently, we found that acute EAE and the
first attack of biphasic EAE were minimally affected by 7ND
treatment, whereas the relapse of biphasic EAE and chronic EAE
were completely suppressed in the majority of immunized rats
by the same treatment. These findings suggest that T cells play a
major role in formation of the former lesions and that
macrophages are essential effectors for the latter lesion forma-
tion. Thus, immunotherapy should be performed on the basis of
information about the pathomechanisms of lesion formation of
autoimmune diseases.

2. Materials and methods
2.1. Animals

LEW.1AV] rats were kindly provided by Dr. R. Gold,
Department of Neurology, Wuerzburg University, Germany and
maintained in our animal facility. Lewis (LEW) and DA rats
were purchased from Japan SLC Inc. (Shizuoka). All rats used
were 8—12 weeks of age.

2.2. Reagents

Recombinant rat MOG was prepared as described previously
(Sakuma et al., 2004). Briefly, the gene coding the extracellular
domain (amino acid 1-125) of MOG was amplified using
primers specific for the corresponding MOG sequence. The
PCR products were then digested with Sph I and Hind III and
subcloned into pQE30 (QIAGEN, Tokyo, Japan) for large-scale
preparation. Recombinant MOG in transformed E. coli was
isolated under denaturing conditions and purified using Ni-NTA
Agarose (QIAGEN). Then, purified MOG was diluted and
refolded in PBS containing 1 M L-arginine, 2 mM glutathione
(reduced form) and 0.2 mM glutathione (oxidized form), The
obtained protein contained endotoxins less than 10 EU/1 mg
protein as determined with a Toxinometer ET-2000 (Wako,
Tokyo, Japan).

The myelin fraction was extracted from bovine spinal cords as
described previously with a few modifications (Agrawal et al.,
1972; Casado et al., 1988). Briefly, spinal cord tissue was
homogenized and washed in 0.32 M sucrose and the suspension
was overlaid on 0.84 M sucrose. After centrifugation, the inter-
face was collected, washed with Milli Q water and homogenized.
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Using fractions other than the interface, this process was repeated
and the interface was collected. These preparations were
lyophilized and kept at —80 °C until use. Western blot analysis
revealed that the purified myelin preparation contained myelin
basic protein (MBP), proteolipid protein (PLP) and MOG (data
not shown). Guinea pig, bovine and rat MBP were prepared as
described previously (Deibler et al., 1972),

2.3. Preparation of 7ND plasmid and gene therapy

Total RNA was isolated from the spleen of a normal Lewis rat
using RNAzol ™ B (TEL-TEST INC.). The RNA was subjected
to reverse transcription using ReverTra Ace-a- ™ (TOYOBO,
Osaka, Japan) and amplification with specific primers (sense,
GACTCGAGACCATGCAGGTCACCTGCTGCTAT; anti-
sense, GAGCGGCCGCTCAAGTCTTCGGAGTTTGGG)
was performed as shown in previous studies (Egashira et al.,
2000; Zhang et al., 1994). The PCR fragment was then cloned
into the pCR®4Blunt-TOPO cloning vector (Invitrogen, Tokyo,
Japan) and sequenced to confirm that the plasmid contains the
insert with the right sequence. The resulting pCR*4Blunt-TOPO
TND was subjected to enzymatic digestion with Xho I-Not |
(210 bp) and ligated into the Xho I-Not I site of pTARGET
(Promega, Tokyo, Japan), which was used for the experiments.

TND at a dose of 100 g was administered intramuscularly
three times a week between days 0 and 21 post-immunization.
Control rats were given an empty vector at the same dose with
the same protocol.

2.4. EAE induction and clinical evaluation

Three types of EAE, acute, biphasic and chronic EAE were
induced by the following methods. Acute EAE was induced in
LEW rats by immunization with MBP and biphasic EAE was
induced in DA rats by immunization with myelin (Matsumoto
et al, 2005). In both cases, the onset of the disease and
maximal severities were relatively uniform. Chronic EAE was
induced in LEW.1AV] rats by immunization with recombinant
MOG. The clinical course of the disease was variable and the
majority of rats showed the relapsing—remitting (RR) or the
secondary progressive (SP) form as described previously
(Sakuma et al., 2004). Clinical signs were evaluated 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 tail or the
moribund conditions was 5.

2.5. Histological and immunohistochemical examinations

The optic nerve, cerebrum, brain stem, cerebellum and the
cervical, thoracic and lumbar spinal cord were routinely
examined. The tissues were fixed in 4% paraformaldehyde and
processed for paraffin embedding. Six um sections were cut and
stained with hematoxylin and eosin (H&E) and with Kruever and
Barrera’s (K-B) method. Inflammatory lesions were graded
using sections stained with H&E and W3/13 for T cells into four
categories (Grade 1, leptomeningeal and adjacent subpial cell

]



i6 L-K. Park et al. / Journal of Neuroimmunology 194 (2008) 3443

infiltration; Grade 2. mild perivascular cuffing; Grade 3. extensive
perivascular cuffing; Grade 4, extensive perivascular cuffing and
severe parenchymal cell infiltration). Demyelinating lesions
were graded using sections stained with the K-B method into
five categories (Grade 1, trace of perivascular or subpial
demyelination; Grade 2, focal demyelination; Grade 3, demye-
lination involving a quarter of tissues examined; Grade 4
massive confluent demyelination involving half of the tissue;
Grade 5, extensive demyelination involving the entire tissues.
Macrophage infiltration was evaluated by counting EDI-
positive cells under high magnification and expressed as %

Control

acute EAE 21
(MBP, LEW)

Biphasic EAE
(Myelin, DA)

Clinical score

0 2 & 8§ & 10 02 14 18 18 20 X MMM

T 4 7T W0 13 W W R H3 BN

N o 7

ED|-positive cells (ED1-positive cells/ED1-positive plus EDI1-
negative cells = 100).

Single immunoperoxidase staining was performed as des-
ribed previously (Matsumoto and Fujiwara, 1987, Ohmori et
al., 1992). Briefly, paraffin-embedded sections were deparaffi-
nized and rehydrated. After blocking the endogenous perox-
idase activity with methanol containing 0.3% hydrogen
peroxide, the sections were incubated with mAb W3/13
(Dainippon Pharm, Osaka, Japan) for T cell-staining or EDI
(purified from the hybridoma supematant) for macrophage-
staining. After washing, the sections were incubated with

7ND treatment

T B 1137 BN BB

D 2 4 6 8B 1012 1416 18 20 22 24 26 28 30

F

WY Wwe R 32N MDD OQ

Days after immunization

Fig. 1. Modulation of the clinical course of acute, biphasic and chronic EAE by TND treatment. In acute EAE, there is no significant change in the clinical course
between control (A) and TND-treated (B) rats. Treatment with 7ND of rats immunized with myelin results in complete suppression of the relapse (D) found in control
rats (C), while the first attack is suppressed slightly. In chromic EAE, treated rats (F) did not develop EAE at all, while the control rats had severe and continuous
clinical signs (E). The representative clinical courses of individual rats with acute, biphasic and chronic EAE are illustrated. Acute and biphasic EAE showed relatively
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relapsing—remitting or secondary progressive form of chronic EAE. In (E), secondary progressive EAE is shown
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biotinylated anti-mouse IgG (Vector, Burlingame, CA) fol-
lowed by horseradish peroxidase (HRP)-labeled VECTSTAIN
Elite ABC Kit (Vector). HRP-binding sites were detected in
0.005% diaminobenzidine and 0.01% hydrogen peroxide. To
confirm the specificity of the staining, the primary antibodies
were omitted or replaced with normal mouse IgG. The controls
did not show any specific staining.

2.6. ELISA

The levels of anti-MOG and anti-MBP antibodies were
measured using ELISA. Recombinant MOG or purified MBP
(10 pg/ml) were coated onto microtiter plates and serially
diluted sera from normal and immunized animals were applied.
After washing, appropriately diluted horseradish-conjugated
anti-rat [gG was applied. The reaction products were then
visualized after incubation with the substrate. The absorbance
was read at 450 nm.

2.7. Real-time PCR

After residual genomic DNA was removed with DNase
(TURBO DNA-free ™, Ambion, Tokyo, Japan), first strand
¢DNA was synthesized from | pg of total RNA using random
hexamers and ReverTra Ace (TOYOBO). SYBR Green real-time
PCR reactions were performed on an ABI PRISM 7500 sequence
detection system (Applied Biosystems, Foster City, CA) in a total
volume of 25 pl using the SYBR Premix Ex Taq (Takara Bio,
Otsu, Japan). Each PCR was performed in duplicate under the
following thermocycler conditions: stage 1, 95 °C for 10 min for
one cycle and stage 2, 95 °C for 15 s and 58 °C for 1 min for 50
cycles. All primers, except for 18 S rRNA, were designed on an
intron-exon junction to prevent the coamplification of genomic
DNA. The relative quantification of mRNA was performed using
the standard curve method. Cytokine mRNA was normalized to
18 S RNA for each sample (Bas et al., 2004). The absence of
nonspecific amplification was confirmed by the dissociation
curve analysis,

2.8. Startistical analysis
Data were analyzed by Student’s ¢ test or Mann—Whitey's
U-test. P-value less than 0.05 was considered as statistically

significant.

Table 1
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3. Results

3.1. Clinical course and pathology of acute, biphasic and
chronic EAE

In the present study, we induced acute, biphasic and chronic
EAE by the immunization protocols as reported in detail pre-
viously (Kim et al., 1998; Matsumoto et al., 2005; Sakuma et al.,
2004). The representative clinical courses of individual rats with
acute, biphasic and chronic EAE are illustrated in Fig. 1A, C and
E, respectively, and all the results are summanized in Table 1.
Acute EAE was induced in LEW rats by immunization with MBP.
As shown in Fig. | A and Table | (Group B), rats developed acute
monophasic EAE with the onset of day 12.340.5 and the
maximal clinical score was 2.9£0.2. Immunization of DA rats
with purified myelin-induced biphasic EAE with the fist peak on
day 9.3+0.8 with the maximal clinical core of 4, followed by the
relapse on day 17.840.8 with the clinical score of 3.0+0.4
(Fig. 1C and Table 1, Group D). These two types of EAE showed
relatively uniform clinical courses and did not show any further
relapse by day 60 (unpublished observations). In contrast,
LEW.1AV] rats immunized with MOG developed RR or SP
form of chronic EAE as shown in a previous study (Sakuma etal.,
2004). In Fig. 1E, SP EAE is shown.

3.2. 7ND treatment modulates biphasic and chronic, but not
acute, EAE

TND (100 pg), a dominant inhibitor of MCP-1/CCL2 (Zhang
etal., 1994), was injected intramuscularly three times a week from
day Oto day 21 to rats that had been immunized for acute, biphasic
and chronic EAE. Control rats received an empty vector. The
representative clinical courses of treated animals are shown in
Fig. 1B, D and F and all the data are summarized in Table 1.
Interestingly, 7ND modulated the clinical course of three types of
EAE very differently, Acute EAE was influenced very slightly by
TND treatment (Fig. 1A and B). All the treated rats developed
severe EAE with a maximal clinical score of 2.4+0.7 (Table 1,
Group A) and there was no significant difference between the
reated and control groups. In contrast, biphasic EAE was
modulated characteristically. As depicted in Fig. |C and D and
summarized in Table 1, Groups C and D, the clinical score during
the first attack was slightly suppressed compared with that of the
control rats but all the rats developed severe EAE, Interestingly,

Summary of clinical courses of acute, biphasic and chronic EAE of rats treated with TND

Group Ag Strain Treatment Incidence Onset Max. clininical sign
A MBP LEW TND "7 13.3£0.9 2407
B Control i3 123405 29402
e Myelin DA TND |5t attack 4/4 10804 3.0£0.7
Relapse 0/4 =) =)
D Control 1st attack 4/4 93+0.8 4
Relapse 44 17.8£0.8 3.0+04
E MOG LEW.1AVI TND 175 36 25
F Control 5/5 27.8£3.7 3.9+09

LEW, DA and LEW.1AV| rats were immunized with MBP, myelin and MOG, respectively, and observed daily for clinical signs. Observation periods were 21-23 days
for acute EAE, 31-34 days for biphasic EAE and 37-40 days for chronic EAE. Rats listed in Tables 2 and 3 are not included in this table.
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the relapse of the disease was completely suppressed by the
treatment (Table 1, Group C vs. D). Finally, chronic EAE induced
by immunization with MOG was completely suppressed in 4 out
of 5 rats by the treatment (Fig. IF and Table 1, Group E).

3.3. Pathological changes in treated animals

As biphasic and chronic, but not acute, EAE was affected by
TND treatment, we tried to characterize pathology of biphasic

and chronic EAE in treated animals and compared the results
with those obtained from control rats. At the first attack of
biphasic EAE, there was marked macrophage infiltration in
control rats (Fig. 2A). In 7ND-treated rats at the same period,
the number of infiltrating macrophages was reduced but some
were present in the lesion (indicated by arrow heads in Fig. 2B).
During the relapse of biphasic EAE, many macrophages were
detected in the control rats and some of them showed the feature
of “foamy macrophages” (arrows in Fig. 2C). 7ND treatment

7ND Tx

Fig. 2. Immunohistochemical staining of macrophages (A—F) and T cells (G, H) in the spinal cords of the control (A, C, E and G) and 7ND-treated (B, D, F and H) rats.
At the first attack of biphasic EAE, there is marked macrophage infiltration in control rats (A). In trested rats with clinical signs at the first attack, the number of
infiltrating macrophages is reduced but some are present in the lesion (arrow heads in B). During the relapse of biphasic EAE, many macrophages are detectable in
control rats and some of them show the feature of “foamy macrophages” (arrows in C). 7ND treatment reduced the number of inflammatory lesions with macrophages
during the same period (arrows in D), In chronic EAE, dense macrophage infiltration found in control rats (E) is completely absent in treated rats (F). In T cell staining,
the distribution and density of T cells were not significantly different between the control (G) and treated (H) groups in biphasic EAE (the first attack, histological grade

3). A-F, EDI staining; G & H, W3/13 staining, x 120.
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greatly reduced the number of inflammatory lesions during this
period (Fig. 2D). Table 2 summarizes the histological severities
of all the treated and control rats with biphasic EAE, At the first
attack, the mean histological scores of the spinal cord of treated
and control rats were 1.6+1.0 and 2.7+0.8, respectively, and
treated rats showed a significantly milder pathology (p=0.015).
In addition, in treated rats, severe lesions were limited to one or
two segments of the spinal cord, while almost the entire spinal
cord was involved in control rats (1° in Table 2). During the
relapse, treated rats except one case showed no or minimal
pathology compared with control rats (2° in Table 2).
Infiltration in biphasic EAE was further evaluated by counting
ED1-positive cells under high magnification and expressed as
% EDI-positive cells (ED1-positive cells’/ED1-positive plus
EDI-negative cells x 100). The results are shown in Table 3. In
control rats, macrophages accounted for 50.2+5.0% during the
first attack. During the relapse, the percentage increased slightly
but significantly (=0.013). In 7ND-treated rats, macrophage
infiltration was significantly inhibited during the first attack and
relapse (p=0.36 and p=0.00001, respectively). The inhibition
was more marked during the relapse than during the first attack.
These findings were correlated well with the clinical course,

In chronic EAE, dense macrophage infiltration found in
control rats (Fig. 2E) was completely absent in treated rats
(Fig. 2F). Two of three treated rats were completely normal
histologically and one rat without clinical signs showed
moderate pathology (Table 4). In contrast, control rats showed
moderate to severe inflammation and/or demyelination at least
in one segment of the spinal cord (Table 4),

We also examined the distribution and density of infiltrat-
ing T cells in the spinal cord of treated and control rats during

Table 2
Pathology of the CNS of DA rats with myelin-induced EAE after TND treatment

Tx Ssmpling Clinical score® Opt® Cbr BS/Cbll C Th L
1° 7ND  di2 4 0o 0 0 I
IND  dI2 3.5 0o 0 2 0 3 2
IND  dI2 3 0 0 | I ¢ 8
IND  dll 4 0 0 25 352 0
Control dl1 4 1 0 2 3 353
Control  d11 4 0 0 2 25 35 1
Control d12 3 0o 0 1 2 3 A
2 IND  dI9 0(3)* ne 0 0 0 0 0
IND  dI9 0(3.5) 1 0 1 0 0 |
TND  dl9 3(4) 0 0 0 i3 0
IND  d19 0(3.5) 0o 0 0 1 0 0
Control d20 3(3) 0 ne ne 3 353
Control d20 3(4) 0  ne ne 25 35 1
Control d22 25(4.5) 0 0 135% 0 2 05
Control d22 2(4) 0 0 15 3 252

Rats listed in Table | are not included in this table.

* Clinical score at time of sampling. The number in the parenthesis indicates
the maximal clinical score throughout the observation periods.

" Opt, optic nerve; Cbr, cerebrum; BS/Cbll, brain stem/cerebellum; C,
cervical spinal cord; Th, thoracic spinal cord; L, lumbar spinal cord.

“ n.e.: not examined.

4 1/3.5 indi infl ion score/demyeli
indicate inflammation score.

score. All other scores

Table 3
The density of infiltrating macrophages in the spinal cord of TND-treated and
control mts with biphasic EAE

Ist attack Relapse
TND 30.2+14.6° 12374
Control 50.2+5.0* 61.9+56"
Macrophage infiltration was evaluated by ing ED1-p ¢ cells under

high magnification (n=6 per group) and expressed as % EDI-positive cells
(EDI-positive cells’ED1-positive and negative cells = 100). The mean %+ 5D
are shown.

* Significant differences were noted in all the following combinations. TND
Ist attack vs. TND Relapse (p=0.036); TND Ist attack vs. Control Ist artack
(p=0.017); TND Relapse vs. Control Relapse (p=0.00001); Control Ist attack
vs, Control Relapse (p=0.013).

the first attack of biphasic EAE and found that there was no
significant difference between the two groups (Fig. 2G and H).
Using spinal cord sections with inflammatory scores of 2-3,
we counted W3/13-positive cells/inflammatory lesion in 7ND-
treated and control rats and found that there was no significant
difference (9.5+3.1 vs. 9.24£3.2, p=0.87). These findings
suggest that 7ND treatment minimally interfere with T cell
infiltration into the CNS lesions. B cell infiltration was not
detected throughout the course of chronic EAE (data not
shown).

3.4. Chemokine profiles in 7ND-treateed animals

We performed the quantitative analysis of chemokines in the
spinal cord of treated and control rats with biphasic EAE
(Fig. 3A and C) or with chronic EAE (Fig. 3B and D) using real-
time PCR. In control rats with biphasic EAE, MCP-1/CCL2 was
mainly upregulated during the first attack (Day 14 in Fig. 3A),
whereas MIP-1a/CCL3 increased during both the first attack
and relapse (Days 12 and 19 in Fig. 3C). MCP-1/CCL2 and
MIP-1a/CCL3 in the spinal cords of treated rats were sup-
pressed slightly during the first attack and almost completely
during the relapse. This finding correlated well with the degree
of macrophage infiltration (Table 3).

Table 4
Pathology of the CNS of LEW.1AV rats with MOG-induced EAE after TND
treatment

Tx Sampling Clinical score® Opt® Cbr BS/ChIl C Th L
TND d43 0 0 0 4] 00 0
™™D d43 0 0 o 4] 00 0
TND d43 0 0 2 23° 00 03
Control d35 0.5 (0.5) 0 I 2 00 0
Control d35 3(3) 4 0 1] 0 3/4° 313°
Control d35 1.5(2.5) 0 1 1 00 13
Rats listed in Table | are not included in this table.

* Clinical score at time of sampling. The ber in the p indi

the maximal clinical score throughout the observation periods.

" Opt, optic nerve; Cbr, cercbrum; BS/Cbll, brain stem/cerebellum; C,
cervical spinal cord; Th, thoracic spinal cord; L, lumbar spinal cord,

© 273 indicates infl ion score/demyelination score. All other scores
indicate inflammation score.
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Fig. 3. Quantitation of chemokine mRNA. The levels of MCP-1/CCL2 (A and B) and MIP-1e/CCL3 (C and D) mRNA in the spinal cords of treated and control rats
with biphasic (A and C) and chronic (B and D) EAE were determined with real-time PCR. Each bar represents a value from individual rats,

MCP-1/CCL2 (Fig. 3B) and MIP-1a/CCL3 (Fig. 3D)
mRNA in the spinal cords of treated rats with chronic EAE
were suppressed almost completely at the early and late stages
of the disease.

3.5. Evaluation of anti-MBP and anti-MOG antibodies in
biphasic and chronic EAE

We wished to know whether the therapeutic effects of 7ND
administration are mediated by the downregulation of anti-
neuroantigen antibodies. For this purpose, we determined the
levels of anti-MBP and anti-MOG antibodies of treated and
control rats with biphasic and chronic EAE. These antibodies
were not detected in naive LEW, DA and LEW.1AV| rats (data
not shown). The results are illustrated in Fig. 4. As clearly
shown, during the first attack of biphasic EAE (Days 11-12 in
Fig. 4A and C), the levels of both anti-MBP and anti-MOG
antibodies in treated animals were almost the same as those in
control animals. During the relapse (Days 19-22 in Fig. 4A and
C), anti-MOG (Fig. 4C), but not anti-MBP (Fig. 4A), antibodies
were significantly lowered in the treated group compared with
the control group. In treated and control rats with chronic EAE,
the levels of anti-MBP (Fig. 4B) were almost under the detection
level. Similarly, anti-MOG antibodies (Fig. 4D) were not
affected by 7ND treatment although the disease was completely

suppressed in the majority of rats. These findings suggested that
amelioration of chronic EAE occurs without the downregulation
of anti-neuroantigen antibodies. In acute EAE, the levels of anti-
MBP antibodies remained low in both treated and control rats
throughout the course of the disease (data not shown).

4. Discussion

Multiple sclerosis (MS) is thought to be an autoimmune
disease characterized by the presence of multiple inflammatory
and demyelinating lesions in the CNS (Bar-Or et al., 1999).
Notably, there is profound heterogeneity in the clinical course
and CNS lesions, suggesting that MS is a disease with
heterogeneous pathomechanisms. Through careful observations
of CNS tissues with actively demyelinating lesions, Lassmann
and colleagues classified MS lesions into 4 patterns (Lassmann,
2004; Lucchinetti et al., 2000). Although their characterization
of the MS lesions is highly suggestive of pathogenetic mecha-
nisms of heterogeneous lesion formation in MS, there is limi-
tation for further analysis since these results were obtained by the
morphological examinations of autopsy materials.

In the present study, we induced three types of EAE using three
antigens and three rat strains and tried to elucidate the
pathomechanisms of the lesion formation in MS by examining
various types of EAE clinically and pathologically. It should be
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Fig. 4. Anti-MBP and anti-MOG antibodies in sera from rats with biphasic (A and C) and chronic (B and D) EAE. The levels of anti-MBP (A and B) and anti-MOG (C
and D) antibodies in sera were determined by ELISA. The sera were collected on days 11-12 post-immunization (PI) during the first attack and days 19-22 PI during
relapse of hiphasic (A and C) and on days 35-36 and day 43 Pl of chronic (B and D) EAE. Each bar represents the mean value (0.D.)£SD of three rats.

noted that such variations are unlikely to influence the results.
This was because we only analyzed the role of T cells and
macrophages i the lesion formation of each EAE and did not
analyze variation-dependent factors such as the antigen specificity
of T cells from three strains. For the analysis, we employed decoy
chemokine, 7ND, which is a dominant inhibitor of MCP-1/CCL2.
TND was reported to be a dominant negative inhibitor of MCP-1/
CCL2 and not a competitive inhibitor for receptor binding
because 7ND inhibited the non-cross-linked, but not the cross-
liked, active form of MCP-1/CCL2 (Zhang and Rollins, 1995), As
it was later demonstrated that glycosaminoglycan binding and
oligomerization are essential for the in vivo activity of MCP-1/
CCL2 (Lau et al, 2004; Proudfoot et al., 2003), 7ND may
interfere with these processes. 7ND has been used, not only for in
vitro studies, but also for the treatment of animal disease models
including vascular diseases (Egashira, 2003; Egashira et al,
2000), arthritis (Gong et al., 1997) and pulmonary hypertension
(Ikeda et al., 2002). To our knowledge, this is the first report
showing that 7ND treatment is effective in preventing some
subtypes of EAE. It is very interesting to note that TND treatment
suppressed the relapse of biphasic EAE and chronic EAE, but not
acute EAE and the first attack of biphasic EAE. It was previously
reported that depletion of macrophages by liposomes containing
dichloromethylene diphosphonate (Cl,MDP) markedly sup-
pressed the development of MBP-induced acute EAE in rats
and mice (Huitinga et al., 1990; Tran et al., 1998). We have
confirmed that C1,MDP, which was produced and administered

exactly the same as that in the previous reports, suppressed acute
EAE in Lewis rats (unpublished observation). The major
difference in the immune conditions between CLMDP and
7ND treatment was that 7ND treatment only inhibited macro-
phage migration and may minimally influence T cell functions,
while liposome treatment would downregulate bioactive sub-
stances secreted by macrophages. This may be attributable to the
difference in the outcome. Immunohistochemical examinations
revealed that infiltrating macrophages in biphasic EAE lesions
were substantially reduced in number by TNI treatment and that
chronic EAE lesions were completely normalized histologically.
In contrast, the distribution and density of T cells in the lesion at
the first attack of biphasic EAE were not different between the
treated and control groups (Fig. 2) indicating that 7ND treatment
does not interfere with T cell infiltration. These findings strongly
suggest that the major effector cells are macrophages in the relapse
of biphasic EAE and chronic EAE. With regard to the relapse of
biphasic EAE, we previously reported that MCP-1/CCL2 was
upregulated at this stage (Jee et al,, 2002) and Kennedy et al.
showed that administration of anti-MCP-1/CCL2 antibodies
suppressed the relapse of mouse biphasic EAE (Kennedy et al.,
1998). In addition, MCP-1/CCL-2-deficient mice developed
significantly mild EAE (Huang et al., 2001). In the present
study, we have demonstrated that anti-macropbage migration
treatment by 7ND suppressed the relapse of biphasic EAE,
indicating that MCP-1/CCL2 plays a key role of EAE relapse. It is
less likely that TND administration induces the antibody



