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FIGURE 2. Effects of vaccination with recombinant human G93A-apo or wild-type (WT)-apo superoxide dismutase 1 (SOD1)
proteins on clinical disease and antibody (Ab) responses in low-copy G93A SOD1 Tg mice (G93AGur®). (A, B) Both the G93A-apo
and the WT-apo vaccines significantly delayed the disease onset of G93AGur?' mice. Time of the onset was determined based on
body weight (BW) loss (A) and impaired rotarod performance (B). (€) The WT-apo SOD1 vaccine significantly extended the life
span of G93AGur® mice; the G93A-apo SOD1 vaccine showed a nonsignificant trend. p < 0.05 by Kaplan-Meyer curve and log-
rank test; n = 13 for saline/adjuvant, n = 12 for the WT-apo, n = 9 for G93A vaccinations. (D) Ab titers against G93A SOD1 protein.
Sera from vaccinated mice (day 120 and end point) were analyzed by ELISA. The WT-apo SOD1 vaccine induced Ab against
G93A SOD1 as well as the G93A-apo SOD1 did even at the end point. *p < 0.01 versus saline-injected mice at day 120; *p < 0.01
versus saline-injected mice at end point by 1-way analysis of variance with Bonferroni post hoc test. (E, F) Correlation analysis
between Ab titer and clinical score including rotarod performance (E) and life span (F). Antibodies in both the G93A-apo and
the WT-apo vaccination were positively correlated with the onset timing of paralysis (E). The WT-apo SOD1 vaccination was
positively correlated with longevity (p = 0.00441, Spearman r = 0.6768); the G93A-apo SOD1 vaccine displayed a lower value for
Spearman r (0.0887).
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TABLE. Effect of Vaccinations on Days of Disease Onset and Survival of G93A Mice

Vaccine Saline  WT-Ape  G93A-Apo Saline WT-Apo G93A-Apo
Median survival 274 288 287.5 Mcan survival (d) 272 +39 201 + 7.9 283 + 49
Median onsct of rotarod impairment 225 2435 249 Mcan onset of Rotarod impairment 228 + 54 239+ 75 249 + 6.2
Mecdian onsct BW loss 212 234 228 Mcan onsct BW loss 212+ 6.2 247+ 10.6 233459
Effect on survival - 14 13.5 Effcet on survival - 19 11
Effect on rotarod impairment onsct — 18.5 24 Eftect on rotarod impairment onsct — 11 21
Effect on onsct BW loss - 22 16 Effect for onsct BW — 35 21

The effect of vaccination with recombinant G93A-apo or the WT-apo SODI protein on the delay of the disease onset or extension of the hfe span of low-copy G93A
SODI (G93AGur?) mice. The left columns are median survival or median onset determined by Kaplan-Myer curves. Data in the right columns show the mean days from each
vaccination * SEM (n = 13 for saline, n = 12 for WT, and n = 9 for G93A).

Effect on survival or onset of impaired rotarod performance and body weight (BW) loss were obtained by subtracting the date for saline injection from those for the WT-apo or
the G93A-apo SODI1 vaccination. Time of disease onset was determined by BW loss and rotarod performance. All data are days.
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FIGURE 3. Induction of T2 deviation in the spinal cord by superoxide dismutase 1 (SOD1) vaccination. (A, a) Real-time poly-
merase chain reaction analysis of mRNA of interferon-y (IFNvy), tumor necrosis factor (TNF), interleukin-4 (IL-4), and transforming
growth factor B (TGFb) in spinal cord tissues from nontransgenic (Tg) wild-type (WT) and nontreated Tg mice at the early pre-
symptomatic stage (day 120). The mean mRNA of each cytokine standardized by actin mRNA is shown. (A, b) The ratio of IL-4 to
IFNy or to TNF in each mouse was averaged in each group to estimate the T42/Ty1 milieu. The mean IL-4/IFNy or IL-4/TNF ratio
shows a decrease in presymptomatic Tg mice (mean + SEM, n = 3 for non-Tg mice, and n = 4 for Tg mice). (B, a) Real-time
polymerase chain reaction analysis of the same cytokines in the spinal cord of the vaccinated mice with WT or G93A SOD1 proteins
or saline plus Ribi adjuvant and nontreated Tg controls. (B, b) The ratio of IL-4/IFNv or IL-4/TNF showing that the SOD1 efficiently
induced Ty2 protective immunity by inhibiting IFN-y and provoking IL-4. *p < 0.05 versus nontreated Tg controls by T-way analysis
of variance with Bonferroni post hoc test (mean = SEM, n = 3-4 mice).
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Enzyme-Linked Immunosorbent Assay

At the ages of 120 days, 210 days, or at the end point,
sera were obtained for antibody titration for total IgG, IgGl,
IgG2b, and 1gG2c against G93A SOD! protein by enzyme-
linked immunosorbent assay (ELISA) as previously described
(10), with minor modifications (Methods, Supplemental Dig-
ital Content 1, http://links.]lww.com/NEN/A178).

Immunofluorescent Analysis

The spinal cords at the level of L4-L5 were resected
from 275-day-old mice after perfusion with 4% parafor-
maldehyde. The sections were incubated in the same fix-
ative for 4 hours and subsequently in PBS containing 20%
sucrose and 0.1% sodium azide at 4°C. Cryosections 24 pum
thick were incubated with a mixture of primary antibodies
and subsequently with a mixture of corresponding second-
ary antibodies labeled with Alexa 488 or 594 (Invitrogen,
Carlsbad, CA). For counterstaining, 4,6-diamidino-2-
phenylindole dihydrochloride (Nacalai Tesque) was used.
The number of remaining motor neurons in the spinal cord
was obtained from averaged count of large NeuN+ cells
(<20 pm of the soma) in the anterior horn from 3 samples
per mouse. Fluorescent images were obtained using a
fluorescent microscope (Keyence, Mississauga, Canada) or
a confocal laser microscope equipped with the software
EZ-C1 (Nikon, Tokyo, Japan). Antibody information
is provided in Methods, Supplemental Digital Content 1,
http:/links.lww.com/NEN/A178.

Serum Cytokine Quantification

Serum concentrations of TNF, IFN-+y, and IL-4 were de-
termined using suspension array system (Bio-Plex Pro Mouse
Cytokine; BioRad, Hercules, CA) according to the manu-
facturer’s protocol (Methods, Supplemental Digital Content 1,
http:/links.lww.com/NEN/A178).

Cytokine Profiling in the Spleen and the Spinal
Cord by Real-Time Polymerase Chain Reaction
Cytokines and transcription factors including IFN-w,
TNF, transforming growth factor B1 (TGFp), IL-4, forkhead
box P3, and RAR-related orphan receptor 'y were investigated
for their messenger RNA (mRNA) expression level by real-
time polymerase chain reaction (PCR) system, as described
with minor modifications (26). On days 120 and 210, total
RNA was purified using TRIzol and RNA purification kit
(Invitrogen), and an equal amount of total RNA was reacted
with reverse transcriptase (Superscript III; Invitrogen) to
generate complementary DNA (cDNA). mRNA of cytokines
or marker molecules for CD4™ T lymphocytes was analyzed
by real-time PCR using the SYBR green system (Roche,
Basel, Switzerland). The cDNA level of the target molecules

was normalized to that of actin. Detailed procedures including
primer sequences are in Methods, Supplemental Digital
Content 1, http://links.lww.com/NEN/A178.

Statistics

The survival and clinical onset data were analyzed by
Kaplan-Meyer curve and log-rank tests. The effect of a
single factor on the difference among 3 or more groups was
determined by 1-way analysis of variance (ANOVA) with
Bonferroni post hoc test. Comparisons between 2 groups
were analyzed by unpaired ¢ test. p < 0.05 was judged to be
significant.

RESULTS

Characterization of Recombinant SOD1s

The purities of recombinant SOD1s were more than
95%, as determined by SDS-PAGE (data not shown). To
investigate the precise molecular weight of SOD1 proteins of
as-isolated and nonmetallated state (i.e. WT-apo or G93A-
apo) versus the holo-state, we performed molecular-size fil-
tration chromatography because it 1s thought that apo-SOD1s
are constantly monomers (27). However, both apo- and holo-
SOD1s are dimeric, although the WT-apo sample appeared to
contain some monomer form (Fig. 1). Moreover, the elution
times of WT-apo and G93-apoA were slightly faster than
those of the holo-types, which could reflect looser structures
of apo-SODls.

Vaccination With Recombinant WT-Apo SOD1
Extends the Life Expectancy and Delays
Disease Onset

G93AGur" mice were immunized with recombinant
G93A-apo SOD! or WT-apo SODI using Ribi adjuvant.
Recombinant WT-apo SOD1 was used because of its broader
applications regardless of mutation types in SODI gene
and because, like mutant SOD1, it is misfolded (22). The
(93 A-apo vaccine significantly delayed the onset of paralysis
assessed by BW change and rotarod performance tests
(Figs. 2A, B). The WT-apo SODI! vaccination also sig-
nificantly suppressed BW loss and showed a trend to pre-
serving the rotarod performance, although this was not
significant. The difference of onset time was 18 or 22 days in
the WT-apo- and 24 or 16 days in the G93A-apo vaccinated
mice, as assessed rotarod tests or BW change, respectively
(Table). In addition, both vaccines prolonged the life spans
compared with saline/adjuvant—injected controls by 14 and
13.5 days for WT-apo and G93A-apo vaccine, respectively.
The log-rank test determined statistical significance only for
the WT-apo SOD1 vaccinations (p = 0.0183 for the WT-apo;
p = 0.0720 for the G93A-apo). Notably, the mean life span

FIGURE 4. Signal transducers and activators of transcription 4 (STAT4), a transcription factor for interferon-y (IFNYy), is abundantly
expressed in active microglia of G93A transgenic (Tg) mice. (A) Double immunostaining for STAT4 (red) and NeuN (green) in the
spinal cord of vaccinated 275-day-old mice. The left 2 columns (a, b, e, f, i, j, m, n) and the right 2 columns (c, d, g, h, k, |, o, p)
are images obtained from the fluorescent microscope and confocal laser microscope, respectively. Expression of STAT4 does not
merge with NeuN. Scale bar = 50 um. (B, €) Confocal micrographs of double immunofluorescent analysis for STAT and Mac2 or
phosphorylated STAT4 and Mac2 in the spinal cord of G93AGur® mice. (a—c) Saline/adjuvant-injected G93AGur® mice (30 weeks).

(d) Non-Tg littermate. Scale bar = 30 um.
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indicated that there were shorter durations of suffering in
(G93A-apo-vaccinated mice (Fig. 2C; Table).

We next investigated whether the antibody titer corre-
lated with the therapeutic benefit. The WT-apo and the G93A
vaccination induced high titers of anti-G93A SOD! antibody
compared with the native SOD1 vaccination or the saline
control (Fig. 2D). The WT-apo vaccine showed a significant
positive correlation between the life span and antibody titer
(r = 0.5758, p = 0.0041 by Spearman r) and a trend toward
a positive correlation of rotarod testing (Fig. 2E; r = 0.539,
p = 0.0569 by Spearman r). The G93A-apo vaccine showed
no significant correlation with either the onset timing (rotarod
and BW loss) or survival (Figs. 2E, F). The disease duration
was not associated with antibody ftiter in either the WT-apo
or G93A-apo vaccine groups (not shown).

SOD1 Vaccination Potentiates Protective
Immunity in the Spinal Cord

mRNA levels of IFNy, TNF, and IL-4 were determined
in the spinal cords of presymptomatic nontreated G93A
SODI1 Tg mice (120 days old; n = 3) and non-Tg WT litter-
mates {n = 5). There were slightly higher levels of [FNvy and
TNF and lower levels of IL-4 in G93 A Tg mice versus non-Tg
age-matched mice (Fig. 3Aa). The ratios of [L-4 to I[FNy
(IL-4/TFN+y) or TNF (IL-4/TNF), (termed “Ty2/Tyl ratios™)
were much lower in the Tg mice (Fig. 3Ab). Comparison
between SODI- or saline plus adjuvant—vaccinated groups
and nontreated Tg mice showed a significant reduction of
IFN+ in both SOD1 vaccinations versus nontreated G93A Tg
controls. Interleukin-4 mRNA was markedly elevated by the
SOD! vaccinations on both days 120 and 210, but only the
G93A vaccination on day 120 was statistically significant (by
1-way ANOVA, Bonferroni post hoc test). The saline/adjuvant
injection provided an effect comparable to that of the SODI
vaccination in reducing [FN+y and upregulating IL-4 (Fig. 3Ba).
The Tyl/Ty2 milieu 1s cntically influenced by the adjuvant
as well as by antigens, and the MPL/TDM adjuvant used has
been reported to favor a T2 rather than Ty 1 milieu (28).

Signal Transducers and Activators of
Transcription 4 Induction in Active Microglia in
the Spinal Cord

The role of IFN7y in ALS pathogenesis is controversial
(14, 29-31). Therefore, we examined the expression pattern
of IFNy in spinal cords of mutant SOD1 Tg mice. Immuno-
histochemical analysis was performed with an antibody against
signal transducers and activators of transcription 4 (STAT4),
an activator for transcription of IFNvy under the stimulation
of IL-12. There was STAT4 immunoreactivity in the spinal
cord of mutant SOD] Tg mice with or without vaccination
(Fig. 4A). Notably, the lamina I in the dorsal homn, which

receives nociceptive input, was markedly STAT4+ in both Tg
and non-Tg mice (Fig. 4A, a, b, ¢, f, 1, j, m, n). These cells
were also NeuN+ (not shown), which might imply a role for
IFNvy in pain generation to nociceptive stimulation (32). How-
ever, the STAT4+ cells in other areas, including the anterior
horn are not costained with anti-NeuN antibody (Fig. 4A, c, d,
g h, k, 1, o, p). Therefore, we performed double immuno-
fluorescent staining using antibodies against STAT4 and
Mac2. STAT4 was exclusively expressed in Mac2+ active
microglia (Fig. 4B). Because phosphorylation is required to
activate STAT4 for IFNvy transcription, we examined the
presence of phosphorylated STAT4 (pSTAT4) by double
immunofluorescent study and found that certain populations
of active microglia were pSTAT4+ (Fig. 4C). There was no
difference in STAT4 or pSTAT4 levels between vaccinated
or nonvaccinated mice {not shown), but the presence of STAT4
in microglia provides evidence that spinal motor neurons are
affected by IFNy from activated microglia. Notably, the fluo-
rescent antimouse 1gG antibodies showed meningeal enhance-
ment only in SOD] vaccinated mice (Fig. 4A, arrowheads),
suggesting that vaccine-generated antibodies can reach the
spinal cord.

Vaccination With G93A-Apo or WT-Apo SOD1
Attenuates Motor Neuron Loss and Induces
Complement C1q Deposition

We next investigated whether the beneficial effect of
the vaccination with the G93A-apo or the WT-apo SODI1 cor-
related with motor neuron protection by counting of NeuN+
remaining anterior horn cells in 275-day-old Tg mice. Both
vaccinations with the G93A-apo and the WT-apo significantly
attenuated motor neuron loss (Fig. 5A), whereas there was no
significant difference in the number of active microglia
cells stained by anti-Mac-2 between saline and SODI vacci-
nations was observed (Figure, Supplemental Digital Content 2,
http://links.lww.com/NEN/A179).

We then studied the activation of the classic pathway
of complement system after vaccination in mice of the same
age. Clq, which binds to antigen-antibody complexes at the
immunoglobulin Fc domain, is upregulated around motor
neurons in SOD] mutant models before disease onset, sug-
gesting that “danger molecules™ are leaked from degenerating
motor neurons (33). Double immunofiuorescent staining with
rat monocional anti-Clq and mouse monoclonal anti-NeuN
detected Clq around motor neurons in both SOD1-vaccinated
and saline-control G93AGur” mice, but not in age-matched
non-Tg littermates. More prominent Clg deposition was
detected in SODI vaccinated mice than in saline/adjuvant
controls (Fig. 5B). These data indicate that the apo-SODI
vaccination activates the classic pathway in the spinal cord.
Because chromogranin interacts with mutant SOD1, promotes

FIGURE 5. Superoxide dismutase 1 (SOD1) vaccination attenuates motor neuron (MN) loss and induces complement deposition
around MNs. (A) MN count in the spinal cord of vaccinated 275-day-old mice. NeuN+ large anterior horn neurons (>20 pm in
size) were counted in 3 slices per mouse; mean numbers per slice are shown. *p < 0.05 by 1-way analysis of variance of Bonferroni
test (n = 9 for transgenic [Tg], n = 4 for non-Tg; WT = wild-type. (B) Induction of compiement C1q deposition around MNs by
SOD1 vaccination. Confocal micrographs of the spinal cord slices of the vaccinated mice (30 weeks) stained with antibodies
against NeuN (red, mouse monoclonal) and Clq (green, rat monoclonal). Clq staining surrounding MNs are indicated with
arrowheads; d, h, I, p show negative controls in which primary antibodies were eliminated. Scale bar = 30 um.
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its secretion, and activates microglia (9), the complex for-
mation comprising mutant SOD1-anti-SOD1 antibody-Clqg
may be facilitated by the SOD! vaccination.

WT-Apo SOD1 Vaccination Induces a Higher
Tu2/Ty1 Milieu Than G93A Vaccination

There were differences in the slowing of the progression
in Tg mice between the WT-apo and the G93A SODI vac-
cinations. Because the antibody titer in the G93A-apo vacci-
nation unexpectedly showed no correlation with disease onset
or life span as opposed to the WT-apo (Figs. 2E, F), we
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compared the IgG subclasses induced by the WT-apo and
G93A-apo vaccines. Sera of SODl-vaccinated mice were
analyzed on days 120 and 210 by ELISA for IgGl1, 2b, and 2¢
titers. Both the WT-apo and the G93A-apo vaccines induced
considerable amounts of each subclass and the G93A vacci-
nation induced more IgG than the WT vaccination. Overall,
the difference between the 2 vaccines was statistically sig-
nificant only on day 120 for IgG1 and day 210 for IgG2b and
IgG2c (Fig. 6A, p < 0.05 by unpaired 7 test). The mean ratios
of IgG1 to IgG2c (IgG1/1gG2c) (an indicator of the T2/ Tyl
milieu) were not significantly different between WT and
G93A vaccinations on day 120, but on day 210, this ratio was
significantly higher in the WT-apo vaccination than in the
G93A (Fig. 6Ab, p < 0.05 by 1-way ANOVA).

We further measured the quantity of serum cytokines
induced by these SOD1 vaccinations using a suspension array
system. The antisera from immunized mice with WT or G93A
SODI vaccine (n = 3/group) on day 120 was analyzed for
TNF, IFNvy, and IL-4. The G93A-apo vaccination induced
more of the Tyl cytokines TNF and IFNvy compared with
the WT-apo vaccination (Fig. 6B). Interleukin-4 levels were
below the detection limit (0.59 pg/mL) in either non-Tg or Tg
mice regardless of the type of the vaccination. The analysis
of the spleen tissues of the same mice for mRNA quantity
of TNF, IFNw, IL-4, and TGFR by real-time PCR revealed a
clear trend in which IL-4 mRNA in the WT or the G93A vac-
cination was higher than that in the saline control on day 120.
The G93A vaccination tended to induce higher IL-4 than the WT
did on day 120. On day 210, IL-4 mRNA remained high in the
WT but not in the G93A vaccination sera (Figure, part A, Sup-
plemental Digital Content 2, http://links.lww.com/NEN/A179).
No significant differences in expression levels of forkhead
box P3 or RAR-related orphan receptor yt, a marker for reg-
ulatory T-cell or a Tyl 7 cells, respectively, between control
and vaccinated groups were observed (data not shown).

We then analyzed the relationship between IgG sub-
class and the therapeutic effect of the vaccinations. In the
WT-apo vaccination there was a positive correlation between
IgG2b titer and the date of the onset (Figure, part B, Supple-
mental Digital Content 3, http://links.lww.com/NEN/A 180, b;

FIGURE 6. Analysis of sera for acquired immunity by super-
oxide dismutase 1 (SOD1) vaccination. (A, a) ELISA for IgG
subclasses induced by the SOD1 vaccination. The titer for
IgG1, 2b, and 2c against the G93A-apo SOD1 was obtained
from sera of wild-type (WT) and G93A SOD1-vaccinated mice
at day 120 and 210 and expressed as optical density (OD)
405 nm (mean + SEM; each group, n = 4 or 5). *p < 0.05, NS
indicates not significant by unpaired t test. (A, b) The ratio
of IgG1 to IgG2c (IgG1/IgG2c) was obtained in each mouse
and the data averaged (mean * SEM for each group, n = 4
or 5). *p < 0.05 by 1-way analysis of variance with Bonferroni
post hoc test. (B) Serum cytokine concentrations. Sera from
WT or G93A SOD1 vaccination (n = 3) were analyzed for the
quantification of interferon gamma (IFNv) and tumor necrosis
factor (TNF) using a suspension array system. Each bar shows
the mean concentration from 3 mice + SEM. *p < 0.05 by
unpaired t test. ND indicates not detected (under the lowest
value of standard curve (0.17 pg/mL).
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FIGURE 7. Vaccination of nontransgenic (non-Tg) mice using recombinant wild-type (WT) superoxide dismutase 1 (SOD1) protein
effectively induces antibody with no detectable detrimental effect. (A) ELISA of sera of non-Tg mice vaccinated with mouse SOD1
and saline with adjuvant at days 120 and 210 (n = 5 in each group). Data show mean + SEM (n = 5). *p < 0.01 by 1-way analysis
of variance of Bonferroni test. (B) Comparison of body weights after vaccination between mouse SOD1-vaccinated and saline/
adjuvant-injected controls. Each point shows mean body weight (g) of 5 mice per group. (€) ELISA for IgG subclasses induced
by mouse SOD1 vaccination. The titer for IgG1, 2b, and 2c against recombinant mouse SOD1 was determined in sera from
SOD1-vaccinated and control saline/adjuvant-injected mice at day 210 and expressed as OD 405 nm (mean + SE forSE for each
group, n = 5). *p < 0.01 by 1-way analysis of variance of Bonferroni test.

r=0.7333, p = 0.0156, by Spearman r), whereas IgG1 and
IgG2¢ showed no significant correlation (Figure, part B, a, c,
Supplemental Digital Content 3, http:/links.lww.com/NEN/
A180). By contrast, there was no positive correlation of the
G93A vaccination with any IgG subtype. Rather, the IgG1 titer
was negatively correlated to the survival effect (Figure, part B,
d, Supplemental Digital Content 3, http://links.lww.com/NEN/
A180; r = —0.5879, p = 0.0403, by Spearman r).

Antibody Induction in Non-Tg Mice by
Vaccination With Murine WT SOD1

Because the human WT SODI is a foreign antigen to
mice, antibody is generally easily induced. For human trials,
induction of the antibody against human WT-SOD1 in human
body would be required. Therefore, we investigated whether
the murine WT-apo SODI1 induced antibody by breaking

© 2010 American Association of Neuropathologists, Inc.

immunologic tolerance to endogenous SOD1 in mice. Vac-
cination of non-Tg C57BL/6 mice with recombinant mouse
WT-apo SODI! induced antibody against mouse SODI at
days 120 and 210 (Fig. 7A). Simultaneously, the adverse
reactions of the vaccination were monitored for BW loss
(Fig. 7B), movement, hair length, spontaneous activity, and
provoked biting as well as observation of tissue hemorrhage
or anemia at autopsy. These analyses displayed no abnor-
malities that could be attributed to vaccination. The analysis
of IgG subclass profile showed that all the subclasses in-
cluding IgGl, IgG2b, and IgG 2c were comparably clevated
(Fig. 7C), indicating that both Tyl and T2 immunity is in-
duced in non-Tg mice.

DISCUSSION

In this report, we demonstrate a beneficial effect of
vaccination with the WT-apo SOD1 protein to prolong the life
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span of G93A SOD! Tg mice. The chief effect was delaying
the disease onsct rather than slowing its progression. The
G93A SODI vaccine also delayed the onset significantly and
showed a trend to prolonging the life span. This result is
in agreement with our previous finding that the vaccination
with the G93A-apo SODI protein against G37R SOD1 mice
(5 times higher) led to a 3-week delay of onset and a 4-weck
prolongation of life span, whereas the same vaccination of
high-copy G93A SODI1 (G93AGur) mice (17 times higher)
was not effective (10). Therefore, the expression level of the
mutant protein in the Tg mice may determine the vaccine
effect, particularly in the late stage. Because there generally
are 1 or 2 copies of the mutant SOD1 genc in ALS patients,
our results indicate that further development of vaccination
aiming not only for prevention but also for disease inhibition
after onset 1s warranted.

Unexpectedly, the apo-form of the SOD1 was a dimer,
although the precise molecular features of the WT-apo SOD1
are unclear. The apo-SOD1 of both WT and G93A are slightly
larger molecules than the holo-SODIs, indicating that the
apo-form of SOD1s form nonnative dimers. Intriguingly, the
previous report showed that a nonnative SODI1 dimer is a
common finding in mutant and sporadic ALS (24). Therefore,
the misfolded dimeric conformation might mediate the
vaccine effect of the WT-apo SODI. Because of its utility
regardless of the mutation type, the protective effect of the
WT-apo SOD1 in G93AGur!' mice may represent a widely
applicable paradigm. We observed no detrimental effect of
WT-apo SODI vaccination in G37R Tg mice, but there
seemed to be some beneficial effect (personal observation).
We and others have reported potential misfolding property
of the WT SOD! when posttranslationally modified such as
monomerization (21) or oxidation (34), which may account
for the effect of the WT-apo SODI vaccination. Therefore,
further modification by narrowing the critical domains for
misfolding or by specifying more aberrant structures such
as oligomer or aggregates 1s a potential strategy for develop-
ing vaccines against mutant SOD1-linked ALS.

The precise mechanisms of the beneficial effects of
vaccination with the misfolded SODI protein are unclear. We
found that C1q increased around the remaining motor neurons
and that IgG immunoreactivity increased in the spinal cord
meninges. Moreover, the blood-brain barrier of mutant SOD1
Tg mice is fragile (35), and recent studies show CD4" T-cell
proliferation in the spinal cord of mutant SOD1 Tg mice
(17, 18). Therefore, it i1s conceivable that immune-related
molecules or cells may easily penetrate into the CNS in
mutant SOD1-linked ALS patients and that vaccine-induced
antibodies could directly target extracellular SODI in the
spinal cord. Although immunohistochemistry showed no
obvious change in the SODI1 aggregates by the vaccination
(not shown), this indicates that only small fractions of solu-
ble misfolded species might participate in the extracellular
toxicity.

Our results indicate that there is induction of protective
immunity by vaccination with the Ribi adjuvant. The effect of
both SOD1 vaccinations on Ty2 deviation in the spinal cord
1s striking. Moreover, STAT4 analysis suggests that activated
microglia in the spinal cord of mutant SOD1 Tg mice are the
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source of IFNvy. Indeed, a recent report also showed that
STAT4 is chiefly expressed in the active microglia in the
cerebral white matter in multiple sclerosis (36). Active mi-
croglia expressing Mac-2 in the spinal cords are detected in
presymptomatic mutant SOD1 Tg mice but not in non-Tg or
WT SODI Tg mice (personal observation). Thus, microglia-
derived IFNvy might be a pathogenic proinflammatory factor
in mutant SOD!-linked ALS. Indeed, accumulating evidence
also indicates the detrimental effect of IFNvy in the CNS,
including oxidative stress (14), mitochondrial damage (30),
and MHC class 1+ cell proliferation (18). On the other hand,
it should be noted that the toxicity of IFNvy is context-
dependent and that it 1s regulated by a complex crosstalk
between microglia and T-cell subtypes (37). It was reported
that the stimulation of microglial cells with IFNv rescues cells
with various toxic challenges through the induction of IGF-1
(38) or IGF-2 (39). A recent study also shows that a low dose
of IFN+y provides neuroprotection by enhancing neurogenesis
in the amyloid precursor protein Tg mice (40). Therefore, the
effects of IFN+y in the CNS are complex, and synergistic ef-
fects of other proinflammatory cytokines (e.g. TNF) in spe-
cific conditions likely are involved. Interestingly, the saline,
adjuvant injection also promoted Ty2 deviation, possibly as
a result of using the Ribi adjuvant (29). This result indicates
that the adjuvant is crucial to acquire desirable effect of
the vaccination, cspecially in ALS mutant mice. However,
because of the lack of a therapeutic effect of saline/adjuvant
injection, T2 deviation is not the primary mediator of the
beneficial effects of vaccination.

We previously reported that late-stage G37R Tg mice
with SOD1 vaccination had greater Mac2+ microglia than
control mice (10). However, in the present study, analysis of
the mice at the same point showed no significant difference
in the number of Mac2+ microglia. Therefore, it may be that
longer-lived mice with SOD! vaccination showed more
abundant microgliosis. Further analyses including in situ hy-
bridization are nceded to clanfy this issue because of the
diverse and complicated functions of microglia.

We show here that the both SODI vaccinations in-
creased IL-4 mRNA levels in the spleen at an early time point
and that there was a significant difference in IgG2c titer
and 1gG1/1gG2c ratio between the WT-apo and the G93A-apo
vaccinations at the late stage. These results suggest that
peripheral IL-4 may drive a Ty2 milieu from the early pre-
symptomatic stage in the spinal cord, and circulating IFNvy
may have some detrimental effect in the later period. Thus,
the amount of IFN+y or TNF in the serum at the preclinical
stage might be a useful marker for sclecting an appropriate
vaccine and adjuvant. Furthermore, the titer of each IgG
subclass was not positively correlated in G93A-apo vacci-
nation; rather, IgGl titer was negatively correlated to the
life span (Figure, Supplemental Digital Content, part B, d,
http:/links. lww.com/NEN/A180). These results suggest that
Ty 1/ Ty2 regulation is unbalanced by the G93A vaccination
in the Tg mice with the same mutation. Taken together, Tyl
deviation in the G93A vaccination in the later stage might
counteract the effect to slow the progression. A recent report
shows that IFN+y is increased in the serum of ALS patients
{41). Moreover, systemically injected IFNv distributes in the
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brain (42) and it is known to disturb the immunologic priv-
ilege by the induction of MHC class I antigen in CNS cells
(43). On the other hand, ablation of CD4" cells in mutant
SODI1 Tg mice accelerated the ALS phenotype, which is
mediated by microglhal inhibition of IGF-1 (17). It was also
reported that intravenous injection of regulatory or effecter
T-cells significantly prolongs the longevity of G93A Tg mice
(19). In a spinal cord injury model, externally injected mac-
rophages potentiated the repair of damaged tissue by halting
microglial activation (44). In such cases, anti-inflammatory
cytokines including IL-4 (17) and IL-10 (45) mediate transfer
of protective signals to microgha. Because there is potentially
aberrant immunity in ALS, vaccinations should be cautiously
designed. Considering recent conflicting reports as for ther-
apeutic outcomes of a glatiramer acetate vaccination (46—49),
in which an adjuvant is used only in the successful case (49)
but not in other failures (46-48), it is possible that the repet-
itive challenges of a neuroprotective antigen without adjuvant
may not suffice to evoke protective immunity. Therefore, in
light of current understanding of the role of the inflamma-
tion in neurodegeneration, Ty1 /T2 balance may determine a
detrimental/protective direction of neurons by regulating
microglial function (50). Thus, it is important to recognize
that a proper combination of antigen and adjuvant may syn-
ergistically augment the therapeutic effect of vaccination.
Notably, the positive correlation between IgG2b (a subclass
induced by TGF) and the therapeutic effect, including delay
of disease onset and prolongation of the life span, prompts
us to consider the benefit of mucosal immunity such as nasal
or intestinal vaccination in which neuroprotective cytokines
such as TGFR and IL-4 are induced (51).

Vaccination of non-Tg mice with mouse WT SODI
effectively induced antibody but did no overt harm. This is
very important for the future application of anti-SOD1 anti-
body in terms of potential adverse reactions and immunologic
tolerance. Abundant IgG2c as well as IgG1 was induced by
the vaccination indicating that Tyl immunity is provoked.
Therefore, further modifications for the improvement of
the vaccine effect include the development of misfolding
structure—targeted vaccines, such as an oligomer or more
narrowed sequences involved in the pathogenesis, the choice
of adjuvant, and the route of vaccination.

In conclusion, our results indicate that WT-apo SODI1
may be a candidate as a vaccine for familial ALS patients
with SOD1 mutations. Moreover, they suggest that induction
of protective immunity and immunomodulation to suppress
Tyl immunity, particularly at the later stage, may enhance the
outcome. Despite the advantage of passive immunization,
which can abolish such immune response considerably, fur-
ther improvement of vaccines will prove beneficial to familial
ALS patients because of their long-lasting effects and of po-
tential noninvasive ways for overcoming adverse reactions.
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Immune-mediated diseases of the CNS, such as multiple sclerosis
and its animal model, experimental autoimmune encephalitis (EAE),
are characterized by the activation of antigen-presenting cells and
the infiltration of autoreactive lymphocytes within the CNS, leading
to demyelination, axonal damage, and neurological deficits. Hep-
atocyte growth factor (HGF) is a pleiotropic factor known for both
neuronal and oligodendrocytic protective properties. Here, we
assess the effect of a selective overexpression of HGF by neurons
in the CNS of C57BL/6 mice carrying an HGF transgene (HGF-Tg
mice). EAE induced either by immunization with myelin oligoden-
drocyte glycoprotein peptide or by adoptive transfer of T cells was
inhibited in HGF-Tg mice. Notably, the level of inflammatory cells
infiltrating the CNS decreased, except for CD25*Foxp3™* regulatory T
(Treg) cells, which increased. A strong T-helper cell type 2 cytokine
bias was observed: IFN-y and IL-12p70 decreased in the spinal cord
of HGF-Tg mice, whereas IL-4 and IL-10 increased. Antigen-specific
response assays showed that HGF is a potent immunomodulatory
factor that inhibits dendritic cell (DC) function along with differen-
tiation of IL-10-producing Tieq cells, a decrease in IL-17-producing T
cells, and down-regulation of surface markers of T-cell activation.
These effects were reversed fully when DC were pretreated with
anti-cMet (HGF receptor) antibodies. Our results suggest that, by
combining both potentially neuroprotective and immunomodula-
tory effects, HGF is a promising candidate for the development of
new treatments for immune-mediated demyelinating diseases as-
sociated with neurodegeneration such as multiple sclerosis.

<Met (HGF receptor) | experimental autoimmune encephalitis | immune
tolerance | multiple sclerosis | neuroprotection

H epatocyte growth factor (HGF), also called “scatter factor,” is
a polypeptide growth factor that belongs to the plasminogen
family and consists of a 62-kDa alpha subunit and a 34-kDa beta
subunit that form a disulfide-linked heterodimer (1). The mole-
cule was discovered independently as a growth factor in the liver
(2, 3) and as a fibroblast-derived effector of epithelial movement
and cell—cell interaction (4-6). HGF is a pleiotropic factor that can
trigger motility, proliferation, morphogenesis, and organ regen-
eration in a variety of epithelial cells (7). HGF is able to induce
various responses in development (1) and in pathological sit-
uations, including tumor progression (8) and suppression of fib-
rosis (9). The receptor for HGF, cMet, is a tyrosine kinase encoded
by the cMet proto-oncogene (10, 11). Mice lacking either HGF or
its receptor die during embryogenesis, with defects in placenta,
liver, and muscle development (12-14).

Both HGF and its receptor cMet are expressed during brain
development and persist in the adult (15, 16). cMet is expressed in
neurons but also in other brain-resident cells such as oligoden-
drocytes, astrocytes, and microglia (17-22). HGF promotes axonal
outgrowth and regulates the differentiation of various neuronal
populations, including sensory, sympathetic, and motor neurons (23,

6424-5429 | PNAS | April 6,2010 | vol. 107 | no. 14

24). The ability of HGF to promote survival of neurons is as potent as
that of several neuroprotective factors, including brain-derived
neurotrophic factor, ciliary neurotrophic factor, glial cell line-
derived neurotrophic factor, and neurotrophin-3 (23). In addition,
HGF is able to induce proliferation and migration of oligoden-
drocyte precursor cells (OPC) (17, 18,22) as well as inhibition of the
proapoptotic caspase-3 pathway in oligodendrocytes (21). There-
fore, HGF could be involved in the processes of neuroprotection,
attenuation of oligodendrocyte degeneration, and/or remyelination.

In animal studies, overexpression of HGF in the CNS delays
disease progression and prolongs life span in a mouse model of
amyotrophic lateral sclerosis (20), a neurodegenerative disease of
the nervous system. In addition, HGF is involved in the process of
postischemic brain repair (25). Increased concentrations of HGF
are detected in the cerebrospinal fluid of patients with inflam-
matory and demyelinating diseases such as acute demyelinating
encephalomyelitis and multiple sclerosis (26).

In addition to its action on the CNS, HGF shows immunomo-
dulatory effects: on the one hand, HGF originally was reported to
promote adhesion of B cells (27) and migration of T cells (28) as
well as recruitment of dendritic cells (DC) (29). Moreover, HGF
was reported to inhibit secretion of TGF-B (30), a potent antiin-
flammatory cytokine known to inhibit the progression of exper-
imental autoimmune encephalomyelitis (EAE) (31). On the other
hand, HGF was identified more recently as having protective ef-
fects in animal models of inflammatory-mediated diseases includ-
ing myocarditis (32, 33), glomerulonephritis (30, 34), inflammatory
bowel disease (35), collagen-induced arthritis (36), and pulmonary
fibrosis (37).

In the present report, we assess the effect of an overexpression
of HGF in the CNS of C57BL/6 mice carrying a HGF transgene
under the control of a neuron-specific enolase (NSE) promoter
(HGF-Tg mice) leading to selective overexpression of HGF by
neurons in the CNS. In contrast, HGF serum levels were similar
to those in WT littermate controls. Introduction of HGF under
the control of the NSE promoter into mice leads to expression of
HGF specifically in postnatal neurons of the CNS and sub-
sequent extracellular secretion of HGF in the CNS, where it can
act both on neurons and on other types of postnatal cells, such as
glial and immune cells. In this experimental setup, the neural as
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well as the glial system have been found to be physiologically
normal during development and in the adult (20, 38, 39).

EAE induced either by immunization with myelin oligoden-
drocyte glycoprotein (MOG) peptide consisting of amino acids
35-55 [MOG(35-55)] or by adoptive transfer of T cells from 2D2
transgenic mice that express a T-cell receptor (TCR) specific for
MOG(35-55), (TCRM9Y) was inhibited before peak disease was
reached in HGF-Tg mice. Notably, the level of inflammatory
cells infiltrating the CNS decreased in these mice except for
CD25"Foxp3™ regulatory T (T,,) cells, which increased. In
addition, a strong T-helper cell type 2 (Th2) cytokine bias was
observed: TNF-a, IFN-y, and IL-12p70 were decreased in the
spinal cord of HGF-Tg mice, whereas 1L-4 and IL-10 were
increased. Antigen-specific response (ASR) assays showed that
HGF is a potent immunomodulatory factor that inhibits DC
function through down-regulation of their CD4(0 expression
together with a decrease in IL-12p70 secretion. Furthermore,
DC treated in vitro with recombinant mouse HGF (rHGF)
induced differentiation of IL-10-producing T, cells, along with
a decrease in IL-17-producing T cells and a down-regulation of
surface markers of T-cell activation.

Collectively, our data strongly suggest that HGF can inhibit
the clinical course of EAE through DC tolerization and induc-
tion of Tycg-cell population.

Results

MOG-Induced EAE Is Inhibited in HGF-Tg Mice, The HGF content in
the spinal cord of HGF-Tg mice, as assessed by real-time PCR and
ELISA, was significantly increased (ca. 2.5-fold) compared with
WT littermates. In contrast, serum levels of HGF, determined by
ELISA, did not differ significantly in HGF-Tg and WT littermate
mice (Fig. 14) (20). EAE was induced in HGF-Tg and WT lit-
termate C57BL/6 mice using MOG(35-55) peptide. The clinical
course of EAE was inhibited in HGF-Tg mice before peak disease
was reached [day postimmunization (dpi) 18] until the chronic
phase (dpi 45) (Fig. 1B). Histopathological analysis of spinal cord
performed at peak disease (dpi 25) showed that there was less
inflammatory infiltrate (determined by H&E staining) and
demyelination (determined by luxol fast blue staining) in HGF-Tg
mice, as demonstrated by a decrease in the mean number (+

]

o

S. cord HGF mRNA
S. cord HGF (ng/g)

Clinical score

standard error of the mean, SEM) of lesions per slide (Fig. 1 C
and D). Fewer inflammatory CD4" T-cell, CD8"* T-cell, CD11b,
and CD11ccell subtypes were observed in the spinal cord of HGF-
Tg mice than in the spinal cord of WT mice (Fig. 1E). In addition,
Bielschowsky’s silver staining indicated a trend toward a decrease
in axonal damage in HGF-Tg mice, but the difference did not
reach statistical significance (Fig. 1 C and D).

CNS Overexpression of HGF Does Not Influence Splenocyte Function
During EAE. Splenocytes of HGF-Tg mice and WT littermates were
isolated at peak disease (dpi 25), and cell surface and intracellular
markers were analyzed by flow cytometry. No differences between
the two groups of mice were observed in the frequency of CD4¥,
CD8™, or CD4"CD25"Foxp3™ T cells, CD11¢ CD11b* macro-
phages, or CD11c* DC (Fig. 24). When proliferation assays were
performed to evaluate the possible influence of CNS-specific
overexpression of HGF on peripheral T cells, increased T-cell
proliferation was observed with escalating concentrations of
MOG peptide, but no difference was observed between HGF-Tg
and WT mice (Fig. 2B). Analysis of splenocytes by FACS at EAE
peak disease was performed with distinction of CD4™ T cells for
IFN-y (T-helper type 1, Th1), IL-10 (Th2), and 1L-17 (T-helper
type 17, Th17) subsets. No distinction was observed in the spleen
for these three CD4™ T-cell subsets when WT and HGF-Tg mice
were compared (Fig. 2C). To confirm the absence of specific
splenic HGF increase in HGF-Tg mice, we analyzed the HGF
content from whole spleen in WT and HGF-Tg mice. The results
showed no difference in the splenic HGF content in normal and
EAE peak-disease conditions (Fig. S1 A and B). To confirm fur-
ther that HGF had no effect on splenocyte proliferation during
EAE, a proliferation assay with increasing doses of HGF was
performed. No proliferation of splenocytes was observed in either
WT or HGF-Tg mice at various HGF concentrations (Fig. S1C).

Increase of CD25"Foxp3™ T,y Cells and Induction of a Th2 Cytokine
Bias in the Spinal Cord of HGF-Tg Mice During EAE. Inflammatory cell
infiltrates from pooled spinal cords of HGF-Tg (n = six mice)
and WT littermates (n = five mice) were isolated at peak disease
(dpi 25) by Percoll gradient, stained for surface markers, and
analyzed by flow cytometry. Compared with WT littermates, a

E rnesn Fig. 1. MOG(35-55)-induced EAE is inhibited in HGF-Tg mice.
) P S {A) HGF in the spinal cord of HGF-Tg mice versus WT littermates
C 1 s BT om s o® w4 {n =3 per group) as measured (Left) by real-time PCR (relative
H&E LFB BSS p N : HGF mRNA expression) or (Center) by ELISA (ng/g of spinal cord)

: lays post immunization {dpi) . i
D (mean + SEM), *, P < 0.05. (Right) HGF measured in the serum by
WT 2 i% ELISA (ng/ml; mean + SEM). (B) EAE scores were determined
§§ 23 3 daily after disease onset in HGF-Tg mice (triangles; n = 17) and
3 23 3 T WT littermates (squares; n = 18). Shown are mean EAE score +

38 q

5% gg 3 osjl SEM. The difference was significant before peak disease was
| HGF E% 2.; 3 | reached (dpi 18) and persisted until the chronic phase (dpi 45).
£ 3=’ = ] *, P < 0.05. (C) Histopathology of paraffin-embedded spinal

0
WT HGF
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cord sections from PBS-perfused WT and HGF-Tg mice at peak
disease (dpi 25). Sections were stained with H&E, luxol fast blue
(LFB), or Bielschowsky's silver staining (BSS) (magnification
200x). (D) Fifteen sections of spinal cord per mouse (n = 6 per
group) were analyzed, and the mean number of lesions per slide
(+SEM) are presented as histograms. *, P < 0.05; ***, P < 0.001.
(E) Representative sections of spinal cord were analyzed. Shown
are T-lymphocyte (CD4 and CD8) (red), macrophage (CD11b)
(red), and DC(CD11c¢) (green) infiltration (magnification: 100x).
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Fig. 2. Unchanged characteristics of splenocyte populations in HGF-Ty mice
during EAE. (A) Splenocytes were isolated from HGF-Tg mice and WT litter-
mates during EAE and stained for CD4, CD8, CD11b, CD11¢, and CD25-FoxP3.
Bars show percentages of total splerocytes + SEM (n = 3 per group). (8)
Proliferation assay with MOG(35-55) of splenocytes from HGF-Tg mice and WT
littermates (mean cpm + SEM of triplicate experiments; n=3). **, P< 0.01; ns,
not significant. (C) Analysis by intracellular cytokine staining of the pro-
duction of IFN-y (T}1), IL-10 (T,2), and IL-17 (Ty17) in splenocytes at peak dis-
ease. (Left) Bars show percentages of CD4 subtypes + SEM (n = 6 per group).
(Right) Representative dot blots of IFN-y and IL-17 analyses.

decrease of CD4" and CD8" T cells, CD11¢"CD11b* macro-
phages, and CD11c* DC was observed in HGF-Tg spinal cords
(Fig. 34). In contrast, an increase of CD25*Foxp3™ Theg cells
was observed in the spinal cords of HGF mice (Fig. 3B). Intra-
cellular staining for IL-17 production in CD4™ T cells was lower
in the spinal cord of HGF-Tg mice than in WT littermates (Fig.
3C). In a subsequent experiment, we analyzed by ELISA the
cytokines detected in the supernatant of spinal cord homogenate
of the two groups of mice. We observed a decrease in TNF-q,
IFN-y, and IL-12p70 in HGF-Tg mice, whereas 1L-4 and IL-10
were increased (Fig. 3D). The sharp increase in IL-10 (ca. 8-fold)
was confirmed further by real-time PCR (Fig. 3E).

HGF Inhibits Antigen-Presenting Function of DC in Vitro and Induces a
Th2 Cytokine Bias. To assess the ability of HGF to influence DC
function and T-cell proliferation, we performed a mixed lym-
phocyte reaction with DC obtained from BALB/c splenocytes and
T cells from C57BL/6 spleen cells. In parallel, we confirmed that
the cMet receptor was present on the surface of CD11c* DC of
C57BL/6 or BALB/c mice but was not expressed by CD4* T cells
(Fig. S2). After incubation with rHGF at various concentrations,
DC were cocultured with T cells, and a proliferation assay was
performed using *H-thymidine incorporation. T-cell proliferation

was inhibited in a dose-dependant manner when allogeneic DC
were pretreated with rHGF (Fig. S3). We further evaluated the
ability of rHGF to inhibit DC function in an in vitro model closer
to EAE, i.e., an ASR assay performed with MOG(35-55). In this
experiment, DC were purified from C57BL/6 mouse splenocytes
and then were treated with rHGF at various concentrations
(1-100 ng/mL) or were left untreated and finally were pulsed with
MOG(35-55) peptide (20 pg/mL). In parallel, TCRMOC T cells
were obtained from splenocytes of 2D2 mice. After 48 h of
coculture, T-cell proliferation was measured. A significant
inhibition of T-cell proliferation was observed with increasing
concentrations of rHGF (10-100 ng/mL), with the maximum
effect starting at 30 ng/mL (Fig. 44). To confirm that the inhib-
ition of DC function was indeed mediated through the HGF-
cMet pathway, an anti-HGF receptor («-cMet) neutralizing
antibody (10 pg/mL) was added to the DC before incubation with
rHGF. Inhibition of T-cell proliferation was abrogated com-
pletely by preincubation of DC with the a-cMet antibody across
the entire range of tested rHGF concentration (Fig, 44). Fur-
thermore, we examined the expression of T-cell activation
markers during ASR assays and found that rHGF-treated DC
pulsed with MOG(35-55) were not capable of activating T cells,
which remained in a low state of activation (CD44'*CD62L* and
CD44™termedi2eCD21 "), In contrast, when the ASR assays were
performed without rHGF pretreatment, T cells were highly
activated (CD44""CD62L" and CD4"#"CD62L") (Fig. 4B). We
then analyzed by ELISA the cytokine secretion profiles in the
ASR assay supernatants after DC had been cocultured
with TCRMOC T cells. We observed a decrease in TNF-a, IFN-y,
and 11-12p70, whereas IL-4, IL-10 and, to a lesser extent, TGF-f
were increased when DC were pretreated with rHGF at 30 ng/mL
(Fig. 54). In a subsequent ASR assay, we analyzed intracellular
IFN-y and 1L-17 production in CD4" T cells by flow cytometry
and found that IL-17 production was inhibited when CD4* T cells
were cocultured with rHGF-treated DC. In contrast, there was
no change in T-cell production of IFN-y (Fig. 5B). Finally, the
expression of costimulatory surface molecules on DC (CD40,
CD80, CD86, and MHC class 11) was measured by flow cytometry
during ASR assays. Unlike CD80, CD86, and MHC class 1I, a
decrease in CD40 expression was observed under rHGF influence
and was reversed when DC were pretreated with the a-cMet
receptor antibody (Fig. S4).

HGF-Treated DC Induce Expansion of CD25'Foxp3* T, Cells in Vitro
with Increased IL-10 Production. Because with rHGF pretreatment
we observed a strong increase of IL-10 in both the spinal cord
of HGF-Tg mice and the DC plus T-cell culture supernatant
from ASR assays, we also examined by flow cytometry whether
rHGF-treated DC could promote the induction of CD25* FoxP3*
Treg cells, known to be the major IL-10-producing subtype of
T cells. Indeed, a strong increase in CD25* FoxP3* Treg cells was
observed when rHGF-treated DC, pulsed with MOG(35-35), were

A " ;"{”.” B .
i Hllz . . .
i, g H Fig. 3. Spinal cord inflammation of HGF-Tg mice is characterized by a Th2 bias
- and an increase in T, cells. (4) Inflammatory cells were isolated by Percoll
" pe o coite Coiie coe gradient from pooled spinal cords of HGF-Tg (n = 6) versus WT littermates (n = 5)

at EAE peak disease (dpi 25) and were stained for CD4, CD8, CD11b, and CD11c.

Bars show percentages of total cells. Spinal cord inflammatory cells were stained

further (B) for CD4-CD25 (histogram; percentage of total CD4* T cells) and CD4-
- CD25-FoxP3 (dot blots) or (C) for IL-17. (D) Spinal cord supernatants from HGF-Tg
mice and WT littermates (n = 3 per group) from a subsequent EAE were analyzed
by ELISA for cytokines. Shown are the mean + SEM of experiments performed in
triplicate. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (£) The increase of IL-10
detected by ELISA in the spinal cord of HGF-Tg mice at peak disease was con-
firmed by real-time PCR analysis. *, P < 0.05.
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Fig. 4. HGF inhibits in vitro CD11¢* DC function and T-cell activation
markers. (A) ASR assay performed with C57BL/6 CD11c* cells stimulated with
MOG(35-55) and coincubated with TCRMOS T cells. T-cell proliferation was
analyzed after CD11c” cells were pretreated with a-cMet-blocking antibody
or were |left untreated and then were preincubated with increasing con-
centrations of rHGF. **, P < 0.01; *** P < 0.001. (B) FACS staining for CD44
and CD62L coreceptors of CD4" T cells after CD11c* cells were preincubated
with rHGF (30 ng/mL) or were not preincubated. Results shown are the mean
of three to five independent experiments + SEM. *, P < 0.05; ***, P < 0.001.

cocultured with TCRMOY T cells (Fig. 5C). This effect was abro-
gated when DCwere pretreated with a-cMet antibody. Also, HGF
had no direct influence on CD4™" T cells (in contrast to IL-2 plus
TGF-B, which was used as positive control). Intracellular staining
performed during ASR assays showed an increase of IL-10 in
CD4*, CD4*CD25" (Fig. S5), and CD4*CD25 Foxp3™ T cells
(Fig. 5D) when DC were pretreated with rHGF. Again, this effect
was reversed by preincubation of DC with a-cMet antibody. In
addition, most IL-107CD25* T cells were TCRM9C T cells (TCR
Vp11*), demonstrating that MOG autoreactive transgenic T cells
could be skewed toward a less inflammatory profile by rHGF-
treated DC (Fig. 5D).

EAE Induced by Adoptive Transfer of TCRM®C T Cells Is Inhibited in
HGF-Tg Mice. To confirm our results further, we performed EAE
experiments with adoptive transfer of TCR™C T cells from 2D2
transgenic mice. EAE was inhibited significantly in HGF-Tg mice,
compared with WT littermates, before peak disease was reached
(dpi 15) (Fig. 6A4). At peak disease (dpi 23), analysis of spinal cord-
infiltrating inflammatory cells was performed by flow cytometry to
evaluate CD25" IL10-producing T cells as well as surface markers
of T-cell activation. The results showed a strong increase in the
CD25*IL10* T-cell population in HGF-Tg mice as compared
with WT mice (Fig. 6B). Analysis of T-cell activation markers at
EAE peak disease confirmed our previous in vitro data (ASR; Fig.
4B) by showing that spinal cord CD4* T cells were maintained ina
state of low activation (CD44"°“CD62L*) in HGF-Tg mice,
whereas CD4* T cells (CD44"#"CD621.") were activated mostly
in WT mice (Fig. 6C).

Discussion

HGF is a pleiotropic factor that acts by binding to the HGF
tyrosine kinase receptor, cMet (11). HGF and cMet are
expressed in brain-resident cells including neurons (24), mature
oligodendrocytes (21, 22), OPC (17, 18, 22), and microglia (19).
In addition to its neuroprotective effect, HGF is known to
influence inflammation. However, whether its global immuno-
modulatory effect is pro- or antiinflammatory is still unclear. On
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Fig. 5. HGF-treated DC induce a Th2 cytokine bias and CD25'FoxP3" Tyeq-

dependant IL-10 production but decrease IL-17. (4) ELISA analysis of cytokines
from ASR supernatant: TNF-a, IFN-y, and IL12p70 are decreased, whereas
TGF-B, IL-4, and IL-10 are increased. Results shown are mean + SEM of triplicate
experiments; rHGF added at 30 ng/mL. **, P < 0.01; ***, P < 0.001. (B) Intra-
cellularstaining of splenocytes from ASR experiments: CD4" T-cell-dependant
production of IL-17 was inhibited by rHGF-treated CD11c* cells. Figures are
representative of four independent experiments. (C) CD4* T cells were stained
for CD25-FoxP3 after CD11c* cells were treated with rHGF (30 ng/mL) or left
untreated. HGF-treated DC induce a strong increase in Tyq cells. The effect of
HGF on CD11¢" cells was inhibited by preincubation of CD11c¢* cells with
a-cMet-blocking antibody. HGF had no direct effect on CD4" T cells, but IL-2/
TGFp-treated CD4* T cells induced the production of CD25'FoxP3* T4 cells
(positive control). (D) IL-10 production (intracellular staining) was increased in
CD25*FoxP3™ T,eq cells and VBT1(TCRMOS) CD25 T cells when T cells were
cocultured with rHGF-treated CD11c" cells. This effect was inhibited when
CD11c” cells were preincubated with a-cMet-blocking antibody. Figures are
representative of four to six independent ASR experiments.

the one hand, HGF is known to increase adhesion and migration
of inflammatory cells of both the adaptive and the innate
immune system (27-29). On the other hand, several antiin-
flammatory effects of HGF have been described, including (i) a
Th2/T-helper cell type 3 (Th3) bystander deviation with increase
of TGF-p and IL-10 (33, 40), (&) inhibition of antigen-presenting
cell (APC) function (40, 41), (i) down-regulation of monocyte
chemotactic protein-1 (MCP-1) and regulated upon activation,
normal T cell expressed and secreted (RANTES) chemokines
(42), and (iv) blocking of NF-kB function (42). All these effects
could contribute to the protective action of HGF in EAE and/or
multiple sclerosis (43, 44).

Here we show that overexpression of HGF in the CNS of
transgenic mice inhibits the EAE clinical course by using two
different methods of disease induction: MOG immunization and
adoptive transfer of MOG-specific T cells. This finding is con-
firmed by histological observations that show a decrease of
inflammatory lesions as well as a lower level of demyelination
and axonal loss in HGF-Tg mice. Analyses by flow cytometry of
inflammatory cell phenotypes in the spinal cord show that the
total number of T cells and APCs was decreased in HGF-Tg
mice during EAE, with the exception of the T, cell population,
which increased. Of note, HGF was up-regulated exclusively in
the CNS and not in the systemic compartment, as demonstrated
by the absence of a significant influence of the transgene on spleen
cells. The reduction of CNS inflammation in HGF-Tg mice was
associated with a decrease of proinflammatory (Thl) cytokines
including TNF-a, INF-y, and IL12p70, whereas the antiin-
flammatory (Th2) cytokine 1L-10 was strongly increased. In vitro
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Fig. 6. EAE induced by adoptive transfer of TCRM®S-specific (2D2) T cells is
inhibited in HGF-Tg mice. Adoptive transfer of TCRMOC T cells in HGF-Tg mice
(n = 10) and WT littermates (n = 12). (4) EAE was inhibited in HGF-Tg mice
before peak disease was reached. Shown is the mean clinical score + SEM at
day 15 after adoptive transfer. *, P < 0.05. (B and C) Inflammatory cells
infiltrating the spinal cord of HGF-Tg mice and WT littermates (n = 5 per
group) at EAE peak disease (day 23 after adoptive transfer) were isolated by
Percoll gradient and stained by flow cytometry. (B) (Left) Representative dot
blots of CD25 and IL-10 analyses. (Right) CD25-dependent IL-10 production
was increased in the spinal cord of HGF-Tg mice (mean + SEM). **, P < 0.01.
(C) Staining for CD44 and CD62L coreceptors showed that CD4"* T cells in the
spinal cord of HGF-Tg mice were maintained in a low state of activation.
(Left) Representative dot blots of CD62L CD44 analyses on T cells. (Right)
Mean + SEM, n = 3 per group. *, P < 0.05.

assays (i.e., ASR) mimicking immune response during EAE with
DC stimulated by MOG with or without HGF and coincubated
with TCRMOC T cells demonstrated (i) inhibition of DC function
(including a decrease in costimulatory CD40 on DC and 1L12p70
secretion together with an inhibition of T-cell proliferation), (i7) a
cytokine Th2 bias similar to that detected in the spinal cord of
EAE mice, (i) induction of Foxp3™ T, cells with a high pro-
portion of IL-10-secreting cells, and (iv) inhibition of surface
markers of T-cell activation. All these effects were driven by
HGF-tolerized DC, and HGF had no direct effect on CD4* T
cells. In addition, the effects of HGF on DC were abrogated when
DCwere pretreated with blocking antibody directed against cMet,
the HGF receptor, thereby indicating that the observed effects
were related specifically to DC activation through the HGF-cMet
pathway. Finally, EAE experiments were repeated using adoptive
transfer of TCRMOC CD4* T cells, and the results confirmed that
inhibition of EAE in HGF-Tg mice is driven specifically through
an increase of IL-10-producing T,y cells and maintenance of T
cells in a low state of activation.

HGF has been shown previously to be protective in various
animal models of immune-mediated diseases such as myocarditis
(32, 33), glomerulonephritis (30, 34), inflammatory bowel disease
(35), collagen-induced arthritis (36), pulmonary fibrosis (37),
allogeneic heart transplantation (45), graft-vs.-host disease (46),
and asthma (47). According to these studies, HGF may amelio-
rate both Thl-type-dominated (33, 36) and Th2-type-dominated
(40, 47) autoimmune responses. Interestingly, a recent report
demonstrated that, in an experimental model of airway allergy,
HGF might repress DC function without up-regulation of IL-10
(40). In contrast, our data along with recent reports on murine
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models of cardiac transplantation (45) and autoimmune myo-
carditis (33) clearly show an HGF-dependant induction of both
Treg cells and 1L-10.

The HGF receptor cMet is not expressed on CD4* and CD8* T
cells but can be detected on APC including CD11b* monocyte-
macrophages and CD11c* DC. Of note, DC are the most efficient
APC and are crucial in the EAE model, because the presence of
DC alone is sufficient to present antigen in vivo to primed myelin-
reactive T cells and to mediate CNS inflammation and develop-
ment of clinical disease (43). Thus, a selective tolerization of DC
as demonstrated in the present report could be sufficient to
explain the inhibition of EAE. However, because cMet also is
expressed on other APC, we cannot exclude completely the pos-
sibility that the protective effect of HGF observed in EAE also
could be mediated by tolerized monocytes/macrophages.

Two plasminogen-related growth factors have been identified
so far: HGF and HGF-like/macrophage-stimulating protein
(HGFI/MSP) (48). The receptor for HGFI/MSP is a tyrosine
receptor kinase, recepteur d’origine nantais (RON) (49), closely
related to cMet, thereby suggesting a coevolution of these growth
factors and their receptors. Of note, mice lacking RON show an
exacerbation of symptoms during EAE, with overall worsened
disease severity, increased demyelination, axonal loss, and neu-
roinflammation (50). Hence, these data suggest that both HGF
and HGFI/MSP are protective in EAE.

In addition to its immunomodulatory effect, the role of HGF in
regulating the survival, the differentiation, and the promotion of
axonal outgrowth of various neuronal populations, including
sensory, sympathetic, and motor neurons, has been firmly estab-
lished (24). HGF is known to be a potent neuroprotective factor
and also is able to induce differentiation of OPC into new myelin-
forming cells (18). We recently demonstrated that HGF can be
produced by microglia under TGF-p stimulation and can act as a
chemotactic factor inducing migration of myelin-forming cells
(i.e., OPC) into demyelinated lesions (17). Given that c-Met is
expressed and phosphorylated in both OPCs and oligodendrocytes
(22) and that activation of caspase-3 in oligodendrocytes can be
attenuated by HGF application in the animal model of spinal cord
injury (21), we cannot exclude the possibility that the beneficial
effects of HGF overexpression in the CNS might be mediated
partially via the prevention of oligodendrocytic cell degeneration.
The importance of these mechanisms in the attenuation of EAE
lesions in HGF-Tg mice remains to be determined.

In conclusion, our data demonstrate that HGF is a strong
immunomodulator that inhibits EAE, a model of CNS auto-
immunity closely resembling multiple sclerosis. HGF is able to
induce tolerization of DC and to inhibit T-cell function at different
levels. Our data are in accordance with recent publications showing
that the immunomodulatory effects of HGF are mediated through
APC tolerization and induction of an antiinflammatory (Th2)
cytokine pattern (33, 40, 41). Along with the previous observations
that HGF is a strong neuroprotector (24) and potentially could
trigger remyelination (17, 18), our results suggest that HGF might
be a promising candidate for the development of treatments for
immune-mediated demyelinating diseases associated with neuro-
degeneration, such as multiple sclerosis.

Methods

Mice, Induction of EAE, and Isolation of CNS-Infiltrating Mononuclear Cells.
NSE-HGF-Tg mice were generously provided by H. Nakamura and T. Funa-
koshi (University of Osaka), and genotyping was performed as described (20).
The transgenic founder mice (C57BL/6) background) were bred with WT
C57BL/6J mice and backcrossed at least 15 times before EAE induction. 2D2
(TCRMOS) transgenic mice were generously provided by V. Kuchroo (Harvard
Medical School). All mice were bred in house under pathogen-free con-
ditions and were used at 8-10 weeks of age. Animal experiments were
approved by the local veterinary office (Geneva, Switzerland) according to
Swiss ethical regulations. For active immunization, female HGF-Tg mice and
WT littermates were immunized with MOG(35-55) as described (51). For
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adoptive transfer, spleen cells from TCRM transgenic mice were stimulated
with MOG(35-55) and IL-12p70 (R&D Systems) for 4 days. At day 5, CD4* T
cells were isolated and injected into recipient mice (7 x 10° cells per mouse).
Animals received pertussis toxin (300 ng per mouse) on days 0 and 2 after T-
cell transfer. Mice were assigned clinical scores daily as described (51). CNS
mononuclear cells were isolated as described (52).

ASR Assays and T-Cell Proliferation Assay. CD4" T cells and CD11c* cells were
selected from spleen cells using MicroBeads (Miltenyi Biotec) according to
the manufacturer’s protocol. DC were incubated with rHGF (eBioscience) (1-
100 ng/mL) for 24 h. As a negative control, DC were preincubated with anti-
cMet antibody (10 pg/mL; eBioscience). To examine the effect of HGF on Ag
presentation, DC were pulsed with MOG(35-55) (20 pg/mL). After washing
with PBS, DC (1 x 10°/mL) were cocultured with CD4* T cells (1 x 10%mL)
obtained from 2D2 (TCRM®®) transgenic mice. Proliferation assays were
performed as described elsewhere (43).

Methodologies are described in S/ Methods.
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Abstract

Recent studies provided evidence that chromogranins can
interact with mutant superoxide dismutase 1 (SOD1) and that
chromogranin B (CgB) may act as a susceptibility gene and
modifier of onset in amyotrophic lateral sclerosis (ALS). To
further investigate the role of chromogranins in ALS patho-
genesis, we generated SOD1%%"" mice that over-express
CgA under the control of Thy1 promoter. Here, we report that
neuronal over-expression of CgA in SOD1%%7? mice caused
acceleration of onset of motor impairment and exacerbation of

Amyotrophic lateral sclerosis (ALS) is a progressive adult-
onset neurodegenerative disorder characterized by loss of
motor neurons in the motor cortex, brainstem and spinal
cord. Approximately 10% of ALS cases are familial and 90%
are sporadic. For the vast majority of ALS cases, familial and
sporadic, the etiology remains unknown. The discovery of
missense mutations in the gene coding for the Cuw/Zn
superoxide dismutase 1 (SOD1) in subsets of familial cases
directed most ALS research to elucidating the mechanism of
SOD1-mediated disease (Rosen et al. 1993). To date, more
than 140 different mutations have been discovered in the
SODI1 gene that account for ~ 20% of familial ALS cases.
These mutations confer a gain of unidentified deleterious
properties (Gurney 1994). However, the exact mechanism of
disease remains unknown.

Chromogranins are soluble, acidic glycophosphoproteins
and are found in large dense core vesicles throughout the
endocrine and neuroendocrine system and in neurons from
the central and peripheral nervous system (Taupenot ef al.
2003; Helle 2004; Urushitani ef al. 2006; Schrott-Fischer
et al. 2009). Previous evidence suggests an involvement of
chromogranins in neurodegenerative diseases (Nishimura
et al. 1994; Marksteiner et al. 2000; Rangon et al. 2003).
In sporadic ALS patients, the staining pattern of chromo-
granin A (CgA) is altered in motor neurons and it is co-
localized with SOD1 immunopositive aggregates (Schiffer
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motor neuron degeneration. The use of monoclonal antibody
specific to misfolded mutant SOD1 demonstrated a higher
level of misfolded SOD1 species in double transgenic mice
compared to SOD1%%"R mice, suggesting a stabilization of
pathogenic SOD1 species by excess CgA. These results
suggest a role of chromogranins as modulators of disease
onset in ALS pathogenesis.

Keywords: amyotrophic lateral sclerosis, chromogranins,
degeneration, motor neuron, mutant SOD1, transgenic mice.
J. Neurochem. (2010) 115, 1102-1111.

et al. 1995; Schrott-Fischer et al. 2009). In addition, a CgB
gene sequence variation was found to be a risk factor and
modulator of disease onset in sporadic and familial ALS
(Gros-Louis et al. 2009). Recently it has been shown that
chromogranin transcripts are dramatically up-regulated
when the expression of transactive response DNA-binding
protein 43, a protein implicated in transcriptional repression
and mRNA processing, is down-regulated (Fiesel ef al.
2010).

We recently reported that the neurosecretory proteins CgA
and CgB can specifically interact with SOD1 mutants to
mediate secretion. Moreover, extracellular mutant SODI
proteins activate microglia and induce motor neuron death
in culture (Urushitani ef @l 2006; Zhao et al. 2009).
Furthermore, we reported that monomeric SOD1 can be
translocated into vesicles of the endoplasmic reticulum-Golgi
system and that microsomes are the predominant cellular site
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of aggregation of mutant SOD1 (Urushitani er al. 2008).
Taken together, these findings suggest that chromogranin-
mediated secretion of mutant SOD1 may contribute to ALS
pathogenesis.

To further investigate the in vivo implication of chromog-
ranins in ALS caused by mutant SOD1, we generated and
analyzed SOD1%*"® mice that over-express CgA transgene
selectively in neurons (TCgA;SODI G37R). Here, we report that
neuronal over-expression of CgA accelerated disease onset
and motor neuron degeneration in SOD1%™ mouse model.

Materials and methods

Antibodies

Antibodies used in immunoblotting, immunohisto- and immunofiu-
orescence include anti-HA (3F10; Roche, Basel, Switzerland),
anti-human SOD1 (SODI100; Stressgen, Victoria, BC, Canada),
anti-actin (MAB1501; Chemicon, Temecula, CA, USA), anti-Ibal
(Wako, Richmond, VA, USA), anti-Mac-2 (galactose-specific lectin;
TIB-166; ATCC, Manassas, VA, USA), anti-glial fibrillary acidic
protein (MAB360; Chemicon and Z0334; Dako, Glostrup, Den-
mark), anti-NFM (clone NN18, Chemicon), SV2 (Developmental
Studies Hybridoma Bank, University of lowa, lowa, USA) and
synaptophysin (Dako) antibodies. We also used mouse monoclonal
antibody against mutant SOD1 (clone B8H10), generated in our lab
(Gros-Louis er al. 2010). B8HIO0 antibody exhibited selective
reactivity for mutant SOD1 species (G93A and G37R) with no
reactivity with wild type SODI, as shown by immunoprecipitation
analysis (Fig. 5a).

Animals

Transgenic mice

The DNA construct used to produce mice expressing chromogranin
A gene under the control of human Thy1 gene promoter was derived
as follows. The human Thy! vector included the promoter, the first
exon, the first intron, and the complete 5" non-coding region of the
second exon of the human Thyl gene subcloned upstream of a
Hindl1l site in the multicloning cassette of pBluescript SK (Beaulieu
etal. 1999). A 2 kb CgA-HA fragment was obtained by the
NgoMIV-EcoRV digestion of a pcDNA3 plasmid containing the
full-length murine gene encoding CgA fused to hemaglutinin (HA)
coding sequence (Urushitani ef al. 2006). This fragment was
subcloned into the Hindlll site of the human Thyl vector. The
resulting construct (TCgA) included the human Thyl gene
regulatory sequences followed by the complete coding sequence
of mouse CgA gene coupled with HA. TCgA construct was then
isolated from vector sequences by digestion with Pvul and Nofl
restriction enzymes. The resulting 5.6 kb linear DNA fragment was
microinjected into one-cell mouse embryos of C57BL6/C3H genetic
background. The genomic integration of the transgene was
confirmed by Southern blot analysis from mouse tail DNA, as
described below.

The SOD1%*"® (line 29) transgenic mice were a gift from Drs. P.
Wong and D. Price from Johns Hopkins University (Baltimore, MD,
USA) and have been maintained as C57BL/6 in our laboratory.
Double transgenic mice over-expressing CgA and mutant
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hSOD1%*7® (TCgA;SOD1%7®) were derived by breeding mice
hemizygous for TCgA and SOD1%*"® transgenes.

Analvsis of disease onset and survival

Disease course was monitored by a temporal profile of body weight
and hindlimb extension reflex once a week using both male and
female mice (Urushitani et al. 2007). Briefly, mice were suspended
by the tail and the extent of hindlimb extension was evaluated as
follows: a score of 3 corresponds to normal extension, 2 corresponds
to the extension of only one hindlimb and 1 corresponds to absence
of hindlimb extension reflex. Disease onset was determined as the
time when mice reached their peak body weight before the
denervation-induced muscle atrophy and weight loss (Boillee et al.
2006; Yamanaka et al. 2008; Lobsiger et al. 2009). End-stage was
defined as the time at which mouse could not right itself within 30 s
when placed on its side.

Pre-symptomatic, onset and symptomatic mice refer to 180, 300,
and 330 days, respectively. The survival data were analyzed by the
Kaplan-Meier life span test and Logrank test (n =33 for
TCgA;SODI®™® mice and n =27 for SODI%™ mice). The
statistical significance of the mean onset of TCgA;SODlC'37R was
analyzed by Logrank test. The use and maintenance of the mice
described in this article were performed in accordance with the
Guide of Care and Use of Experimental Animals of the Canadian
Council on Animal Care.

Southern blot analysis and PCR

A PCR-amplified fragment of the TCgA construct was used as a
900 bp probe. Genomic DNA extracted from mouse tails was
digested with BamHI and analyzed according to standard Southern
blotting methods (Couse et al. 1994). The probe detected a 1.3 kb
band in TCgA transgenic mice and no band in wild type mice.
TCgA;SOD1%™® mice were then genotyped by two sets of PCR
primers for TCgA and SOD1%*7® transgenes. The sequences of
primers are shown in Table S1.

Immunoblotting and immunoprecipitation of spinal cord tissue
lysates

Spinal cord and liver tissues (» = 3) were homogenized in TNG-T
buffer consisting of 50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 10%
Glycerol and 1% Triton-X100 with protease inhibitor cocktail
(Roche). Protein concentration was determined by the Bradford
method (Bio-Rad, Hercules, CA, USA).

Proteins were denatured by sodium dodecyl sulfate (SDS)
sampling buffer containing 10% 2-mercaptoethanol for 5 min at
95°C and were separated by SDS—polyacrylamide gel electropho-
resis (PAGE), followed by transfer onto polyvinylidene difluoride
membrane (PerkinElmer, Wellesley, MA, USA). Target proteins
labelled by primary and peroxidase-conjugated secondary anti-
body were visualized by chemoluminescent kit (PerkinElmer).
For immunoprecipitation study, 300 pg of protein lysates were
incubated with 30 uL of Dynabeads® Protein G (Invitrogen,
Carlsbad, CA, USA) coupled with mouse monoclonal antibody
against mutant SOD1 (Urushitani et al. 2007), overnight at 4°C.
Immunoprecipitates were eluted in 4% SDS sampling buffer,
separated by SDS-polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membrane for western blot
analysis.
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Tissue collection and in situ hybridization

Mice were anesthetized and transcardially perfused with 0.9% NaCl
and fixed with 4% paraformaldehyde (PFA) pH 7.4. Spinal cord,
brain, gastrocnemius muscles were dissected, post-fixed in 4% PFA
pH 7.4 and then placed in phosphate-buffered saline (PBS)-sucrose
20%. Spinal cords were cut on microtome (Leica, Richmond Hill,
ON, Canada) in 25 pum sections.

In situ hybridization procedures using S** cRNA probes were
performed as described previously (Laflamme ez al. 1999; Nguyen
et al. 2001; Urushitani et al. 2006), using CgA probes correspond-
ing to the total CgA cDNA. Dark field images of sections of the
lumbar spinal cord were used for quantification of CgA over-
expression within the gray matter (Figure S1). Images threshold
range was set from 1 to 255 and integrated intensity measurement
was used to quantify grayscale intensity values of CgA mRNA
signal particles using MetaMorph® software (Molecular Devices
Inc., Sunny Vale, CA, USA).

immunohistochemistry and evaluation of gliosis

For immunohistochemistry, spinal cord sections were treated with
0.6% H,0, to inactivate the endogenous peroxidase, and then
incubated in the blocking buffer (5% goat serum and 0.25% of
Triton-X 100 in PBS) before immunoreaction. The primary antibod-
ies used in this study were rat monoclonal anti-HA (1 : 200), mouse
monoclonal anti-GFAP (1 : 1000) and rat monoclonal anti-Mac-2
(1 : 500). Immunoreaction with primary antibodies was done
overnight at 20°C. Slices were then washed and incubated for
90 min at 20°C with corresponding secondary biotinylated antibody
(1:750) in blocking solution. After washing, sections were
incubated in ABC complex 1 h at 20°C (Vectastain ABC Kit;
Vector Laboratories, Burlingame, CA, USA). Staining was devel-
oped by incubating the samples in 3’,3’-diamino benzidine
tetrachloride solution (substrate kit Vector SG, Vector Laboratories,
Burlington, ON, Canada). Tissue samples were counter-stained with
hematoxylin (Sigma, St Louis, MO, USA), dehydrated in graded
concentration of EtOH and xylene, and coverslipped with DPX
(Electron Microscopy Sciences, Fort Washington, PA, USA). The
number of Mac-2 positive cells was quantified as described
elsewhere (Gowing ef al. 2008). For GFAP quantification, we
performed immunofluorescence on lumbar spinal cord sections from
animals at 330 days of age using polyclonal rabbit anti-GFAP
(1:750) (Dako). The average intensity of GFAP signal was
analyzed using MetaMorph® software.

immunofluorescence and neuromuscular junction staining

Tissue sections were washed in potassium phosphate buffer saline,
blocked with 4% goat serum, 0.25% Triton-X100 in potassium
phosphate buffer saline and then incubated overnight at 20°C with
primary antibody in solution containing 1% goat serum and 0.25%
Triton-X100 in potassium phosphate buffer saline. Slices were
washed and incubated for 90 min with secondary antibody (Alexa
fluor, Invitrogen) diluted I :250. Sections were mounted and
coverslipped with Fluoromount G (Cedarlane, Burlington, ON,
Canada). For monitoring the neuromuscular junctions, 25 pm
gastrocnemius muscle sections were incubated ovemight in 0.1 M
glycine in PBS at 20°C, and then stained with Alexa Fluor 594-
conjugated o-bungarotoxin (1 : 1000, Molecular Probes, Eugene,
OR, USA/Invitrogen detection technologies) diluted in 3% bovine
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serum albumin in PBS overnight at 20°C. After washing in PBS, the
muscles were blocked in 3% bovine serum albumin, 10% goat
serum and 0.5% Triton-X100 in PBS for 6 h at 20°C. Muscles were
then incubated with mouse anti-neurofilament antibody 160 kDa
(1 : 2000, clone NN18, Chemicon), mouse synaptic vesicle anti-
body SV2 (1 : 15, DSHB, University of lowa, lowa, USA) and
rabbit anti-synaptophysin (1 : 15, Dako) in the same blocking
solution overnight at 20°C. After washing in PBS, muscles were
incubated with Alexa Fluor® 488 anti-mouse IgG (1 : 500) and
Alexa Fluor® 488 anti-rabbit IgG (1 : 250) (Invitrogen), in blocking
buffer for 3 h at 20°C. Muscles sections were washed in PBS and
finally coverslipped with Fluoromount G (Cedarlane). Total or
partial co-localization of a-bungarotoxin with SV2/Synaptophysin/
NF-M markers characterizes innervated end-plates and intermediate
end-plates, respectively. Whereas, o-bungarotoxin staining alone
stands for denervated end-plates. Innervation state was then turned
into percentage for statistical analyses.

Morphometric analysis

L5 roots were dissected after perfusion with 4% PFA and then post-
fixed in 3% glutaraldehyde. Samples were stained with 2% osmium
tetroxide in NaHPO,4 0.1 M for 2 h at 20°C, and then dehydrated in
EtOH-acetone. The final dehydration was performed 1 h 20°C with
50% epoxy resin in acetone. Ventral and dorsal roots were properly
separated and embedded in epoxy resin at least 2 h 20°C before
overnight incubation at 60°C. Resulting blocks were cut in I pm
semithin sections, stained with toluidine blue and examined by light
microscopy. The quantification of L5 ventral root axons was done
with the use of MetaMorph® software.

Lumbar spinal cord sections were Nissl stained with thionin.
Motor neurons were identified on the basis of their correct location,
size (spinal cord ventral horn; laminae IX) and distinct nucleolus.
Measurement was performed at the ventral side of a line drawn
through the central canal of the anterior horn (Gowing et al. 2008).

Sex, group size and statisticai tests

Because males and females yielded similar results, the groups
consisted of ~ 50% males and ~ 50% females. We used the following
group size and statistical tests: for body weight and hindlimb
extension reflex (n = 8 for each group; unpaired #-test), survival
(n = 27 and 33; Logrank test), end-plate denervation (n = 4; two-way
ANOVA), motor axon degeneration (n = 4; unpaired #-test), motor
neuron loss (n =4; unpaired z-test), immunoprecipitation (n = 4;
unpaired #-test), immunohistochemistry (n = 4; unpaired #-test).

Resuits

Generation of transgenic mice with neuronal over-
expression of CghA

Transgenic mice with neuron-specific over-expression of
CgA (TCgA mice) were generated by microinjecting a Thy-
CgA construct into one cell embryos (Fig. 1a and b). A total
of eight founders bearing the Thyl-CgA transgene were
obtained. The expression of CgA in the nervous tissues of
transgenic mice was investigated by in sifu hybridization
using antisense probe for CgA and by immunohistochemistry
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