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Bacillus Calmette-Guerin Vaccine-Mediated
Neuroprotection Is Associated With
Regulatory T-Cell Induction in the
1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine
Mouse Model of Parkinson’s Disease

Goran Laéan,' Hoa Dang, Blake Middleton,' Marcus A. Horwitz,’ Jide Tian,'

William P. Melega,' and Daniel L. Kaufman'*

"Department of Molecular and Medical Pharmacology, the David Geffen School of Medicine at UCLA,

Los Angeles, California

*Department of Medicine, the David Geffen School of Medicine at UCLA, Los Angeles, California

We previously showed that, in the 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) mouse model of Par-
kinson’s disease (PD), vaccination with bacillus Calmette-
Guerin (BCG) prior to MPTP exposure limited the loss of
striatal dopamine (DA) and dopamine transporter (DAT)
and prevented the activation of nigral microglia. Here, we
conducted BCG dose studies and investigated the mech-
anisms underlying BCG vaccination’s neuroprotective
effects in this model. We found that a dose of 1 X 10° cfu
BCG led to higher levels of striatal DA and DAT ligand
binding (28% and 42%, respectively) in BCG-vaccinated
vs. unvaccinated MPTP-treated mice, but without a sig-
nificant increase in substantia nigra tyrosine hydroxylase-
staining neurons. Previous studies showed that BCG can
induce regulatory T cells (Tregs) and that Tregs are neuro-
protective in models of neurodegenerative diseases.
However, MPTP is lymphotoxic, so it was unclear
whether Tregs were maintained after MPTP treatment
and whether a relationship existed between Tregs and
the preservation of striatal DA system integrity. We found
that, 21 days post-MPTP treatment, Treg levels in mice
that had received BCG prior to MPTP were threefold
greater than those in MPTP-only-treated mice and ele-
vated above those in saline-only-treated mice, suggest-
ing that the persistent BCG infection continually
promoted Treg responses. Notably, the magnitude of the
Treg response correlated positively with both striatal
DA levels and DAT ligand binding. Therefore, BCG
vaccine-mediated neuroprotection is associated with
Treg levels in this mouse model. Our results suggest that
BCG-induced Tregs could provide a new adjunctive ther-
apeutic approach to ameliorating pathology associated

with PD and other neurodegenerative diseases. © 2013
Wiley Periodicals, Inc.
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response; T cells
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During the progression of Parkinson’s disease (PD),
oxidative stress and other insults promote the degenera-
tion of dopaminergic neurons in the substantia nigra pars
compacta (SNpc; Dauer and Przedborski, 2003; Hirsch
and Hunot, 2009; Qian et al., 2010). Several treatments
can temporarily ameliorate the symptoms of PD, but
none can slow the degeneration of dopaminergic neurons.
Therefore, the discovery of new therapies that can
preserve dopaminergic neurons or their functional
capacity would be of great significance for PD disease
management.

Numerous studies have shown that vaccination with
CNS antigens can induce autoreactive T-cell responses
that home to sites of injury in the CNS and inhibit neu-
ronal degeneration in different models of neurological dis-
eases and injury (for review see Schwartz and Cohen,
2000; Nevo et al., 2003). In the course of these studies,
we and other investigators have noted that vaccination
with complete Freund’s adjuvant (CFA) alone can have a
neuroprotective effect (Benner et al., 2004; Jones et al.,
2004; Kurkowska-Jastrzebska et al., 2005; Armentero
et al., 2006; Yong et al., 2011). The major immunogenic
component in CFA is heat-killed Mycobacterium tuberculo-
sis. Bacille Calmette-Guérin (BCG) is an attenuated live
bovine tuberculosis bacillus that is closely related to
M. tuberculosis and is used in live vaccines against tubercu-
losis in humans. We therefore tested whether BCG

Contract grant sponsor: Michael J. Fox Foundation.

*Correspondence to: Daniel Kaufman, Department of Molecular and
Medical Pharmacology, UCLA School of Medicine, University of
California, Los Angeles, Los Angeles, CA 90095-1735. E-mail:
dkaufman@mednet.ucla.edu

Received 31 January 2013; Revised 17 April 2013; Accepted 23 April
2013

Published online 1 August 2013 in Wiley Online Library
(wileyonlinelibrary.com). DOI: 10.1002/jnr.23253



vaccination was neuroprotective in the 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse
model. We found that mice vaccinated with BCG prior
to MPTP treatment had higher levels of (DA) and dopa-
mine transporter (DAT) ligand binding in the striatum
than unvaccinated MPTP-treated mice and that BCG
vaccination blocked the MPTP-induced increase in acti-
vated microglia in the substantia nigra (Yong et al., 2011).
Because BCG has a well-established safety profile in
humans, it is an excellent candidate for potential use as
adjunctive therapy in those newly diagnosed with PD.
We therefore wanted to learn more about the potential
impact of BCG dose on the preservation of dopaminergic
function in the MPTP model and the mechanisms by
which BCG vaccination confers its neuroprotective effect
in this model.

Mycobacterium  tuberculosis (TB) infection and BCG
vaccination have long been known to induce strong
proinflammatory T-cell responses. More recently, both
M. tuberculosis and BCG have been shown also to induce
anti-inflammatory T cell responses, particularly Tregs,
which limit inflammatory responses and tissue damage
during persistent infection (Guyot-Revol et al., 2006;
Ribeiro-Rodrigues et al., 2006; Scott-Browne et al.,
2007; Jaron et al., 2008; Li and Shen, 2009; Fedatto et al.,
2012). Tregs can suppress the activation and cytokine
production of macrophages and microglial cells and have
been associated with neuroprotection in some models of
neurodegenerative disease (Reynolds et al., 2007, 2010;
Walsh and Kipnis, 2011). Additionally, Tregs appear to
have beneficial effects in amyotrophic lateral sclerosis
(ALS) patients (Beers et al., 2011; Henkel et al., 2013).
However, because MPTP is lymphotoxic (Benner et al.,
2004), previous studies of Treg mediated-neuroprotection
in the MPTP mouse model have utilized Tregs that were
adoptively transferred from mice that had not received
MPTP (Reynolds et al., 2007, 2010; Beers et al., 2011).
It was therefore unclear whether Tregs would be main-
tained in BCG-vaccinated mice after MPTP treatment
and whether Treg levels would be associated with BCG
vaccination’s neuroprotective eftects. Alternatively, it was
possible that BCG’s beneficial effects could be due to the
induced immune responses altering DA metabolism or
inhibiting the conversmn of MPTP to its neurotoxic
metabolite MPP*

The present study examines the impact in MPTP-
treated mice of BCG vaccination dose on striatal DA lev-
els and DAT ligand binding as Well as on the number of
tyrosine hydroxylase-positive (TH ) cells in the SNpc.
We also assessed BCG treatment’s eftect on the levels of
DA and serotonin (5-HT) and their metabolites in strla—
tum as well as on the conversion of MPTP to MPP™"
Finally, we examined BCG Vaccmatlons effect on the
number of splenic CD4 "Foxp3™ Tregs in MPTP-treated
mice and whether Treg levels were associated with DA
and DAT ligand binding levels in individual mice. The
results suggest that BCG-induced Tregs could provide a
new therapeutic approach to ameliorate pathology associ-
ated with PD.
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MATERIALS AND METHODS
Mice
Male C57Bl/6] mice were purchased from the Jackson
Laboratory (Bar Harbor, ME) and were housed in a specific-

pathogen-free facility. All studies were approved by the UCLA
Chancellor’s Animal Research Committee.

Vaccination With BCG Prior to MPTP Treatment
and Tissue Sampling

Freeze-dried BCG (TheraCys; Sanofi Pasteur, Swift-
water, PA) made from the Connaught BCG strain was reconsti-
tuted with the accompanying diluent, which contains 0.85%
w/v sodium chloride, 0.025% w/v polysorbate 80, 0.06% w/v
sodium dihydrogen phosphate, and 0.25% w/v disodium
hydrogen phosphate. Mice (8—10 weeks in age) were random-
ized and vaccinated intraperitoneally (i.p.) with saline (control)
or 1 or 6 X 10° colony-forming units (cfu) BCG. Ten days
after saline or BCG vaccination, mice were injected 1.p., with
18 mg/kg MPTP-HCI for 5 consecutive days as previously
described (Meredith et al., 2008a,b; Yong et al., 2011). The
mice were killed by decapitation 21 days after the last MPTP
treatment (36 days after BCG vaccination). Their brains were
removed, placed in a mouse brain mold on ice, and sectioned
into 1-mm blocks beginning from the anterior pole of cortex
and proceeding caudally for ~4 mm. Left and right striatal tis-
sues were dissected out from three consecutive blocks on an
ice-cold stainless-steel plate to provide two samples for analysis,
which were immediately frozen in dry ice and stored at
—80°C. The entire midbrain containing the substantia nigra
was postfixed in 4% paraformaldehyde for 24 hr at 4°C and
then transferred into 30% sucrose/PBS. Spleens were also
removed immediately following sacrifice, and mononuclear
cells were isolated for FACS analysis.

HPLC-EC Analysis of DA Content

Striatal samples from individual mice were homogenized
in 0.5 ml ice-cold 0.2 M HCIO, containing 0.15% (w/v)
Na,S$,05 and 0.05% (w/v) Na,EDTA and centrifuged at
10,000¢ for 15 min at 4°C. The supernatants were collected
and filtered through a 0.2-pum polytetrafluoroethylene filter. A
20-pl aliquot of the filtrate was analyzed for DA and 5-HT
and their metabolites, 3-O-methyldopamine (3-O-Me dopa-
mine), 3,4-dihydroxyphenylacetic acid (DOPAC), homovanil-
lic acid (HVA), and 5-hydroxyindoleacetic acid (5-HIAA), by
HPLC-EC in a blinded manner and normalized to striatal pro-
tein as described previously (O’Neil et al., 2006; Yong et al.,
2011).

WIN Binding Assays

The DAT ligand binding levels in individual striatal sam-
ples were determined by [PH|WIN 35,428 (WIN; 87.0 Ci/
mmol; Perkin Elmer Life Sciences, Boston, MA) binding assay,
as described previously (O’Neil et al., 2006; Yong et al., 2011).
Briefly, one portion of striatal sample was homogenized in bind-
ing buffer (20 mM sodium phosphate bufter, pH 7.4, 0.32 M
sucrose) and centrifuged at 100,000¢ for 30 min, resuspended
and respun. The pelleted proteins were resuspended in binding
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bufter, and, after quantification of protein concentrations, indi-
vidual samples were incubated in triplicate with 5 nM ["HJWIN
35,428 at 0—4°C for 90 min (30 UM cocaine was used for non-
specifics), collected on filter paper, and analyzed by scintillation
counting on a beta counter.

Histology and Stereological Analysis of TH" Cells in
the Substantia Nigra Pars Compacta

Methods for immunostaining and quantitation of TH™ neu-
ron cell bodies in the SNpc followed similar protocols that we
(Harvey et al., 2000) and others have previously described (Yoles
and Schwartz, 1998; McCormack et al., 2002). For an initial
analysis that might have revealed positive trends for a BCG neuro-
protective effect, we selected subsets of MPTP- and BCG/
MPTP-exposed midbrains (n = 4 per group) within their cohorts,
based on their lowest and highest striatal DA levels, respectively.

Coronal sections (40 pm) of midbrain were obtained, and
every tenth serial section was stained in 0.5% cresyl violet for
anatomical determination of the SNpc region. Every fourth
section in the region of SNpc was then stained for immunohis-
tochemistry. The sections were first rinsed in PBS, and then
endogenous peroxidases were blocked by incubation in 10%
methanol/3% H,O,/PBS. Free-floating sections were preincu-
bated at room temperature for 1 hr in 0.1 M PBST-azide (0.3%
Triton X-100-PBST, 0.1% sodium azide) with 3% normal rab-
bit serum (Jackson Immunoresearch Laboratories, West Grove,
PA) and then overnight in 0.1 M PBST-azide with 1.5% nor-
mal rabbit serum and the primary antibody, polyclonal sheep
anti-TH (1:1,000; PelFreez, Rogers, AR). On the following
day, sections were washed in PBS and then incubated at room
temperature for 90 min in 0.1 M PBST with the secondary
antibody, biotinylated rabbit anti-sheep IgG (1:200; Vector,
Burlingame, CA) and 1.5% normal rabbit serum. After PBS
rinses, sections were incubated at room temperature for 90 min
in PBS/avidin-biotin complex (ABC method; 1:200; Vector)
and visualized after 5-10 min of incubation in 0.02% 3,3'-
diaminobenzidine tetrachloride (Sigma, St. Louis, MO) and
0.0015% H,O, in 50 mM Tris buffer, pH 7.5, counterstaining
with 0.06% pyronin Y for 20 min. For control sections,
removal of the primary antibody step was followed by all
remaining steps in the immunostaining protocol.

For stereological analysis of the TH" neurons in the
SNpc, coronal sections were selected that anatomically corre-
sponded to the midbrain region between coordinates bregma
—2.46 to —4.04 (Paxinos and Franklin, 2003). The number of
TH™ neurons in the entire SNpc was determined using unbiased
stereological methods (West et al., 1991; West, 2002) with Ster-
eolnvestigator software (MicroBrightField, Colchester, VT) and
an Olympus BX-60 microscope equipped with a motorized
stage (Ludl Electronic Products, Hawthorne, NY). Briefly, the
SNpc was viewed and delineated on each section at X4; a scan
grid of 250 X 250 pm was placed onto its contour to define the
counting area. A 100 X 100 pm counting frame was randomly
placed on the counting area, which was then systematically
sampled. The counting of TH™ cell bodies was performed with
a X40 objective. After sampling of the SNpc midbrain region
(10-12 sections), the optical fractionator formula was used to
estimate the total number of TH ' neurons in the analyzed brain

volume. This protocol allowed for coefficient of error (CE) for
the estimated cell number of <0.09 (usually 0.04-0.07).

Quantification of Levels of MPP"* in Mouse Brain

Animals (n =4 per group) received either saline or 6 X
10° cfu BCG, i.p., and after 10 days were injected with 18 mg/
kg MPTP-HCI, 1.p. At 90 min post-MPTP, all animals were
euthanized. This time foint was previously shown to have
maximal levels of MPP™" after MPTP injection. Formation of
MPP™ was quantified by HPLC according to a published pro-
tocol (Jackson-Lewis and Przedborski, 2007).

Briefly, the brain was extracted and placed in ice-cold saline
for 1 min. The brain was cut in a chilled brain matrix into 1-mm-
thick blocks, from which striatum was dissected. Striatal tissue was
weighed (wet weight) and frozen in dry ice until analyzed. The
tissue was sonicated in 1:10 w/v 5% trifluoroacetic acid with 20
pg/ml 4-phenylpyridine (4PP) as an internal standard. The sus-
pension was centrifuged for 15 min at 14,000 rpm, and the super-
natant was filtered through a 0.2-pm Teflon syringe filter and
analyzed by HPLC: 100 pl loop, column Luna 5 pm C18(2) 150
X 4.6 mm column (Phenomenex, Torrance, CA), UV detection
at 295 nm, mobile phase 50 mM potassium phosphate buffer, pH
3.1/acetonitrile (9:1, v/v), flow rate 1.4 ml/min. MPP" and 4PP
were identified and quantified based on retention times corre-
sponding with MPP ™ and 4PP standards.

Treg Assay

At the time of sacrifice, splenic mononuclear cells were
isolated and 1 X 10° cells/tube were blocked (in duplicate)
with anti-CD16/32 on ice for 20 min and stained with fluores-
cein isothiocyanate (FITC)-anti-CD4 or isotype control (BD
PharMigen, San Diego, CA) for 25 min. Subsequently, the cells
were fixed and permeabilized according to the manufacturer’s
instructions (Biolegend, San Diego, CA). After being washed,
the cells were stained with PE-anti-Foxp3 or isotype control
(Biolegend) and analyzed on a FACScan analyzer in CellQuest
software (BD Biosciences, San Jose, CA). The cells were first
gated on living cells, and the frequency of CD4 Foxp3 ™' and
CD4" T cells was analyzed. Finally, the number of splenic
CD4 Foxp3™ Tregs in individual mice was calculated as the
percentage of Tregs X total number of mononuclear cells.

Statistical Analysis

All values are expressed as group mean = SEM. Differen-
ces among groups were analyzed by one-way ANOVA with
Bonferroni corrections for specific group comparisons. A f-test
was used for analysis of TH ™ cell counts in the SNpc; P< 0.05
was considered statistically significant.

RESULTS
Vaccination With a Lower Dose of BCG Still
Preserves Striatal DA and DAT

In our previous study, we vaccinated mice with
BCG (20 X 10° cfu BCG) 10 days before MPTP treat-
ment, because the acute toxicity of MPTP rapidly indu-
ces dopaminergic cell loss and activation of SNpc

Journal of Neuroscience Research



microglia, and it takes at least 10 days to mount vigorous
immune responses to BCG in naive mice (Yong et al.,
2011). We observed that vaccination with BCG prior to
MPTP treatment led to 16% higher levels of DA and
26% higher levels of DAT ligand binding in striatum
when measured 21 days after the last MPTP treatment
than in unvaccinated MPTP-treated controls (Yong
et al., 2011). Here, we tested whether vaccination with
lower doses of BCG relative to those used in our prior
study could still provide neuroprotective effects.
C57BL/6 mice were randomized into groups that
recelved saline (alone), MPTP alone, or either 1 or 6 X
10° ¢fu BCG 10 days prior to MPTP treatment.
Twenty-one days after the last MPTP treatment, we
found that the levels of DA in the striatum of unvacci-
nated MPTP-treated mice were about 40% of those in
the saline-treated mice (Fig. 1A). The levels of striatal
DA in mice receiving either 1 or 6 X 10° BCG prior to
MPTP treatment were about 28% higher than those in
unvaccinated MPTP-treated mice (Fig. 1A), a statisti-
cally significant difference (P < 0.05).

Next, we determined the striatal DAT levels using a
DAT ligand (WIN) binding assay. We found that the
level of DAT ligand binding to strlatal homogenates from
mice treated with 1 or 6 X 10° cfu BCG was 23% and
42% higher, respectively, than that in striata from unvac-
cinated MPTP-treated mice (P<0.05, and P<0.01,
respectively; Fig. 1B). These studies confirm our prev1ous
findings and suggest that BCG doses of 1-6 X 10° cfu
BCG may have greater beneficial effects than the 20 X
10° cfu dose used in our initial study. In add1t1onal stud-
ies, we found that a lower dose of 1 X 10 cfu BCG was
not neuroprotectlve (data not shown). Thus, a dose of 1—
6 X 10° cfu BCG appears to be optimal in our model.

Stereological analysis revealed that the number of
TH" cells in the SNpc of BCG-vaccinated animals
increased by an average of 5.6% compared with that in
the mice injected with MPTP alone (7,814 =735 vs.
7,398 £ 692, respectively), although this difference was
not statistically significant (Fig. 2; n =5 mice/group).
This finding is similar to that from our previous study
(Yong et al., 2011) and suggests that BCG-induced
immune responses primarily preserve the contents of DA
and DAT in the striatum of mice.

BCG Vaccination Does Not Alter Striatal Levels
of DA and 5-HT or Their Metabolites or the
Metabolism of MPTP

BCG vaccination induces inflammatory responses,
and the associated cytokines may alter metabolism in
some organs. Accordingly, we evaluated in striatum
whether BCG vaccination itself leads to alterations in lev-
els of DA and 5-HT and their metabolites or in the con-
version of MPTP to its neurotoxic metabolite MPP™ that
might have confounded interpretation of the neuropro-
tective effects of BCG vaccination.

To determine potential effects of BCG vaccination
on DA and 5-HT contents and their metabolites, 10-
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Fig. 1. BCG vaccination partially preserves DA and DAT-ligand bind-
ing levels in MPTP-treated mice. Mice were vaccinated with BCG (1
or 6 X 10° cfu) or received saline prior to MPTP treatment. A con-
trol group received only saline. Twenty-one days after the last dose of
MPTP, we analyzed DA levels (A) and [*’H]WIN-35,428 binding (B)
in striatal homogenates from individual mice. Symbols represent indi-
vidual mice in each group, and horizontal bars show mean for each
group. N = 8-10 mice/group. *P < 0.05, ***P < 0.001 vs. unvacci-
nated MPTP-treated mice, TP <0.001 relative to the saline-treated
group, by one-way ANOVA.

week-old mice were administered either saline or 1 X
10° cfu BCG, ip. Twenty-one days later, the animals
were sacrificed. HPLC-EC analysis of striatal homoge-
nates showed that BCG-induced immune responses did
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Fig. 2. Stereological analysis of midbrain TH* cell counts. The num-
bers of TH™ cells in the midbrain regions were determined using ster-
eological analysis. Bars show mean for each group.

not significantly change striatal levels of DA, 3-O-Me
dopamine, DOPAC, HVA, 5-HT, or 5-HIAA (Fig. 3).
Thus, at this time point, DA and 5-HT parameters in
striatum were not altered by BCG vaccination.

To determine whether BCG vaccination altered the
metabolism of MPTP, mice were vaccinated with saline
or 6 X 10° cfu BCG, and 10 days later they were injected
with MPTP. After 90 min, we determined the levels of
striatal MPP™ by HPLC. We found comparable levels of
MPP" in the striatum of both saline and BCG-vaccinated
mice (Fig. 4). Thus, BCG’s neuroprotective effects are
not due to metabolic alterations in the conversion of
MPTP to MPP ™.

BCG Vaccination Increases the Number and
Frequency of Splenic Tregs, Which Are
Positively Correlated With Striatal DA

and DAT Levels in MPTP-Treated Mice

Besides inducing inflammatory responses, BCG vac-
cination induces Tregs (Ribeiro-Rodrigues et al., 2006;
Scott-Browne et al., 2007; Jaron et al., 2008). Consistent
with those studies, we found that vaccination with BCG
(1 X 10° cfu) led to an 85% increase in the percentage of
CD4 " Foxp3 " splenic Tregs in C57Bl/6 mice when
measured 21 days after immunization (P < 0.001, data not
shown). Previous studies have shown that Tregs can be
neuroprotective in the MPTP mouse model, but, in these
studies, Tregs were adoptively transferred from
Copaxone-treated mice to mice that had been MPTP
treated in order to avoid MPTP’s lymphotoxic effects on
Copaxone-induced immune responses (Benner et al.,
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Fig. 3. BCG treatment does not change striatal levels of DA or 5-HT
or their metabolites. Animals were sacrificed at 21 days following
administration of either saline or 1 X 10° cfu BCG, i.p. (nine mice/
group). Striatal levels of DA and 5-HT and their metabolites were
analyzed by HPLC. There were no statistically significant differences
between the two treatments for any measured parameter: DA,
3-O-methyldopamine (3-O-Me dopamine), 3,4-dihydroxyphenylace-

tic acid (DOPAC), homovanillic acid (HVA), 5-HT, or 5-
hydroxyindoleacetic acid (5-HIAA).
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Fig. 4. BCG-induced immune responses do not alter the metabolism
of MPTP. Mice were vaccinated with saline vehicle or BCG (6 X
10° cfu) and 10 days later were treated with MPTP. Ninety minutes
later, the levels of striatal MPP™ in individual mice were determined
by HPLC. N = 4 mice/group.
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2004; Reynolds et al., 2007). Thus, it was unclear
whether Treg responses would be sustained in BCG-
vaccinated mice after MPTP treatment or whether Treg
levels would be associated with neuroprotection in our
model.

Mice received saline or BCG (1 or 6 X 10° cfu)
prior to treatment with MPTP or saline, as described
above. Twenty-one days after the last MPTP treatment,
we determined the number of splenic CD4 " Foxp3™
Tregs as well as the striatal DA and DAT levels i in 1nd1v1d—
ual mice. Representative FACS analysis of CD4 " Foxp3 ™"
cells from each mouse group are shown in Figure 5A. We
found that the number of Tregs was greatly reduced in
unvaccinated mice that had received MPTP (Fig. 5B).
BCG vaccination prior to MPTP treatment led to a
greater number and percentage of Tregs compared with
that in unvaccinated MPTP-treated mice (Fig. 5B,C).
The number of splenic Tregs was about threefold higher
in mice that had received 1 or 6 X 10° BCG prior to
MPTP treatment than in unvaccinated MPTP-treated
mice. Moreover, Treg numbers in BCG/MPTP-treated
mice were significantly higher than those in control
saline-treated mice that had not been exposed to MPTP
(Fig. 5B). This is likely to be due to the persistent BCG
infection, which continually promoted Treg responses,
thereby increasing the total numbers of Tregs in the
MPTP-treated BCG-vaccinated mice. Consequently,
despite receiving lymphotoxic MPTP, Treg numbers
were significantly higher in mice that had been BCG vac-
cinated than in control saline-treated mice 21 days post-
MPTP treatment (Fig. 5B).

The frequency of Tregs and striatal levels of DA in
individual mice from all mouse groups is shown in Figure
5D. Correlation analysis revealed that both the number
and the percentage of splenic Tregs in BCG/MPTP-
treated mice correlated positively with the levels of striatal
DA (Fig. 5E). The frequency of Tregs and striatal DAT
ligand binding in individual mice from all mouse groups
is shown in Figure 5F. Similar positive correlations
between the number and percentage of splenic Tregs and
the amount of DAT ligand binding were also observed in
the BCG/MPTP-treated mice (Fig. 5G). Thus, BCG
vaccination increased Treg responses, and the magnitude

of this response correlated positively with dopaminergic
neuroprotection in individual MPTP-treated mice.

DISCUSSION

We began our studies by assessing whether BCG vaccina-
tion dose aftects markers of dopaminergic function after
MPTP treatment. We found that a dose of 1 or 6 X 10°
cfu BCG leads to about 28% higher striatal DA levels and
23% and 42% higher DAT-ligand binding levels, respec-
tively, compared with unvaccinated MPTP-treated mice.
The results of this study confirm our prior finding that
BCG vaccination can be neuroprotective in the MPTP
mouse model (Yong et al., 2011) and indicate that rela-
tively lower dosages of BCG may have greater beneficial
effects. Although we observed a slightly greater number
of TH" cells in the SNpc of MPTP treated mice vacci-
nated with BCG than in unvaccinated MPTP-treated
mice in both our previous and our current studies, these
differences were not statistically significant, suggesting
that BCG-induced immune factors act in the striatum pri-
marily to preserve aspects of the striatal DA system integ-
rity. Nevertheless, because current PD therapy is directed
at DA replacement in the striatum, BCG vaccination
could be a valuable adjunctive therapy for PD based on its
neuroprotective effects. Moreover, because the MPTP
model that we have utilized induces acute neurotoxicity,
conceivably neuroprotective immune responses might be
better able to limit dopaminergic cell loss in the more
slowly progressing human PD.

Mice that received only BCG did not display altera-
tions in their striatal levels of DA, 5-HT, or their metabo-
lites. We also found equivalent levels of MPP™ in the
striatum  of vaccinated and unvaccinated mice that
received MPTP, indicating that BCG vaccine’s neuropro-
tective effects were not due to changes in the metabolism
of MPTP. Therefore, BCG-induced immune responses
were likely to underlie this treatment’s neuroprotective
effects.  The immune response to BCG  has
been extensively studied in mice and humans (Teixeira
et al,, 1995; Kumar et al,, 1999; Hussey et al., 2002;
Wu et al., 2007; Ritz et al., 2008; Soares et al., 2008; Lalor
et al., 2010). BCG is a potent inducer of Thl-type CD4"
T cells and activator of antigen-presenting cells.

Fig. 5. BCG vaccination induces Tregs; Treg response correlates posi-
tively with striatal DA and DAT levels in MPTP-treated mice. Mice
were treated with 1 X 10° c¢fu BCG (open squares), 6 X 10° cfu
BCG (black diamonds), or vehicle (triangles) and 10 days later were
given a 5-day course of MPTP. Control mice received only saline
(open circles). Twenty-one days later, the numbers and percentage of
CD4 " Foxp3" splenic Tregs and striatal DA and DAT ligand binding
levels in individual mice were measured. A: Representative charts
from two cytometry analyses of splenic CD4 " Foxp3™ cells from mice
in each group. B,C: Quantitative analysis of splenic Treg number (B)
and frequency (C) in individual mice of each group. Horizontal bars
show the mean for each group. ***P < (0.001 relative to the vehicle/
MPTP-treated group. TP < 0.05, 1P < 0.01, T7TP < 0.001 relative to
the saline-treated group. D: Splenic Treg frequency and striatal DA
levels in individual mice from all mouse groups. E: Correlation

analysis of splenic Treg frequency and striatal DA levels in individual
mice that had received BCG prior to MPTP treatment. The two dos-
ages of BCG resulted in magnitudes of effect on DA and DAT
ligand-binding parameters that were not significantly different, so the
Treg frequencies in all BCG-treated mice were pooled; a positive cor-
relation of r = (.82 was obtained for Treg frequencies and DA levels
from individual animals. Striatal DA levels also correlated positively
with the number of splenic Tregs in individual mice (r=0.582; data
not shown). F: Splenic Treg frequency and striatal DAT ligand-
binding levels in individual mice from all groups. G: Correlation anal-
ysis of splenic Treg frequency and striatal DAT ligand binding levels
in mice that had received BCG. Striatal DAT ligand binding also
showed some association with the number of splenic Tregs in individ-
ual mice (r = 0.255; data not shown).
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Additionally, BCG infection induces Tregs that limit
inflammation and tissue damage during infection (Ribeiro-
Rodrigues et al., 2006; Scott-Browne et al., 2007; Jaron
et al., 2008). Previous studies have shown that Tregs con-
trol inflammation in models of autoimmune disease and
that Copaxone-induced Tregs are neuroprotective in the
MPTP mouse model, but, in those studies, Tregs had to
be adoptively transferred from Copaxone-treated mice to
MPTP-treated mice to avoid MPTP’s lymphotoxic effects
(Benner et al., 2004; Reynolds et al., 2007). Therefore, in
our model, it was unclear whether Tregs would persist in
BCG-vaccinated mice after MPTP treatment and whether
they would exert neuroprotective effects. We found that,
21 days after the last MPTP treatment, Treg levels were
indeed quite reduced in mice that had received only
MPTP, indicating that MPTP is toxic to Tregs. However,
infection with BCG countered the negative effect of
MPTP treatment such that the numbers of splenic Tregs
in MPTP-treated mice were about threefold more than
those in unvaccinated MPTP-treated mice and were even
higher than those in control mice that received only saline.
This is likely to be due to the persistent BCG infection,
which continually promoted Treg responses, thereby
increasing the total numbers of Tregs in the MPTP-treated
BCG-vaccinated mice. Importantly, we observed a clear
positive correlation between the magnitude of the BCG-
induced Tregs response and the extent to which DA and
DAT were preserved in individual mice. These findings
suggest that Tregs mediate BCG’s neuroprotective effects.
Thus, unlike the case in the Copaxone/MPTP model,
MPTP treatment did not prevent BCG from inducing an
effective neuroprotective response. This may be because
after MPTP treatment the persistent BCG infection con-
tinued to induce Tregs.

Our previous study (Yong et al., 2011) showed
that MPTP treatment increased the number of nigral
microglia (Ibal™), as has been observed by others (see,
e.g., Crzlonkowska et al.,, 1996, 2002; Benner et al.,
2004), which are thought to contribute to MPTP-
induced nigrostriatal system damage. In contrast, mice
that had been treated with BCG pnor to MPTP treat-
ment had numbers of nigral Ibal™ cells similar to those
in saline-treated control mice. In addition, in BCG-
treated mice, the nigra microglia had small cell bodies
and long, ramified processes, indicating a resting state.
Such microglia are thought to exert neurosupportive
functions by their abilities to produce neurotrophins and
eliminate excitotoxins. Several studies have shown that
Tregs can inhibit the activation of microglia in the
MPTP mouse PD model (Reynolds et al., 2007, 2009,
2010). Other studles with the MPTP model have
pointed to CD4" T cells as playing a key role in neuro-
degeneration (Brochard et al., 2009). Th17 cells recog-
nizing nitrated o-synuclein exacerbate. MPTP-induced
neuronal cell loss but can be held in check by Tregs
(Reynolds et al., 2007, 2010). Th17 cell development is
also antagonized by interferon-y (IFNvy; Harrington
et al., 2005; Cruz et al., 2006). BCG is known to be a
potent inducer of IFN+y-secreting Th1 responses and to
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induce Tregs (Teixeira et al., 1995; Kumar et al., 1999;
Hussey et al., 2002; Wu et al., 2007; Ritz et al., 2008;

Soares et al.,, 2008; Lalor et al.,, 2010; present study),
both of which could inhibit Th17 cell expansion and
function. In addition, the active BCG infection in the
periphery may have diverted T cells, macrophages, and
bone marrow-derived microglial precursors from
responding to the CNS damage. Previous studies with
the experimental autoimmune encephalomyelitis (EAE)
model have shown that infection with BCG 6 weeks
before the 1nduct10n of EAE diverts activated myelin-
reactive CD4" T cells from the CNS to granulomata in
the spleen and liver (Sewell et al., 2003). Evidently, the
peripheral inflammatory lesions nonspeciﬁcally attracted
pathogenic T cells and blunted the development of EAE.
Interestingly, in clinical trials, MS patients immunized
with BCG had a 57% reduction of lesions as measured by
MRI (Ristori et al., 1999; Paolillo et al., 2003). Thus,
there is some clinical evidence that BCG treatment can
suppress a neurodegenerative autoimmune response.
Other possible neuroprotective mechanisms include the
following. 1) BCG induced circulating neurosupportive
cytokines/chemokines that might have a supportive effect
on neurons in the area of injury and/or inhibit the activa-
tion and proliferation of resident microglia after MPTP
treatment. 2) BCG-induced T-cell responses might be
attracted to areas of damage in the CNS and locally
release neurosupportive factors. Activated T cells can
secrete BDNF, NGF, NT-3, and NT4/5 (Kerschen-
steiner et al., 1999a,b; Barouch et al., 2000; Hammarberg
et al., 2000; Hohlfeld et al., 2000; Moalem et al., 2000),
which may help to counteract factors that promote
DA system degeneration, reduce the priming of surround-
ing neurons for secondary degeneration and promote neu-
rorestoration. There may be other, as yet unknown
neuroprotective mechanisms. Additional = studies are
needed to determine the contributions of these potential
protective mechanisms to BCG vaccination’s neuropro-
tective effects.

There are several different BCG strains, each of
which induces different types of immune responses in
mice and humans and may confer a somewhat different
degree of protection from tuberculosis (Fine et al., 1999;
Davids et al., 2006; Wu et al., 2007; Ritz et al., 2008). In
pilot studies, we tested the BCG Connaught strain (Ther-
aCys) and the BCG Tice strain (Merck & Co.) side by
side over a dose range and found that the BCG Con-
naught strain preserved striatal DA content significantly
more than the Tice strain (data not shown). These difter-
ences in neuroprotection could be due to inducing difter-
ent levels of Tregs, quantitative and qualitative differences
in induced cytokine/chemokines, difterences in the
kinetics of their replication and biodistribution, differen-
ces in the ratio of living/dead BCG in the inocula, or
other factors. The availability of different clinically appli-
cable BCG strains that induce different types of immune
responses provides an opportunity to dissect further the
BCG-induced immune responses that are associated with
neuroprotection in mice. Before attempting to translate
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BCG vaccination to human clinical trials with PD
patients, it will be important to determine which BCG
strains are the best candidates for therapy.

Billions of infants have been vaccinated with BCG
to protect against tuberculosis (Colditz et al., 1994; Fine
et al., 1999; Barreto et al., 2006). For those vaccinated
with BCG in infancy, there is little reason to expect that
the vaccination would be associated with reduced PD
incidence decades later, because BCG-induced immune
responses, as assessed by skin sensitivity to tuberculin,
wane within a few months or, at most, a few years (Men-
zies, 2000). For those vaccinated as children, e.g., ages 5—
7 years, the BCG-induced immune response to tuberculin
can last considerably longer, even decades, although in
the great majority it will become negative within a decade
or two. Even after the vaccinee becomes tuberculin nega-
tive, some BCG-reactive memory responses may persist,
but these memory responses are quiescent until re-
exposure to BCG or tuberculosis. Because BCG vaccine-
induced immune responses wane over a period of months
or a few years, it may be beneficial for PD patients to
receive periodic revaccination with BCG. However,
BCG infection evokes many different types of immune
responses, and it is often found that immune responses to
a second exposure to an immunogen can be quite differ-
ent from the initial response. Therefore, it is important to
understand the nature of the immune responses to subse-
quent BCG vaccination and whether these favor neuro-
protection or may be deleterious.

Our results suggest that, although BCG vaccination
has no eftect on the unperturbed CNS, the presence of a
BCG infection leads to a better outcome after CNS insult,
which appears to be associated with Treg levels. Notably,
Gendelman and colleagues recently reported that Treg
dysfunction was associated with pathobiology and disease
severity in PD patients (Saunders et al., 2012). Likewise,
two studies recently showed that Treg levels are inversely
correlated with disease progression rates in ALS patients
(Beers et al., 2011; Henkel et al., 2013). Collectively,
these findings suggest that it will be important to study
how to induce Tregs efficiently and safely in humans and
whether human Tregs can be neuroprotective and, if so,
how elevated Treg levels can be safely maintained long
term in PD patients. Our findings may be relevant to
designing new adjunctive therapies to ameliorate pathol-
ogy associated not only with PD but also with other
human neurodegenerative diseases.
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