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Fig. 2. Relationship between expression of LRRK2 mRNA and aging. RNA was isolated from spleen, lung, cortex, midbrain, and cerebellum of mice aged 6, 18, 34, 70, and
110 weeks, and subjected to quantitative PCR. Relative LRRK2 expression normalized by GAPDH is shown. Stars represent statistical comparisons by one-way ANOVA (n = 3);

p<0.05.
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Fig. 3. Age-related change of the LRRK2 protein level in spleen. Tissue lysates were prepared from spleen and lung of mice aged 6, 18, 34, 70, and 110 weeks and subjected to
Western analysis using AT106. LRRK2 protein levels normalized by B-actin are shown. Stars represent statistical comparisons by one-way ANOVA (n=3); p<0.05.

gated antibodies directed against cell surface markers, i.e., CD3 (T
lymphocytes), CD19 (B lymphocytes), and CD11b (macrophages),
and investigated the expression of LRRK2 in each population. Wes-
tern analysis with AT106 demonstrated that B lymphocytes were
the major LRRK2-expressing cell population in the spleen
(Fig. 4A). Macrophages expressed the LRRK2 protein weakly, but
T lymphocytes showed no expression. Finally, we found that
expression of the mRNA for the B lymphocyte marker CD19 exhib-
ited an age-dependent decrease (Fig. 4B). These results suggested

that the age-dependent decrease of LRRK2 expression in the spleen
can be explained by a decrease in the number of splenic B
lymphocytes.

Discussion
LRRK2 was originally identified as the causal molecule of

autosomal-dominant familial PD, PARK8 [1-4]. Although the ki-
nase activity has been demonstrated using several candidate
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Fig. 4. LRRK2 expression in spleen cell populations. (A) Western analysis of LRRK2 expression in spleen cell populations. T lymphocytes, B lymphocytes, and macrophages
were purified with magnetic bead-conjugated antibodies directed against each cell surface marker. Lysates of these cells and other residual spleen cells were subjected to
Western analysis using the anti-LRRK2 antibody AT106. (B) Age-related change in the expression of CD19 mRNA in spleen. RNA was isolated from the spleen of mice at
various ages and subjected to quantitative PCR. Relative CD19 mRNA expression normalized by GAPDH is shown. Stars represent statistical comparisons by one-way ANOVA

(n=3); p<0.05.

substrates [19-23], the true substrate or the true physiological
function of LRRK2 is still unknown. Analysis of the organ/tissue
distribution of LRRK2 would provide valuable clues as to its
function. In early studies, LRRK2 was reportedly expressed ubig-
uitously, but subsequently, differences in its expression level
among organs and tissues became apparent [6,13,14,18]. In the
present study, we analyzed the expression of LRRK2 at both
the mRNA and protein levels in various organs, and found that
LRRK2 expression in kidney, lung, and spleen was much higher
than that in brain, being consistent with previous reports
[13,14,18]. It is suggested, therefore, that LRRK2 may play some
important roles in these organs. Histochemical analysis with
AT106 and two additional anti-LRRK2 antibodies revealed immu-
noreactivity in bronchioles of the lung and proximal renal tu-
bules of the kidney, further suggesting some specific function
in these areas (data not shown).

In the present study, we found for the first time that among
cells in the spleen, B lymphocytes were the major population
expressing LRRK2, and that T lymphocytes did not express LRRK2.
Although human B-lymphoblastoid cell lines have been shown to
express LRRK2 strongly [16], it has been unclear whether human
T lymphocytes express LRRK2. The age-dependent decrease of
LRRK2 expression in the mouse spleen can be explained by a de-
crease in the number of B lymphocytes, as indicated by the age-
dependent decline of the cell surface marker CD19, although there
is some controversy regarding the age-dependent decrease of B
lymphocytes in mouse spleen [24-27]. It can be postulated that
LRRK2 may play a specific role related to B lymphocytes, but not
to T lymphocytes, e.g., immunoglobulin production, antigen pre-
sentation, or other forms of B lymphocyte-specific signal transduc-
tion. Human B-lymphoblastoid cell lines expressing the R1441C
mutant LRRK2 have been reported to have a lower growth rate
than those expressing wild-type LRRK2 [28], suggesting a role of
LRRK?2 in cell growth or the cell cycle.

In PD patients, analysis of whom originally led to the discov-
ery of LRRK2, increased serum levels of anti-melanin antibody
and IgG deposition in the substantia nigra have been found
[29,30]. In addition, accumulating evidence indicates that
microglia, the brain equivalent of macrophages known to express
LRRK2, play crucial roles in the pathogenesis of PD [31-33]. In-
deed, LRRK2 expressed in neurons may serve as a key molecule
in neurodegeneration, but LRRK2 may also contribute to the pro-
gression of PD as a form of immune-response-related molecule,
for example directly or indirectly regulating the humoral im-
mune responses of B lymphocytes and the production of inflam-
matory mediators by macrophages and microglia. Investigations
to clarify the functional role of LRRK2 in the immune system
are currently in progress.

Conclusions

Expression of LRRK2 decreased markedly in mouse spleen in an
age-dependent manner. This finding was explained by an age-
dependent decrease of B-lymphocytes, the major LRRK2-express-
ing cell population in the spleen. T lymphocytes showed no
LRRK2-expression.These results suggest a possibly novel function
of LRRK2 in the immune system, especially in B lymphocytes.

Acknowledgments

This study was supported by Kitasato University (All Kitasato
Project Study, No.18-1) and the Graduate School of Medical Sci-
ences, Kitasato University (Integrative Research Program, 2008-
2009).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2010.01.041.

References

[1] M. Funayama, K. Hasegawa, H. Kowa, M. Saito, S. Tsuji, F. Obata, A new locus
for Parkinson's disease (PARK8) maps to chromosome 12p11.2-q13.1, Ann.
Neurol. 51 (2002) 296-301.

[2] M. Funayama, K. Hasegawa, E. Ohta, N. Kawashima, M. Komiyama, H. Kowa, S.
Tsuji, F. Obata, An LRRK2 mutation as a cause for the Parkinsonism in the
original PARK8 family, Ann. Neurol. 57 (2005) 918-921.

[3] C. Paisan-Ruiz, S. Jain, EW. Evans, W.P. Gilks, J. Simon, M. van der Brug, A.
Lopez de Munain, S. Aparicio, A.M. Gil, N. Khan, J. Johnson, ].R. Martinez, D.
Nicholl, .M. Carrera, A.S. Pena, R. de Silva, A. Lees, ].F. Marti-Mass6, |. Pérez-Tur,
N.W. Wood, A.B. Singleton, Cloning of the gene containing mutations that
cause PARK8-linked Parkinson’s disease, Neuron 44 (2004) 595-600.

[4] A. Zimprich, S. Biskup, P. Leitner, P. Lichtner, M. Farrer, S. Lincoln, ]. Kachergus,
M. Hulihan, RJ. Uitti, D.B. Calne, AJ. Stoessl, R.F. Pfeiffer, N. Patenge, I.C.
Carbajal, P. Vieregge, F. Asmus, B. Miiller-Myhsok, D.W. Dickson, T. Meitinger,
T.M. Strom, ZK. Wszolek, T. Gasser, Mutations in LRRK2 cause autosomal-
dominant parkinsonism with pleomorphic pathology, Neuron 44 (2004) 601-
607.

[5] E. Meylan, ]. Tschopp, The RIP kinases: crucial integrators of cellular stress,
Trends Biochem. Sci. 30 (2005) 151-159.

[6] M. Westerlund, A.C. Belin, A. Anvret, P. Bickford, L. Olson, D. Galter,
Developmental regulation of leucine-rich repeat kinase 1 and 2 expression in
the brain and other rodent and human organs: implications for Parkinson’s
disease, Neuroscience 152 (2008) 429-436.

[7] D. Galter, M. Westerlund, A. Carmine, E. Lindqvist, O. Sydow, L. Olson, LRRK2
expression linked to dopamine-innervated areas, Ann. Neurol. 59 (2006) 714~
719.

[8] H. Melrose, S. Lincoln, G. Tyndall, D. Dickson, M. Farrer, Anatomical localization
of leucine-rich repeat kinase 2 in mouse brain, Neuroscience 139 (2006) 791~
794.

[9] J. Simén-Sanchez, V. Herranz-Pérez, F. Olucha-Bordonau, J. Pérez-Tur, LRRK2 is
expressed in areas affected by Parkinson's disease in the adult mouse brain,
Eur. ]. Neurosci. 23 (2006) 659-666.



T. Maekawa et al. / Biochemical and Biophysical Research Communications 392 (2010) 431-435 435

{10] S. Higashi, D.J. Moore, R.E. Colebroocke, S. Biskup, V.L. Dawson, H. Arai, T.M.
Dawson, P.C. Emson, Expression and localization of Parkinson’s disease-
associated leucine-rich repeat kinase 2 in the mouse brain, J. Neurochem. 100
(2007) 368-381.

[11] S. Higashi, S. Biskup, A.B. West, D. Trinkaus, V.L. Dawson, RL. Faull, H].
Waldvogelg, H. Ara, T.M. Dawson, D.J. Moore, P.C. Emson, Localization of
Parkinson's disease-associated LRRK2 in normal and pathological human
brain, Brain Res. 1155 {(2007) 208-219.

[12] J.M. Taymans, C. Van den Haute, V. Baekelandt, Distribution of PINK1 and
LRRK2 in rat and mouse brain, J, Neurochem. 98 (2006) 951-961.

[13] s. Biskup, D.J. Moore, A. Rea, B. Lorenz-Deperieux, C.E. Coombes, V.L. Dawson,
T.M. Dawson, A.B. West, Dynamic and redundant regulation of LRRK2 and
LRRK1 expression, BMC, Neuroscience 8 (2007) 102.

[14] K. Larsen, LB. Madsen, Sequence conservation between porcine and human
LRRK2, Mol. Biol. Rep. 36 (2009) 237-243.

[15] S. Biskup, D.J. Moore, F. Celsi, S. Higashi, A.B. West, S.A. Andrabi, K. Kurkinen,
S.W. Yu, J.M. Savitt, H]. Waldvogel, R.L Faull, P.C. Emson, R. Torp, O.P. Ottersen,
T.M. Dawson, V.L. Dawson, Localization of LRRK2 to membranous and
vesicular structures in mammalian brain, Ann. Neurol. 60 (2006) 557-569.

[16] H.L. Melrose, C.B. Kent, J.P. Taylor, ].C. Dachsel, KM. Hinkle, SJ. Lincoln, S.5,
Mok, ].G. Culvenor, CL Masters, GM. Tyndall, D.I. Bass, Z. Ahmed, CA.
Andorfer, 0.A. Ross, ZK. Wszolek, A. Delldonne, D.W. Dickson, M. Farrer, A
comparative analysis of leucine-tich repeat kinase 2 (Lrrk2) expression in
mouse brain and Lewy body disease, Neuroscience 147 (2007} 1047-1058.

[17] B.S. Han, L Tacovitti, T. Katano, N. Hattori, W. Seol, K.S. Kim, Expression of the
LRRK2 gene in the midbrain dopaminergic neurens of the substantia nigra,
Neurosci. Lett. 442 (2008) 190-194.

[18] X. Li, Y.C. Tan, S. Poulose, C.W. Olanow, X.Y. Huang, Z. Yue, Leucine-rich repeat
kinase 2 (LRRK2)/PARK8 possesses GTPase activity that is altered in familial
Parkinson's disease R1441C/G mutants, |. Neurochem. 103 (2007) 238-247.

{19] M. Jaleel, R]. Nichols, M. Deak, D.G. Campbell, F. Gillardon, A. Knebel, D.R.
Alessi, LRRK2 phosphorylates moesin at threonine-558: characterization of
how Parkinson'’s disease mutants affect kinase activity, Biochem. J. 405 (2007)
307-317.

[20] Y. Imai, S. Gehrke, H.Q, Wang, R. Takahashi, K. Hasegawa, E. Oota, B. Lu,
Phosphorylation of 4E-BP by LRRK2 affects the maintenance of dopaminergic
neurons in Drosophila, EMBO |, 27 (2008) 2432-2443,

[21] CJ. Gloeckner, A. Schumacher, K. Boldt, M. Ueffing, The Parkinson disease-
associated protein kinase LRRK2 exhibits MAPKKK activity and phosphorylates
MKK3/6 and MKK4/7, in vitro, ]. Neurochem. 109 (2009) 959-968.

[22] F. Gillardon, Leucine-rich repeat kinase 2 phosphorylates brain tubulin-
beta isoforms and modulates microtubule stability - a point of
convergence in Parkinsonian neurodegeneration?, ] Neurochem. 110
(2009) 1514-1522.

[23] H. Qing, W. Wong, E.G. McGeer, P.L. McGeer, Litk2 phosphorylates alpha
syncline at serine 129: Parkinson disease implications, Biochem. Biophys. Res.
Commun. 387 (2009) 149-152.

[24] K.M. Johnson, K. Owen, P.L, Witte, Aging and developmental transitions in the
B cell lineage, Int. Immunol. 14 (2002) 1313-1323.

[25] JJ. Haaijman, H.R. Schuit, W. Hijmans, Immunoglobulin-containing cells in
different lymphoid organs of the CBA mouse during its life-span, Immunology
32 (1977) 427-434.

[26] 1. Haaijman, W. Hijimans, Influence of age on the immunological activity and
capacity of the CBA mouse, Mech. Ageing Dev. 7 (1978) 375-398.

[27] AC. Connoy, M, Trader, K.P. High, Age-related changes in cell surface and
senescence markers in the spleen of DBA/2 mice. A flow cytometric analysis,
Exp. Gerontol. 41 (2006) 225-229.

[28] EK. Tan, L Sie, S. Loong, Growth rate,of patient-derived lymphoblastoid cells
with LRRK2 mutations, Mol, Genet. Metab. 95 (2008) 113.

{29] KL Double, D.B. Rowe, F.M. Carew-Jones, M. Hayes, D.K. Chan, ]. Blackie, A.
Corbett, R. Joffe, V.S. Fung, J. Morris, P. Riederer, M. Gerlach, G.M. Halliday,
Anti-melanin antibodies are increased in sera in Parkinson’s disease, Exp.
Neurol. 217 (2009) 297-301.

{30] CF. Orr, D.B. Rowe, Y. Mizuno, H. Mori, G.M. Halliday, A possible role for
humoral immunity in the pathogenesis of Parkinson’s disease, Brain 128
(2005) 2665-2674. ’

[31] J. Miklossy, T. Arai, ].P. Guo, A. Klegeris, S. Yu, E.G. McGeer, P.L. McGeer, LRRK2
expression in normal and pathologic human brain and in human cell lines, J.
Neuropathol. Exp. Neurol. 65 (2006) 953-963.

[32] Y.S. Kim, T.H. Joh, Microglia, major player in the brain inflammation: their
roles in the pathogenesis of Parkinson’s disease, Exp. Mol. Med. 38 (2006) 333~
347.

[33] P.L. McGeer, E.G. McGeer, Glial reactions in Parkinson’s disease, Mov. Disord.
23 (2008) 474-483.



Journal of Neuroimmunology 229 (2010) 123-128

Contents lists available at ScienceDirect

Journal of Neuroimmunology

journal homepage: www.elsevier.com/locate/jneuroim

Neuroimmunology

LRRK2 is expressed in B-2 but not in B-1 B cells, and downregulated by

cellular activation

Makoto Kubo 2, Yoshiko Kamiya ?, Ryuichi Nagashima , Tatsunori Maekawa ?, Koji Eshima ®,

Sadahiro Azuma €, Etsuro Ohta ?, Fumiya Obata >%*

2 Division of Clinical Immunology, Graduate School of Medical Sciences, Kitasato University, 1-15-1 Ki msm‘o Minami-ku, Sagamihara, Kanagawa 252-0373, Japan

b Department of Immunology, Kitasato University School of Medicine, 1-15-1 Kitasato, Mi

i-ku, Sag a, Kanag 252-0373, Japan

¢ Department of Laboratory Animal Science, Kitasato University School of Medicine, 1-15-1 Kitasato, Mmamx-ku. Sagamihara, Kanagawa 252-0373, Japan
4 R & D Center for Cell Design, Institute for Regenerative Medicine and Cell Design, Kitasato University School of Allied Health Sciences, 1-15-1 Kitasato, Minami-ku, Sagamihara,

Kanagawa 252-0373, Japan

ARTICLE INFO ABSTRACT

Article history: LRRK2, the causal molecule of familial Parkinson's disease, is expressed strongly by one of the B cell subsets,
Received 19 May 2010 B-2 cells, but not by the other subset, B-1 cells, in the mouse peritoneal cavity, spleen, and peripheral blood.
Received in revised form 22 July 2010 Bone marrow pre-B cells or T cells exhibited little LRRK2 expression. LRRK2 expression was dramatically
Accxpted 13 ey 2016 downregulated upon activation of B-2 cells with various types of stimulation. These results suggest that
P . LRRK2, whose true function has not yet been clarified, may play some important role(s) in the development
u"m“im_"'d’r'kh g e 3 and function of B cells, particularly the maintenance of B-2 cells in a resting status.

B-1 cells © 2010 Elsevier B.V. All rights reserved.
B-2 cells

Parkinson's disease

PARKS

Downregulation

1. Introduction Analyses of LRRK2 expression in human and rodent brain have

Leucine-rich repeat kinase 2 (LRRK2) is the causal molecule of
autosomal dominant familial Parkinson's disease, PARKS8, which was
originally defined in a study of a large Japanese family, the Sagamihara
family (Funayama et al., 2002, 2005; Paisan-Ruiz et al., 2004; Zimprich
et al.,, 2004). LRRK2 is a large complex protein with an approximate
molecular mass of 260 kDa and contains multiple domains including
the LRR (leucine-rich repeat), ROC (Ras of complex), COR (C-terminal
ROC), kinase, and WD40 domains (Meylan and Tschopp, 2005;
Paisan-Ruiz et al., 2004; Zimprich et al., 2004). The binding of GTP
to the ROC domain, as well as dimer formation, is known to increase
the kinase activity of LRRK2 (Deng et al., 2008; Ito et al., 2007; Smith
etal,, 2006). Although it has been reported that LRRK2 phosphorylates
itself (autophosphorylation), and its potential interactors include
moesin, eukaryotic initiation factor 4E-binding protein (4E-BP), 3-
tubulin, and mitogen-activated kinase kinase (MKK) 3, 6, and 7
(Gandhi et al., 2008; Hsu et al., 2010; Imai et al., 2008; Jaleel et al.,
2007; West et al., 2007), the true substrate and true function of LRRK2
remain unknown.
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demonstrated that LRRK2 is expressed in various regions including the
substantia nigra, putamen, cortex, and cerebellum (Higashi et al,, 2007a,b;
Melrose et al., 2006; Paisan-Ruiz et al., 2004; Simon-Sanchez et al., 2006;
Westerlund et al., 2008; Zimprich et al,, 2004). It is also known that LRRK2
expression is much higher in the spleen, lung, kidney, and testis than in
other organs, including the brain (Biskup et al., 2007; Larsen and Madsen,
2009; Maekawa et al., 2010; Westerlund et al., 2008). In particular, we
have recently reported that B cells are the major LRRK2-expressing cell
population in mouse spleen (Maekawa et al., 2010). Macrophages express
LRRK2 weakly, but T cells show no expression. These results suggest a
possibly novel function of LRRK2 in the immune system, especially in B
cells.

B cells are the effectors of humoral immunity, and are classified into
two subsets, B-1 B cells and B-2 B cells (or simply B-1 cells and B-2 cells,
respectively) according to differences in developmental lineage and
function (Berland and Wortis, 2002). B-1 cells develop primarily during
the fetal stage as well as in the perinatal phase, whereas B-2 cells are
produced from bone marrow during postnatal life (Hardy and
Hayakawa, 2001; Herzenberg, 2000). B-1 cells are defined by their
expression of the pan-T cell surface glycoprotein CD5, and have aCD43,
(D23, CD45R'", immunoglobulin (Ig) MM, and IgD' immunophenotype
(Berland and Wortis, 2002; Hardy and Hayakawa, 2001). They constitute
a substantial fraction of B cells in the peritoneal and pleural cavities, and
5-10% of those in the spleen, but are absent from lymph nodes
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(Hayakawa et al.,, 1983). In contrast, B-2 cells are conventional B cells
characterized as CD5~, CD43~, CD23*, CD45RM, IgM", and IgD"
(Berland and Wortis, 2002; Hardy and Hayakawa, 2001). They constitute
a major fraction of B cells in spleen and lymph nodes (Berland and
Wortis, 2002). B-1 cells spontaneously, in the absence of antigen
stimulation, secrete IgM that is reactive with bacterial carbohydrate
antigens and autoantigens (Berland and Wortis, 2002; Hayakawa et al.,
1984). In contrast, B-2 cells produce IgM and IgG that are reactive with
huge variety of foreign antigens only after antigen stimulation
(Baumgarth et al,, 1999). In keeping with this, typical B-1 Ig genes
have fewer N insertions than those of most B-2 cells, and do not contain
somatic mutations (Berland and Wortis, 2002; Hardy, 2006; Herzenberg,
2000).

In the present study, as one approach for elucidating the possible
role of LRRK2 in B cells, we investigated whether LRRK2 expression
differs between B-1 and B-2 cell subsets in various immune tissues.
Because our previous Western blotting analysis using polyclonal anti-
LRRK2 antibody revealed the need for careful discrimination of
protein bands other than the full-length LRRK2, we quantified LRRK2
mRNA expressed by each of the B cell subsets. We found that LRRK2
mRNA was expressed at a much higher level in B-2 cells than in B-1
cells in the peritoneal cavity, spleen and peripheral blood. Further-
more, the expression of LRRK2 in B-2 cells was dramatically down-
regulated by various types of stimulation. These results suggest that
LRRK2 may have a functional role that is strongly restricted to resting
B-2 cells, and not to B-1 or activated B-2 cells.

2. Materials and methods
2.1. Animals

C57BL/6 and alymphoplasia (aly/aly) mice were purchased from
CLEA Japan, Inc. (Tokyo Japan). Female mice at 7-16 weeks of age
were used for this study. Mice were cared for and handled in
accordance with the guidelines of the Animal Experimentation and
Ethics Committee of Kitasato University.

2.2. Lymphocyte purification and immunofluorescence staining

Whole lymphocytes were obtained by spleen disruption, blood
collection, peritoneal cavity washout, and bone marrow washout. The
cell suspensions were depleted of erythrocytes by hypotonic lysis at
4°C, except for peripheral blood, from which erythrocytes were
depleted by density gradient centrifugation using Lymphosepar II™
(IBL, Gunmma, Japan). Lymphocyte subsets were purified on a magnetic
activated cell-sorting (MACS™) separation column using magnetic
microbeads coated with anti-CD5, -CD19, -CD43, and -CD90.2
monoclonal antibodies (MAbs) (Miltenyi Biotec, Gladbach, Germany).
After MACS separation, cell subpopulations were stained for flow-
cytometric analysis using combinations of the following fluoro-
chrome-conjugated MAbs: CD3 (fluorescein isothiocyanate: FITC),
CD5 (FITC), CD19 (spectral red: SPRD), CD23 (phycoerythrin: PE),
CD43 (PE), CD45R/B220 (PE), and CD90.2 (PE). All of these antibodies
were purchased from Beckman Coulter (Miami, FL). The stained cells
were analyzed with an EPICS XL flow cytometer and EXPO32™
software (Beckman Coulter).

2.3. Quantitative reverse-transcription polymerase chain reaction
(qRT-PCR)

Total RNA was isolated from each of the separated cell subsets using
TRIzol™ Reagent (Invitrogen, Carlsbad, CA), and cDNA was synthesized
using a ThermoScript RT-PCR System (Invitrogen). Murine LRRK2 mRNA
expression was assessed using the following combination of PCR
primers: 5'-TCTGGCTGGAACCCTGCTAT-3’ and 5'-AACTGGCCATCTT-
CATCTCC-3' (product size: 155 bp). As the internal control, murine

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was am-
plified with the following combination of primers: 5'-GAGGCCGGTGCT-
GAGTATGTCGTG-3' and 5'-TCGGCAGAAGGGGCGGAGAT-3' (product
size: 116 bp). The qRT-PCR was performed in 25-ul volumes of triplicated
reaction mixture containing 1 pl of cDNA, 12.5 pl of SYBR Green | Dye
(Applied Biosystems, Foster City, CA), and primer pairs using a 7500 Real-
time PCR System (Applied Biosystems).

2.4. B cell stimulation

MACS-sorted B cells (2 x 10°) were cultured in 0.2 ml of RPMI 1640
medium containing 5% heat-inactivated fetal bovine serum, 10 mM
HEPES (pH 7.25), 2mM t-glutamine, 50 M 2-mercaptoethanol,
100 U/ml penicillin, and 100 pg/ml streptomycin in 96-well U-bottom
microtiter plates. They were stimulated with either a mixture of
phorbol 12-myristate 13-acetate (PMA) (Sigma) and ionomycin
(Sigma), lipopolysaccharide (LPS) (Sigma, St. Louis, MO), or F(ab’),
fragments of goat anti-mouse IgM (anti-IgM) antibody (Beckman
Caulter) for 24 h.

3. Results
3.1. Isolation of B cell subsets from immune tissues

B cells are classified into B-1 and B-2 cell subsets according to their
process of development, phenotype, and function. To compare the
expression of LRRK2 mRNA in B-1 and B-2 cells, we separated the two
subsets from the peritoneal cavity of a C57BL/6 mouse, the original
site from which B-1 and B-2 cells had originally been defined. B-1 cells
were isolated with anti-CD5 antibody-conjugated magnetic microbe-
ads after depletion of T cells using anti-CD90.2 antibody-conjugated
magnetic microbeads (Fig. 1). Because the B-1 cell-depleted fraction
still contained a substantial number of CD5™" cells, instead of using it
as the source of B-2 cells, we isolated B-2 cells as the CD43-negative
fraction using anti-CD43 antibody-conjugated magnetic microbeads
according to Hein et al. (Hein et al., 1998), as CD43 is expressed on a
wide variety of leukocytes including T cells, granulocytes, macro-
phages, plasmacytes, and B-1 cells, but not on resting B-2 cells.

Flow-cytometric analysis indicated that the cells in the B-1 and B-2
fractions prepared from the peritoneal cavity had each of the
characteristic phenotypes, i.e., almost all cells in the B-1 fractions
were positive for CD19 (98.4%), CD5 (96.0%), and CD43 (94.1%), but few
of them were positive for CD23 (9.3%) and CD45R™ (24.0%); almost all
cells in the B-2 fractions were positive for CD19 (98.2%), CD45R™
(96.0%), and CD23 (84.5%), but few were positive for CD5 (1.4%) and

Lymphocytes

+ anti-CD90.2 microbeads

Lymphocytes

+ anti-CD43 microbeads

CD43+ cells

T cells
(CD90.2+)

CD90.2- B-2 cells
cells (CD43")

+ anti-CD5 microbeads

B-1 cells
(CD5™)

Fig. 1. Schematic representation of the isolation procedures for B-1 and B-2 cells.
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Table 1
Flow-cytometric analysis of cell subsets separated from C57BL/6 and aly/aly mice.
Strain Tissue Subsets B-1/B-2 ratio® cp19t D5t CD43 " D23+ CD45RM cD90.2+ 3"
C57BL/6 Peritoneal cavity B-1 cell 1:16 98.4% 96.0% 94.1% 9.3% 24.0% 2.9% ND
B-2 cell 98.2% 1.4% 14.8% 84.5% 96.0% ND 0.3%
Tecell 21.5% 80.7% ND ND ND 63.7% 85.2%
Spleen B-1 cell 1:120 81.0% 17.5% 20.5% 48.8% 76.2% 12.5% ND
B-2 cell 94.7% 13% 22% 87.4% 99.2% ND 0.6%
Tcell 8.4% 91.9% ND ND ND 95.4% 90.2%
Peripheral blood B-1 cell 1:20 ND 64.9% ND ND 60.9% ND ND
B-2 cell 87.1% 6.6% 1.9% 90.9% 92.5% ND 1.4%
Tcell 9.5% 90.8% ND ND ND 91.0% 90.2%
Bone marrow Pre-B cell 73.4% 29% 5.7% 63.6% 54.9% ND 0.7%
Tcell 35.1% 39.8% ND ND ND 53.8% 413%
aly/aly Peritoneal cavity B-1 cell 1:7 96.8% 86.7% 84.4% ND ND ND ND
B-2 cell 98.4% 5.2% 1.7% 12.3% 83.0% ND ND
Tcell 34.6% 96.0% ND ND ND 33.3% 94.0%
Spleen B-1 cell 1:16 87.1% 13.2% 24.1% 43.8% 87.8% ND ND
B-2 cell 90.9% 22% 2.4% 71.3% 91.2% ND 0.6%
Tcell 52% 93.5% ND ND ND 96.2% 94.4%

ND: Not determined.

* Estimated from the B-1 and B-2 cell numbers obtained.

CD43 (14.8%) (Table 1, Fig. 2). The B-2 cells prepared from spleen and
peripheral blood exhibited the phenotypes identical to those of B-2 cells
prepared from the peritoneal cavity, whereas the B-1 fraction prepared
from these tissues was less pure than that prepared from the peritoneal
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cavity, possibly due to a markedly low B-1/B-2 ratio (Table 1, Fig. 2). We
also prepared CD43-negative B cells from bone marrow (pre-B cells)
that exhibited a phenotype, except for CD23, similar to that of B-2 cells.

The bone marrow CD5-positive B cells were too few to analyze.

CD23

CD43

CD45R

10°
102
10!
i {0,

e

10010 10210°

10°10"10210°

10°10' 10210°

61d0

61d0 ao 61d0

61d0

Fig. 2. Flow-cytometric characterization of isolated B cell subsets from spleen, peripheral blood, peritoneal cavity, and bone marrow. Each B cell subset was obtained by magnetic
activated cell-sorting (MACS) as described in Materials and methods. B cell subsets from each tissue were characterized by flow-cytometric analysis using immunofluorescent
antibody staining for CD5, CD19, CD23, CD43, and CD45R. Data for one of three independent experiments are shown.
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3.2. LRRK2 mRNA expression in B-1 and B-2 cell subsets

LRRK2 mRNA expression in B-1 and B-2 cells as well as T cells
isolated from the peritoneal cavity, spleen, and peripheral blood of the
C57BL/6 mouse was investigated by qRT-PCR. This revealed that the B-2
cells expressed a much higher level of LRRK2 mRNA than the B-1 cells in
all three tissues (6.7-, 3.8-, and 12.8-fold for the peritoneal cavity,
spleen, and peripheral blood, respectively) (Fig. 3A). These results
suggested that LRRK2 may have a more active function in B-2 cells than
in B-1 cells. In contrast to the B-2 cells, the bone marrow pre-B cells
expressed a much lower level of LRRK2 mRNA, suggesting that LRRK2
had a differentiation-related expression profile. In accordance with our
previous study of spleen T cells (Maekawa et al., 2010), T cells isolated
from either of these tissues expressed little or no LRRK2 mRNA.

The alymphoidplasia (aly) mouse strain has a naturally occurring
point mutation in the NF-kB inducing kinase (NIK) gene that results in
defective development of lymph nodes and Payer's patches (Miyawaki
et al, 1994). Because the aly mouse has been reported to have an
increased B-1/B-2 ratio, we investigated whether this strain exhibits a
LRRK2 expression profile among B cell subsets different from that of the
C57BL/6 mouse. As reported previously (Fagarasan et al., 2000; Shinkura
et al,, 1999), the B-1/B-2 ratio in the aly mouse was markedly high in
both the peritoneal cavity and spleen (2.3- and 7.5-fold, respectively,
in comparison with the C57BL/6 mouse, Table 1). Nevertheless, B-1 and
B-2 cells prepared from peritoneal cavity and spleen of the aly mouse
exhibited CD profiles similar to those of equivalent cells prepared from
the corresponding tissues of the C57BL/6 mouse (Table 1). The qRT-PCR
indicated that in the aly mouse, as was the case in the C57BL/6 mouse,
the B-2 cells expressed a higher level of LRRK2 mRNA than B-1 cells in
both the peritoneal cavity and spleen (Fig. 3B). These results suggest
that LRRK2 expression by B-2 cells is not regulated by the NF-<B
pathway.
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Fig. 3. Expression of LRRK2 mRNA in B cell subsets. B-1, B-2, and T cells were purified
from each tissue of the C57BL/6 mouse (A) and the aly mouse (B) by MACS, as described
in Materials and methods. RNA was isolated from each of the pooled cell populations
from 10 mice. The amount of LRRK2 mRNA was measured by qRT-PCR and normalized
relative to the expression of GAPDH. The average of three independent experiments is
shown.

3.3. Downregulation of LRRK2 expression by activation of B-2 cells

As described above, we isolated B-2 cells as the CD43-negative B cell
fraction. CD43 (sialophorin) is expressed at high levels on the surface of
wide variety of leukocytes, including B-1 cells and activated B-2 cells,
but not on resting B-2 cells. Based on speculation that the difference in
LRRK2 expression between B-1 and B-2 cells is related to the activation
status of B cells, we next investigated whether LRRK2 expression by B-2
cells is influenced by activation. Splenic B-2 cells from the C57BL/6
mouse were activated with either PMA plus ionomycin or LPS for 24 h. It
was found that LRRK2 expression by B-2 cells was almost completely
downregulated by activation (Fig. 4A). The LRRK2 downregulation was
independent of the NF-<B pathway mediated by NIK, as LRRK2 mRNA
expression by B-2 cells from the aly mouse was also downregulated by
activation with anti-IgM or LPS (Fig. 4B). Our results suggest that LRRK2
in B-2 cells may have an important functional role in maintaining B-2
cells at the resting stage.

4. Discussion

In the present study, we found for the first time that LRRK2, a
complex kinase that had been originally identified as the causative
molecule of familial Parkinson's disease, is expressed differentially
between the two B cell subsets, B-1 and B-2. B-2 cells (conventional B
cells) isolated from the peritoneal cavity, spleen and peripheral blood
expressed LRRK2 mRNA at a much higher level than B-1 cells.
Although the true physiological function of LRRK2 has yet to be
clarified, it is possible that it plays some important roles related to the
characteristic development, phenotypes, and/or functions of B-2 cells.

(D43 (sialophorin), a major sialoglycoprotein expressed by a wide
variety of blood cells, is one of the surface markers that can discriminate B~
2 cells from B-1 cells, the former being negative and the latter positive
(Wells et al.,, 1994). This antigen is also a marker of B-cell activation, as
activation of B-2 cells has been reported to upregulate CD43 (Gulley et al.,
1988; Rosenstein et al,, 1999). These facts led us to speculate that LRRK2
expression might be negatively regulated in an activated state. Upon
activation with PMA plus ionomycin or LPS, expression of LRRK2 by
splenic B-2 cells was dramatically downregulated. It is possible that LRRK2
may play some important role in maintaining the status of B-2 cells so that
they remain receptive to stimulation and signal transduction, such as
those operating in immunoglobulin production, antigen presentation, and
cell proliferation. In this case, downregulation of LRRK2 after activation
would prevent B cells from becoming overactivated, and being induced to
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Fig. 4. Downregulation of LRRK2 expression in B-2 cells upon stimulation. (A) Splenic B-2
cells from the C57BL/6 mouse were stimulated in triplicate with either phorbol 12-
myristate 13-acetate (PMA) at 300 ng/ml plus ionomycin at 600 ng/ml, or with
lipopolysaccharide at 25 pg/ml (LPS), for 24 h, (B) Splenic B-2 cells from the aly mouse
were stimulated with either F(ab'), fragments of either goat anti-mouse IgM at 15 pg/ml
(anti-IgM), or with LPS, for 24 h. RNAs were isolated from pre-stimulated and stimulated
cells, and the amount of LRRK2 mRNA was measured by qRT-PCR. Expression of LRRK2
normalized relative to GAPDH is shown.
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undergo apoptosis. On the other hand, LRRK2 expression in B-1 cells may
be sustained at a low level by spontaneous activation, as B-1 cells are
known to have constitutively activated extracellular signal-regulated
kinase and secrete immunoglobulin spontaneously in the absence of
exogenous antigenic stimulation (Berland and Wortis, 2002; Dasu et al.,
2009; Durand et al., 2009; Holodick et al., 2009). The bone marrow pre-B
cells, although CD43-negative, expressed only a very low level of LRRK2.
This is in accordance with their positivity for the activation markers,
interleukin-7 receptor and CD25, thereby indicating a degree of activated
status in the process of B cell development (Hardy and Hayakawa, 2001).

The NIK-mutant aly mouse, having an abnormally high B-1/B-2
ratio (Fagarasan et al., 2000; Shinkura et al., 1999), exhibited features
of LRRK2 expression that were similar to those of the C57BL/6 mouse,
i.e., higher expression in B-2 than in B-1 cells and downregulation
after activation. These facts suggest that expression of the LRRK2 gene
may not be regulated by the NIK-NF-xB pathway. Because three
different forms of stimulation - PMA plus ionomycin, LPS, and anti-
IgM antibody - similarly downregulated the expression of LRRK2,
transcription factors functioning downstream of, and in common with
these types of stimulation, such as p38 and c-Jun N-terminal kinase,
could be possible regulators of LRRK2 gene expression. MKK6, an
upstream kinase of p38, reportedly increases the intracellular level of
LRRK2 (Hsu et al., 2010).

The molecular mechanism whereby mutant LRRK2 causes neurode-
generation in familial Parkinson's disease has not been conclusively
clarified. The difficulty comes from the fact that the true function of
LRRK2 is not known, although its kinase activity has been demonstrated
using potential interactors such as moesin, 4E-BP, 3-tubulin, and MKK3,
6,and 7 (Gandhietal,, 2008; Hsu et al., 2010; Imai et al., 2008; Jaleel et al.,
2007). Investigation of the functional role of LRRK2 in B-2 cells from an
immunological viewpoint could provide valuable clues, different from
those obtained by neurological analysis, to clarifying its true biological
function and its pathogenetic role in Parkinson's disease.

In patients with Parkinson's disease, increased serum levels of anti-
melanin antibody and IgG deposition have been found in the substantia
nigra (Double et al., 2009; Orr et al., 2005). It is possible that LRRK2 may
contribute directly or indirectly to progression of the disease by
regulating the humoral immune responses of B-2 cells. An interesting
issue to be clarified is whether or not B-2 cells expressing mutant LRRK2
exhibit a normal immune response. It has been reported that B-
lymphoblastoid cell lines carrying LRRK2 mutations show impaired
growth (Tan et al., 2008). On the other hand, invasion of CD8* and CD4™
T cells in the brain and alterations of the peripheral T-cell population
(increased CD8* and decreased CD4™ CD25") reportedly observed in
Parkinson's disease patients indicate the contribution of a cellular
immune response to progression of the disease (Baba et al, 2005;
Brochard et al., 2009). Thus, it is apparent that Parkinson's disease is not
only a lesion of neurons per se but also has an immune inflammatory
character. LRRK2 is a candidate molecule that could play a role in the
process of both neural dysfunction and immune inflammation in
Parkinson's disease.
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Gene transfer of dopamine-synthesizing enzymes into
the striatal neurons has led to behavioral recovery in
animal models of Parkinson’s disease (PD). We evaluated
the safety, tolerability, and potential efficacy of adeno-
associated virus (AAV) vector-mediated gene delivery of
aromatic t-amino acid decarboxylase (AADC) into the
putamen of PD patients. Six PD patients were evaluated
at baseline and at 6 months, using multiple mea-
sures, including the Unified Parkinson’s Disease Rating
Scale (UPDRS), motor state diaries, and positron emis-
sion tomography (PET) with 6-["®F]fluoro-L-m-tyrosine
(FMT), a tracer for AADC. The short-duration response
to levodopa was measured in three patients. The pro-
cedure was well tolerated. Six months after surgery,
motor functions in the OFF-medication state improved
an average of 46% based on the UPDRS scores, with-
out apparent changes in the short-duration response to
levodopa. PET revealed a 56% increase in FMT activity,
which persisted up to 96 weeks. Our findings provide
class IV evidence regarding the safety and efficacy of
AADC gene therapy and warrant further evaluation in a
randomized, controlled, phase 2 setting.

Received 25 January 2010; accepted 5 June 2010; published online
6 July 2010. doi:10.1038/mt.2010.135

INTRODUCTION

Dopamine replacement has been the standard pharmacotherapy
for motor impairment in Parkinsons disease (PD). Although
virtually all patients benefit from levodopa at an early stage of the
disease, severe loss of nigrostriatal nerve terminals in advanced PD
leads to profoundly decreased activities of dopamine-synthesizing
enzymes, including aromatic L-amino acid decarboxylase (AADC),
an essential enzyme that converts levodopa to dopamine. Failure to
respond to levodopa therapy may result from a reduction in AADC
activity, decreased dopamine storage capacity in synaptic vesicles,
postsynaptic changes in striatal output neurons, and abnormalities

of nondopaminergic neurotransmitter systems."? Systemic admin-
istration of high-dose levodopa enhances oscillations in motor
performance and complications, including hallucinations, due to
dopaminergic stimulation of the mesolimbic system.

One potential treatment for advanced PD is gene therapy
to restore striatum-selective dopamine production. In addition
to AADC, tyrosine hydroxylase, which converts L-tyrosine to
levodopa, and guanosine triphosphate cyclohydrolase I, which
catalyzes biosynthesis of the essential tyrosine hydroxylase
cofactor, tetrahydrobiopterine, are necessary for efficient synthe-
sis of dopamine.? Viral vector-mediated gene transfer of these
dopamine-synthesizing enzymes has been shown to achieve
behavioral recovery in animal PD models, with efficient trans-
duction of striatal neurons that escape degeneration.”® When
tyrosine hydroxylase and guanosine triphosphate cyclohydro-
lase I are expressed in the striatum, levodopa can be synthesized
continuously. This strategy would be useful for reducing motor
fluctuations associated with intermittent levodopa intake. Gene
transfer of AADC alone in combination with oral levodopa admin-
istration would be a safer strategy for initial clinical trials. In the
latter approach, the patients still need to take levodopa to control
motor symptoms, but excess production of dopamine could be
avoided by reducing the dose of levodopa. We assessed the safety,
tolerability, and the potential efficacy of intraputaminal infusion
of recombinant adeno-associated virus (AAV) serotype 2 vector
encoding human AADC (AAV-hAADC-2) in patients with mid-
to late-stage PD. We also examined whether the short-duration
response to levodopa, the antiparkinsonian response that parallels
the plasma levodopa levels, would change after gene therapy.”

RESULTS

Patient disposition and baseline characteristics

Six patients (4 men, 2 women), mean age 60 (range, 51-68) years,
were enrolled (Table 1). The mean disease duration was 10
(range, 5-18) years, and time on levodopa was 9.3 (range, 5-15)
years. The average baseline daily levodopa and levodopa equivalent
doses were 642 and 808 mg, respectively.
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Table 1 Patients’ baseline characteristics
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Disease Time on Levodopa Levodopa
Subject Age (years) Sex duration (years) levodopa (years) dose (mg) equivalents (mg)
A-1 51 M 9 600 900
A2 ' 63 M 9 450 650
A-3 66 F 7 500 700
A-4 58 M 11 700 700
A-5 68 F 15 1,000 1,100
A-6 56 M 5 600 800
Mean (SD) 60 (6.5) 67% M 10 (4.5) 9.3(3.4) 642 (196) 808 (169)

Abbreviations: F, female; M, male.

Patients are listed in the order in which they received treatment. Levodopa equivalents were estimated as follows: 100mg of levodopa with a dopa-decarboxylase
inhibitor is equivalent to 0.8 mg talipexole, 1 mg pergolide, 1 mg pramipexole, and 1.5mg cabergoline.

Primary end point

The procedure was well tolerated. All patients completed all
protocol-defined visits. One patient (patient A-2) had a venous
hemorrhage in the right frontal lobe just below a burr hole that
was found on CT scan 3 days after infusion. The patient used his
left arm less frequently than his right arm for 3 weeks; this was
assumed to reflect mild frontal lobe dysfunction and resolved
completely. Mild, transient headache around the burr holes was
present for 2 days after surgery in all patients. There were no
significant laboratory test abnormalities. All patients had mildly
increased titers of anti-AAV2-neutralizing antibodies 6 months
after treatment, which tended toward baseline concentrations
thereafter (Table 2).

Clinical evaluations

The clinical results are summarized in Table 3. Intraputaminal
AAV-hAADC-2 infusion significantly improved both total and
motor scores of the unified Parkinson’s disease rating scale
(UPDRS) in the OFF state. Five of six patients showed sub-
stantial improvement in UPDRS motor ratings in the OFF state
(Figure 1), Changes in the UPDRS ON state and the percent of
ON state hours in a day were not significant. One patient with
relatively mild motor symptoms at baseline did not improve
on UPDRS (A-3 in Figure 1). However, this patient showed a
remarkable increase in mobile time as measured by the dia-
ries (28% at baseline to 58% at 6 months after gene transfer;
Figure 2). The daily dose of levodopa was unchanged in two
patients (A-2 and A-5) and reduced in three patients (A-1, A-3,
and A-5) at 6 months. Patient A-6, who had daytime sleepiness,
preferred to reduce pramipexole instead of levodopa after gene
therapy.

The last three patients underwent the levodopa test after our
institutional review board confirmed the safety of AADC gene
transfer in the first three patients. The short-duration response to
levodopa did not change significantly after gene therapy in these
three patients, though UPDRS motor scores at 6 months showed
slight improvement at 30 minutes in patient 5 and at 120 minutes
in patient 4 after levodopa intake (Figure 3). Significantly higher
peak plasma levodopa concentrations were observed in these two
patients after gene therapy.

The mini-mental state examination (MMSE) and geriatric
depression scale (GDS) scores did not change significantly.
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Table 2 Changes in neutralizing AAV2 antibody titers in sera
following gene therapy

Subject Pre 2 weeks 6 months 1 year
A-1 1:2 1:4 1:4 1:4
A-2 <1 1:32 1:4 1:2
A-3 1:32 1:64 1:64 k32
A-4 1:32 1:32 1:256 1:64
A-5 1:4 1:32 1:32 1:32
A-6 <1 1:16 1:32 1:32

Abbrevigations: AAV, adeno-associated virus.
Titers are determined by in vitro assay and represented as “1:” dilutions.

Table 3 Clinical outcomes of six patients

Baseline 6 months Pvalue
UPDRS Total OFF 53(12.4) 38(10.1) 0.049*
UPDRS Total ON 15(7.2) 10.7(2.9) 0.262
UPDRS Part IIT (Motor) OFF 25.3(9.4) 13.7(6.0) 0.024*
UPDRS Part III (Motor) ON 5.2 (4.6) 1.8 (1.5) 0.120
Percent day spent in mobile state 48.8(12.9) 55.4(14.8) 0.348
Daily levodopa equivalents dose, mg 808 (169) 707 (233) 0.097

Abbreviations: OFF, off-medication state; ON, on-medication state; UPDRS,
Unified Parkinson’s Disease Rating Scale.

Data are presented as means (SD). The UPDRS scores in each patient did not
change during the 2 months of the screening period.

*P < 0.05.

PET analysis

PET imaging revealed increased 6-['*F]fluoro-L-m-tyrosine
(FMT), a tracer for AADC, activity 4 weeks postoperatively, which
persisted at 6-month evaluation (Figure 4). The mean increase in
FMT uptake from baseline in the combined (right and left) puta-
men at 24 weeks was 56%. Two patients (A-1 and A-2) who had
PET scans 96 weeks after surgery showed persistently increased
FMT uptake. In these two patients, motor performance in the
OFF state also maintained its improvement at 96 weeks.

DISCUSSION

Extensive preclinical studies on both rodent and nonhuman pri-
mate models of PD have shown that AAV vectors can express
exogenous genes for a long time in the brain target areas without

www.moleculartherapy.org vol. 18 no. 9 sep. 2010
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Figure 1 Changes in UPDRS scores. Absolute changes in scores from
baseline to 6 months for individual patients. OFF, off-medication state;
ON, on-medication state; UPDRS, Unified Parkinson’s Disease Rating
Scale.

significant toxicity.***** Recently, three phase I clinical trials of
gene therapy for advanced PD demonstrated that AAV vector-
mediated gene delivery into the subthalamic nucleus or putamen
was safe and tolerable.'”"* In this study, the safety of the AAV vec-
tors for clinical use in the human brain was confirmed. Although
one patient developed a venous hemorrhage in the subcortical
white matter along the trajectory, it is well known that cerebral
bleeding occasionally occurs in association with surgical proce-
dures for deep brain stimulation in which electrodes are inserted
into the basal ganglia through the frontal lobe white matter.'*'s
PET imaging in this patient showed that putaminal AADC expres-
sion was not affected by the subcortical venous hemorrhage and
persisted up to 96 weeks. Thus, the venous hemorrhage was prob-
ably due to the surgical procedure and not gene transduction.
Although the present trial was a small, open-label study, and
the nonblinded, uncontrolled analysis limits the interpretation,
the initial efficacy outcomes are encouraging. Our patients showed
improved motor performance in the OFF state. Levodopa has a
relatively short plasma half-life (60-90 minutes), and antiparkin-
sonian effects observed after levodopa administration have gener-
ally been recognized as short- and long-duration responses. The
short-duration response roughly parallels the plasma levodopa
concentrations and is thought to be closely linked to dyskinesia,
whereas the long-duration response builds up over weeks and
improves trough (worst) motor performance in the OFF state.”
Because the pattern of the short-duration response to levodopa
did not change after gene therapy in our patients, the beneficial
effect on the OFF state appears to be attributed to augmentation
of the long-term response to levodopa.'® In the preclinical studies
with animal models of PD, AAV vectors mainly transduced
medium spiny neurons that have dopamine receptors, and extra-
cellular dopamine was increased in the striatum after administra-
tion of levodopa.>'” The mechanism underlying the long-duration
response is not sufficiently understood, and future study is neces-
sary to determine how nonphysiologic production of dopamine

Molecular Therapy vol. 18 no. 9 sep. 2010
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Figure 2 Evaluation of patients’ diaries and daily doses of levodopa
equivalents. For each 30-minute interval throughout the day, the
patients recorded whether they were mobile (ON), immobile (OFF),
or asleep. They also recorded the time with troublesome dyskinesias
(Dyskinesia). The graph shows the percentage of hours in a day spent in
each condition at baseline and at 6 months. The numbers on the bars
indicate the mean daily doses of levodopa equivalents (mg). OFF, off-
medication state; ON, on-medication state.

in the striatal neurons could enhance the response. It has been
reported that the sustained long-duration response to levodopa is
greater in patients treated with higher single doses of levodopa.'®
Thus, it is likely that increased dopamine in the putamen after
gene transfer may enhance the stable long-duration response.
Motor fluctuations in PD are associated with increased response
to levodopa with a deeper trough in motor performance, rather
than shortening of the response. Improving trough or OFF state
motor function by augmenting the long-term response would
likely reduce motor fluctuation.'" Two of three patients in whom
the short-duration response to levodopa was studied showed
increased peak plasma levodopa concentrations after gene therapy.
This finding may simply reflect variable absorbance of levodopa,
and it remains to be elucidated whether changes in gastrointesti-
nal absorption could be related to better motor performance in
the OFF state."

Activities and levels of AADC mRNA and protein are pro-
foundly reduced in advanced PD,? but there are still several types of
AADC-containing cells in the striatum, such as serotonin neurons,
intrinsic dopamine neurons, AADC-containing “D” neurons, and
glial cells.”” These cells may act as a local source of dopamine.
However, dopamine produced in nondopamine cells may not be
taken up into dopamine cells and stored in synaptic vesicles, as
dopamine transporter and vesicular monoamine transporter 2 are
also reduced in advanced PD. The functional efficacy of dopamine
produced from exogenous levodopa in these cells may be limited,
at least in primates.>® Striatal output neurons, main targets in
AADC gene therapy, play a principal role in dopamine modula-
tion of motor function in the basal ganglia. Dopamine synthesized
in the striatal neurons themselves may more easily stimulate both
synaptic and extrasynaptic receptors.
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Figure 3 Short-duration response to levodopa. Comparison of short-duration response to levodopa before (blue) and after gene therapy (brown)
in three patients (A-4, A-5, and A-6). Patients took 100mg of levodopa with 25 mg benserazide orally after 20 hours without dopaminergic medica-
tion. Values represent means and SE of three trials. Upper panels: plasma levodopa levels; lower panels: Unified Parkinson’s Disease Rating Scale motor

scores. *P < 0.05.

Results of a similar phase I protocol were reported recently for
the 10 patients treated with AAV-hAADC-2 (ref. 10). That study
used the same vector preparations as this study. The subjects were
divided into two groups that received the same or one-third dose
of the vector used in this study, respectively. Although the present
patients had slightly milder initial symptoms, the patients treated
with the same dose of vector in the two studies showed similar
improvement in the OFF state and putaminal FMT uptake on PET.
These findings provide independent confirmation of the safety,
tolerability, and potential efficacy of AADC gene therapy. Future
studies focusing on optimal vector dosing and defining the rela-
tionship between vector dose and clinical effects are necessary.”!

In conclusion, these data indicate that AAV vector-mediated
gene transfer of AADC is safe and may benefit advanced PD
patients.

MATERIALS AND METHODS

Study design. The protocol and consent forms were approved by the insti-
tutional review board. The protocol was also reviewed by the committee of
the Ministry of Health, Labour and Welfare of Japan. A data safety moni-
toring board reviewed the ongoing study. All subjects reviewed the consent
form and provided their written, informed consent.

This 24-week, phase I, open-label study was primarily designed to
evaluate the safety and tolerability of intraputaminal AAV-hAADC-2
infusion in idiopathic PD. Patients were evaluated preoperatively and
monthly postoperatively for 6 months, using multiple measures, including
the UPDRS, motor state diaries, the MMSE, the short form of the GDS,
and laboratory tests. The UPDRS was done in the practically defined OFF
state 12 hours after withdrawal of all antiparkinsonian medications, and
in the ON state 1 hour after administration of the usual morning dose of
medication. Motor scores for the UPDRS can range from 0 to 56, with
higher scores indicating poorer function. Using diaries that separated
the day into half-hour segments, the patients recorded their mobility
during the 4 days before admission and for another 4 days at 6 months
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Figure 4 FMT-PET images. Axial images at the level of the putamen
are shown before and 24 weeks after gene therapy for all six patients.
Increased FMT uptake persisted until 96 weeks in two patients. The 4-week
images are not shown because they are similar to the 24-week images.
FMT, 6-['*F]fluoro-.-m-tyrosine; PET, positron emission tomography.

24 weeks

96 weeks

after admission. They were trained to rate their condition as sleeping,
immobile, mobile without troublesome dyskinesias, or mobile with
troublesome dyskinesias. The total number of hours spent in each of these
categories was calculated, and the differences between the baseline and
the 6-month scores were compared between the groups.

The short-duration response to levodopa was evaluated in three
patients (patients 4-6) at baseline and 6 months after gene transfer; they
took 100mg of levodopa orally with 25mg benserazide after 20 hours
without dopaminergic medication. Motor symptoms based on UPDRS
motor (part III) and plasma levodopa concentrations were assessed at
baseline and 30 minutes, 1, 2, 3, and 4 hours after levodopa intake.

Patients. The main entry criteria were: age 45-75 years; diagnosis of

moderate to advanced PD, defined as Hoehn and Yahr Stage IV and
UPDRS in the practically defined OFF condition of at least 20; at least

www.moleculartherapy.org vol. 18 no. 9 sep. 2010
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§ years of levodopa therapy; a minimum 8-point improvement in the
UPDRS motor score after levodopa intake; and motor complications not
satisfactorily controlled with medical therapy. The main exclusion criteria
were atypical parkinsonism, dementia (MMSE score <20), and previous

neurosurgical treatment for PD.

Veector and stereotaxic Infusion. The vector used in this trial was a recom-
binant AAV2 with an expression cassette consisting of a human cyto-
megalovirus immediate-early promoter, followed by the human growth
hormone first intron, complementary DNA of human AADC, and simian
vitus 40 polyadenylation signal sequence > Clinical grade AAV-hAADC-2
was manufactured by Avigen (Alameda, CA) and provided by Genzyme
(Boston, MA). The patients received AAV-hAADC-2 via bilateral intrapu-
taminal infusions. Two target points were determined in the putamen that
were sufficiently separated from each other in dorsolateral directions and
identified on a magnetic resonance image. One burr hole was trepanned
in each side of the cranial bone, through which the vector was injected
into the two target points via the two-track insertion route. The vector-
containing solution was prepared to a concentration of 1.5 x 10" vector
genome/ml, and S0j41 per point of the solution were injected at 1 pl/min;
each patient received 3 x 10" vector genome of AAV-hAADC-2.

Neutralizing antibody titers against AAV2 were determined by
measuring [3-galactosidase activities in HEK293 cells transduced with
$ x 10° vector genome/cell of AAV2 vectors expressing [B-galactosidase in
various dilutions of sera.”

PET. The AADC expression level in the putamen was assessed on PET
imaging with FMT 6 days before surgery and 1 and 6 months after gene
transfer. All patients stopped dopaminergic medications 18 hours before
PET and took 2.5 mg/kg of carbidopa orally 1 hour before FMT injection.
Subsequently, 0.12mCifkg of FMT in saline were infused into an antecu-
bital vein, and 4 90-minute dynamic acquisition sequence was obtained. The
PET and magnetic resonance imaging data were co-registered with a fusion
processing program (Syntegra; Philips, Amsterdam, The Netherlands)
to produce the fusion images. Radioactivities within volumes of interest
drawn in the putamen and occipital lobe were calculated between 80 and
90 minutes after tracer injection. A change in putaminal FMT uptake from
baseline to 24 weeks was assessed using the putaminal-occipital ratio of
radioactivities.

Statisticol analysis. Values at baseline and 6 months after gene trans-
fer were compared using Student’s ¢-test (paired analyses). A two-sided
P value <0.05 was taken to indicate significant differences. Two-way
analysis of variance with Bonferroni correction of P values was used for
the short-duration response to levodopa.
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