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= Abstract

Recombinant Adeno-associated Virus-Mediated Gene

Transfer in Homocystinuria Mice

Eun-Sook Park
Department of Clinical Genetics, Yonsei University College of Medicine

Homocystinuria is a metabolic disorder caused by a deficiency of cystathionine B-synthase (CBS).
Patients with homocystinuria show clinical symptoms such as mental retardation, lens dislocation,
vascular disease with life-threatening thromboembolisms and skeletal deformities. Generally, the major
treatments for CBS deficiency include pharmacologic doses of pyridoxine or dietary restriction of
methionine. However, there is no effective treatment for this disease up till today and gene therapy
can be an attractive novel approach to treatment of the disease. We investigated whether a
recombinant adeno-associated virus could be used as a CBS gene transfer vector to reduce the
excessive homocysteine level in the homocystinuria mouse model. Recombinant adeno-associated virus
vector encoding the human CBS gene (rAAV-hCBS), driven by EFl-a promoter, was infused into
CBS-deficient mice (CBS™) via intramuscular (IM) and intraperitoneal (IP) injection. IP injection was
more efficient than IM injection for prolongation of lives and reduction of plasma homocysteine levels.
After 2 weeks of gene transfer by IP injection, serum homocysteine level was significantly decreased
in treated mice compared with the age-matched controls and the life span was extended about 1.5
times. Also, increased expression of CBS gene was observed by immunohistochemical staining in
livers of treated CBS” mice and microvesicular lipid droplets was decreased in cytoplasm of liver.
These results demonstrate the possibility and efficacy of gene therapy by AAV gene transfer in

homocystinuria mice.
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Introduction

(MIN  236200) is an

autosomal recessively inherited disorder caused

Homocystinuria

by deficiency of cytathionine b-synthase
(CBS). The major clinical symptoms include
mental retardation, lens dislocation, vascular
disease with life-threatening
thromboembolisms, skeletal deformities” 2. A
large number of mutations in different regions
of the human CBS have been found in
patients with homocystinuria. Mutations in the
CBS gene can alter mRNA stability or
enzyme stability, activity, PLP binding, heme
binding, or allosteric regulation®.

‘A lack of CBS activity causes homocysteine
accumulation as well as export of
homocysteine from the cell, leading to
hyperhomocysteinemia, which may be toxic to
cells. Moreover, it perturbs the methylation
cycle, such as intracellular accumulation of
which has

metabolism”,  The

S-adenosyl homocysteine,

consequences for cell
elevated homocysteine concentration has been

shown to be a potential risk factor for

)

. . 5,6
cardiovascular diseases™®, neural tube defects”

)

and Alzheimer's disease”. Several studies
show that homocysteine induces endothelial
dysfunction and injuryg’w).

Current treatment of CBS deficiency

includes (i) the administration of pyridoxine to
putatively stimulate the residual CBS activity;

(ii) restriction of dietary methionine intake to

decrease the load in the affected pathway;
(iii) supplementation of cysteine to correct
cysteine deficiency; and (iv) administration of
betaine, folic acid and cobalamin to facilitate
the remethylation of homocysteine back to
methionine'”. Homocysteine (Hcy) reducing
therapy delays the development of the clinical
symptoms, and markedly reduces the risk of

12,13)

vascular events ', suggesting involvement of

Hcy in  the  pathogenesis. = However,
approximately 50 % of CBS-deficient patients
are biochemically responsive to

pharmacological doses of pyridoxine and

treatment must be continued for life’,
Effective and long-term treatment to reduce
homocysteine level in the severe
homocystinuria is needed. Gene therapy is an
attractive novel approach to treatment this
disease because it is effective, sustained and
stable other than treatments. However, gene
therapy for homocystinuria Jhas not been
tried.

In this study, we used the recombinant
adeno-associated virus (AAV) vector as a
gene delivery vehicle. TAAV is an attractive
vector for use in gene therapy as wild-type
AAV is not associated with human disease,
but is naturally defective requiring helper
adenovirus or herpes simplex virus (HSV)
rAAV  vectors

deleted for all viral proteins, leaving only the

coinfection for replication.
two 145-bp inverted terminal repeats which

are sufficient for packaging and

'10'
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Integration 1)

, thereby reducing the risk of
toxicity and immune responsesm’”). rAAV has
been proven to transduce -effectively both
dividing and nondividing cells such as those
of the eyels), heartlg), brainzo), liverm, lungszz),
and muscle™, and lead to stable long-term

24,25)

gene expression” . It has been widely used

for gene therapy studies in inherited diseases

hemophilia B>,

such as cystic fibrosis
(CF)ZS) and Fabry disease™ with promising
results.

In this study, we tested the efficacy of
delivery of human CBS c¢cDNA in a murine
the CBS” and

recombinant

model
CBS™

adeno-associated virus vectors.

of homocystinuria,

mouse, using

Results

1. Construction of transgene

The transgene, human CBS cDNA, was
driven by a human elongation factorl - a
promoter endowed with more stability by
woodchuck hepatitis virus posttranscriptional
regulatory WPRE, and the

polyadenylation site was

element,
provided by the
BGH poly (A). Human CBS cDNA encodes
for 551

C-terminal

amino acids and mutations in

region of gene contained as;
deletion of C-terminal, A420 - 551 (419 a.a +

stop codon) and point mutation (Q451G) (Fig.
L.).

Map of pAAV/EF-CBSfull WPRE-PolyA

Map of pAAV/EF-CBSfull* WPRE-Polyd

Map of pAAV/EF-CBS3’del-WPRE-PolyA

Fig. 1. Schematics of vector constructs. CBS*:
Point mutation in the regulatory domain
(Glu451Gly). CBS 3'del: Deletion in the
regulatory domain (419a.a + Stop). WPRE :
Woodchuck hepatitis virus posttranscriptional

regulatory element

2.  Expression and activity
rAAV-hCBS afier in vitro transduction

We used these cells as A negative control

assay of

cell line for the in vitro assay because CBS
activity is not present in NIH3T3 cells.
NIH3T3 cells were infected at MOI of 5,000
and 20,000 at 60% cell density. Two days
after infection, isolated from
rAAV-hCBS transduced
cells, and used for detection of enzyme
expression and activity (Fig. 2). The
rAAV-hCBS transduction resulted in human

CBS expression in the transduced cells, but

protein  was

and untransduced

there was no expression in the untransduced
control (Fig. 2A). Protein bands (63 kDa)
were observed in HepG2 positive control cells
and transduced cells, using a monospecific
anti-hCBS antibody. The enzyme

. . 14, .
assay measuring the conversion of [ C] serine

activity

to [14C] cystathionine also showed results

_11_
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consistent with the Western blot analysis (Fig.
2). These in vitro studies confirmed that the
rAAV-EF1a-hCBS vector was
delivering a functional gene to the cells.
Wild-type of CBS gene showed the same
enzyme activity as mutant forms. Wild-type

capable of

CBS gene showed increased enzyme activity
for 1.5 ~ 2 times in the presence of AdoMet.
Deletion form of C-terminal of CBS gene
resulted in the absence of stimulatory effect
to AdoMet.
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X 16°MOI 2X 10 Mot

Fig. 2. Western blot analysis and enzyme
activity assay in NIH 3T3 cells infected
with rAAV-hCBS.

3. Elongation of life span

Homozygous mutants completely lacking
cystathionine b- synthase were born at the
expected  frequency from  matings of
heterozygotes. but they suffered from severe
growth retardation, such as delayed eye
opening and facies typical of very young
animals. In addition, a majority of them died
within 5 weeks after birth with low body

weight'”. In this study, average life span of

untreated CBS” mouse was about 15.6 = 1.78
days. We measured extent of the elongation
of life span in treated mice. After injection of
rAAV-CBS, the life span was lengthened
approximately 3-7 days in treated mouse.
Intraperitoneal injection of rAAV-CBSfull was
the most effective method of gene delivery
that showed elongated life span as 214 =+
2.94  days.
superior to intramuscular in effectiveness (Fig.
3).

Intraperitoneal  injection  was

o8 88888
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Fig. 3. Survival rate of CBS” mice after
rAAV-CBS administration through various

routes. IM; intramuscular. IP; intraperitoneal

4. Homocysteine level in Plasma

The plasma  homocysteine levels in
20-day-old homozygotes were approximately
40 times higher than those of age-matched
normal littermates. Heterozygotes have about
twice the normal homocysteine levels (Fig.4).
At two weeks after delivery of rAAV-hCBS,
plasma homocysteine levels were measured.
Basal plasma homocysteine level of untreated
CBS” mice was 401.66 + 38.67 mM. At 2
weeks after injection, plasma homocysteine
levels in mice infused with viral vectors (2 x

10" viral particles) decreased to 241.83 =+

_12_



5458 mM in rAAV-CBSfull and 301.6 +
6397 mM in rAAV-CBSdel, respectively
(Fig. 4). Homocysteine

decreased to less than half of the levels

concentration was
observed in untreated homocystinuria mice.

™ TAAV-CBSfull — r— rAAV-CBSdel— 1 7
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Fig 4. Plasma homocysteine concentration in
CBS” mice administered rAAV-CBS via IP.
CBS” mice were administered with 2 X 10"
viral particles via intraperitoneal route and
sacrificed at 2 weeks after injection. Values

are presented as the mean =SD (N=3).

5. Distribution of recombinant virus in
various tissues

RNA was extracted from various organs at
2 weeks after an intraperitoneal injection and
analyzed for the tissue distribution of viral

transgene vector. The human CBS specific

Plasma Homocysteine levels (M)

~u BEBUBEEGY

Fig. 5. Analysis of tissue distribution of
rAAV-CBSfull & rAAV-CBSdel after

intraperitoneal injection in CBS™ mouse

band was detected in treated mouse.
Recombinant viral vectors were distributed in
lungs, liver,

major organs such as heart,

intestine, peritoneaum, and kidneys (Fig. 5).

6. Histological observation and
immunohistochemical stain of the liver from
homocystinuria mice injected with
rAAV-hCBS

Most homozygotes at weaning were runted
and their eyes were smaller than normal and
not completely open. Gross examination of
their organs showed no obvious differences
except that the color of the livers was very
light in contrast to the reddish-brown color of
those from heterozygotes and wild-type mice.
The 20-day-old homozygous mutants were
sacrificed for histological examination. Hepatic
CBS-deficient

mice was observed by light microscope. Fat

morphology of homozygous

droplets were prominent in the liver

homocystinuria mice. The cytoplasm was
filled with microvesicular lipid droplets (Fig.6
A). In rAAV injected mouse, color of the
changed to

livers was somewhat

reddish-brown and reduction of

microvesicular fat droplets was observed by

histological  examination (Fig.6 B, C).
However, many macrovesicular fat change
were observed in treated mouse.
Immunochemical staining with the anti-hCBS
antibody showed that CBS protein was
detected in cytoplasm of liver treated with
rAAV-hCBS. Mice

administered

_13_
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rAAV-CBSfull was more detected than
rAAV-CBSdel (Fig. 6 E, F). This result was
consistent with serum homocysteine
concentration.

Fig. 6. Histological examination (A-C) and

immunohistochemical staining (D-F) of
mouse livers after administration of
rAAV-hCBS.

7. Administration of rAAV-CBS into CBS™
mouse
CBS-deficient exhibit
growth retardation, hepatic dysfunction, and

Homozygous mice
shortened survival. Because of severity of the
phenotype CBS” mice may have limited
utility for model

grew
heathy. They have twice of normal plasma

of gene therapy. The

heterozygotes normally and were
homocysteine levels. In previous studies, it
had been shown that heterozygous mice were
useful
hyperhomocysteinemia. We tested the efficacy
of gene transfer of rAAV-CBS using CBS™.
Homocysteine concentration of plasma was
6 and 12 weeks

mouse had twice higher

experimental model for

measured at 2, after

injection. CBS"™

plasma homocysteine concentrations compared
with CBS”" (11.3£0.95 mM vs. 22.6£1.8
mM) at 2 weeks after birth. But plasma
homocysteine concentrations decreased with
age in wild-type and heterozygous mouse and
difference of concentration between two

groups, 1:2 ratios, was not observed.
Homocysteine level was ineffective in treated
mice (Fig. 7). There was no significant in
enzyme activity (data not shown) in injected

mice, consistent of plasma homocysteine level.

Fig. 7. Homocysteine concentration in plasma

s o @ 8 B

u

Plasma Homocysteine levels (uM)

©

W
Postinjections (weeks)

of CBS"'mouse administered rAAV-CBS via
hepatic portal vein. CBS™ mice were
administered with 1 X 10" viral particles
and killed at 2, 6 and 12 weeks after
injection. Values are presented as the mean
+ SD (n=3).

Conclusion

In conclusion, our data showed
intraperitoneal administration of a rAAV-CBS
can result in elongation of life span, decrease
of homocystein level in plasma and expression

of CBS gene in the murine model of

-14_



homocystinuria. These findings suggest that an
AAV-mediated gene transfer may be useful
therapeutic candidate for the treatment of
homocystinuria. In suitable

mouse model should be needed for further

addition, new

investigation of therapeutic strategies for the

patients with homocystinuria.
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