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3.3 Generation of the first-generation adenovirus AdmsialFG.

The shuttle plasmid pDC312-msial was made through cloning 7.8 kb of the
mouse lysosomal sialidase gene into pDC312 followed by purification through
CsCl in preparation for transfection along with the genomic adenovirus plasmid
pBHGIox(AE1, E3)Cre into 293 cells. The 7.8 kb mouse lysosomal sialidase
fragment used for the first-generation adenovirus construction is 2.8 kb smaller
than that used for the helper-dependent adenovirus as the genomic adenovirus
plasmid pBHGIlox(AE1, E3)Cre can only accommodate a transgene of 8.2 kb in
length. The missing 2.8 kb portion is solely within the 3’ untranslated region and
does not include the poly-A signal or any portion of the exons. AdmsialFG was
propagated in 293 cells after co-transfection of pDC312-msial and pBHGlox(AE1,
E3)Cre, with adenoviral plaques forming around 5-6 days post-transfection.
Several plaques were picked and used to infect 60-mm dishes of 293 cells to
further amplify and characterize the plaques. The genomic map for AdmsialFg
indicates that the expectant fragment sizes are 8010, 5322, 4670, 4597, 4470,
3012, 2937, 2081, 1992, 902, and 75 bp in length when digested with Hindlll
(Figure 3.5). Following viral DNA purification and subsequent digestion with
Hindlll, the proper genomic structure was verified (Figure 3.6). The faint
fragments seen in Figure 3.6 around 1.8 kb are expected to be from the digestion
of cellular DNA with Hindlll. The resulting adenoviral vector, AdmsialFG, was
propagated in 30 dishes (150-mm) of 293 cells and purified twice through CsCl

before any in vivo experiments were performed.
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HindlIl (4561)

HindlII (31308) HindllI (6553)

AdmsialFG
38158 bp

Hindlll (11223)
HindIII (23298)
Hindlll (16545)
" HindIII (18626)
HindIII (18701)

Figure 3.5 Plasmid map for AdmsialFG displaying the restriction sites for Hindlll
The two individual ITRs represent the left and right end of the linear viral genome
respectively
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Figure 3.6 Restriction analysis of AdmsialFG DNA following Hindlll digestion All
fragments reveal correct viral genomic assembly in all viral plaques characterized
(lanes 2-5) The faint fragment seen at approximately 1 8 kb represents digested
cellular DNA. Lane 1 is the 1 kb plus ladder used as the DNA standard
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3.4 Subcloning of human lysosomal sialidase gene into pCR2.1 vector.

The 8 kb human lysosomal sialidase gene was PCR amplified, gel purified
(Figure 2.1) and cloned into the TA-cloning site of the pCR2.1 cloning vector.
Since clones that correctly contain the human lysosomal sialidase gene will
disrupt the LacZ gene in the pCR2.1 vector, positive clones were selected based
on blue/white colonies. Several white colonies were picked and harvested for
plasmid purification. After Hindlll restriction digestion, fragment sizes of 2.9 and
9 kb were expected (Figure 3.7) and obtained in two of the 4 DNA preparations
for pCRhsial (Figure 3.8). Subsequent cloning strategies towards inserting the
human lysosomal sialidase gene from pCRhsial into the helper-dependent vector
pC4HSU did not yield any positive clones and thus can be attempted in the

future.
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Origin of Replication HindlIII (235)

Ampicillin

pCR-Hsial Forward

11951 bp Hindlll (3147)

Human Lysosomal Sialidase

Figure 3.7 Plasmid map of the subclone pCRhsial containing the human
lysosomal sialidase gene. The Hindlll restriction sites produce 2 fragments of
approximately 9 and 2.9 kb in size upon Hindlll digestion.
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Figure 3.8 Restriction analysis of pCRhsial following Hindl/l/ digestion Lanes 3
and 5 display positive clones revealing the 9 and 2.9 kb fragments that are
produced upon Hindlll digestion while lanes 2 and 4 display negative clones.
Lane 1 is the 1 kb plus ladder used as the DNA standard
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3.5 Mouse lysosomal sialidase activity in sialidase-deficient cells (WG544)
96 hours post-infection with AdmsialHD and AdmsialFG.

Once the AdmsialHD was properly characterized and CsCl purified, the
next step was to test the sialidase activity of infected cells. The assay for
lysosomal sialidase activity requires the substrate 4-methylumbelliferyl-n-acetyl-
a-D-neuramide (Mu-Nana) in an acidic environment, pH 4.8. Upon cleavage by
lysosomal sialidase, 4-methyl-umbelliferone is released and can be detected
using a fluorometer. This assay directly relates the amount of functional sialidase
with the amount of sialidase activity in a sample reaction, making this a good
method for determining the amount of functional lysosomal sialidase that the
vector has produced. WG544 cells were cultured in 100-mm dishes until 80-90%
confluency and were infected with different MOls of AdmsialHD. The WG544 cell
line is devoid of lysosomal sialidase activity, and thus provides a unique cell line
where any increase in lysosomal sialidase activity can be detected. Individual
dishes were infected at either an MOI of 50, 100, 500, or 1000 particles per cell
or with 0.5 mi of PBS++ (Figure 3.9). The infection had an adsorption period of 1
hour followed by an incubation period of 96 hours to allow for sialidase
expression. Due to the nature of the endogenous promoter, very high levels of
lysosomal sialidase were not expected. After the 96 hour incubation, the cells
were harvested and lysed accordingly to be assayed for lysosomal sialidase
activity. A dose-response curve can be seen in Figure 3.9 with relatively little

activity at an MOI of 50, and a steady, almost linear increase in sialidase activity
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with increasing MOI (approx. 5-fold from MOI 50 to MOI 500 and 5-fold from MOI
100 to MOI 1000). The moderate increase in lysosomal sialidase activity was
expected at the low MOls due to the endogenous promoter activity. From these
results, it is clear that AdmsialHD is a functional vector that is capable of

producing mouse lysosomal sialidase at supraphysiological levels in vitro.

In a similar experiment, the AdmsialFG vector was compared to a first-
generation adenoviral vector containing the cDNA of human lysosomal sialidase
(AdS+) with a cytomegalovirus (CMV) promoter controlling its expression. The
AdmsialFG was used at 100 particles per cell where the AdS+ was used at 10
PFU/cell (approximately 100 particles/cell) and the control was a mock-infected
dish subjected to PBS++ alone. All treatments were adsorbed for 1 hour with a
96 hour incubation period prior to harvesting the cells for determination of
sialidase activity. By utilizing the same procedures as before for determining
enzyme activity, it was apparent that the AdS+ vector produced approximately 5-
fold more functional enzyme relative to AdmsialF G-infected cells (Figure 3.10).
This was to be expected due to the nature of the promoters driving expression of
the two transgenes, with the CMV promoter in AdS+ and the endogenous
promoter in AdmsialFG. Furthermore, the WG544 cell line is a human fibroblast
cell line and AdmsialFG expresses a mouse protein whereas AdS+ expresses a
human protein, which could also increase the variability seen between the two

vectors. Despite the lower levels of functional lysosomal sialidase expressed
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from AdmsialF G relative to AdS+, the levels of functional enzyme in AdmsialFG-
infected cells remained well above those of the PBS++- infected cells, indicating

that AdmsialFG is a functional vector, expressing sialidase.
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Figure 3.9 Sialidase activity from sialidase-deficient cells (WG544) that were
infected with AdmsialHD at an MOI of 50, 100, 500, or 1000 particles/cell. Cells
mock-infected with PBS++ alone served as controls. Enzyme assay was
performed 96 hours post infection. Error bars are standard deviations as three
assays were performed from a single sample from each infection variable.
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Figure 3.10 Sialidase activity from sialidase-deficient cells (WG544) that were
infected with AdmsialFG or AdS+ at an MOI of 100 particles/cell or 10 PFU/cell
respectively. Cells mock-infected with PBS++ alone served as controls. Enzyme
assay was performed 96 hours post infection. Error bars are standard deviations
as three assays were performed from a single sample from each infection

variable.
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3.6 Comparative mouse lysosomal sialidase activity 96 hours post-infection
of sialidase-deficient cells (WG544) cells with AdmsialHD, AdmsialFG, or
AdS+,

Based on the previous results that displayed the relative activities of
AdmsialHD and AdmsialFG, it would appear that the AdmsialFG has higher
expression levels of lysosomal sialidase, but no comparative study between the
two had yet been performed. In this experiment, AdmsialFG was expected to
have higher levels (approx. 5-fold) based on the previous human deficient
experiments. The infections were carried out similarly to the previous
experiments in 100-mm dishes, with AdS+ infecting at 10 PFU/cell, AdmsialFG
infecting separate dishes at MOls of 10, 100, 500, and 1000 patrticles/cell,
AdmsialHD infecting separate dishes at MOls of 10, 100, 500, and 1000
particles/cell and a mock-infected dish subjected to PBS++ alone. As before,
following a 1 hour adsorption and a 96 hour incubation, the infected cells were
harvested and lysed to determine their functional lysosomal sialidase activity. All
of the samples were collected except for the AdmsialHD-infected plate with an
MO of 500 particles/cell due to contamination. As illustrated in Figure 3.11, all
viral treatments produced an increase in lysosomal sialidase levels, except for
the AdmsialFG at an MOI of 1000 particles/cell group. The AdmsialFG-infected
cells at the MOls of 10, 100, and 500 had approximately 2-fold greater enzyme
activity than the PBS++ control while the AdmsialHD-infected cells at all MOls

had approximately 3-fold greater enzyme activity compared to the PBS++ control.
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Since the last experiment with AdmsialFG was only carried out at an MOI of 100
particles/cell, perhaps the increased dose was toxic to the cells and resulted in a
decrease in sialidase expression. Furthermore, the results here are the opposite
from the previous two experiments, as the AdmsialHD-infected cells seemed to
express similar levels of functional sialidase and even greater levels in the
AdmsialHD 1000 particles/cell MOI group. The differences in Hd-vector and FG-
vector expression levels were not the only difference from the last experiment
(Figure 3.10), as the AdS+ infected group expressed approximately 5-fold lower
lysosomal sialidase than in the last experiment, suggesting that perhaps the cells
were not given the same amount of care when being cultured or that during the
harvesting or lysing stage, some cells may have prematurely died resulting in
loss of activity or that the cells were not lysed as well as in the previous
experiments. A Western Blot was also performed on the cell lysates using the a-
75 antibody (data not shown) with no specific band picked up that would
represent the mouse lysosomal sialidase protein. Despite the discrepancies in
the data, all three vectors produced functionally active lysosomal sialidase at

levels greater than the PBS++ control.
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Figure 3.11 Sialidase activity from sialidase-deficient cells (WG544) that were
infected with AdmsialFG or AdmsialHD at an MOI of 10, 100, 500 or 1000
particles/cell or AdS+ at an MOI of 10 PFU/cell Cells mock-infected with PBS++
alone served as controls. Enzyme assay was performed 96 hours post infection
The AdmsialHD MOI 500 sample became contaminated and was discarded prior
to enzyme assay Error bars are standard deviations as three assays were
performed from a single sample from each infection variable.
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3.7 Mouse lysosomal sialidase activity from isolated blood monocytes.
Since the lysosomal sialidase deficiency in the SM/J mouse has been
linked with the immune system, it was necessary to determine if the sialidase
activity assay could be performed on isolated blood monocytes from a mouse.
Blood was collected via the retro-orbital bleed technique, followed by Tris-NH,4CI
lysing of red blood cells which after centrifugation isolated monocytes to be used
for the enzyme activity assay. In this particular experiment, 150 yl of blood was
collected for each C57/BI6 mouse enzyme assay. In Figure 3.12, it can be seen
that the sialidase activity assay was not sensitive enough to pick up enzyme
activity from 150 yl of isolated blood monocytes. The level of sialidase activity,
averaging 25 nmol/min/mg protein was well below that seen in the WG544 cell
line, which is devoid of lysosomal sialidase (Figure 3.9 — 3.11 as examples).
Additionally, the isolated monocytes in this particular experiment are from the
C57/BI6 mouse, which have no lysosomal sialidase defect, thus if the monocytes
from the SM/J mouse have low levels of enzyme activity, then this protocol will
not prove useful for future SM/J mouse experiments. Because of this, sialidase
activity assays should be performed on mouse tissues such as the liver, kidney,
and spleen rather than isolated blood monocytes, resulting in a one-time usage

of each mouse.
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Figure 3.12 Sialidase activity from monocytes isolated from 150 ul C57/BI.6
mouse blood Standard deviation represents pipetting error alone as three
assays were performed from a single sample.
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3.8 Comparative up-regulation of mouse lysosomal sialidase activity in
mouse embryonic fibroblasts (MEF) by AdmsialFG and AdmsialHD.

With prior sialidase activity assays performed on the lysosomal sialidase-
deficient cell line, WG544, there was no information on how these adenoviral
vectors would perform therapeutically in normal mouse cells. The mouse
embryonic fibroblast (MEF) cell line was chosen to test the hypothesis that both
AdmsialFG and AdmsialHD should up-regulate sialidase activity beyond those of
the PBS++ infected control. The experiment was performed exactly as before,
with a 1 hour viral adsorption and a 96 hour incubation period. Cells were
harvested and lysed accordingly in preparation for the sialidase activity assay.

As shown in Figure 3.13, there exists a dose-response with the MEF cells
infected with the AdmsialFG vector at the 3 different MOls of 10, 100, and 1000
particles/cell. The AdmsialHD-infection groups did not display a dose related
response as all three MOI treatments resulted in sialidase activity that was similar
to the AdC4HSULacZ control and PBS++ mock-infected control. The potential
reason for this could be that the MEF cells already express physiological levels of
lysosomal sialidase and thus the enzyme could already be at saturating levels
within the cell. Any increase copy number of the lysosomal sialidase gene may
not increase expression due to saturation of the enzyme, especially when the
additional genetic material is controlled by an endogenous promoter. AdmsialFG

has additional viral promoters relative to the AdmsialHD as helper-dependent
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adenoviruses are completely devoid of all viral genes, which could explain why

the AdmsialF G-infected cells displayed the dose-related response.
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Figure 3.13 Sialidase activity from MEF cells that were infected with AdmsialHD,
AdmsialFG or AdC4HSUlacZ at an MOI of 10 100 or 1000 particles/cell. Cells
mock-infected with PBS++ alone served as controls. Enzyme assay was
performed 96 hours post infection Error bars are standard deviations as three
assays were performed from a single sample from each infection variable.
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3.9 Rescuing of lysosomal sialidase defect in B6.SM -/- and +/- fibroblasts
by the up-regulation of mouse lysosomal sialidase expression and activity
through AdmsialFG and AdmsialHD infections.

Since the helper-dependent vector AdmsialHD did not display an
upregulation of lysosomal sialidase in cells that express lysosomal sialidase at
physiological levels (Figure 3.13), we were interested in seeing if AdmsialHD
could upregulate lysosomal sialidase expression in mouse cells that are
homozygous for the SM/J sialidase mutation to levels in the heterozygous cells.
A moderate increase was expected due to the large increase seen in sialidase-
deficient cells (Figure 3.9) and due to the reduced physiological levels of
lysosomal sialidase in the homozygous cells. The B6.SM fibroblasts were
prepared from sacrificed homozygous and heterozygous mice and infected with
AdmsialF G, AdmsialHD, and AdC4HSULacZ at an MOI of 1000 particles/cell, or
mock-infected with PBS++. Adsorption times were for 1 hour with a 96 hour
incubation period following adsorption. Cells were harvested and lysed as
previously stated with the cell lysate being used to determine lysosomal sialidase
activity levels. Figure 3.14 displays the enzyme activity for all 4 treatments with
the homozygous and heterozygous mock-infected controls showing a moderate
difference in enzyme activity. It is visible that the AdmsialHD MOI of 1000
particles/cell and AdmsialFG MOI of 1000 particles/cell groups can increase
lysosomal sialidase expression above levels seen in the heterozygous control

cells, with AdmsialFG increasing the enzyme levels by approximately 100% and
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AdmsialHD increasing enzyme levels by approximately 30% compared to those
of the heterozygous control cells. A similar effect seen with AdmsialHD and MEF
cells regarding cellular levels of sialidase and viral-induced sialidase activity
(Figure 3.13) was also seen here as enzyme levels in B6.SM +/- cells increased
2-fold following AdmsialHD infection whereas enzyme levels in B6.SM -/- cells
increased 3-fold following AdmsialHD infection. Interestingly, this is the first
report demonstrating that B6.SM +/- and B6.SM -/- cells have significantly
different enzyme activity (approximately 2-fold higher in B6.SM +/-) as seen when
comparing both mock-infected and AdC4HSULacZ-infected controls between the

2 cell types.

RT-PCR analysis for mouse lysosomal sialidase transcripts following HD
and FG-adenoviral infection is shown in Figure 3.15. The transcript levels (ratio
of sialidase to mouse GAPDH) of mouse lysosomal sialidase were approximately
2.5-fold higher in AdmsialFG-infected B6.SM -/- cells when compared with that of
PBS++-infected B6.SM +/- cells. Similarly, AdmsialHD increased transcript
levels in B6.SM -/- cells approximately 2-fold higher than in PBS++-infected
B6.SM +/- cells. The phenomenon seen with cellular levels of sialidase and its
effect on HD-virally-induced sialidase activity was also shown at the transcript
level. AdmsialHD-infected B6.SM +/- cells had transcript levels increased by
less than 2-fold whereas the same treatment in B6.SM -/- cells resulted in

transcript levels increased to almost 3-fold, relative to their respective PBS
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controls. Transcript levels from both cell lines appear to be consistent with one
another within the control groups which is consistent with the notion that the

Neu1 mutation only affects enzyme activity and not transcript production.
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Figure 3.14 Sialidase activity from B6.SM +/- and B6.SM -/- cells that were
infected with AdmsialHD, AdmsialFG or AdC4HSUIlacZ at an MOI of 1000
particles/cell Cells mock-infected with PBS++ alone served as controls.
Enzyme assay was performed 96 hours post infection Standard error is
represented through a sample size of n=3.
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Figure 3.15 Comparative transcript ratio levels of mouse lysosomal sialidase to
mouse GAPDH in B6.SM +/- and B6.SM -/- cells. Cells were infected at an MOI
of 1000 particles/cell for 96 hours with AdmsialHD, AdmsialFG, AdC4HSULacZ
or mock-infected with PBS++ alone prior to harvesting total cellular RNA for
reverse transcription and ultimately RT-PCR amplification RT-PCR was
performed using mouse lysosomal sialidase- and murine GAPDH-specific probes
and primers. Standard error is represented through a sample size of n=3.
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3.10 Rescuing of mouse lysosomal sialidase and body weight in the SM/J
mouse through AdmsialFG and AdmsialHD gene therapy.

The SM/J mouse strain contains a mutation in the neu1 locus causing the
lysosomal sialidase defect, which leads to several phenotypic manifestations.
Among them is the specific deficiency of the enzyme in the liver. A 16 mouse
experiment involving 4 different infection treatments (AdmsialFG, AdmsialHD,
AdC4HSULacZ, and PBS) with 4 mice per treatment was carried out over a 30
day period. The purpose of this experiment was to test if lysosomal sialidase
activity in the liver and monocytes could be restored through intravenous
injections as well as increasing the SM/J’s low body weight during its first 3
months of life and potentially decrease the risk of forming atherosclerotic
plagues. Every mouse had its left top (LT), left bottom (LB), right top (RT), or
right bottom (RB) ear clipped for identification purposes and each mouse was
weighed prior to adenoviral injection and every day for 2 weeks and every 3-4
days after until the 30 day point of the experiment when the mice were
terminated for blood and tissue samples. Adenovirus diluted in PBS (100 pl) was
given to each mouse into the venous plexus underneath the eye. AdmsialFG
and AdC4HSULacZ were given to each mouse at a dose of 5 x 10° total particles
while AdmsialHD was given at a dose of 5 x 10° total particles. AdmsialHD was
originally given to 4 mice at the same dose as the other treatments but all of the
mice became sick and died within 48 hours, so the 10-fold lower dose was

thought to be acceptable to continue the study. Along with the 4 AdmsialHD
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mice that died, 2 AdmsialFG mice, 1 AdC4HSULacZ, and 1 PBS infected mouse
also died within the first 48 hours, suggesting that there could have been
technical error upon injecting the mice or some other unexplained factor. Within
the final week of the experiment, 1 AdmsialHD at the lower dose and 1 more PBS

injected mouse died from unknown causes.

The enzyme activity data received from the tissues did not show an
increase in sialidase activity. Figures 3.16 through 3.18 display the lysosomal
sialidase activity levels from the liver, kidney, and spleen respectively. All three
figures show a general trend of increased activity with the PBS-infected mice
compared to the rest, while the AdmsialFG and AdC4HSULacZ-infected groups
were relatively the same level. Not too surprisingly, the AdmsialHD-infected
group displayed the lowest levels of sialidase activity. Reasons being that they
were infected at a lower dose of the therapeutic adenovirus and that the in vitro
experiments only demonstrated a significant enzymatic increase at the 1000
particles/cell dose and in cells that were devoid of lysosomal sialidase. The SM/J
mouse still retains some endogenous lysosomal sialidase activity, thus a mild
dose contributing a mild increase of enzymatic activity would not be seen.
Furthermore, there would have been an immune response significant enough to
further reduce the levels of AdmsialHD in the blood. The AdmsialFG results
could be explained by the fact that it is a first-generation adenovirus which is

known to have a shortened lifespan in the host due to immunogenic adenoviral
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proteins continually expressed by the vector, thus 29 days may have been too far
past the lifespan of the vector within the host. A FACS analysis was performed
on the monocytes that were isolated from the blood that was collected from the
mice just prior to termination with the hopes of discovering that the
glycoconjugates on the cell surface were being cleaved by the upregulated
sialidase. The monocytes were labeled with PE-lectins and FITC-lectins, which
bind to the cell surface glycoconjugates. The data received from this FACS
analysis displayed mixed results due to low cell counts and thus was not included

in this report.

Figure 3.19 displays the increase in body weight as a percentage of their
experimental starting weight. It is evident that FG-LB had one of the highest
increases over the 29 day period, but LZ-RT had almost similar results,
suggesting that there are no differences in weight gain between the various
infected groups. All of the other mice increased approximately 120 — 140%
whereas FG-LB and LZ-RT had increases of around 155%. The extent to which
FG-LB and LZ-RT grew could be attributed to the fact that they were much
smaller initially when compared to the rest of the mice, so similar increases in
weight will result in a higher percentage increase in the smaller mice when

compared to the rest of the group.
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Figure 3.16 Sialidase activity from homogenized SM/J liver sections 29 days
following adenoviral injection. 5 x 10° particles of AdmsialFG or AdC4HSULacZ
was used for in vivo injection while only 5 x 10° particles of AdmsialHD was used
for in vivo injection. PBS was injected at the same volume (100 pl) as with the
adenoviral injections to act as the control Standard error is represented through
a sample size of n=2 for both PBS and AdmsialF G-injected mice and n=3 for
both AdmsialHD and AdC4HSULacZ-injected mice.
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Figure 3.17 Sialidase activity from homogenized SM/J kidney sections 29 days
following adenoviral injection 5 x 10° particles of AdmsialFG or AdC4HSULacZ
was used for in vivo injection while only 5 x 10° particles of AdmsialHD was used
for in vivo injection. PBS was injected at the same volume (100 pl) as with the
adenoviral injections to act as the control. Standard error is represented through
a sample size of n=2 for both PBS and AdmsialFG-injected mice and n=3 for
both AdmsialHD and AdC4HSULacZ-injected mice.
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Figure 3.18 Sialidase activity from homogenized SM/J spleen sections 29 days
following adenoviral injection 5 x 10° particles of AdmsialFG or AdC4HSULacZ
was used for in vivo injection while only 5 x 10° particles of AdmsialHD was used
for in vivo injection. PBS was injected at the same volume (100 pl) as with the
adenoviral injections to act as the control. Standard error is represented through
a sample size of n=2 for both PBS and AdmsialFG-injected mice and n=3 for
both AdmsialHD and AdC4HSULacZ-injected mice
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Figure 3.19 SM/J body weight as a percentage of initial study weight during the
29 day period following in vivo administration of AdmsialHD, AdmsialFG, or
AdC4HSULacZ. PBS was used as the mock-infection control. Standard error is
represented through a sample size of n=2 for both PBS and AdmsialF G-injected
mice and n=3 for both AdmsialHD and AdC4HSULacZ-injected mice.
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Chapter 4

Discussion
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4.1 Generation and Activity of AdmsialFG and AdmsialHD in the Lysosomal

Sialidase-Deficient Cell Line WG544.

The ability of the helper-dependent adenaovirus to produce lifelong
transgene expression (Morsy et al., 1998, Morral et al., 1999, Kim et al., 2001)
has been well established over the past five years. Additionally, the heliper-
dependent adenovirus induces a reduced immune response compared with its
first-generation counterpart (Morral et al., 1998). This is a direct consequence of
the gutless helper-dependent vector, which is devoid of all adenoviral genes

(Parks et al., 1996).

The helper-dependent system could thus be used as a potential tool for
introducing the lysosomal enzyme, sialidase, into human patients with the
autosomal recessive disorder sialidosis. Patients with sialidosis type | can exhibit
phenotypical manifestations at a juvenile onset including the cherry red spot,
myoclonus, mild mental retardation, seizures, and neuropathy (Achyuthan &
Achyuthan, 2001). Type |l patients exhibit symptoms similar to type | patients in
addition to major mental retardation, somatic mutations, and death before the
age of ten (Achyuthan & Achyuthan, 2001). Sialidosis is generally caused by
missense mutations in the lysosomal sialidase gene, located on chromosome
6p21 within the major histocompatibility complex (Pshezetsky et al., 1997).

Sialidase is only active at an acidic pH and when in a multi-enzyme complex
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associated with the protective-protein cathepsin A and B-galactosidase (d’Azzo et

al., 1982).

The diseased state of sialidosis is actually caused by the accumulation of
the ganglioside GM3, sialyloligosaccharides, sialylglycoproteins and glycolipids,
which is most pronounced in the liver with vacuolation in various organs including
the liver, kidney, brain, and parts of the endocrine system (Sergi et al., 2001).
Gene therapy utilizing a helper-dependent adenovirus containing the lysosomal
sialidase gene could provide lifelong in trans lysosomal sialidase expression and
rescue sialidosis patients from their diseased state. There exist several reports
of helper-dependent adenoviruses reaching the liver (Reddy et al., 2003), kidney
(Kojima et al. 2003), and even the brain (Zou et al., 2001) through intravenous or
intraventricular injections. In fact, Zou et al. (2001) reported similar transgene
expression in the brain following either intraventricular or intrahippocampal
injection, demonstrating the potential for brain tissue to be targeted without
intruding the brain cavity. These findings were encouraging towards the use of a

helper-dependent adenovirus for the treatment of sialidosis.

Past results with helper-dependent adenoviruses promoted the production
of a HD-vector containing the mouse lysosomal sialidase gene. The mouse form
was chosen based on the principal that murine experiments on the SM/J mouse,

which exhibit a lysosomal sialidase deficiency (Rottier, Bonten, & d'Azzo, 1997),
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should be performed prior to any human experiments. The complete mouse
lysosomal sialidase gene was cloned into the helper-dependent vector, pC4HSU-
msial (Figures 3.1 and 3.2), and propagated as AdmsialHD to a high titre of 3.56
x 10" particles/ml. In addition, the complete mouse lysosomal sialidase gene
with 2.8 kb of the 3' UTR cut out was cloned and rescued into a first-generation
adenoviral vector, AdmsialFG, and also propagated to a high titre of 3.08 x 10"

particles/mi.

Upon vector characterization through restriction analysis, it was apparent
that both AdmsialHD (Figures 3.3 and 3.4) and AdmsialFG (Figures 3.5 and 3.6)
possessed correct genomic structure. Interestingly, the AdmsialHD fragments
were of varying intensity, with the fragments that were unigue to the helper-
dependent vector (relative to the helper virus, AdLC8Cluc) either bright or very
dim relative to the non-unique fragments. Specifically, the unique fragments at
2371 and 815 bp were easily notified whereas the 1992 and 2501 bp bands were
faintly visible, probably due to incomplete digestion. The final genome size of
AdmsialHD is 27.2 kb, which is slightly lower than the 27.7 kb genome size that
Parks & Graham, (1997) noted as the lower limit for efficient adenoviral
packaging without causing vector genome rearrangements. Despite AdmsialHD
having its genome 500 bp smaller than that noted for avoiding vector
rearrangements, AdmsialHD appears to have the correct structure. DNA

sequencing of AdmsialHD for the mouse lysosomal sialidase promoter further
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revealed that the promoter was in fact cloned into the vector properly.

AdmsialF G was much easier to characterize as all of the necessary fragments
following digestion were produced at increasing intensity with increasing
fragment size. Attempts were made to clone the complete human lysosomal
sialidase gene into the helper-dependent adenovirus vector, pC4HSU, resulting
in only the plasmid pCRhsial (Figures 3.7 and 3.8). Future cloning steps can be
made to produce the desired HD-vector for viral propagation and potential human

experiments.

AdmsialFG and AdmsialHD were both tested in vitro for lysosomal
sialidase activity using Mu-Nana as the substrate. The human cell line WG544
was used for preliminary experiments. Since both AdmsialFG and AdmsialHD
contained the endogenous lysosomal sialidase promoter, extremely high levels of
enzyme activity were not expected, especially in a human cell line. Figures 3.9
and 3.10 display the preliminary AdmsialHD and AdmsialFG activity respectively.
It is evident from these data that both vectors adequately produce functional
lysosomal sialidase. Also, in Figure 3.10, it is clear that the first-generation
adenovirus, AdS+, which contains the human lysosomal sialidase cDNA
controlled by a CMV promoter, produces much more functional enzyme. This
clearly illustrates the differences between having a CMV promoter controlling

expression relative to having an endogenous promoter regulating expression.
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With both AdmsiaIFG and AdmsialHD infections displaying increased
expression of mouse lysosomal sialidase in the human cell line, WG544, it was
necessary to perform an experiment involving both vectors to compare their
relative activities in parallel. The WG544 cell line was used once again as it was
previously shown to be quite permissive to infection by both viruses. Figure 3.11
demonstrated the relative enzyme activities of the mouse lysosomal sialidase
vectors as well as the first-generation human lysosomal sialidase vector, AdS+.
In human celis that are deficient in lysosomal sialidase, it appears that
AdmsialHD causes a greater increase in enzyme activity than AdmsialFG at most
MOIs. In addition, AdmsialHD displayed activity similar to that of AdS+ at its
highest MOI of 1000 particles/cell. This was not expected as the AdS+ vector
was used at an MOI of 10 PFU/cell, which roughly corresponds to 100 — 500
particles/cell, and also carries a CMV promoter for the regulation of the human

sialidase cDNA.

4.2 Activity of AdmsialFG and AdmsialHD in the Mouse Embryonic
Fibroblast (MEF) Cell Line.

The constructed adenoviral vectors, AdmsiaiFG and AdmsialHD both
contain the mouse lysosomal sialidase gene. The previously mentioned
experiments were performed on human cells that were deficient in lysosomal
sialidase. Since these vectors were going to be used to treat a murine model of

reduced lysosomal sialidase, the SM/J mouse, it was necessary to see if these
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vectors could increase mouse lysosomal sialidase activity in a murine cell line
with normal sialidase activity, MEF cells. Previous reports have shown that
murine gene therapy on human and mouse cells is possible (Dkhissi et al., 2003
& Sanchez et al., 2003), each displaying impressive therapeutic results. With this
in mind, MEF cells were infected with AdmsialFG and AdmsialHD to determine if
the helper-dependent vector increases lysosomal sialidase levels to greater
levels than its first-generation counterpart, AdmsialFG, in a murine culture model.
Interestingly, in a murine model where lysosomal sialidase is present at
physiological levels, the first-generation vector increased enzyme activity
significantly higher than the helper-dependent vector at the MOls of 100 and
1000 particles/cell (Figure 3.13). In contrast to previous results obtained in
human cells deficient in sialidase (Figure 3.11), it appears that only the first-
generation vector can push the enzyme levels past physiological levels in normal
cells. A group of researchers (Gilbert et al., 2001) also discovered this
phenomenom with the HD vectors. Gilbert et al., (2001) found comparatively that
the first-generation vector encoding a minidystrophin gene had significantly
higher transgene expression in vitro and in vivo relative to the HD vector that
encoded the full human dystrophin cDNA. Gilbert et al., (2001) went on to
discover that the E4 region of the adenovirus was responsible somehow for the
enhancement of transgene expression. This can relate to AdmsialFG as it is
based on an E1/E3 deleted adenovirus vector, but still contains the E4 region. It

is suggested that the remaining adenoviral gene products produced by

88



MSc Thesis — M. Mitchell McMaster - Biology

AdmsialFG could be acting in trans on the endogenous promoters to up-regulate
lysosomal sialidase expression (Grave et al., 2000 & Gilbert et al., 2001).
Despite these similar findings, it is still unclear how AdmsialHD produced greater
levels of enzyme activity in human sialidase-deficient cells relative to AdmsialFG
(Figures 3.9 & 3.10). Perhaps the endogenous levels of sialidase present in the
cell lines prior to infection play an important role in regulating transgene
expression following infection. Since both vectors contain endogenous
promoters, this could mean that cells which normally produce endogenous levels
of a specified transgene will not be expressed beyond that level when the
expression of additional copies of a transgene is controlled endogenously. In
cells that are devoid of a particular transgene, there may not be a system in place

to arrest expression at endogenous levels.

4.3 Rescuing of Lysosomal Sialidase Deficiency in Cultured Fibroblasts
from SM/C57BL6 Mice (B6.SM) that were Homozygous or Heterozygous for

Lysosomal Sialidase Mutation

While the previous experiments carried out proved that both AdmsialFG
and AdmsialHD both increase mouse lysosomal sialidase expression in vitro, the
results were mixed with respect to which vector increases enzyme activity at a
greater level and in which cell line. To determine if both vectors would be

suitable to treat the lysosomal sialidase deficiency in the SM/J mouse (Rottier,
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Bonten, & d'Azzo, 1997), in vitro experiments needed to be performed on cells
containing the lysosomal sialidase mutation. The B6.SM mouse was produced
by backcrossing SM/J mice to C57/BL6 mice and was convenient to use as there
were B6.SM mice that were homozygous (-/-) or heterozygous (+/-) for the
lysosomal sialidase mutation. Since past AdmsialHD experiments resulted in
high sialidase expression with WG544 cells (Figure 3.9) and low sialidase
expression in MEF cells (Figure 3.13), it was unknown how much sialidase up-
regulation would occur in cells that have only reduced lysosomal sialidase
expression. As some patients with sialidosis still maintain residual sialidase
activity (Bonten et al. 2000), this experiment could provide useful information on
whether the HD-vector could be used to treat patients with low sialidase activity.
From the past experiments, it was expected that AdmsialHD would increase
lysosomal sialidase activity greater than in MEF cells, but lower than that seen in
WG544 cells. As predicted, AdmsialHD increased sialidase activity in B6.SM -/-
cells to well above that seen in the B6.SM +/- control cells (Figure 3.14),
indicating that the HD-vector is capable of rescuing lysosomal sialidase activity in
vitro. AdmsialFG was similar (Figure 3.14) except that it upregulated sialidase to
greater levels than AdmsialHD at the same MOI of 1000 particles/cell.
Lysosomal sialidase transcript levels were also found to be increased in both
AdmsialHD and AdmsialF G-infected groups compared to controls (Figure 3.15)
proving that the increased enzyme expression is correlated with the increased

enzyme activity. Sialidase transcript levels were similar in both AdmsialHD and
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AdmsialF G-infected B6.SM cells due to the fact that the NEU7T mutation from the
SM/J mouse only affects enzyme activity and not transcript production (Rottier,

Bonten, & d’Azzo, 1998).

4.4 Comparative Rescuing of Lysosomal Sialidase Deficiency and Low

Body Weight in the SM/J Mouse by AdmsialHD and AdmsialFG

With the therapeutic success that helper-dependent adenoviruses have
seen recently in vivo (Belalcazar et al. 2003, Kojima et al. 2003 & Reddy et al.
2003), and the previous experiments using AdmsialHD in vitro, it was deemed
appropriate to attempt to rescue the lysosomal sialidase deficiency and the low
body weight associated with the SM/J mouse. There does exist a sialidosis
mouse model (de Geest et al., 2002), but the deficiency in lysosomal sialidase in
the SM/J mouse is sufficient to acknowledge any significant enzyme increase
following adenoviral therapy. In addition to the reduced sialidase activity in the
SM/J mouse, it was found in SM/C57 males that their infantile body weight was
lower than those of the control C57/BL6 mice, indicating that the lysosomal
sialidase mutation possibly has an effect on body weight in the SM/J mouse

(Champigny, unpublished results).

The venous plexus behind the eye was chosen as a suitable site of viral

entry to gain access to the blood as the sialidase deficiency was noted to be in
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white blood cells (Chen et al. 1997) and the liver (Potier, Yan, & Womack, 1979).
The amount of adenovirus chosen to infect was 5 x 10° particles as several
researchers found high transgene activity with helper-dependent vectors at 10 to
100-fold higher doses than this (Schiedner et al., 1998, Kim et al., 2001 & Reddy
et al., 2003), but our goal was to rescue the phenotype without increasing
lysosomal sialidase to supraphysiological levels. Unfortunately, all mice
receiving AdmsialHD died within 48 hours prompting additional injections at a
lower dose of 5 x 10° particles, which was not our desired level due to having an
endogenous promoter regulating transgene expression. Probably causes for the
deaths were technical error, as a saline control mouse also died following
injection, systemic shock due to adenovirus load, or glycerol content. The
glycerol content would not have been too much of a concern as the viruses were
diluted approximately 10-fold with each mouse received approximately 1 ul of
glycerol. After the injections, each mouse was weighed every day for 2 weeks
(except day 1 as several mice died) and every 3-4 days up to 30 days. No
significant percentage body weight increase was seen, with one mouse from both
the AdmsialFG and AdC4HUSLacZ groups showing the largest increase in
weight (Figure 3.19). The two mice with the largest percentage increase were
also the mice with the lowest starting weight, which could account for their larger

percentage increase.
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The lysosomal sialidase activity assay performed 2 weeks post-infection
from isolated blood monocytes. Due to the SM/J mouse’s small body weight,
only a small amount of blood could be extracted every 2 weeks (5% total blood
volume), and the amount of monocytes isolated could not provide enough
enzyme activity to be recorded within the sensitivity range of the assay. This was
supported by results using blood from C57/BL6 mice, which have no sialidase
deficiency. Approximately 10% of the total blood volume was extracted with the
monocytes isolated and assayed for sialidase activity. Even at that volume,
enzyme levels were detectable at levels equivalent to levels seen in WG544 cells

(Figure 3.12).

Despite this setback, tissue samples could be used to provide sialidase
activity data, but only upon termination of the study. At day 30, sections of the
liver, kidney, and spleen were extracted and analyzed for sialidase activity. In all
three organs, it was discovered that in both AdmsialHD and AdmsialF G-infected
mice, no increase in sialidase could be found relative to controls (Figures 3.16-
3.18). In particular, the saline control mice had greater enzyme activity than the
infected mice in the liver and similar to greater levels in the kidney and the
spleen. These results were further supported by FACS analysis showing no
reduction in cell surface sialylation (data not shown). These results suggest that
the amount of AdmsialHD and AdmsialFG injected into the SM/J mice was not

sufficient to rescue the SM/J lysosomal sialidase deficiency as well as decrease
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the amount of cell surface sialylation and increase the infantile body weight past
control SM/J levels. AdmsialFG may have lost sialidase expression based on the
fact that first-generation adenoviruses lose transgene expression quickly with
some reporting transgene expression anywhere from 66 days to 3 months (Zou
et al., 2000 & Reddy et al., 2003), but this experiment lasted only 30 days and
the transgene was endogenous to the mouse. Based on previous resulits
reported in this thesis, another explanation for the lack of sialidase expression
could be due to the existing levels of lysosomal sialidase in the SM/J mouse. As
stated before, AdmsialHD did not demonstrate increased expression of sialidase
in cells with endogenous levels of sialidase but did display an increase in cells
devoid of sialidase activity. However, this possibility only exists with AdmsialHD
as AdmsialFG increased enzyme activity in all cell lines tested. The most
probable cause is the low levels of adenoviral particles used to infect in
conjunction with the endogenous promoter controlling the expression of the
transgene, mouse lysosomal sialidase. Schiedner et al., (1998) also used a
transgene with its endogenous promoter but infected mice into the tail vein with 2
x 10" particles, which was 40-fold greater than the amount of AdmsialHD that

was ultimately used to infect the SM/J mice.

94



MSc Thesis — M. Mitchell McMaster - Biology

4.5 Future Directions and Applications

The helper-dependent system has proven itself over the past few years
and in no way should these results discourage its future applications for gene
therapy. The most obvious experiment that needs to be performed is one in
which B6.SM -/- mice are infected with AdmsialHD and AdmsialFG at higher
doses, 10" or 10" particles, and compared with B6.SM +/- controls with respect
to body weight, sialidase activity, and cell surface sialylation for at least a period
of 3 months. Additionally, Gilbert et al., (2001) found that co-infection with a FG-
vector and a HD-vector significantly increased transgene expression, thus a
similar experiment involving the co-infection of AdmsialFG and AdmsialHD could
be beneficial for improving AdmsialHD sialidase expression. Lastly, the
production of a human lysosomal sialidase HD-vector is the ultimate goal for
eventual human therapy for sialidosis patients, as no current therapy exists for

patients with this morbid disease.
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