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Figure 3.23 Passage of fusion proteins across bEND3 monolayers (n=4). (a) Prior to application of proteins to the
apical side of the bEND3 monolayer, TEER readings were taken (To). Following 16 hr of incubation, these readings
were once again measured (Tie), (b) Fusion proteins, TITASAV5 and ASAApoOE. as well as ASAV5 and BSA488
were applied to the apical side of bEND3 monolayers. After 16 hr, samples were collected from both the
basolateral and apical sides of the bEND3 monolayer. The enzyme activity (nmol/hr/total volume) was calculated
for medium collected from cells incubated with TTASAVS, ASAApoE, and ASAV5. Relative fluorescence units were
measured from samples collected from cells incubated with BSA488. The percentage of proteins located on the

basolateral side was calculated
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Chapter 4 — Discussion and Conclusions

4.1 Summary of project
This project consisted of three main objectives:

1. Construction of ASAApoE and GFPApoE fusion proteins

2. Assessing the expression of ASAApoE‘, TfASAV5, and ASAVS in a

eukaryotic expression system

3. Delivery of fusion proteins having ASA activity through an in vitro

blood-brain barrier

4.1.1 Successful construction of ASAApoE and GFPApoE

In this thesis, two different fusion proteins, ASAApoE and GFPApoE were
generated. The LDLR-binding domain of apoE was fused to the C-terminus of the
gene sequence for ASAV5 to preserve the signal sequence in the ASAVS5 pre-
protein for targeting to the mannose-6 phosphate pathway. The proteins were
expressed by CHO cells transduced with lentiviral-based expression vectors. This
observation is based on the following facts:

a) Lentiviral expression vectors were digested using restriction enzymes and
displayed the expected digestion patterns, indicating that proper
recombination into the vector had occurred (Figure 3.9).

'b) The vectors were sequenced and the sequences were analyzed (Figure 3.8).

The vectors contained either the full-length ASA-V5 gene or the full-length
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- eGFP gene fused with a 21 nucleotide linker to the 17 amino acid fragment of
ApoE at the C-terminus with the correct orientation (Figure 3.8)

c) After uéing the expression vectors to generate lentiviral stock, CHO cells were
transduced and analyzed for fusion protein expression. GFPApoE-expressing
CHO cells displayed fluorescence (Figure 3.17) and ASAApoE-expressing
CHO cells had a speciﬁckactivity of 26 ymol/hr/mg protein (Table Il)

4.1.2 Expression of ASA-fusion proteins in eukaryotic expression systems

The characteristics of proteins ASAApoE, ASAV5, and TfASAV5
(previously g‘enerated by Danielle Croucher) were assessed for size, enzyme
activity, and glycosylation state.

a) Sizing and enzyme activity

While isolating an enzyme, each purification step shouid result in an
increase in enzymé S.A. with a corresponding decrease in the amount of total
protein. Aliquots of fractions collected at each step were electrophoresed under
denaturing conditions to assess purity.

The proteins recovered had: S.A. of 26 and 74% yield for ASAApoE; S.A.
of 59 and 63% yield for ASAV5; and S.A. of 59 and 87% yield for TTASAV5
(Table IlIl). SDS-PAGE analysis of each fraction shows protein bands resolved on
the gel to distances corresponding to the expected size of the fusion proteins
(Figure 3.16). The smearing pattern seen in. the ASAApoOE sizing fractions is
discussed in Chapter 4.2.

b) Glycosylation state

ASA is normally glycosylated and carries high mannose oligosaccharides.

Both ASAVS5 and the fusion protein, TFASAV5 appear to be N-glycosylated based
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on a shift in mobility on SDS-PAGE following deglycosylation by PNGase F
(Figure 3.16). Repeated attempts to assess the glycosylation state of ASAApoE
were unsuccess‘ful;‘however it is important to note that ASAApoE retained
enzyme activity. In order to be active, this protein requires modification of the
amino acid, cysteine-69, to a formylglycine residue (6). This modification occurs
post-translationally and has been shown to likely occur after‘ N-glycosylation (71).
Based on these previous studies, it is likely that ASAApoE is N-glycosylated.
Other experiments could be used to confirm the presence of glycoproteins for
example, treatment with endoglycosidase such as Endo H, performance of SDS-
PAGE of the protein could be followed by either staining with periodip acid-Schiff
reaction or by lectin blotting using concanavalin A .(72-74)
c) Development of an in vitro blood-brain barrier

For the purpose of these experiments, bEND3 cell monolayers formed
effective blood brain barriers based on the following: the integrity of the
membrane was maintained according to the sfability of transendothelial electrical
resistance across the monolayer over a 16-hr period (Figure 3.19); anq
approximately 3% of BSA488 applied to the apicallside of the monolayer passed
into the basolateral compartment (Figure 3.20). Because the blood brain barrier
does not appear to express any specific transport mechanism for albumin (75),

passage of BSA488 can be assumed to be through leakage between bEND3

cells of the in vitro BBB barrier.
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4.1.3 Delivery of active enzyme through an in vitro blood-brain barrier
Under the conditions used, neither ASAApoE nor TTASAV5 passed
through the bEND3 monolayer at levels higher than the BSA488 baseline (Figure

3.23b). Possible explanations for these results are discussed in Chapter 4.3.
Despite the apparent lack of passage of the fusion proteins, the ApoE-
fragment did appear to facilitate the uptake of GFP. Fluoreécent assessment of
bENDZ3 cells incubated with either GFP or GFPApoOE indicated that those cells
incubated with GFPApoE had taken up the fluorescent protein in a perinuclear-
like distribution (Figure 3.22). No fluorescence was seen in cells incubated with
GFP, indicating that the ApoE-fragment may be necessary for uptake.
4.2 Unexpected results and challenges
a) Plasmid transfection of CHO led to IQw-IeveI expression of proteins
Plasmid transfectants had insufficient levels of expression based on
enzyme activity. To increase expression, lentiviral expression vectors were
génerated. ‘This resulted in an over 80-fold increase in enzyme activity (Figure
3.11).
b) Albumin interfered with purification process
10% FBS was used as a component of the CHO culture medium (Chapter
2.4.1). FBS contains albumin, a 66 kDa protein approximately the same size as
both ASAVS and ASAApoE and the presence of albumin in harvested media
resulted in interference during the purification process. Initially, media was
desalted and applied to a column containing Cibacron Blue F3G-A which binds
albumin. The flow through collected from this column contained ASAApoE and

the enzyme-containing fractions were desalted and applied to a DEAE column.
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Fractions having enzyme activity were pooled and analyzed using SDS-PAGE
under reducing conditions with 12% polyacrylamide gel and silver-stained for
“visualization. Under these conditions, there is one clear band, indicating that the
protein is ~65 kDa, the expected size of ASAApoE (Figure 3.12)./
Another approach used to isolate the enzyme away from albumin was the
use of ConA-Sepharose chromatography. The column uséd éontains

concanavalin A (Con A), a protein isolated from the jack bean that binds

molecules containing a-D-mannopyranosyl, 0-D-glucopyranosyl and sterically

related residues. After applying the proteins to this column, however, the ASA-
fused proteins were so strongly bound that elution of enzyme became
impractical. Similar difficulties in eluting ASAV5 from ConA columns have been
encountered by other researchers in this labora{ory.

Due to the complications and number of steps required to remove albumin
from the media, a decision was made to wean the CHO cells into a serum-free
medium. The cells were successfully weaned into this medium, retaining enzyme
abtivity, however the cells became less }adherent and more than 70% of cells
Were in suspension.

c) ASAApoOE resolved in a smear following SDS-PAGE

Several attempts were made to demonétrate that ASAApoE collected from
| DEAE-column chromatography and the sizing cqumh-wére the expected size of
~65 kDa. The resolution of the sizing fractions under reducing conditions was

poor and resulted in smearing (Figure 3.16). It should be noted, however, that
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with the use of cibacron blue column chromatography, the isolated protein was
clearly illustrated to be the correct size (Figure 3.12).

One possible reason for the lack of a discrete protein band could be the
presence of multiple species with different glycosylation states. This is unlikely to
be the problem, however, because the banding’ did not become tighter following
treatment with PNGase F, which should have removed any existing sugar
moieties and resulted in a single deglycosylated form as seen for TfASAVS and
ASAVS5 (Figure 3.18).

Another reason for the smearing could have been the conditions used for
SDS-PAGE. To address this possibility, different periods of heat-denaturation
were used, fresh DTT was used, and the proteins were rapidly cooled in an ice
and ethanol bath foIIowihg heat-denaturation. None of these steps resolved this
problem.

Because ASAVS was purified under the same conditions as ASAApoE and
resolved to a clean band, it is unlikely that the buffers.or columns used for FPLC
resulted in smearing. However, elution 6f ASAVS5 and ASAApoE from the DEAE -
colum‘n requires slightly different concentrations of NaCl (Figures 3.13, 3.14). ltis
possible, then, that proteolytic lysosomal enzymes could co-purify with and caUse
partial degradation of ASAApoE, resulting in smearing seen on the gels. Due to
time constraints and the fact that active enzyme was collected, attempts were not
made to inhibit proteases present.

It is possible that the protein formed aggregates during the purificatibn :
process or in the presence of the SDS. Due to time constraints, different methods

to ensure that the protein was fully denatured were not examined.
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d) Molecular Trojan horses fused to ASA did not transcytose

Under the' experimental conditions used, there was no apparent
transcytosis of fusion proteins. However, the fact remains that GFPApoE but not
GFP was taken up by bEND3 cells (Figure 3.22) indicating that the ApoE-
fragments facilitated uptake of fusion proteins. Several suggestions regarding the
lack of transcytosis of ASAApoE and TfASAVS5 are discusséd in the next section.
4.3 Possible reasons for lack of successful transcytosis |
a) Different rates of transcytosis

~ In reduced form, BSA488 is approximately 66 kDa, TFASAVS is

approximately 140 kDa, while ASAV5 and ASAApoE are approximately 62 kDa
and 65 kDa, respectively. Although there is some evidence that the rate of
receptor—mediated transCytosis is not d\ependant on the size of the protein(76),
the increasing size of proteins correlate to the percentage of the p;oteins found
on the basolateral side of the bEND3 monolayer after 16 hr incubation (Figure
3.23). |

It should be noted that at pH 7.5, ASA exists as a homodimer wi\th a
molecular weight of ~110 kDa (77) with possible 'exposure of both N- and C-
terminal portions (78). Assuming that the other ASA-fusion proteins also form
homodimers, ASAApoE would be ~120 kDa and TfASAVS would be ~280 kDa.
Interestingly, if the sizes‘ of the protein dimers afe compared to the percentage of
total protein that entered the basolateral compartment, there is a clear decrease
in passage as proteins increase in size (Figure 4.1). It is possible then, that the

size of the proteins have an inverse relationship with the rate of transcytosis.
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- b) Endocytosis without transcytosis

TfASAV5 and ASAApoE were designed to express a V5 epitope tag to
enable detection of the proteins in bEND3 cells using antibody detection.
Unfortunately, V5 antibodies cross-reacted with the bEND3 cells and the

presence of ASAApoE, ASAVS, and TfASAVS in these cells could not be

determined (data not shown). As well, bEND3 cells have endogenous levels of

transferrin and ASA, such that antibodies to these proteins are unlikely to
discriminate between native and fusion proteins. It was therefore not possible to
determine the presence of the fusion proteins within the cells and endocytosis of
the fusion proteins could not be ascertained.

c) Competition for binding sites

bEND3 cells were grown in complete DMEM medium containing 10%
FBS. Attempts to grow these cells with a lower concentration of FBS resulted in
cells that appeared less adherent and less Iikely'to form appropriate moholayers
(results not shown). For transcytosis experiments, ASAV5, ASAApoE, TFASAVS,
and BSA488 proteins were diluted in bEND3 complete medium and the\ final
amount of FBS in the diluted samples ranged from 2.5-7.5% (TfASAV5, 2.5%;
ASAApoE, 6.25%; ASAV5 and BSA488, 7.5%). The medium on the basolateral
side of the monolayer contained 10% FBS.

FBS ¢ontains both transferrin and LDL and these proteins would likely
have‘high affinity for bindihg to available receptors on bEND3 cells and,
therefore, very strong potential to compete with the Trojan horses for binding
sites. To determine the concentration of these proteins in FBS, the average

cohcentration of LDL and transferrin in 10 different lots of qualified FBS were
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Figure 4.1 Effect of protein size on transcytosis. A comparison of the proposed
size of the proteins that are applied to the in vitro blood brain barrier to the
percentage of that protein entering the basolateral compartment of the barrier
appears to indicate a connection between the size of the protein and the ability to
translocate to the basolateral compartment. This chart assumes that ASAV5,
ASAApoE, and TfASAVS5 exist in a dimerized form in solution.
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calculated from publish'ed Certificates of Analysis by Invitrogen (79) and
determined to be ~17.06 £ 1.73 mg/dL and 226.82 + 45.69 mg/dL, respectively.
These concentrations can be roughly converted into nanomolar concentrations
based on the following: bovine transferrin is ~ 76 kDa (80); and the main
“component of calf serum LDL is ApoB, a 3 million Da particle. Therefore, the
concentration of TFASAV5 applied to the apical side of the system was ~ 8100
pmol/L and this would be competing with ~ 750 pmol/L serum transferrin. The
concentration of ASAApoE was ~ 8 umol/L and it would be competing with ~ 3.5
nmol/L of serum LDL.

To out-compete the fusion proteins for binding to ligand, this would require
that the affinity of the TfR for binding to serum transferrin and of LDLR for binding
to serum LDL would remarkably have to be 10-fold and 2000-fold higher than the
affinity for TFASAVS and ASAApoOE, respectively.

d) Reduction in Number of Receptors Available

There are studies available documenting the uptake of transferrin and LDL
by bEND3 cells (82, 83). Although there is little data available to quantity the
number of Tf or LDL receptors available on these cells, the evidence indicates
that receptors are up-regulated when the basolateral compartment of the in vitro
blood brain barrier contains lipoprotein-deficient serum or serum-free medium.
The receptors have also been shown to be up-regulated in in vitro blood barriers
generated from co-cultures of cerebrovascular endothelial cells and astrocytes
(84-86).

The inference from these studies is that the number of receptors available

for the experiments described in this thesis may be reduced due to the presence
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of serum in the basolateral compartment as well as the absence of astrocytes in

a co-culture. Therefore once the available receptors have been fully occupied by

their ligand, increasing the concentration of fusion proteins applied to the system

would not likely increase their rate of uptake (76).

4.4 Future Considerations

Future considerations for uptake experiments across the bEND3

monolayer include the following:

a)

b)

d)

In order to isolate the fusion proteins, protease inhibitors should be included in
harvested cell culture medium. |

To better resolve ASAApoE on SDS-PAGE, the protein samplesAcouId be
heated in loading buffer at 60°C for 20 minutes and different denaturants
could be used such as urea. As well, the addition of mild detergents such as
CHAPS or NP-40 to the purification processes may reduce the risk of
aggregation.

Cultivation of bEND3 into serum-free medium would reduce the interference
of serum proteins to uptake experiments. This may also result in up-regulation
of receptors on the cell surface.

A co-culture of bEND3 cells with astrocytes may also result in a better in vitro
BBB as well as up-regulation of receptors on bEND3 cells.

Competition experiments may aid the interpretation of the methods by which
fusion proteins are taken up by bEND3 cells. Quantifiable competition with

either ligand or antibodies specific to receptors should be considered to

“optimize the concentration of fusion protein to be applied to an in vitro blood
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brain barrier system. It should also be noted that ASA-containing fusion
proteins may be taken up by M6PR and therefore mannose-6-phosphate can
be used for competition studies as well.

f) Inorderto stUdy the uptake of fusion proteins in bEND3 cells, fusion proteins
could be generated that incorporate a different epitope tag could be used for
visualization of the fusion proteins in fixed cells.

g) Studies eould be undertaken to determine the rate of transcytosis of the
preteins in different time trials.

h) Further studies could determine the effect of the fusion proteins on sulfatide
storage in arylsulfatase A deficient cells.

4.5 Conclusion

In this study, fusion proteins were generated using the LDLR-bihding
region of apoE as a molecular Trojan horse bound to full-length ASA. As well, an
ih vitro blood brein barrier was produced using an immortalized murine
cerebrovascular endothelial cell line. Under the initiel experimentaly conditions,
transcytosis of fusion proteins was not observed. However, there was evidence
indicating that the apoE peptide was capable facilitating the uptake of fstion
proteins into the BBB cells based on intracellular fluorescence in the cells
exposed to GFPApoE fusion proteins.

The optimal experimental conditions for the use of these fusion preteins

-require much more investigation before any conclusions are made regarding their
ability to transcytose the blood brain barrier. Ultimately, the goal of these

experiments is to find an effective treatment for MLD.
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