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Adeno-associated virus serotype 4 (AAV4) and AAVS have different tropisms compared to AAV2 and to each
other. We recently reported that «2-3 sialic acid is required for AAV5 binding and transduction. In this study,
we characterized AAV4 binding and transduction and found it also binds sialic acid, but the specificity is
significantly different from AAVS5. AAV4 can hemagglutinate red blood cells from several species, whereas
AAVS hemagglutinates only rhesus monkey red blood cells. Treatment of red blood cells with trypsin inhibited
hemagglutination for both AAV4 and AAVS, suggesting that the agglutinin is a protein. Treatment of Cos and
red blood cells with neuraminidases also indicated that AAV4 bound «2-3 sialic acid. However, resialylation
experiments with neuraminidase-treated red blood cells demonstrated that AAV4 binding required o2-3
O-linked sialic acid, whereas AAVS required N-linked sialic acid. Similarly, resialylation of sialic acid-deficient
CHO cells supported this same conclusion. The difference in linkage specificity for AAV4 and AAVS was
confirmed by binding and transduction experiments with cells incubated with either N-linked or O-linked
inhibitors of glycosylation. Furthermore, AAV4 transduction was only blocked with soluble «2-3 sialic acid,
whereas AAVS5 could be blocked with either «2-3 or «2-6 sialic acid. These results suggest that AAV4 and AAVS
require different sialic acid-containing glycoproteins for binding and transduction of target cells and they

further explain the different tropism of AAV4 and AAVS.

The first step in viral infection is attachment of the virus to
the cell surface. While inhibition of infection can occur at other
stages such as entry, uncoating, expression, or assembly, for a
number of viruses the initial binding step is thought to deter-
mine the tissue tropism of the virus. For many viruses this
initial interaction is through charged carbohydrates, such as
heparan sulfate or sialic acid (5).

Both JC virus and mouse polyomavirus bind sialic acid, but
they have different specificities. JC virus binds «2-6-linked
sialic acid while mouse polyomavirus binds a2-3-linked sialic
acid (8, 22). Heparan sulfate (HS) serves as an initial receptor
for the binding of both herpes simplex virus type 1 (HSV-1)
and type 2 (HSV-2) to cell surfaces. However, each virus rec-
ognizes different structural features of the HS and as a result
has a different epidemiology and cell tropism (18). HSV-1
binds human synaptosomes and glial cells, while HSV-2 binds
HeLa cells more efficiently (32, 33). HS also serves as a recep-
tor for dengue virus. In this case, the degree of sulfanation of
HS in the liver is thought to be a determinant of viral tropism
for the liver (9, 19).

Like HSV and dengue virus, adeno associated virus type 2
(AAV2) has been shown to bind heparan sulfate proteoglycans
(HSPs) on the cell surface (28). This interaction with HSPs has
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been shown to have a role in viral infection. Competition
experiments have demonstrated that soluble heparin can block
virus binding and transduction. Furthermore, differentiated
airway lung epithelial cells, which express very little HSP on
their apical surface, are poorly transduced (15).

AAV2 is a member of the Dependovirus genus, a small group
of viruses that were classified based on a similar size and
structure and dependence upon a helper virus for replication.
The cloning of five other members of this genus and their
initial characterization indicate that each has unique binding
characteristics (2, 10, 11, 23, 26, 37). Comparison of the capsid
proteins indicates that AAV4 and AAVS5 are the most diver-
gent of the six cloned AAV isolates, exhibiting only 60% ho-
mology to AAV2 or to each other. Serological data indicated
that AAV4 is naturally found in African green monkeys while
AAVS was originally isolated from a human sample (3, 6).
Both AAV4 and AAVS are insensitive to heparin competition,
whereas AAV?2 transduction is blocked by soluble heparin (11,
14). Competition cotransduction experiments indicate distinct
mechanisms of uptake and tropism for these isolates (10, 11).
In vitro and in vivo experiments with AAVS demonstrate im-
proved binding and transduction of airway lung epithelia com-
pared to that of AAV2 (38). Injection of AAVS into the stri-
atum results in transduction of both ependymal cells and
neuronal cells throughout the injected hemisphere. AAV4, like
AAV2, does not efficiently transduce airway epithelia via the
apical surface, but direct injection of AAV4 into the striatum
demonstrates a strong tropism of this virus for ependymal cells
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(14). AAV2 transduces primarily neuronal cells at the site of
injection.

Little is known about the interactions necessary for AAV4
and AAVS binding and transduction. It was recently reported
that AAVS5 is able to agglutinate red blood cells (RBCs) from
rhesus monkeys and that «2-3 sialic acid is required for cell
binding and transduction (35). Initial reports indicate that
AAV4 is able to hemagglutinate RBCs from several species
(21), suggesting a possible interaction with sialic acid. Hemag-
glutination (HA) through interaction with sialic acid residues
has been reported in a number of autonomous parvoviruses.
Both canine parvovirus (CPV) and the related feline panleu-
kopenia virus bind sialic acid, although the functional signifi-
cance of this interaction is not clear (4, 30). Another autono-
mous parvovirus, minute virus of mice (MVM), also binds
sialic acid. In this case the interaction is important for trans-
duction, since treatment of target cells with neuraminidase
blocks replication (13).

In this study we have examined the binding and transduction
requirements of AAV4. We show that sialic acid binding is
important for both AAV4 HA and infectivity, but the specific
carbohydrate linkage required by AAV4 and AAVS appears to
be distinct.

MATERIALS AND METHODS

Cell culture. Cos and 293T cells were maintained as monolayer cultures in D10
medium (Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum,
100 mg of penicillin/ml, 100 U of streptomycin/ml, and amphotericin B [Fungi-
zone]) as recommended by the manufacturer (Biofluids, Rockville, Md.). 293
cells were cultured in Eagle’s minimal essential medium (EMEM) supplemented
with 10% fetal calf serum, 100 mg of penicillin/ml, 100 U of streptomycin/ml, and
13 U of amphotericin B (Fungizone)/ml. A parental CHO cell line (Pro5) and a
Pro5 mutant (Lec2) were obtained from the American Type Culture Collection.
The Lec2 mutant is deficient in transport of CMP-sialic acid into the Golgi
compartment and does not process sialic acid onto its cell surface. Cells were
cultured in alpha minimal essential medium (Biofluids) supplemented with 10%
fetal calf serum, 100 mg of penicillin/ml, and 100 U of streptomycin/ml.

Production of rAAV. Recombinant AAV2 (rAAV2), rAAV4, and rAAVS5 were
produced using a three-plasmid procedure previously described (1). Briefly,
semiconfluent 293T cells were transfected by calcium phosphate with three
plasmids: an adenovirus helper plasmid (pAd12) containing the VA RNA, E2,
and E4; an AAV helper plasmid containing the Rep and Cap genes for the
serotype to be packaged; and a vector plasmid containing the inverted terminal
repeats corresponding to the serotypes flanking a reporter B-galactosidase (B-
Gal) gene with a Rous sarcoma virus promoter. Forty-eight hours posttransduc-
tion the cells were harvested by scraping in TD buffer (140 mM NaCl, 5 mM KCl,
0.7 mM K,HPO,, 25 mM Tris-HCI [pH 7.4]) and the cell pellet was concentrated
by low-speed centrifugation. The virus was then purified using CsCl gradients.

HA assays. HA assays were carried out using a microtiter method (20-ul
volumes) in V-bottomed plates. Twofold serial dilutions of virus were prepared
in dextrose gelatin albumin buffer (DGA; 5 g of dextrose/liter, 0.3 g of gelatin/
liter, 0.2% bovine serum albumin [BSA], and fraction V, in 0.05 M phosphate-
buffered saline [pH 6.5], unless otherwise stated). A further volume of DGA was
added to each well before a 0.5% dilution (vol/vol) of indicator cells in saline
(rhesus erythrocytes unless otherwise indicated) was added and the plates were
incubated for 2 h at 4°C, room temperature, or 37°C. The end point was 50% HA
(1 HAs; unit) of the RBCs.

Treatment of erythrocytes with trypsin or neuraminidase. Erythrocytes were
treated by a variety of different enzymes to remove cell surface proteins. Rhesus
monkey erythrocytes (1% [vol/vol] in saline) were treated with enzyme at 37°C
for 1 h, following which the cells were washed, resuspended in buffer, and tested
in the HA assay. Untreated erythrocytes were used as controls. Trypsin was
obtained from Difco Ltd., and neuraminidases were obtained from New England
BioLabs, Roche Boehringer Mannheim, and Glyko. There was no significant
effect (greater-than-fourfold change in HA titer) on HA with neuraminidases
isolated from Salmonella enterica serovar Typhimurium, Streptococcus pneu-
moniae, or Vibrio cholerae under the tested conditions (data not shown).
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Resialylation of erythrocytes. Resialylation was performed using a modifica-
tion of the method described by Paulson and Rogers (24). Briefly, rhesus monkey
erythrocytes (1% [vol/vol] in DGA) were treated with neuraminidase for 3 h at
37°C to remove sialic acid and washed twice in saline. The cells were then
resuspended in DGA (1% [vol/vol] in saline) and treated with sialyltransferases
[2-3 (O)- and «2-3 (N)-sialyltransferases; Calbiochem] in the presence of CMP-
a-p-sialic acid (1 mM; Roche Boehringer Mannheim) for 3 h at 37°C. The cells
were diluted to 0.5% in DGA and assayed directly in the HA test. Transferase
activity was confirmed by restoring HA activity with o2-3-specific lectin (MAA;
Vector Labs).

Neuraminidase treatment. Cos cells were plated at 75% confluency 4 to 18 h
prior to infection. The cells were then infected with wild-type adenovirus (mul-
tiplicity of infection [MOI], 10) for 1 h, the medium was removed, and the cells
were treated with the indicated neuraminidase at the indicated concentration.
After 1 h at 37°C the neuraminidase-containing medium was removed, and the
cells were washed and infected with serial dilutions of rAAV2, rAAV4, or
rAAVS, with highest MOI, 2 X 10° particles/cell. This amount of virus was
sufficient to transduce greater than 80% of the cells. The cells were infected for
1 h, the medium was removed, and the cells were washed and incubated for an
additional 24 to 36 h before staining for B-Gal activity. Transduced cells were
visually scored (blue cells) using a light microscope. For quantitation, Cos cells
were infected in duplicate in 10-fold serial dilutions with rAAV and stained 24 h
postinfection. The titer was determined by identifying the linear endpoint dilu-
tion with less than 10 positive cells/well. Newcastle disease virus (NDV), Clos-
tridium perfringens, Salmonella serovar Typhimurium, and Arthrobacter ureafa-
ciens neuraminidases were purchased from Glyko. V. cholerae neuraminidase was
purchased from Sigma, and S. pneumoniae neuraminidase was obtained from
New England BioLabs.

Sialic acid competition. Competition binding experiments were performed by
preincubating serial dilutions of virus in media supplemented with the indicated
conjugate for 1 h at room temperature. The highest MOI used was 2 X 10°
particles/cell. This amount of virus was sufficient to transduce greater than 80%
of the cells. Cells were plated at 75% confluency 18 h prior to infection. The cells
were then infected with wild-type adenovirus (MOI, 10) for 1 h, the medium was
removed, and the cells were washed with medium. The virus-conjugate medium
was then added to the cells. After 1 h of incubation at 37°C, the cells were washed
three times and then stained for B-Gal activity 24 to 36 h posttransduction, and
transduction was quantified as described above.

Resialylation of CHO cells for transduction. Sialic acid was restored to the
surface of Lec2 cells in defined linkages using purified sialyltransferases. Lec2
cells were incubated with either ST-2,3 (O)-sialyltransferase (Calbiochem), ST-
2,3 (N)-sialyltransferase (Calbiochem), or ST-2,6 sialyltransferase (Wako, Inc.)
in the presence of 1 mM CMP-sialic acid (Boehringer Mannheim). Resialylation
was carried out with 150 mU of sialyltransferase/ml in EMEM for 2 h at 37°C.
The resialylation was confirmed by adsorption with specific lectins (Vector Labs).
Following resialylation, Lec2 cells were transduced (MOI, 1) with either AAV5
or AAV4 in EMEM. B-Gal activity was measured 24 h posttransduction using a
chemiluminescent assay (38). The resialylation experiments had n values of 4 and
3 for AAVS and AAV4, respectively.

Glycosylation inhibitor studies. Cos cells were plated at 20% confluency in
96-well plates 18 h before the addition of the inhibitors tunicamycin (Oxford) or
N-benzyl-GalNAc (Calbiochem) at the indicated concentrations. The cells were
then cultured with the inhibitors for 24 h and transduced with serial dilutions of
rAAV2, rAAV4, or rAAVS carrying the gene for B-Gal as described above. After
a 1-h infection, the medium was removed and the cells were washed and incu-
bated for 60 h before staining for B-Gal activity. Transduction was quantified as
described above.

Binding assays. Virus bound to the cell surface was quantitated by chilling the
cells on ice for 30 min prior to virus addition. Cells were plated in a 96-well
format. Virus was added to cells (MOI, 1,000 particles/cell) and allowed to bind
for 30 min at 4°C. Cells were then washed twice with cold medium. Plates were
allowed to warm to room temperature and 10 pl of PCRnGo (Pierce) buffer was
added to each well and incubated for 10 min prior to freezing. The cells were
then thawed, 40 pl of water was added, and the cell lysate was mixed. One
microliter of this material was added to a PCR mixture (1 X SYBR Green master
mix; Applied Biosystems [ABI], Foster City, Calif.) with 0.25 pmol of forward
and reverse primers per pl, and amplification was detected using an ABI 7700
sequence detector. Primers specific for the RSV promoter were designed by
using the Primer Express program (ABI): forward 5'GATGAGTTAGCAA
CAT-GCCTTACAA, and reverse 5'TCGTACCACCTTACTTCCACCAA.
Following a 96°C, 10-min denaturing step, the two-step cycling conditions
were 96°C for 15 s, and 60°C for 1 min for 40 cycles. The viral DNA in each
sample was then quantified by comparing the fluorescence profiles for the dif-
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TABLE 1. Ability of AAV4 or AAVS to hemagglutinate
erythrocytes from different species”

J. VIROL.

TABLE 2. Effects of trypsin and different neuraminidases on the
agglutination of rhesus erythrocytes by AAV4 and AAVS5“

Dilution producing HA5, in:

Species
AAV4 AAVS
Rhesus monkey (Macaca sp.) 256 128
Human 128 <2
Mouse 64 <2
Rat 64 <2
Rabbit 16 <2
Tamarin (Saguinus sp.) <2 <2
Horse <2 <2
Cow <2 <2
Sheep <2 <2
Cat <2 <2
Chicken <2 <2

“ Doubling dilutions of stock solutions of AAV4 and AAVS5 containing 128
HAs, units (with rhesus RBC) were tested in the hemagglutination assay using
red cells from different species, and the dilution giving 50% agglutination was
measured.

ferent samples with those of a set of DNA standards. The amount of bound virus
was then compared in the treated and untreated samples and the difference was
plotted.

RESULTS

HA by AAV4 and AAVS. Previous experiments with AAV4
had detected HA activity with erythrocytes from a number of
species (21). HA experiments with RBCs demonstrated that
AAV4 could agglutinate rhesus monkey, human, mouse, rat,
and rabbit erythrocytes when DGA buffer diluent (pH 6.5) at
4°C was used (Table 1). There was no HA detected at 37°C.
Optimization of pH for HA of rhesus monkey erythrocytes
demonstrated greater HA activity at a more acidic pH than at
basic pH, and a pH 6.5 buffer was found to be optimum for the
assay (data not shown). In contrast, AAVS5 only hemaggluti-
nated rhesus monkey cells. While the HA activity of rhesus
monkey cells was similar for AAV4 and AAVS5, AAVS5 HA
activity was not detected with human, mouse, rat, or rabbit
cells that were hemagglutinated by AAV4 (Table 1). This dif-
ference in HA activity for the two viruses suggests that the
agglutinin for AAV4 and AAVS may be distinct. To test this
hypothesis, we conducted the following experiments to char-
acterize the agglutinin for AAV4 and AAVS.

Enzymatic treatment of erythrocytes. To identify the AAV4
and AAVS agglutinin, rhesus monkey erythrocytes were
treated with trypsin to determine if the agglutinin had a protein
component. Treatment with trypsin inhibited HA for both vi-
ruses, suggesting the involvement of a protein in HA (Table 2).
Like trypsin, treatment with neuraminidase also had a signifi-
cant effect on HA activity. Neuraminidase isolated from A.
ureafaciens significantly reduced the HA activity for both
AAV4 and AAVS in a dose-dependent manner (Table 2).
Similarly, neuraminidase isolated from C. perfringens also in-
hibited AAV4 and AAVS HA activity in a dose-dependent
manner. These results indicate that glycoproteins and sialic
acid are involved in AAV4 and AAVS5 hemagglutination.

Resialylation of erythrocytes. To identify the specific sialic
acid required for agglutination, sialic acid was removed from
red cells with neuraminidase and then added back using spe-
cific sialyltransferases in the presence of a CMP-sialic acid

Decrease in HA
titer (fold change)

Enzyme Concn for:
AAV4 AAV5
Trypsin 0.2% 256 128
A. ureafaciens neuraminidase” 100 mU/ml >500 >1,000
10 mU/ml >500 >1,000
1 mU/ml 250 32
C. perfringens neuraminidase” 5 mU/ml 64 250
1 mU/ml 2 16

“ Red cells were treated with neuraminidases isolated from different bacterial
sources for 1 h at 37°C, washed, and tested in the HA assay in comparison with
untreated red cells. A change of greater than fourfold is considered a significant
result. Values presented are fold changes in HA titer required for 50% aggluti-
nation of cells compared to HA titer with untreated red cells.

® Obtained from Roche Boehringer Mannheim.

substrate. The change in HA titers for the resialylated red cells
was then compared to that of the neuraminidase-only-treated
red cells (Table 3). Neuraminidase from A. ureafaciens was
used in this experiment because it had the strongest effect on
both AAV4 and AAVS5 HA under the indicated buffer condi-
tions. The ability to hemagglutinate rhesus monkey cells with
AAV4 was restored after treatment with «2-3(O) sialyltrans-
ferase. However, this treatment did not affect AAVS5 HA (Ta-
ble 3). HA with AAVS could be restored with 50 mU of «2-3
(N) sialyltransferase/ml, but this treatment did not affect
AAV4 HA (Table 3). Experiments with higher concentrations
of sialyltransferase led to significant cell lysis (data not shown).
Thus, the agglutinin for both AAV4 and AAVS is «2-3 sialic
acid, but the two viruses bind different sialyloligosaccharides;
AAV4 binds O-linked «2-3 sialic acid and AAVS only binds
the N-linked form.

Effect of neuraminidase treatment on rAAV transduction.
While HA has been reported for other parvoviruses, the role of
this activity in the life cycle of the virus is not always clear.
Thus, the importance of sialic acid binding of AAV4 in trans-
duction was examined. Treatment of Cos cells with the differ-
ent neuraminidases inhibited AAV4 and AAVS transduction
in a dose-dependent manner (data not shown). The amounts
that gave the largest difference in transduction efficiency for

TABLE 3. Effects of different sialyltransferases on rhesus
erythrocytes pretreated with neuraminidase®

Fold change in HA titer

Sialyltransferase Concn
specificity (mU/ml) AAV4 AAVS
No treatment <2 <2
2,3 (0) 2 4 <2
20 64 <2
2,3 (N) 20 <2 <2
50 <2 16

“ Rhesus cells were treated with 2 mU of neuraminidase/ml from A. ureafa-
ciens to remove sialic acid and then incubated with different concentrations of
specific sialyltransferases for 3 h. The red cells were washed and tested for an
increase in the HA titer. A change of greater than fourfold was considered
significant. Values presented are fold changes in HA titer compared to red cells
treated with only neuraminidase.
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FIG. 1. Neuraminidase effect on transduction. The effects of pretreatment of Cos cells with neuraminidases isolated from different sources were
compared. Cos cells were incubated with different recombinant neuraminidases as indicated and transduced with the different serotypes of AAV
in serial dilution. Each neuraminidase was tested at several doses and the amount that gave the largest difference in transduction efficiency for
AAV4 and AAVS is presented. Data are presented as the percent change in transduction compared to untreated cells for AAV4, AAVS, or AAV2,
respectively (n = 3). Broad-spectrum neuraminidases (Glyko) were as follows: C. perfringens, 16.6 U/ml and A. ureafaciens, 1.6 U/ml. Intermediate
specificity neuraminidases were V. cholerae (Sigma), 0.025 U/ml, and NDV (Glyko), 16.6 U/ml. Neuraminidases with high specificity for a2-3 sialyl
linkages were S. pneumoniae (New England BioLabs), 8.3 U/ml, and Salmonella serovar Typhimurium (Glyko), 10 U/ml.

AAV4 and AAVS are presented in Fig. 1. Treatment of Cos
cells with broad-specificity neuraminidase isolated from A4. urea-
faciens or V. cholerae inhibited both AAV4 and AAVS trans-
duction but had no effect on AAV2 (Fig. 1). These neuramini-
dases have only a slight preference for the cleavage of either
a2-3, a2-6, or a2-8 sialic acid (Table 4). Neuraminidase iso-
lated from C. perfringens or NDV is specific for either a2-3,
a2-6 or a2-3, a2-8 sialic acid but not a2-8 or a2-6, respectively.
Treatment with these enzymes also inhibited transduction, sug-
gesting a role for a2-3 sialic acid in transduction (Fig. 1).
Neuraminidase isolated from Streptococcus pneumoniae only
cleaves «2-3 sialic acid, and neuraminidase isolated from Sal-
monella serovar Typhimurium is 260-fold more active against
a2-3 sialic acid than against a2-6, 8, 9 (Table 4). Treatment of

TABLE 4. Neuraminidase specificity

Rel. rate of hydrolysis”
Neuraminidase source (supplier)

a2-3 a2-6 a2-8
A. ureafaciens (Glyko) 1.0 2.0 1.0
V. cholerae (Sigma) 1.0 03 0.3
C. perfringens (NEB)? 1.0  0.5-.03 ND
NDV (Glyko) 1.0 NDf 1.0
S. pneumoniae (Glyko) 1.0 ND ND
Salmonella serovar Typhimurium (NEB) 1.0 <0.01 <0.01

“ The relative rate of hydrolysis for each neuraminidase was determined by the
manufacturer. Neuraminidases from A. urefaciens and V. cholerae have broad
activity and will cleave sialic acid with all linkages. Neuraminidases from C.
perfringens and NDV will only cleave a2-3 and a2-6 or a2-3 and a2-8, respec-
tively. Neuraminidases from S. pneumoniae and Salmonella serovar Typhi-
murium are highly specific for cleavage of only a2-3 linked sialic acid.

® NEB, New England BioLabs.

¢ ND, activity not detected.

Cos cells with either of these neuraminidases inhibited trans-
duction of both AAV4 and AAVS (Fig. 1). No change in
AAV2 transduction was observed (Fig. 1). This result is in
agreement with the HA data and suggests that a2-3 sialic acid
is involved in both HA and transduction with AAV4.

Blocking of rAAV transduction with sialic acid derivatives.
For AAV2, the affinity for HSPs is stable enough for compe-
tition binding experiments using soluble heparin (28). Pre-
incubation of AAV2, AAV4, or AAVS5 with crude unconju-
gated N-acetyl neuraminic acid or more purified conjugated
N-acetyl-neuraminyl-lactosamine inhibited the transduction of
both AAV4 and AAVS but had no effect on AAV2 transduc-
tion (Fig. 2). The N-acetyl-neuraminyl-lactosamine is a mixture
of both a2-3- and a2-6-linked forms. Competition experiments
with the purified forms demonstrated a difference in sialic acid
binding properties for each of the viruses. AAV4 transduction
was only inhibited by «2-3-linked N-acetyl-neuramyl-lactos-
amine, while both the «2-3 and «2-6 forms inhibited AAVS
transduction (Fig. 2). As a control, AAV2 transduction was not
inhibited by sialic acid conjugate competition. These data in-
dicate that while AAV4 will only bind «2-3 sialic acid, AAVS
binds either soluble a2-3 or a2-6 sialic acid conjugated to
neuramyl-lactosamine.

Inhibition of cellular glycosylation on virus binding and
rAAV transduction. Resialylation experiments with rhesus
monkey erythrocytes indicated that while AAV4 and AAVS
bind «2-3 sialic acid, there is a difference in the linkage of the
agglutinin for the two viruses (Table 3). The specificity of
linkage used in transduction was determined by culturing cells
with inhibitors of N-linked (tunicamycin) or O-linked (N-ben-
zyl GalNAc) glycosylation. The effect of these inhibitors for the
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FIG. 2. Competition with soluble sialic acid and sialyl sugar conjugates. Competition transduction experiments were carried out by incubating
the different serotypes of AAV with soluble forms of sialic acid or sialyl sugar conjugates prior to transduction. Data are presented as the percent
change in transduction compared to transduction in the absence of competitors for AAV4, AAVS, or AAV2, respectively (n = 4). The following
competitors (and concentrations) were used: N-acetyl neuraminic acid (5 mM), N-acetylneuraminyl-N-acetyl-lactosamine (1 mM), «2-6 N-
acetylneuraminyl-N-acetyl-lactosamine (0.2 mM), and «2-3 N-acetylneuraminyl-N-acetyl-lactosamine (0.2 mM).

cell surface step in transduction was determined by quantifying
the amount of virus bound to chilled cells cultured with the
different inhibitors (Fig. 3). AAV4 virus binding decreased
threefold in a dose-dependent manner when target cells were
cultured with the O-linked inhibitor. In contrast, AAV5 bind-
ing increased when target cells were cultured with N-benzyl-
GalNAc (Fig. 3A). Binding experiments on cells cultured with
the N-linked inhibitor tunicamycin showed reduced binding of
AAVS but increased binding of AAV4 (Fig. 3B). These data
suggest that the agglutinin recognized by AAV4 or AAVS also
has the same linkage specificity that is necessary for efficient
transduction of target cells. The increase in virus binding as a
result of culturing the target cells with these agents may be the
result of increased exposure of the binding sites compared to
that in control cells.

To determine if this change in binding affects transduction,
Cos cells were cultured and transduced with rAAV4 and
rAAVS5 in the presence of the glycosylation inhibitors. Trans-
duction was measured by staining for B-Gal activity. Treatment
of Cos cells with N-benzyl-GalNAc, an inhibitor of O-linked
glycosylation, prior to transduction inhibited AAV4 transduc-
tion 50-fold. In contrast, treatment with N-benzyl GalNAc
increased AAVS transduction twofold (Fig. 4A). This result

paralleled the change in virus binding and the results from the
HA experiments. Treatment with the N-linked inhibitor tuni-
camycin inhibited transduction with both viruses greater than
50-fold (Fig. 4B). Unlike the binding competition studies with
sialylactose derivatives or the neuraminidase treatments, addi-
tion of glycosylation inhibitors can have a broad effect on
intracellular activity, ranging from protein folding and secre-
tion to signal transduction and transcription activation (16, 17,
36). Therefore, treatment with tunicamycin could also result in
N-linked sugars playing a role in both AAV4 and AAVS trans-
duction.

Resialylation of sialic acid-deficient cells suggests AAV4 and
AAYVS interact with «2-3 sialic acid on O-linked and N-linked
carbohydrates, respectively. To further investigate the role of
a2-3 and «2-6 sialic acids and their linkage specificities in
AAVS transduction and to separate the role of intracellular
glycoproteins from that of cell surface proteins, we studied
AAVS transduction in resialylated cells naturally defective in
the addition of sialic acid to carbohydrate chains. Lec2 cells are
from a mutant clone derived from the parental Pro5 cell line
that are deficient in the transport of CMP-sialic acid into the
Golgi compartment (27). AAVS transduced the Pro5 cells over
100-fold more efficiently than it transduced the Lec2 cells (Fig.
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5). Resialylation with a2-3 (O) or «2-6 (N) sialyltransferase did
not affect AAVS transduction. However, resialylation with
a2-3 N-linked sialyltransferase did result in a significant in-
crease in transduction. AAV4 also transduced the Pro 5 cells
but at a much lower efficiency than that of AAVS. In contrast

to the results with AAVS, AAV4 transduction was only re-
stored by resialylation with the a2-3 (O) sialyltransferase. No
significant increase in transduction was detected by resialyla-
tion with a2-3 (N) or a2-6 (N) sialyltransferase. The activities
of all three sialyltransferases were confirmed by incubating the
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cells with fluorescently labeled lectins specific for a2-3 or a2-6
sialic acid (data not shown). Therefore, while AAVS was able
to bind either a2-3 or a2-6 sialic acid conjugated to N-acetyl-
neuraminyl-lactosamine, AAVS transduction of sialic acid-de-
ficient cells was restored only by resialylation with a a2-3(N)
sialyltransferase, suggesting that «2-3 (N) but not a2-6 is the
form of sialic acid required for AAVS transduction. In con-
trast, AAV4 will only bind «2-3 sialic acid conjugates, and
transduction requires «2-3 (O) sialic acid.

DISCUSSION

AAV4 and AAVS are distinct members of the Dependovirus
genus. While the Rep proteins of AAV4 are highly homolo-
gous to those of the other dependoviruses, the capsids of both
AAV4 and AAVS are the most divergent from each other and
the rest of the genus. Both AAV4 and AAVS lack heparin-
binding activity, an activity reported for other members of the
genus. But the lack of cross-competition in cotransduction
experiments and differences in in vivo transduction specificities
indicate distinct mechanisms of uptake and tropism for these
isolates.

Sialic acid binding is a property of several different virus
families. Previous research had described this interaction in
several members of the parvovirus family, but the significance
of this interaction in the life cycle of the virus was not always
clear. For parvovirus B19, HA activity and infectivity are
linked. The receptor for B19 and the cellular antigen necessary
for the HA activity is globoside, also known as the human
blood group P antigen (7). MVM has been reported to bind
sialic acid, and replication can be inhibited by pretreating tar-
get cells with neuraminidase (13). For CPV, mutations within
the capsid of the virus can separate HA activity from infectiv-
ity, suggesting that sialic acid may not be a primary determi-
nant of infection (4). Similar mutants of MVM have not been
described. For CPV and MVM, the specificities of the inter-
action with the different types of sialic acid have not been
investigated. The only dependoviruses with HA activity are
AAV4 and AAVS.

Comparison of HA activity using RBCs from a number of
species indicates that the agglutinins for AAV4 and AAVS are
distinct. Enzymatic treatment of RBCs determined the agglu-
tinin for AAV4 is a2-3 O-linked sialic acid and is present on a
variety of species. AAVS5 HA requires a2-3 N-linked sialic acid
and the agglutinin is restricted to rhesus monkeys. Both viruses
exhibit similar pH dependence for HA activity, and protease
sensitivity indicates that the agglutinin is a glycoprotein.

HA is a useful assay for studying virus-cell surface interac-
tions; however, the role of this activity in the virus life cycle is
not always clear. Alterations in virus-cell surface interactions
as measured by a change in virus transduction are more rele-
vant for virus tropism. Transduction of both AAV4 and AAVS
was inhibited by pretreatment of the target cells with neur-
aminidase and could be blocked by competition with soluble
sialic acid or by treating the cells with inhibitors of glycosyla-
tion. All of these in vitro experiments demonstrated that while
sialic acid binding is common to AAV4 and AAVS, the spec-
ificities of the interaction are distinct. Their different specific-
ities for sialic acid agree with the different cell tropism of the
two viruses (14, 38). While AAV4 transduction required o2-3
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O-linked sialic acid, AAVS5 could be blocked by either soluble
a2-3 or a2-6 sialic acid. However, resialylation experiments
with sialic acid-deficient CHO cells and glycosylation inhibitor
studies with Cos cells determined that only «2-3 N-linked sialic
acid was required for AAVS transduction of Cos and CHO
cells. It is possible that for other cell types an interaction with
a2-6 sialic acid is important for AAVS transduction and may
account for the broad cell tropism of AAVS compared to that
of AAV4.

The observed differences in the abilities of some neuramini-
dases to affect both HA and transduction are due to differences
in the activities of these enzymes in the two assays. The neura-
minidases used in these experiments are active on a variety of
conjugates, but their activity is directly dependent on the link-
age (N- versus O-linked), the structure of the glycoconjugate,
and the packing and organization of the oligosaccharides (for
review, see references 12, 29, and 34). Moreover, enzyme ac-
tivity is dependent on pH and ion concentration, which are
different for the two assays (12, 20, 25, 31). The observed
inconsistencies between the two assays can be explained by the
differences in cell surface glycoprotein presentation between
the erythrocytes and Cos cells and by the pH and ion concen-
trations of the buffers in the two assays. It should be remem-
bered that between the two assays, only transduction has a
direct relevance to virus tropism. While HA is a useful tool for
studying intact-cell molecular interactions, its physiological rel-
evance is not always clear. Sialic acid has a role in AAV4 and
AAVS transduction and HA and can therefore be listed as a
receptor for these serotypes, but the context in which the sialic
acid is presented on the cell surface is important in determin-
ing its recognition by AAV4 or AAVS.

Modification of proteins through glycosylation is thought to
be directly responsible for their correct folding and secretion
(17), nuclear transport, assembly into multimeric complexes
including the preinitiation complex, or regulation of phosphor-
ylation (16, 36). Therefore, the observed inconsistencies in
binding and inhibition of transduction of both AAV4 and
AAVS with the N-linked inhibitor tunicamycin may be due to
the broad effect of this inhibitor on cellular activity (for review,
see references 16, 17, 36).

AAV4 and AAVS have shown promise as vectors for gene
transfer with distinct cell tropism compared to AAV2. Identi-
fication of sialic acid binding and its role in transduction for
AAV4 and AAVS is an important first step in understanding
the tropism of these viruses at the molecular level and will
ultimately lead to a better understanding of the utility of these
viruses for gene therapy applications.
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