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Adeno-associated virus serotype 8 (AAVS) is currently emerging as a powerful gene transfer vector, owing to
its capability to efficiently transduce many different tissues in vivo. While this is believed to be in part due to
its ability to uncoat more readily than other AAV serotypes such as AAV2, understanding all the processes
behind AAVS transduction is important for its application and optimal use in human gene therapy. Here, we
provide the first report of a cellular receptor for AAVS, the 37/67-kDa laminin receptor (LamR). We document
binding of LamR to AAVS capsid proteins and intact virions in vitro and demonstrate its contribution to AAV8
transduction of cultured cells and mouse liver in vivo. We also show that LamR plays a role in transduction
by three other closely related serotypes (AAV2, -3, and -9). Sequence and deletion analysis allowed us to map
LamR binding to two protein subdomains predicted to be exposed on the AAV capsid exterior. Use of LamR,
which is constitutively expressed in many clinically relevant tissues and is overexpressed in numerous cancers,
provides a molecular explanation for AAV8’s broad tissue tropism. Along with its robust transduction effi-
ciency, our findings support the continued development of AAV8-based vectors for clinical applications in

humans, especially for tumor gene therapy.

Adeno-associated virus (AAV) is an increasingly popular
gene transfer vector with a number of inherent advantages
over other vectors, including a lack of pathogenicity and the
ability to mediate long-term gene expression in a variety of
tissues in vivo. Of particular benefit is the feasibility to
pseudotype recombinant AAV genomes (typically derived
from the AAV serotype 2 [AAV2] prototype) with capsids
from any of the over 100 identified naturally occurring human
or nonhuman viral isolates (4, 8, 9, 11, 25) or with synthetic
“designer” shells engineered via capsid DNA shuffling or mu-
tagenesis (18). This results in vector particles with distinct
properties, including unique tissue biodistribution and trans-
duction profiles, and thus significantly contributes to the ver-
satility of the AAV vector system.

Thus far, AAV2 has been the primary serotype tested in
clinical trials, but many alternative serotypes that offer specific
advantages for certain diseases are currently in preclinical de-
velopment. Among these, perhaps the most interesting candi-
date is AAVS. We and others recently documented unusually
robust and sustained transgene expression from AAVS vectors
in numerous tissues, including the liver, heart, and skeletal
muscle (9, 20, 36). In fact, AAVS resulted in up to 20-fold-
higher liver transduction in mice than AAV2 did, despite an
83% amino acid similarity of the two viruses (20). We also
showed that the higher rate of AAVS capsid uncoating com-
pared to AAV2 may be responsible for the increased trans-
duction efficiency (31), allowing AAVS to be transduced in
almost 100% of hepatocytes (20). A second advantage of
AAVS is that since it is a primate virus (isolated from rhesus
monkeys), vectors derived therefrom are likely not recognized
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by prevailing antibodies in humans and thus less prone to
causing adverse immunological side effects. In contrast, use of
AAV?2 vectors is limited in humans due to a prevalent preex-
isting humoral immunity in the population and due to the risk
of induction of a cellular immune response against capsid-
containing cells in vivo (24).

In view of the increasing interest in AAVS as a human gene
transfer vector, it is essential to understand the full mechanism
behind AAVS transduction, including the initial steps of
AAVS binding and infection. The tissue tropism of different
AAV serotypes is diverse, partly due to their binding to alter-
nate cellular receptors. However, the cellular receptor(s) for
AAVS8 and most other serotypes remains unknown to date.
The few exceptions include AAV2, which was shown to bind
various receptors (heparan sulfate proteoglycans [HSPGs],
o VS integrin, and the fibroblast or hepatocyte growth factor
receptors) (16, 22, 28, 29). AAV3 appears to bind cells in a
manner similar to that of AAV2, i.e., via attachment to HSPG
and the fibroblast growth factor receptor (3, 23). In contrast,
AAVS preferentially attaches to cells through binding to sialic
acid and the platelet-derived growth factor receptor (PDGFR)
(7, 15, 34). Like AAVS, AAV4 was also shown to interact with
sialic acid; however, the required specific carbohydrate linkage
differs between the two serotypes (15).

To further our understanding of the mechanisms behind
AAVS transduction, we conducted a yeast two-hybrid screen
for host cellular proteins able to physically interact with
AAVS capsid proteins (B. Akache et al., unpublished data).
Interestingly, one of the most frequently recovered clones
encoded the extracellular domain of the 37/67-kDa laminin
receptor (LamR). Since LamR is highly expressed in tissues
shown to be transduced efficiently by AAVS, we decided to
study the functional significance (if any) of the physical
interaction between these two proteins. Here, we report that
LamR is important for cellular binding and transduction by



9832 AKACHE ET AL.

AAVS in vitro and in vivo. In addition, it appears to play a
role in transduction by three closely related virus serotypes.
Our study provides the first report of a cellular receptor for
AAVS, explaining the unusually wide tropism of this partic-
ular virus, and should have implications for its future use as
a gene therapy vector.

MATERIALS AND METHODS

Plasmids. The AAV2, AAVS5, AAV6, and AAVS bait plasmids were con-
structed by first PCR amplifying homologous regions (nucleic acid residues 439
to 1860 [AAV2], 436 to 1827 [AAVS], 442 to 1863 [AAV6], and 442 to 1869
[AAVSE] of each AAV cap gene) from the AAV helper plasmids pDG (13), pDP5
or pDP6 (12), and pE5/V18 (9), respectively. The primers used were AAV2
(CGGAATTCGAGCACTCTCCTGTGGAGCCA and CGGGATCCGCTTTG
CCCAGATGGGCCCCTG), AAV5 (CGGAATTCGACCACTTTCCAAAAA
GAAAG and GAAGATCTACTTGGCCCAGATGGGTCCTTG), AAV6 (CG
GAATTCCAGTCGCCACAAGAGCCAGAC and CGGGATCCGTTTGGCC
CAAATAGGACCCTG), and AAV8 (CGGAATTCCCATCACCCCAGCGTT
CTCCA and GAAGATCTGCTTGGCCCAGATGGGACCCTG). The AAVSB
to -E portions were PCR amplified with the CGGAATTCCCATCACCCCAG
CGTTCTCCA primer, in combination with either GAAGATCTGAGCCGTG
TTTTGCTGCTGCAA (AAVSB), GAAGATCTGTTTGCCAAAAATCAGGA
TCCC (AAVSC), GAAGATCTGGACGCGTTGTTGGCGGTAACA (AAVSD),
or GAAGATCTGGTAGTACAGGTACTGGTCAAT (AAVSE). The PCR prod-
ucts were then digested with BamHI and EcoRI for AAV2 and AAV6 or BglIT and
EcoRI for AAV5 and AAVS. They were then ligated to the BamHI- and EcoRI-
linearized plasmid pGBK-T7 (BD Clontech, Palo Alto, CA). In the resulting con-
structs, the cap genes were fused in frame with a Gal4 DNA binding domain. The
recovered laminin receptor clone contained the Gal4 activation domain fused to bp
411 to 968 (amino acids 111 to 295) of the 37/67-kDa laminin receptor (GenBank
accession number AK011043) cDNA.

Two-hybrid analysis. Plasmids were transformed into the Saccharomyces cer-
evisiae strain AH109 (MATa trp1-901 leu2-3 leu2-112 ura3-52 his3-200 gal4A
gal80A LYS2::GALIy45-GALI 147.4-HIS3 GAL2y;,45-GAL27474-ADE2 URA3:
MELI,4-MELI ;474-lacZ) (BD Clontech). Clones were tested for growth on
SD medium (0.67% yeast nitrogen base without amino acids, 2% glucose, sup-
plemented with the appropriate amino acids at a concentration of 0.004% but
lacking adenine, histidine, leucine, and tryptophan). Alternatively, the activity of
the lacZ reporter gene product was determined using (3-galactosidase assays with
chlorophenol red-p-galactopyranoside as a substrate according to BD Clontech.
Briefly, the cells were grown overnight in selective SD medium lacking leucine
and tryptophan and then diluted in YPD medium (1% Bacto yeast extract, 2%
Bacto tryptone, 2% glucose). After 4 h, the optical density at 600 nm (ODyq) of
the yeast culture was measured (later used to calculate the Miller units; see
below) before the cells were resuspended in buffer 1 (2.38% HEPES, 0.9% NaCl,
0.065% L-aspartate, 1% bovine serum albumin, and 0.05% Tween 20) and sub-
sequently lysed via three freeze-thaw cycles in liquid nitrogen. The chlorophenol
red-p-galactopyranoside substrate was dissolved to a concentration of 0.1335%
in buffer 1 and added to the lysed cells. The reaction was stopped using 3 mM
zinc chloride, and the ODs-4 of the sample was taken to calculate the Miller units
[(1,000 X ODsyg)/(time [min] X ODggp)]-

Binding assay. The binding assay was performed according to the method of
Kaludov et al. (15). HeLa cells (7.5 X 10° per well) were plated on a 24-well plate
and grown overnight. Five micrograms of a monoclonal antibody against the
37/67-kDa laminin receptor or platelet-derived growth factor receptor B (Abcam,
Cambridge, MA) or 5 pg of soluble laminin or PDGF-AA (Sigma, St. Louis,
MO) was incubated with the cells at 37°C for 1 hour. The cells were then
incubated at 4°C for 30 min, before 6,500 particles/cell of AAV(hf.IX) were
added and allowed to bind for 30 min at 4°C. Next, the cells were washed twice
with cold medium, before the plates were allowed to warm to room temperature
and 100 pl of Lyse-n-go PCR reagent (Pierce, Rockford, IL) was added to each
well. Following a 10-minute incubation at room temperature, the cells were then
frozen at —20°C. After the plates were thawed, 400 .l of water was added to each
sample. One microliter of the cell lysate was used for a real-time PCR using
SYBR green master mix (Applied Biosystems, Foster City, CA) and the primers
CCTAAGCACCCCCAGAAAGC and CGTCGATTTCACAGCTGACATC. The
construction and production of AAV(Af.IX) were described elsewhere (19, 31).

Stable laminin receptor expression. The mouse 37/67-kDa laminin receptor
c¢DNA was amplified from a mouse liver cDNA library (BD Clontech) using the
primers ACGCCAATTGACAATGTCCGGAGCCCTTGACGT and ACGCG
TCGACTCAGGACCACTCAGTGGTGG, digested with Mfel and Sall, and
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cloned into the pcDNA3 (Invitrogen, Carlsbad, CA) vector digested with EcoRI
and Xhol. The plasmid and the empty pcDNA3 vector were then transfected into
NIH 3T3 cells using Polyfect (QIAGEN, Valencia, CA) according to the man-
ufacturer’s instructions. The cells were split after 2 days and plated at low density
in medium containing 2 mg/ml of G418. G418-resistant cells were selected with
medium containing G418 for 1 month, at which point polyclonal pools of cells
were plated in a 96-well plate. AAV(gfp) pseudotypes 1 to 6, 8, or 9 was added
to the cells for 1 hour, before the viruses were removed and new medium was
added. The number of green fluorescent protein (GFP)-positive cells was
counted after 3 days by fluorescent light microscopy. The AAV(gfp) vector
construct, consisting of a double-stranded genome expressing the gfp gene from
a respiratory syncytial virus promoter, will be described in detail elsewhere (D.
Grimm et al., unpublished data). Briefly, it was engineered by assembling a
full-length AAV?2 inverted terminal repeat (ITR) together with a subfragment of
an AAV4 ITR, in a pBlueScript I (Stratagene, La Jolla, CA) backbone. The
AAV4 fragment contained the entire ITR sequence except for the terminal
resolution site, to prevent DNA nicking during vector DNA replication. The
double-stranded AAV(gfp) vector plasmid was pseudotyped with eight different
capsids using a standard triple plasmid transfection approach (10). The virus was
purified using cesium chloride density gradient centrifugation and quantitated by
dot blot assay. The resulting virus particles were then added to the cells at the
indicated ratios of particles to cells.

RNA interference (RNAi) with laminin receptor. A lamR short interfering
RNA (siRNA; sense strand, GACCUUCACUAACCAGAUCCAUU) or con-
trol siRNA (sense strand, AGGAGGAAUUCCAGGGUGAAUUU), each a
double-stranded RNA 21-mer plus a UU overhang (Dharmacon, Lafayette, CO),
was transfected into NIH 3T3 cells using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA) according to the manufacturer’s instructions. After 3 days, the cells
were incubated with the AAV(gfp) vectors described above, and the number of
GFP-positive cells was counted after another 3 days.

Western blotting. Cells were scraped and lysed in a modified radioimmuno-
precipitation assay buffer (50 mM Tris-HCI, pH 7.4, 150 mM sodium chloride,
1% NP-40, 0.25% sodium deoxycholate, 1 mM EDTA, 1 mM sodium orthovana-
date, and 1 mM sodium fluoride) for 30 min at 4°C. The supernatant was
collected after the debris was pelleted by centrifugation for 10 min at 12,000 rpm
and 4°C. Thirty micrograms of each sample was boiled for 5 min in Laemmli
buffer, resolved on a 7.5% sodium dodecyl sulfate-polyacrylamide gel, and ana-
lyzed by immunoblotting with a polyclonal goat anti-laminin receptor or antiactin
antibody (both from Santa Cruz Biotechnology, Santa Cruz, California).

In vivo infection inhibition assay. Female C57BL/6 mice (8 to 10 weeks old;
Jackson Laboratory, Bar Harbor, ME) were injected via the tail vein with either
phosphate-buffered saline (PBS) or 40 pg of monoclonal antibody against
PDGFR-B or against the 37/67-kDa laminin receptor (both from Abcam). After
6 hours, 1 X 10" particles of AAV6 or AAV8(hf.IX) were injected via the tail
vein. Blood samples were collected after 3 days from the retro-orbital plexus, and
human factor IX (hF.IX) levels were determined by an enzyme-linked immu-
nosorbent assay (21). All animal procedures were conducted according to the
animal care guidelines at Stanford University.

RESULTS

Specific interaction of AAV8 and AAV2 capsid proteins with
LamR in yeast. Clones containing the extracellular domain of
LamR were frequently recovered when a mouse liver cDNA-
Galdp activation domain library was screened against an
AAVS bait (AAVSA, containing residues 147 to 623 of the
AAVS8 VP1 capsid protein fused to the Gal4 DNA binding
domain) (Fig. 1a) (Akache et al., unpublished data). To con-
firm this AAV8-LamR interaction and quantify its extent, we
measured the activation of a Galdp-dependent lacZ reporter
gene in yeast cotransformed with the recovered LamR prey
and the AAVSA bait. To control for specificity of the interac-
tion, baits containing the corresponding capsid sequences from
serotype 2, 5, or 6 (the last two have approximately 61% and
84% amino acid sequence similarity to AAVS, respectively) or
no capsid DNA at all were evaluated in parallel. Surprisingly,
not only the AAVS but also the AAV?2 bait strongly interacted
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FIG. 1. AAVS and AAV?2 capsid proteins bind the 37/67-kDa laminin receptor in yeast. (a) Yeast transformed with the LamR prey plasmid
and the various bait plasmids was grown, serially diluted, and spotted on medium with or without adenine and histidine. The activation of both
the ade2 and his3 reporter genes preceded by Galdp binding sites is necessary for growth on medium lacking adenine and histidine. (b) Yeast
transformed with the indicated combinations of bait and prey plasmids was assayed for activation of the reporter lacZ gene using B-galactosidase

assays.

with the LamR prey, yielding a 3.5-fold-increased activity over
the empty and AAVS controls and twofold-increased activity
over the AAV6 bait (Fig. 1b).

Two separate AAVS capsid subdomains mediate binding to
LamR. In an attempt to define the domain(s) mediating the
LamR interaction, we constructed sequential C-terminal dele-
tion mutants (AAV8B to -E, Fig. 2a) of the original AAVS8

mutants revealed two separate regions (VP1 residues 491 to
547 [1] and 593 to 623 [II]) whose deletion resulted in a de-
crease in activity (Fig. 2a). Notably, the AAV2 homologous
regions form loops on the capsid exterior, and their binding by
neutralizing antibodies or their point mutagenesis blocks
AAV?2 cellular attachment and transduction (17, 37) (Fig. 2b).
Based on the sequence similarity between AAV serotypes 2

and 8, we speculate that these domains are also exposed on the
assembled AAVS capsid and thus able to mediate binding to
LamR.

capsid bait. The C terminus was chosen based on comparison
with the AAV2 prototype, where it contains most of the exte-
rior domains. In fact, lacZ transactivation assays with all four
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FIG. 2. Two AAVS capsid subdomains mediate binding to the 37/67-kDa laminin receptor. (a) Schematic of the AAVS8 bait deletion constructs
AAVSB to -E (top panel). Yeast transformed with the indicated combinations of bait and the LamR prey plasmid was assayed for activation of
the reporter lacZ gene using B-galactosidase assays (bottom panel). Two C-terminal regions were identified (I and II in top panel) whose deletion
led to a reduction in lacZ transactivation. (b) Schematic representation of the AAV capsid protein VP1 including the location of the previously
identified AAV2 outer capsid loops, phospholipase A, (PLA,) domain, the heparin binding motif, and the here-identified LamR-interacting
domains (top panel). Also highlighted are two regions comprising the epitope for the monoclonal antibody (Ab) C37, whose binding blocks AAV2
cellular attachment. A three-dimensional representation of a single capsid protein subunit reveals that the two LamR-interacting domains, VP1
residues 491 to 547 (I in panel a) in red and 593 to 623 (I in panel a) in yellow, are on the outer surface of the capsid and in close proximity to
the heparin binding motif (in green) (bottom panel).
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FIG. 3. AAVS attaches to mammalian cells through binding of
LamR. Binding assays were performed by incubating HeLa cells with
PBS, soluble laminin, PDGF-AA, an antibody (Ab) directed against
the 37/67-kDa laminin receptor, or an antibody directed against
PDGFR-B, followed by chilling and incubation with 6,500 recombinant
particles/cell of each of the indicated serotypes. Quantitative PCR was
performed to measure the amount of bound virus using primers spe-
cific to the viral genome encompassing the if.1X gene.

AAVS attaches to mammalian cells through LamR. To as-
sess whether AAVS uses LamR for attachment to living mam-
malian cells, we performed a virus binding assay. To do this, we
blocked LamR on HeLa cells by treatment either with a spe-
cific anti-LamR antibody or with laminin, the natural substrate
for this receptor. The AAVS receptor PDGFR served as a
negative control and was blocked by treating the cells with an
antibody specific to its B subunit or with its substrate PDGF-
AA. Recombinant AAV serotype 2, 5, or 6 (as a control) or
AAVS8 was then added for 30 min, before cells and virus were
lysed, and amounts of bound virus were determined via quan-
titative PCR. As shown in Fig. 3, none of the treatments sig-
nificantly blocked AAV2 or AAV6 binding to the cells. This
was initially unexpected for AAV2, as the two-hybrid assay
data had suggested a strong interaction with LamR. However,
we hypothesize that since AAV2 uses at least four other re-
ceptors (16, 22, 28, 29), blocking one (LamR) might have only
marginal effects on AAV2 binding. As expected, AAVS bind-
ing was inhibited sixfold by PDGF-AA, corroborating a previ-
ous report (7). The fact that its attachment was unaffected by
the PDGFR antibody could be due to binding of the antibody
and virus to different receptor domains. Soluble laminin
caused a twofold decrease in AAVS binding, which was ex-
pected as laminin binds sialic acid, another AAVS receptor (5).
Importantly, AAVS was the only serotype whose binding was
efficiently blocked both by soluble laminin and by the anti-
LamR antibody, evidenced by the 2.5- or 3.5-fold decreases in
detectable viral DNA, respectively. Similar to AAV2 and
AAVG6, soluble PDGF-AA and the anti-PDGFR antibody had
no effect on AAVS binding. Together, these findings suggested
that LamR represents a main receptor for AAVS binding to
living cells and that its role for the virus is distinct from that for
AAV2, despite a similar level of interaction in the yeast two-
hybrid assay.

Overexpression of LamR increases AAV8, AAV2, AAV3, and
AAV9 transduction. Since virus attachment to the cell surface
is a prerequisite step in any viral transduction pathway, we
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FIG. 4. Overexpression of the 37/67-kDa laminin receptor in-
creases transduction by AAVS, -2, -3, and -9 in vitro. (a) Total protein
extracts from the stably transfected NIH 3T3 cells were analyzed by
Western blot analysis using the anti-laminin receptor or antiactin an-
tibody (left panel). The same two cell pools were incubated with 1 X
10° particles/cell of AAVI, -3, -4, -5, -6, -8, or -9(gfp) or 5 X 10°
particles/cell of AAV2(gfp) for 1 hour, and amounts of transduced cells
were determined after 3 days (right panel). (b) AAVS(gfp) (1 x 10°
particles/cell) was incubated for 1 hour with a pool of NIH 3T3 cells
stably transfected with the empty pcDNA plasmid (left panel) or with
the laminin receptor expression plasmid (right panel). GFP expression,
indicating successful AAVS transduction, was visualized after 3 days.

speculated that beyond binding AAVS, LamR may also be
crucial for functional virus transduction. To test this hypothe-
sis, we stably transfected NIH 3T3 cells with a LamR expres-
sion plasmid, resulting in a pool of cells expressing threefold-
higher LamR levels than control cells stably transfected with
an empty plasmid (Fig. 4a). We then infected both populations
with an AAVS vector containing a gfp reporter gene and ana-
lyzed GFP expression 2 days later. As expected, we observed
3.3-fold-more positive cells in the LamR pool than in the
control (Fig. 4a and b), which correlated well with a threefold
increase in intracellular viral DNA (as determined by quanti-
tative PCR [data not shown]). To assess whether this func-
tional interaction was specific for AAVS, we subsequently in-
fected the two cell pools with the gfp vector, pseudotyped with
AAV1 through -6 or AAV9. We found virtually identical trans-
duction efficiencies between the two cell pools with serotypes 1,
4, 5, and 6, but interestingly LamR overexpression led to a
2.5-fold increase in GFP-positive cells for serotypes 2, 3, and 9,
similar to the result with AAVS (Fig. 4a).

RNAI against lamR inhibits AAVS, AAV2, AAV3, and AAV9
transduction. To further confirm the correlation of LamR
expression levels and transduction with these four serotypes,
we used RNAI to silence the lamR gene in wild-type NIH 3T3
cells. This was done by transfecting these cells with a previously
reported anti-lamR siRNA (33), which in our hands resulted in
a twofold reduction in LamR protein levels (Fig. 5). The cells
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FIG. 5. Inhibition of 37/67-kDa laminin receptor expression by
RNAI inhibits transduction by AAVS, -2, -3, and -9 in vitro. Total
protein extracts from NIH 3T3 cells that were mock transfected or
transfected with the indicated siRNA were analyzed by Western blot-
ting using the anti-LamR or antiactin antibody (left panel). Cells trans-
fected with the anti-lamR siRNA or control siRNA were incubated
with 1 X 10° particles/cell of gfp-expressing AAV1, -3, -4, -5, -6, -8, or
-9 or 5 X 10° particles/cell of gfp-expressing AAV2 for 1 hour, and
amounts of transduced cells were determined after 3 days (right
panel).

as well as control siRNA-transfected cells were then incubated
with the same eight AAV(gfp) vectors as above. As predicted,
RNAi-mediated inhibition of LamR resulted in twofold-re-
duced transduction with AAV2, -3, -8 and -9, confirming a
direct correlation of LamR expression levels and functional
transduction by these serotypes. LamR knockdown had no
effect on transduction with AAV1, -4, -5, or -6, showing that
the receptor is not required for infection with these four iso-
lates and thus also supporting our previous data.

LamR mediates AAV8 and AAV2 transduction of mouse
liver in vivo. Finally, we studied the role of LamR for AAVS
binding and transduction in vivo by assaying the ability of
recombinant virus to infect mouse liver in the presence of the
anti-LamR antibody. To do this, mice were injected with 40 g
of this antibody or with 40 pg of an anti-PDGFR- antibody or
with PBS, followed 6 hours later by peripheral infusion of 1 X
10" recombinant serotype 2, 6, or 8 particles expressing the
human factor IX (if.IX) gene from a liver-specific promoter.
Blood was collected after 3 days, and plasma hF.IX was deter-
mined by enzyme-linked immunosorbent assay. Consistent
with our previous in vitro findings, AAV2- and AAV8-medi-
ated liver transduction was strongly inhibited in the presence of
the anti-LamR antibody, as evidenced by a nearly threefold
drop in plasma factor IX levels compared to the respective
PDGFR/PBS controls (Fig. 6). In contrast and as predicted,
AAV6 transduction was only marginally affected by the anti-
LamR antibody.

DISCUSSION

Collectively, the data in this paper allow us to conclude that
the 37/67-kDa laminin receptor is functionally relevant for
AAVS cellular binding and transduction in vitro and in vivo
and as such allow us to conclude that it is a receptor for AAVS.
Interestingly, we identified a subset of three highly homolo-
gous (around 85% protein similarity) serotypes (AAV2, -8, and
-9) which also utilize LamR for functional transduction. How-
ever, AAVS clearly differs from the family prototype AAV2,
which appears to rely on other receptors (e.g., HSPG) for cell
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FIG. 6. AAVS- and AAV2-mediated transduction of mouse liver
depends on the 37/67-kDa laminin receptor. An anti-LamR antibody
(Ab), anti-PDGFR antibody, or PBS was intravenously injected into
mice, followed 6 hours later by infusion of 1 X 10" particles of AAV2,
AAV6, or AAV8(hf.1X) per mouse via the same route. After 3 days,
plasma levels of hF.IX were determined by enzyme-linked immunosor-
bent assay.

attachment, while requiring LamR interaction for efficient in-
ternalization and transduction. Noteworthy in this respect are
the findings that LamR and HSPG can form a complex on the
cell surface (14), further substantiating the idea of a synergistic
function of the two molecules for AAV2 transduction. AAVS
is likewise distinguished from four other serotypes (AAV1 and
-4 to -6) that transduce cells independently of LamR. Among
these, AAV4 and -5 are only 61 to 67% homologous to AAVS
and use sialic acids as receptors (15). AAV1 and -6, despite
their 84% homology to AAVS, can also transduce cells through
a sialic acid-based pathway (6, 26). Their preference for sialic
acid may explain why we found neither evidence for in vitro
interaction of these four serotypes with LamR nor an effect on
their transduction from blocking/overexpressing this receptor.

The results of this study have three essential implications for
the use of AAVS or other viral serotypes as vectors for human
gene therapy. Firstly, LamR is widely expressed in human
tissues, where it is normally involved in interactions of extra-
cellular laminin 1 with proteases and with the cell (1, 2). In-
terestingly, it also serves as a receptor for numerous viruses
such as dengue virus and Sindbis virus, as well as for prions (14,
30, 35). The wide distribution of this receptor provides a mo-
lecular explanation for the unusually broad tropism of AAVS,
and indeed, LamR is found on several tissues known to be
efficiently transduced by the virus, such as the heart, liver, and
skeletal muscle (27). Notably, it is specifically overexpressed in
cancer cells, where it is critical for tumor invasion and metas-
tasis. In fact, a Sindbis virus vector binding to LamR was shown
to preferentially target tumor cells in vivo (32), implying that
AAVS might also prove to be an especially useful vector for
tumor-directed gene therapy. This idea is particularly sup-
ported by our findings of a direct correlation of LamR expres-
sion levels and AAVS transduction in our overexpression/in-
hibition studies. Secondly, our mapping of the LamR domains
to the C terminus of the AAVS8 VP proteins corroborates the
evolving model, that this portion of AAV capsid proteins me-
diates receptor binding and antibody recognition, while the
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N-terminal domains are mostly involved in particle infectivity.
Together with previously published data, our results suggest
that AAV capsid proteins generally consist of individual func-
tional domains, which can be swapped or molecularly altered
to engineer chimeric viruses with distinct properties. Thirdly,
our findings clearly highlight that the efficiency of AAV vector
transduction is determined on multiple levels and that several
steps in the infection pathway are essential, not only cell at-
tachment but also cytoplasmic trafficking or nuclear uncoating.
This is best exemplified by our result that three other AAV
serotypes, including the widely used AAV2, can interact with
LamR, while none of them achieves the transduction efficien-
cies of AAVS in vivo. It thus remains an important goal of
future work to identify further receptors or intracellular inter-
action partners involved in AAVS transduction, as this may
ultimately help unravel and overcome the obstacles seen with
the less efficient serotypes. In conclusion, we believe that with
its combination of high transduction efficiencies, lack of pre-
existing immunity in the population, and the here-identified
widely expressed receptor, AAVS may be an ideal vector for
many applications in human gene therapy.
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