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Recombinant adeno-associated virus vectors based on serotype 6 (rAAV6) efficiently transduce skeletal
muscle after intravenous administration and have shown efficacy in the mdx model of muscular dystrophy. As
a prelude to future clinical studies, we investigated the biodistribution and safety profile of rAAV6 in mice.
Although it was present in all organs tested, rAAV6 was sequestered mainly in the liver and spleen. rAAV6 had
a minimal effect on circulating blood cells and caused no apparent hepatotoxicity or coagulation activation.
rAAV6 caused some neutrophil infiltration into the liver, with a transient elevation in cytokine and chemokine
transcription/secretion. In summary, rAAV6 induces transient toxicity that subsides almost completely within

72 h and causes no significant side effects.

Recombinant adeno-associated virus vectors based on sero-
type 2 (rAAV2) are used successfully as gene transfer agents.
Recently, many new serotypes of AAV were identified (3, 4),
and this has driven investigations of other AAV serotypes as
vector alternatives. AAV6, a less prevalent serotype that is
closely related to AAV1 (10, 25), has shown promise because
it can transduce certain tissues more efficiently than AAV2
can, including the lungs, heart, brain, and muscle (6, 7, 9, 14,
15, 22, 36). In particular, AAV6 transduces skeletal muscle
throughout the body after intravenous administration and was
used to alleviate symptoms in the mdx mouse model of mus-
cular dystrophy (6). This in vivo tropism, possibly due to the
use of N-linked sialic acids as attachment receptors (26, 36),
has led to its consideration for use in a phase I clinical trial for
Duchenne muscular dystrophy.

Based on studies done predominantly with AAV2, rAAV is
considered safe, although inflammatory responses are initiated
after AAV2 exposure. In vitro, AAV2 upregulates a few im-
mune response genes (30), while in vivo, transient induction of
chemokine and cytokine transcription is seen in livers of mice
after intravenous delivery (38), indicating activation of innate
immunity. This is supported by Kupffer-cell-dependent infil-
tration of neutrophils and CD11b™" cells into the livers of these
mice (38). A complement response to AAV2 has also been
shown, with iC3b mediating virus uptake by macrophages and
with impaired antibody responses toward AAV2 seen in C3- or
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complement receptor-deficient mice (37). The last observation
suggests a link between the innate immune response to AAV2
and the adaptive immune response, which was previously stud-
ied in more detail by Zaiss et al. (37).

Because different AAV serotypes use diverse attachment
receptors and differ in the kinetics of virion uncoating (33), it
is likely that intracellular signaling and subsequent responses
differ after exposure to AAV2 or AAVG6, irrespective of the
different tissue tropisms. This suggests that safety data ob-
tained with rAAV2 cannot be translated to rAAV6. Therefore,
as a prelude to future clinical studies, we investigated early
responses after intravenous delivery of 2 X 10'2 viral genomes
of rAAV6 to C57/BL6 mice. Mice were injected in the tail vein
with a previously described rAAV6 vector expressing the hu-
man alkaline phosphatase gene from the cytomegalovirus
(CMYV) promoter (6, 7), and empty particles were eliminated
from vector preparations on a cesium chloride gradient. All
studies were carried out at a dose known to confer therapeutic
levels of skeletal muscle transduction in mice (6), and since
leakage of viral particles into the bloodstream and subsequent
liver transduction have been observed after intramuscular in-
jection of AAV2 (2, 13), these data are also relevant for other
administration routes. All animal studies were performed as
previously described for adenovirus (Ad) (31, 32), in accor-
dance with the institutional guidelines set forth by the Univer-
sity of Washington. For comparison, we injected 10! viral
particles of a previously described (17, 29) recombinant Ad
serotype 5 (rAdS) vector expressing the green fluorescent pro-
tein (GFP) gene from the CMV promoter. We used rAd5 as a
positive control because it activates different extracellular,
intracellular, and membrane-bound innate immune sensing
systems and also activates specialized cells in vivo that are
responsible for secretion of proinflammatory cytokines and
chemokines that mediate inflammatory cell recruitment (11).
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FIG. 1. Blood and tissue analysis. Blood analysis was performed
following intravenous delivery of 2 X 10'? viral genomes of rAAV6-
CMV-hAP to C57/BL6 mice (n = 7). Measurements were taken from
whole blood extracted at 6 and 72 h post-virus delivery. (A) WBC,
white blood cells; NE, neutrophils; LY, lymphocytes; RBC, red blood
cells; Hb, hemoglobin; HCT, hematocrit. (B) MO, monocyte; EO,
eosinophil; BA, basophil. (C) PLT, platelet. rAAV6 sequestration was
measured following intravenous delivery of 2 X 10'? viral genomes of
rAAV6-CMV-hAP to C57/BL6 mice. (D) Vector genome levels in
blood cell and serum fractions were measured at 30 min and 6 h
postinjection. (E) Sequestration of vector genomes in organs was also
measured at 30 min, 6 h, or 72 h postinjection. Quad, quadriceps; TA,
tibialis anterior.

This dose of rAd5 has been used in most biodistribution and
toxicity studies (11, 16, 28).

rAAV6 in blood. Although AAV genomes have been found
in human peripheral blood mononuclear cells and in periph-
eral blood mononuclear cells from primates that received
rAAV2 intravenously (8, 12), the fate of rAAV in circulating
blood has not been studied. We first analyzed complete blood
counts for mice after intravenous administration of rAAV6,
rAdS, or phosphate-buffered saline (PBS) (Department of
Laboratory Medicine, University of Washington). After 6 h, all
cell types were unaffected by rAAV6 or rAd5 (Fig. 1A to C),
but after 72 h, a moderate increase in leukocyte levels (neu-
trophils, monocytes, eosinophils, and basophils) was seen in
rAAV6-injected mice, whereas rAd>S-injected mice showed a
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moderate reduction in erythrocyte, hemoglobin, hematocrit,
and platelet levels (Fig. 1A and C). We then looked at vector
clearance from blood in serum or blood cell fractions. DNA
was isolated from blood cells or serum by use of a DNeasy
blood and tissue kit (Qiagen), and primers against regions of
the TAAV6 vector genome were used for quantitative PCR
(qPCR) analysis (SV40pA [5'-TTTTCACTGCATTCTAGTT
GTGGTT-3'] and 3'ITR [5'-CATGCTCTAGTCGAGGTCG
AGAT-3']) as described previously for Ad (31, 32). All reac-
tions were performed in triplicate and carried out in a
GeneAmp 5700 instrument (Applied Biosystems). After 30
min, approximately 25% of the input dose could be found in
the serum fraction (Fig. 1D), which was >1 log higher than the
amount present in blood cells. By 6 h, levels in both the serum
and blood cell fractions had declined by 1 to 2 log. In contrast
to previous studies with Ad showing comparable amounts of
Ad DNA in serum and blood cell fractions (31, 32), rAAV6
associates less with blood cells and persists longer in serum.

Tissue sequestration. The kinetics of early rAAV6 seques-
tration/biodistribution have not been investigated fully. To ad-
dress this, we used qPCR to analyze vector genome levels in
tissues after injection. DNAs were isolated from tissues by use
of a DNeasy blood and tissue kit (Qiagen), and qPCR for
vector genomes was performed as described above. Levels of
vector were standardized using primers against exon 1 of the
housekeeping gene glyceraldehyde-3-phosphate dehydroge-
nase (nGAPDH F [5'-ACCCAGAAGACTGTGGATGG-3']
and mGAPDH R [5'-GCAGCACGTCAGATCCACTA-3]).
Quantification revealed that while significant levels of rAAV6
were found in skeletal muscle, the majority of TAAV6 was
sequestered by the liver and spleen (Fig. 1E). Nevertheless, the
kinetics of rAAV6 DNA clearance from the liver and spleen
were different. In the liver, rAAV6 levels did not decline sig-
nificantly between 30 min and 72 h, whereas the vast majority
of TAAV6 was cleared from the spleen by 72 h, indicating
different rates of vector degradation in these organs. Overall,
the biodistribution of rAAV6 was not very different from that
previously seen for rAAV2 (5, 23, 35), which raises questions
about the role of the primary attachment receptors heparan
sulfate proteoglycans and N-linked sialic acids in dictating the
in vivo tropism of rAAV. Notably, for Ad, it was recently found
that the primary determinant for liver infection is not the
attachment receptor but the ability to complex with vitamin
K-dependent coagulation factors in blood (21, 27). Similar
mechanisms of transduction cannot be excluded for rAAV.

Hepatotoxicity and coagulation. Intravenous delivery of rAd
vectors causes increases in serum alanine aminotransferase
(ALT) levels (17), indicative of hepatotoxicity, or sCD62p and
p-dimer levels, indicative of activation of coagulation (32). Six
and 72 h after rAAV6 administration, we analyzed ALT
(Biotron Diagnostics Inc., Hemet, CA) and sCD62p (R&D
Systems, Minneapolis, MN) levels by enzyme-linked immu-
nosorbent assay. ALT levels showed no significant increase
compared to those in PBS controls, supporting previous ob-
servations for rAAV?2 (38), while levels of sCD62p were also
not elevated significantly (data not shown). This indicates that
there is no systemic hepatotoxicity or activation of coagulation
within 72 h of rAAV6 administration.

Chemokine and cytokine activation. To assess activation of
the innate immune system by rAAV6, we first looked at tran-
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FIG. 2. Induction of cytokine/chemokine transcription. Proinflam-
matory cytokine/chemokine transcription was measured following in-
travenous delivery of 2 X 10'? viral genomes of rAAV6-CMV-hAP or
10" viral particles of Ad5-CMV-GFP to C57/BL6 mice. Induction of
IL-1B, IL-6, TNF-a, MCP-1, or IP-10 gene transcription is shown as
the change in cycle threshold (AC;) for gPCR versus that for PBS-
injected control animals. For each cytokine/chemokine, time point,
and vector, the average of the test AC; values was calculated and
divided by the AC; value for PBS-injected animals. P values are for test
groups versus PBS-injected animals.

scription levels for the cytokines/chemokines interleukin-13
(IL-1B), IL-6, tumor necrosis factor alpha (TNF-a), macro-
phage chemoattractant protein 1 (MCP-1), and IP-10 after
delivery. We chose the genes for these cytokines/chemokines
because they are activated after intravenous rAdS or rAAV2
delivery (18, 38). Transcription was measured in the liver and
spleen, the main sites of rAAV6 sequestration, by quantitative
reverse transcription-PCR analysis of mRNA levels (Fig. 2).
RNAs were isolated from livers and spleens by use of an
RNeasy Protect mini kit (Qiagen), and 1 pg of total RNA was
converted to cDNA by use of a first-strand cDNA synthesis kit
(Fermentas). Primers against exonic gene regions of the mu-
rine cytokines/chemokines IL-13 (mIL-1 BF [S'TGGTGTGT
GACGTTCCCATT-3'] and mIL-1 BR [5’"CAGCACGAGGC
TTTTTTGTTG-3']), IL-6 (mIL-6F [S"ACAAGTCGGAGGC
TTAATTACACAT-3'] and mIL-6R [5’AATCAGAATTGCC
ATTGCACAA-3']), TNF-a (mTNFaF [5'GGCTGCCCCGA
CTACGT-3'] and mTNFaR [5’"GACTTTCTCCTGGTATGA
GATAGCAA-3']), MCP-1 (mMCP-1F [S"GAGCATCCACG
TGTTGGCT-3'] and mMCP-1R [5'TGGTGAATGAGTAGC
AGCAGGT-3']), and IP-10 (mIP-10F [5’"CCAGTGAGAATG
AGGGCCATA-3"] and mIP-10R [5'"CTCAACACGTGGGC
AGGAT-3']) were used for quantitative reverse transcription-
PCR analysis. Isolated RNAs from livers and spleens of rAd5-
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FIG. 3. Serum cytokine/chemokine levels. Proinflammatory cyto-

kine/chemokine levels were measured following intravenous delivery
of 2 X 10'? viral genomes of rAAV6-CMV-hAP or 10" viral particles
of Ad5-CMV-GFP to C57/BL6 mice. Levels of IL-1B, IL-6, TNF-a,
MCP-1, and IFN-y were measured by enzyme-linked immunosorbent
assay or cytometric bead array in serum taken 6 h after vector injec-
tion. P values are for test groups versus PBS-injected animals.

injected animals were used as positive controls for induction of
IL-1B, IL-6, TNF-a, MCP-1, and IP-10 gene transcription. In
the liver, rAAV6 induced significant levels of gene transcrip-
tion for IL-1pB, IL-6, TNF-a, MCP-1, and IP-10. While IL-1,
IL-6, and TNF-oo mRNA levels were highest after 30 min,
MCP-1 and IP-10 mRNA levels peaked after 6 h. This might
indicate that MCP-1 and IP-10 transcription is activated by the
cytokines IL-1B, IL-6, and TNF-«, although this is not cur-
rently clear. In the spleen, rAAV6 induced only MCP-1, IL-6,
and IP-10 transcription, after 6 h. Compared to that after rAd5
injection, splenic cytokine/chemokine transcription was signif-
icantly lower after rAAV6 injection, indicating that the spleen
is less involved in mediating innate toxicity from rAAV6. Im-
portantly, all cytokine/chemokine transcription levels returned
to normal within 72 h of rAAV6 injection.

We next looked at the levels of circulating cytokines/chemo-
kines in the sera of rAAVo6-injected animals (Fig. 3), as pre-
viously described (31, 32), since serum cytokine/chemokine
levels upon rAAV administration have not been studied. For
IL-6, levels increased significantly after 30 min and 6 h, with
the highest raise seen at 6 h. Levels at 6 h were comparable to
those seen for rAd5, which is notable since significant levels of
IL-6 induction were seen after 6 h in the fatal rAdS clinical trial
(24). However, upon rAAV6 exposure, IL-6 levels were nor-
mal by 72 h, whereas IL-6 remained elevated throughout the
rAdS-related adverse event. For TNF-a, levels raised signifi-
cantly after 30 min, with no induction seen for Ad or rAAV6 at
any other time point measured. For gamma interferon, no
change was seen at any time point tested. For MCP-1, rAAV6
induced a significant rise in serum levels only after 6 h, al-
though the levels were lower than those seen for rAd5S-injected
animals. In general, these data suggest that although the levels
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FIG. 4. Inflammation in liver 6 h after infusion of rAAV6 or PBS.
Liver sections were stained for CD45, F4/80, and Gr-1.

are lower than those for rAd5-injected animals, cytokine/che-
mokine transcription and expression are induced in animals
injected with TAAV6 vectors.

Histopathology. Intravenous injection of rAAV2 induces
transient Kupffer cell-dependent infiltration of neutrophils and
CD11b-positive cells in the liver after 1 h (38). Using previ-
ously described methods (31, 32), cryo-sections of livers from
rAAV6-injected mice were stained with antibodies against leu-
kocytes (CD45), monocytes/macrophages (F4/80), granulo-
cytes/neutrophils (Gr-1), and cytotoxic T cells (CD8) (Fig. 4;
data not shown). Positive cells were counted in 20 random
1-mm? areas per tissue section (three per animal). While there
was no significant difference in numbers of CD45-, F4/80-, and
CD8-positive cells between rAAV6 and control mice at any
time point (data not shown), the number of Gr-1-positive cells
was significantly increased 6 h after rAAV6 injection (23 = 7
cells/mm? versus 10 = 3 cells/mm? [rAAV6-injected mice ver-
sus control mice]). By 72 h, no difference in the number of
Gr-1-positive cells was seen.

Currently, the significance of the transient hepatic neutro-
phil infiltration and cytokine/chemokine expression induced by
rAAYV is unclear. After rAdS injection, neutrophils associate
with rAd5 in the liver (1), and neutrophil depletion reduces
Ad-induced hepatotoxicty (20). This is likely linked to adaptive
immune responses toward rAd5S-infected cells and to elimina-
tion of transgene expression (1). After rAAV2 injection, how-
ever, the levels of hepatic neutrophil infiltration are lower than
those after rAd5 injection, as are the level and duration of
induced cytokine/chemokine expression (38). This is possibly a
reason why rAAV, at least in mice, mediates significantly
longer transgene expression than rAdS does after intravenous
delivery, since the “weak” innate immune response seen is not
sufficient to help prime optimal adaptive immune responses.
Whether this is true remains to be determined.

In summary, rAAV6 persists relatively long in the blood,
which might explain its ability to efficiently transduce skeletal
muscle. Despite this persistence, shortly after intravenous in-
jection a large amount is sequestered in the liver and spleen.
Understanding and avoiding this unspecific sequestration may
enable us to reduce the effective rAAV6 dose required for
muscle transduction, which in turn might bring a clinical ap-
plication of this vector closer to reality. Regarding safety, in-
travenous rAAVG6 injection causes only a transient elevation of
serum cytokines, which are most likely produced by liver cells.
The only pathophysiological consequences of this, however,
were a minimal increase in circulating leukocyte levels after
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72 h and a moderate increase in liver neutrophil numbers. It is
worth noting that for our study, empty rAAV6 particles were
separated from full (genome-containing) particles prior to in-
travenous delivery, meaning that the input particle dose was
equivalent to the genome number. In prior studies of rAAV2-
mediated toxicity, empty and full particles were not separated
prior to administration, causing the actual particle number
administered to be significantly higher than the indicated ge-
nome number. This is particularly significant because empty
rAAV?2 particles induce transcriptional changes at similar lev-
els to those induced by full particles (30) and may influence the
levels of toxicity seen after administration. It is also notable
that these studies with mice cannot necessarily be translated to
larger animals or humans. This is demonstrated by findings
that intravenous rAAV?2 application results in long-term trans-
gene expression in mice and dogs but not in humans (19). The
loss of transgene expression in humans is attributed to an
adaptive anti-rAAV2 capsid immune response, which is af-
fected by biodistribution and innate responses shortly after
vector administration. Furthermore, a recent study showed an
immunomediated decline in transgene expression after intra-
venous injection of rAAV6 in dogs, while the same vector con-
ferred long-term transgene expression in mice (34). Clearly, more
toxicity studies with rAAV6 in large animals and humans are
required, but our finding that rAAV6 is safe in mice opens the
avenue for these studies.
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