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Abstract
Salivary glands are potentially useful target sites for multiple clinical applications of gene transfer.
Previously, we have shown that serotype 2 adeno-associated viral (AAV2) vectors lead to stable
gene transfer in the parotid glands of rhesus macaques. As AAV5 vectors result in considerably
greater transgene expression in murine salivary glands than do AAV2 vectors, herein we have
examined the use of AAV5 vectors in macaques at two different doses (n = 3 per group; 1010 or 3
× 1011 particles per gland). AAV5 vector delivery, as with AAV2 vectors, led to no untoward
clinical, hematological or serum chemistry responses in macaques. The extent of AAV5-mediated
expression of rhesus erythropoietin (RhEpo) was dose-dependent and similar to that seen with an
AAV2 vector. However, unlike results with the AAV2 vector, AAV5 vector-mediated RhEpo
expression was transient. Maximal expression peaked at day 56, was reduced by ~80% on day 84
and thereafter remained near background levels until day 182 (end of experiment). Quantitative
PCR studies of high-dose vector biodistribution at this last time point showed much lower AAV5
copy numbers in the targeted parotid gland (~1.7%) than found with the same AAV2 vector dose.
Molecular analysis of the conformation of vector DNA indicated a markedly lower level of
concatamerization for the AAV5 vector compared with that of a similar AAV2 vector. In addition,
cellular immunological studies suggest that host response differences may occur with AAV2 and
AAV5 vector delivery at this mucosal site. The aggregate data indicate that results with AAV5
vectors in murine salivary glands apparently do not extend to macaque glands.
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Introduction
Salivary glands have several unique advantages as a target for gene delivery.1,2 Gene
transfer to these tissues appears useful for repair of damaged salivary glands, as well as for
the production of therapeutic proteins for local (upper gastrointestinal tract) and systemic
use.3–5 A key step in developing any potential clinical gene transfer application is testing
the adequacy of transgene expression from scaled doses of vector in large animal models.6,7
Previously, we showed that serotype 2 adeno-associated viral (AAV2) vectors lead to stable
and reasonably proportional transgene expression after delivery to the submandibular glands
of Balb/c mice and the parotid glands of rhesus macaques.5,8 However, other studies in
Balb/c mice have shown that AAV5 vectors result in a more rapid and robust expression of
transgenes in salivary glands than achieved with AAV2 vectors.9 To evaluate the
transduction activity of AAV5 vectors in primate salivary glands, we conducted an extended
(6-month) study in rhesus macaques and monitored transgene expression, and vector
persistence, conformation and biodistribution.

Results
Previous research has demonstrated that AAV5 requires the expression of the platelet-
derived growth factor receptor (PDGFR), either α or β, as a receptor for high transduction
activity of a target cell.10 To assess the likelihood of AAV5 transduction of macaque parotid
glands, we examined the distribution of PDGFRα in rhesus parotid glands. As shown in
Figure 1a, PDGFRα immunostaining can be found in both acinar and duct cells in this
tissue, albeit in different locales. In acinar cells, the staining was uniformly around the
basolateral membrane, whereas in duct cells the staining predominated at the apical
(luminal) membrane. This latter distribution would facilitate AAV5 vector transduction of
duct cells following retrograde delivery as performed herein, and presumably would result in
a transduction pattern comparable with that previously reported for murine submandibular
glands.9 For comparison, we also determined the distribution of the primary receptor for
AAV2 (heparan sulfate proteoglycan; HSPG) in macaque parotid glands. As can be seen in
Figure 1b, HSPG is found primarily in duct cells, with strong immunostaining also visible
on the luminal membrane. Acinar cells, however, show little HSPG expression. The
distributions of PDGFRα and HSPG seen here in rhesus parotid glands are similar to their
distributions in human parotid glands (AP Cotrim and WD Swaim, unpublished).

Administration of AAV5RhEpo to macaque parotid glands led to a dose-dependent increase
in the detection of rhesus erythropoietin (RhEpo) in both saliva and serum. For example, in
the high-dose animals (3 × 1011 particles per gland) on day 56, the average salivary RhEpo
level detected was 8.2 ± 3.2 mU ml−1 (mean ± s.e.) above background (0.24 mU ml−1),
whereas in the low-dose group (1010 particles per gland) it was 1.05 ± 1.0 mU ml−1.
Similarly, the serum levels detected were 3.8 ± 0.75 and 1.7 ± 0.8 mU ml−1, respectively,
greater than background (0.52 mU ml−1). Although herein we are just using RhEpo as a
reporter transgene, such an elevation in serum Epo levels theoretically could achieve a
therapeutic effect in patients with chronic renal failure.11 The distribution of RhEpo between
saliva and serum is comparable with what we have previously reported after AAV2 vector-
mediated transfer of the RhEpo cDNA to macaque parotid glands.8 However, it is quite
unlike the situation in mice, where most transgenic Epo is secreted into the bloodstream.8 As
shown in Figure 2, for the AAV5RhEpo high-dose animals, on average clearly elevated
RhEpo levels were detected in saliva and serum by day 28, with peak levels seen on day 56.
By the next time point examined, day 84, salivary and serum RhEpo levels had dropped
dramatically to ~20% of the peak levels and remained low until the study ended on day 182.
The kinetics are quite different from those observed after AAV2RhEpo transduction of
macaque parotid glands, that is, RhEpo secretion into serum and saliva was relatively stable
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from days 56 to 180.8 We also assayed RhEpo levels in aqueous extracts of macaque parotid
glands obtained at necropsy (Table 1) and found ~25-fold higher levels of RhEpo from
AAV2RhEpo-transduced glands (28.2 mU mg −1 protein) than found in AAV5RhEpo-
transduced glands (1.1 mU mg−1 protein), consistent with the serum and salivary results.
Note that both vectors have identical transgene cassettes (same promoter, transgene and
poly-adenylation signal), and thus it is unlikely that any genetic information other than that
related to the serotype-specific inverted terminal repeats (ITRs) could have influenced the
RhEpo expression patterns observed.

We next assessed vector biodistribution at the end point of the study, 182 days after vector
administration when animals were necropzied (Table 2). We were able to detect vector in
the targeted glands of all high-dose animals administered, but at very low levels. On
average, in all portions of parotid glands analyzed, the number of AAV5RhEpo copies
detected was 130 ± 32/105 cells. The vector copy numbers detected for most other tissues,
including the contralateral parotid glands, were at or near background levels (~42 copies/105

cells; reported previously8), that is, those from genomic DNA obtained of non-treated
macaque tissue. Note that for one high-dose animal 105 vector copies/105 cells were
detected in one lung, likely the result of an accidental aspiration, as no vector copies above
background were seen in the liver of this animal. Interestingly, as we previously reported, 6
months after AAV2 vector administration, the average number of vector copies detected in
the targeted parotid glands was 7760 ± 2086/105 cells.8 This ~60-fold difference in vector
copies detected was much greater than the difference observed in average peak levels of
RhEpo measured between the two studies. Specifically, after AAV2RhEpo (3 × 1011

particles per gland) delivery, the RhEpo values for saliva and serum, respectively, were ~14
and ~3.5 mU ml−1, an ~2-fold average difference at equivalent dosing. However, the
difference in vector copy numbers was more similar to the RhEpo levels present in gland
extracts (above). Although it is possible that AAV5RhEpo transduction of macaque parotid
glands was less efficient than that of AAV2RhEpo, this seems unlikely given the
comparable levels of serum and salivary RhEpo expression observed with both vectors at
early time points. Thus, on balance, the data suggest that most cells that had been transduced
originally by the AAV5RhEpo vector either were no longer present in the targeted glands or
no longer contained vector DNA.

Previously, it has been suggested that circularization of the AAV2 genome is an important
first step in forming stable concatamers and persistent genomes within the nucleus, and in
some studies this appears to be mediated through the ITRs.12 Other studies have suggested
that concatamer formation can be tissue-specific and dependent on the level DNA-dependent
protein kinase activity in the target cell.13 Experiments in HeLa cells suggest that AAV5
ITR-containing vectors may have a lower rate of circularization and intermolecular
recombination compared with AAV2 ITR-containing vectors. However, the observed
difference could also be the result of a lower rate of transduction of HeLa cells versus that
with AAV2 vectors.14 To further investigate whether in addition to a difference in copy
number, a difference in AAV2 and AAV5 genome structure or conformation exists in
salivary glands, we carried out semiquantitative PCR measurements of AAV2 or AAV5
genomes using primer sets that would detect both total genomes and those linked in
concatamers, and then compared the results (Figure 3).

The assay strategy is shown in Figure 3a. Initially, we generated a 268 bp product of the
RhEpo cDNA to demonstrate vector presence in these samples. This product readily was
amplified when 200 ng of genomic DNA was used from the AAV2RhEpo-transduced tissue
obtained at necropsy8 (Figure 3b). However, in agreement with the above quantitative PCR
(QPCR) analysis, to detect the AAV5 genomes it was necessary to use a 10-fold greater
amount of genomic DNA in the assay, that is, 2 μg of genomic DNA, from AAV5RhEpo-
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transduced tissue (Figure 3b). The identity of this PCR product with that predicted (Figure
3a) was confirmed by sequencing (not shown). Thereafter, we evaluated the presence of
concatamers in the transduced tissue. As shown in Figure 3c, the presence of head–tail
AAV2 concatamers was readily detected in 200 ng of genomic DNA from all three high-
dose macaque samples, indicated by the presence of an ~1 kb product (confirmed by
sequencing). With 2 μg of genomic DNA from the three macaques administered
AAV5RhEpo, however, we found only a faint band suggestive of head–tail concatamer
formation. By comparing the intensity of the PCR product bands amplified with RhEpoBF3
and RHEpoFB1 (panel c; 1 kb) to that of the PCR bands amplified with RhEpoF1 and
RhEpoB3 (panel B; 268 kb), it appears that ~75% of AAV2RhEpo vector formed head–tail
concatamers in the gland, whereas only ~15% of AAV5RhEpo vector did so (panel d). Thus,
the AAV5 genomes present in transduced salivary glands were considerably less likely to be
found in a concatameric state compared with the AAV2 genomes present. This difference in
conformation could affect both the overall transgene expression level as well as the
persistence of the vector genome in the salivary gland cells. PCR assays to detect head–head
and tail–tail concatamer formation were negative with samples from glands transduced with
either serotype. Panels f and g in Figure 3 show that most (~67%) of the head–tail
concatameric AAV2 DNA extracted from transduced glands was not digested by the
Plasmid Safe ATP-dependent DNase, that is, it was circular. Thus, these findings suggest
that the lack of sustained expression observed from the AAV5RhEpo vector may result from
a structural difference in the AAV5 genome within the gland.

To further address the absence of AAV5RhEpo-transduced salivary cells, we first evaluated
the effects of vector administration on multiple general clinical parameters. All macaques
tolerated administration of the AAV5 vector well. Grossly, no untoward outcomes were
observed. Saliva was of normal consistency, without purulence, and all animals ate normally
and gained weight. In addition, there were no consistent negative effects of the AAV5 vector
on any serum chemistry or hematology parameter measured, with the exception of a
transient post-vector administration increase of creatine phosphokinase, which likely reflects
minor muscle trauma resulting from experimental manipulations (see Table 3). Furthermore,
necropsy and histopathological evaluations also revealed no adverse AAV5 vector-related
changes (data not shown). Indeed, at necropsy, the only consistent pathological finding in
the parotid glands was a mild inflammation of both the targeted and contralateral glands.
This is exactly what was observed after administration of AAV2 vectors to macaques, as
well as what was detected in the salivary glands of 11 control macaques.8

We next began to examine possible immunological reasons for the decline in RhEpo
expression observed. First, circulating anti-AAV neutralizing antibodies were measured in
all macaques both before and 28 days after vector administration. As depicted in Figure 4,
all of the AAV5RhEpo-treated macaques studied showed a measurable elevation in their
neutralizing antibody titer. Considering all five vector-treated animals together (three high
dose; two low dose; one low dose animal died accidentally after the day 7 time point), the
median pre-vector anti-AAV5 titer was <1:25 (that is, ‘not detectable’; lowest dilution
tested), whereas at day 28 it was 1:1600. This finding is similar to previously published data
on humoral responses after AAV2 and AAV5 vector delivery to mouse salivary glands, that
is, the development of higher neutralizing antibody titers after delivery of an AAV5 vector
versus an AAV2 vector.9 Although these results support an hypothesis that AAV5 vector
delivery to macaque parotid glands may be more immunogenic than the delivery of AAV2
vectors, they do not provide the mechanistic explanation for the difference in persistence of
expression observed following use of an AAV5 vector in rhesus versus mouse salivary
glands.
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On the basis of the results with transduced hepato-cytes after intra-vascular AAV2
administration in a recent clinical trial,15,16 we speculated that a cytotoxic lymphocyte
(CTL)-mediated destruction of transduced parotid epithelial cells possibly occurred.
Although this study was not designed to test this, we took three separate, post hoc
approaches to evaluate the hypothesis. Initially, we performed direct assays for the presence
of CTLs using blood samples and fibroblasts obtained from animals at necropsy. Autologous
fibroblasts were cultured in vitro and transduced with an AAV5 vector encoding a green
fluorescence protein (5000 multiplicity of infection). Transduction was confirmed by
fluorescence-activated cell sorting analysis. For the two high-dose macaques for which we
had samples, we saw no consistent evidence for CTLs in the day 182 samples (Table 4).

Second, we used a peptide library approach comparable with that used following a clinical
AAV2 vector study by Manno et al.15 Specifically, overlapping 15mer peptides spanning
the whole capsid open reading frame of AAV5 were synthesized and divided into a matrix
array of 24 pools with each peptide being present in two independent pools (Figure 5, top
panel). Although a strong activation was seen upon concanavalin A and phytohemagglutinin
stimulation (Figure 5, bottom panel), overall these studies revealed only a low AAV5
capsid-related response. For example, with peripheral blood mononuclear cells (PBMCs)
from monkey no. 4798, pool 14 showed some reactivity, with lower reactivity in peptide
pools 6, 8 and 20. Similarly, PBMCs from monkey no. 4727 also exhibited some reactivity
with pools 6, 10 and 18, with lower, but measurable, reactivity in 11 other pools (Figure 5).
PBMCs from the third monkey (no. 4731) displayed low level reactivity in 11 pools, most of
which overlapped with those reactive with PBMCs from one or the other monkeys. Overall,
however, the reactivity of PBMCs from the AAV5-treated monkeys with the AAV5 capsid
library peptide pools was low and near background.

Finally, we examined saliva and serum samples obtained throughout the study for changes
in the levels of six cytokines/chemokines that might be associated with a CTL response and
compared them with similar samples that we had stored frozen from macaques treated with
the AAV2RhEpo vector.8 For these assays, macrophage inflammatory protein (MIP1b,
human), granulocyte macrophage colony-stimulating factor (human), interferon-γ (IFN-γ,
primate), tumor necrosis factor-α (primate), interleukin-2 (IL-2, human) and IL-6 (primate)
were measured commercially using SearchLight proteome arrays (Pierce Biotechnology,
Woburn, MA, USA), which are multiplexed assays involving a sandwich enzyme-linked
immunosorbent assay procedure.17 These results were equivocal (Figure 6). For example, in
serum samples two of the three AAV5RhE-po-treated animals displayed elevations of
MIP1b levels at multiple time points post-vector delivery, whereas none of the
AAV2RhEpo-treated macaques did. However, the reverse was seen for MIP1b levels in
saliva, that is, two of the three high-dose AAV2RhEpo-treated animals displayed elevations
of MIP1b levels at several time points post-vector delivery, whereas none of the animals
treated with AAV5RhEpo did. None of the serum or saliva samples exhibited a consistent
pattern of responses for the all of the other cytokines measured (Figure 6). In addition to the
data shown in Figure 6, all assays for the presence of tumor necrosis factor-α, IL-2 and IL-6
yielded results generally similar to those depicted in this figure.

Discussion
The results of this study show that an AAV5 vector encoding RhEpo as a reporter gene
provides less stable gene transfer when administered to macaque parotid glands than a
comparable AAV2 vector. Importantly, the kinetics of transgene expression directed by
AAV5RhEpo were not predicted by the kinetics of reporter transgene expression observed
in murine salivary glands.5,9 In mice, expression of AAV2 vector-directed expression
increases slowly but steadily for 8–12 weeks before achieving a stable plateau,5 whereas
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AAV5-mediated transgene expression increases promptly within 1–2 weeks and is
reasonably stable thereafter.9

Previous studies have demonstrated that long-term production of systemically secreted
proteins is possible with AAV5 vectors after either intravenous delivery to the liver or
transduction of the lung.18,19 In contrast to this study in which we used vectors with both an
AAV5 capsid and ITRs, these earlier studies utilized pseudo-typed vectors containing
AAV5 capsid and AAV2 ITRs. It is important to note that the AAV5 Rep gene and ITR are
only ~50% similar to these same elements from other AAV serotypes. This leads to a failure
of AAV5 to cross package ITRs from other serotypes.20 The AAV5 ITR has a unique
terminal resolution site (TRS) only found in one other AAV serotype (BAAV), suggesting it
may have distinctive biological activities.20–22 Indeed, only the AAV5 Rep is able to cleave
the TRS site in the AAV5 ITR. Although the AAV5 ITRs are able to form concatamers in
tissue culture,23 the structural analysis of the AAV5 ITR suggests that it lacks a small
additional inverted repeat sequence surrounding the TRS that is conserved in the ITRs of
AAV serotypes 2, 3, 4 and 6.24 It is possible that this difference in ITR sequence, or
differences in the activity of enzymes involved in concatamer formation such as DNA-
dependent protein kinase, results in a difference in genomic stability in the transduced
salivary glands versus liver. Our results herein (Figure 3) clearly show that ~5-fold more
AAV2 genomes exist in concatamers than AAV5 genomes, but what is not yet clear is how
these differences in concatamerization may have impacted the transgene expression kinetics
seen in mice9 and macaques.

In a previous gene transfer study with primate retina, it was shown that AAV5 vectors are
able to transduce more photoreceptors when compared with AAV2 vectors and, by using
distinct reporter genes, show that these two serotypes transduce different cell populations.25

In this study we were unable to test the latter directly, for example, by administering vectors
encoding a suitable reporter gene, for example, green fluorescence protein, and determining
its distribution after animal killing and immunocytochemistry of gland sections.
Nonetheless, as is evident from the immunolocalization of PDGFα and HSPG shown in
Figure 1, after retrograde ductal delivery both AAV5 and AAV2 vectors would have a
similar tropism and target duct cells for transduction in macaque parotid glands. However, it
is possible that the transduction of these glands was less efficacious with the AAV5 vectors,
which might then have resulted in a distinct expression profile and the differences in
concatamerization seen.

Although our data on genomic structure of the two AAV serotypes within macaque parotid
gland identifies one possible mechanism for the lack of persistence of transgene expression
seen herein, an alternative mechanism could be the macaque immunological response to the
vectors or the vector-transduced cells. As we reported in murine studies, neutralizing
antibodies increase more after AAV5 vector delivery than seen with AAV2.9 Although it
was previously reported that antibody titers as low as 1:10 could inhibit vector transduction
in vivo with a passive model of antibody transfer,26 it is unlikely that the low levels of pre-
existing anti-viral antibodies measured herein resulted in the differences in transduction
observed between AAV vector serotypes 2 and 5, as initially detectable RhEpo levels
measured in saliva were fairly comparable (Figure 2; see also Voutetakis et al.8).

Because of study design, CTLs were not evaluated during the decline phase of RhEpo
expression (Figure 2), but rather at the time of necropsy, 6 months after vector delivery. At
this time point, only a minimal response was observed by stimulating PBMCs either with
peptides or with transduced autologous fibroblasts (Figure 5, Table 4), but the actual
responses seen were quite similar to those reported by Manno et al.15 at their 12-week time
point. The cytokine levels measured in saliva and serum also indicated differential, albeit
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inconsistent, local and systemic responses after administration of the AAV5 and AAV2
vectors. Further studies will be required to establish if a cellular immune-mediated
mechanism was also involved in the loss of AAV5 vector expression observed.

Although our observations are important for the anticipated future use of AAV vectors for
clinical applications of salivary gland gene transfer, the findings are also likely of a more
general interest to investigators utilizing different serotypes of AAV vectors for various
mucosal tissues, as our results suggest that (i) mice and macaques may exhibit quite
different transduction responses to comparable AAV vectors, (ii) the concatameric structure
of the vector may affect its persistence in vivo and (iii) experimental planning for primate
studies should include consideration of measuring real-time cellular immune responses.

Materials and methods
Immunolocalization of receptors for AAV5 and AAV2

Portions of rhesus parotid glands were obtained at necropsy from an untreated animal.
Tissue was fixed in 10% formalin solution (Sigma-Aldrich, St Louis, MO, USA; HT50-1-1)
processed, embedded in paraffin and 5 μ sections were cut. Sections were deparaffinized,
rehy-drated and antigenic retrieval was performed with 1 mM EDTA and 0.05% Tween 20
for 10 min in a pressure cooker placed in a microwave oven. Nonspecific staining was
avoided by blocking the tissue for 1 h at room temperature with a solution of 5% bovine
serum albumin and 20% donkey serum, followed by incubation for 20 min with hydrogen
peroxide. Tissue was then incubated with an antibody against PDGFRα (ab61219) raised in
rabbit and obtained from Abcam (Cambridge, MA, USA), or a rabbit antibody against
HSPG (SC H300) purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), at a
1:100 dilution, overnight at 4 °C. PDGFRα is the primary receptor for AAV5 and HSPG is
the primary receptor for AAV2.10,27 The secondary antibody used was Alexafluor-488
donkey anti-rabbit (Molecular Probes/Invitrogen; Carlsbad, CA, USA) at a 1:100 dilution,
for 1 h at room temperature. Samples were imaged using a Leica TCS SP2 confocal system
with a × 40 objective (Leica Microsystems, Exton, PA, USA).

In vivo macaque experiments, vector biodistribution and RhEpo assays
The NHLBI Animal Care and Use Committee and NIH Biosafety Committee approved
these studies. Generation of the rAAV5RhEpo vector was performed using established
methodology as previously described.8,9,20,21,28 VM Rivera (ARIAD Pharmaceuticals,
Cambridge, MA, USA) generously provided the RhEpo cDNA, which was flanked by the
AAV5 ITRs. Real-time QPCR was used to determine the vector titer. The sequences for the
forward primer, reverse primer and probe were selected using Primer Express Primer Design
software (PE Applied Biosystems; Foster City, CA, USA) based on the Rous Sarcoma Virus
promoter.8 Two groups (n = 3 per dosage) of male macaques received either the low or high
doses of rAAV5RhEpo through intraoral cannulation of the right parotid gland on day 0 as
previously described.8 One macaque from the low-dose rAAV5RhEpo group died between
days 7 and 28 because of an accident, and data from that animal are not reported. Macaques
were housed in accordance with NIH and the Animal Care Unit policies, either singly or in
compatible pairs. Animals had free access to water and received ~10–15 biscuits of Purina
monkey chow 5038 (PMI Nutritional International, Brentwood, MO, USA) twice daily. For
all experimental procedures, macaques were anesthetized with a dose of 3 mg kg−1 telazol,
reconstituted with ketamine to a concentration of 100 mg ml−1.8 Blood (from the femoral
vein) and whole saliva samples were obtained throughout the study, both before and after
vector administration. For saliva collections, the animals were sedated with telazol/
ketamine, and given 1 mg of pilocarpine intramuscularly.8

Voutetakis et al. Page 7

Gene Ther. Author manuscript; available in PMC 2011 January 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



All macaques were killed 6 months after vector administration and a complete necropsy and
pathology assessment were performed. Tissues (indicated below) were collected and a
portion of each flash frozen and kept at −80 °C for measuring vector distribution by QPCR.
Additional tissue samples were formalin fixed, sectioned, stained with hematoxylin and
eosin, and then subjected to histopathological evaluation. To ensure the accuracy of the
QPCR assay, all tissue samples were obtained using separate disposable scalpels to
minimize contamination. Also, samples were obtained in the following specific order: the
left and right testis, left and right lower lung, heart (left ventricle, right ventricle and
septum), left and right kidney, spleen, liver (left and right side), left submandibular salivary
gland, left cervical lymph nodes (that is, draining the left parotid), left parotid (from three
sites: superior, middle and inferior section), right submandibular salivary gland, right
cervical lymph nodes (that is, draining the right parotid) and finally the targeted right parotid
(from three sites: superior, middle and inferior section), as in the AAV2 vector study.8
Thereafter, genomic DNA was extracted from frozen tissues using the Wizard Genomic
DNA Purification kit (Promega, Madison, WI, USA). Detection of vector copies present in
extracted genomic DNA samples was achieved by QPCR, as described previously.8 No
reference gene was used in this assay. A total of 1 μg of genomic DNA was used per
reaction, which contained 2 × TaqMan Universal PCR Master Mix (PE Applied
Biosystems), 15 pmol of each of the PCR primers, 10 pmol TaqMan probe in a total volume
of 50 μl. For each sample, amplification was performed in duplicate using an ABI PRISM
7700 sequence detection system (PE Applied Biosystems). The reaction mixture was
incubated at 50 °C for 2 min, 95 °C for 10 min, then for 40 cycles of denaturation at 95 °C
for 15 s, and finally for annealing and extension at 60 °C for 1 min. The data are reported as
the mean number of vector genome copies/105 cells.29

Serum and salivary Epo levels were measured using a human Epo Elisa kit (StemCell
Technologies, Vancouver, Canada) that crossreacts ~40% with rhesus RhEpo.30,31 At each
indicated time point, a complete blood count and serum chemistry analysis were performed
on all animals.

Assessment of concatamer formation
Genomic DNA from the middle portion of the parotid glands of the high dosage groups of
AAV2- and AAV5-transduced monkeys was extracted with the Wizard Genomic DNA
Purification kit (Promega). Two hundred ng DNA for AAV2 and 2 μg DNA for AAV5 were
used for PCR reactions. The conditions used for the QPCR assays were as follows: 95 °C for
5 min, then 95 °C for 1 min, 60 °C for 1 min and 72 °C for 4 min for 40 cycles. The primers
RhEpoF1 (5′-TATGCCTGGAAGAGGATGG AGGTC-3′) and RhEpoB3 (5′-
CAGAAAGTGTCAGCAG TGATGGTTC-3′) were used to amplify a 268 bp product of the
RhEpo cDNA (see Figure 3a). In the RhEpo gene these primers would yield a product that
crosses two exons and thus results in different sized fragments obtained from genomic DNA
and cDNA. The primers RhEpoBF3 (5′-GAACCATCACTGCTGACACTTTCTG-3′) and
RhEpoFB1 (5′-GACCTCCATCCTCTTCCAGGCATA-3′) were used to amplify an ~1 kb
product and would indicate formation of a head–tail concatamer if present. Primer RhEpo
B3 alone was used to amplify an ~2 kb product that would indicate the formation of a head–
head concatamer. Primer RhEpo F1 alone was used to amplify an ~1 kb product that would
indicate the formation of a tail–tail concatamer. For Plasmid-Safe DNase assays, genomic
DNA (400 ng), obtained as above, was digested with 10 μl of Plasmid-Safe ATP-dependent
DNase (Epicentre, Madison, WI, USA) plus 20 μl of 25 mM ATP and 10 μl of buffer for 16
h. Thereafter, half of the digested DNA sample was subjected to electrophoresis in 1%
agarose and the other half was used as a template for a PCR reaction using the primers
RhEpoF1 and RhEpoB3 (see Figure 3).
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Measurement of neutralizing antibodies
Neutralizing antibody assays were preformed essentially as described using Cos cells (7 ×
103) plated in each well of a flat-bottomed 96-well plate9 and incubated with an antibody-
vector mixture containing a set amount of vector (AAV2 or AAV5 encoding β-
galactosidase9) and serial dilutions of serum. The antibody-vector mixture was prepared by
first heat inactivating the sera at 56 °C for 30 min. Then twofold serial dilutions of the sera
were made starting at a 1:25 dilution using media with 1% fetal calf sera as the diluent.
Diluted AAV2 or AAV5 vectors, sufficient to transduce 10–30 cells per well, were added to
serum dilutions and incubated for 1 h at 37 °C. Thereafter, the antibody-vector mixture was
placed on the cells, which were then incubated for 1 h. Next, the antibody-vector mixture
was removed, complete media added, and the cells incubated for 30 h at 37 °C before fixing
and assaying for AAV-transduction activity 24 h at 37 °C. Cells were fixed and stained for
β-galactosidase activity 24 h at 37 °C with 5-bromo-4-chloro-3-indolyl-β-D-
galactopyranoside (X-Gal; Gold BioTechnology, St Louis, MO, USA), and transduced cells
were visually counted using a light microscope, as described.9 Neutralizing titers were
calculated as the highest dilution that inhibited transduction by 50%. Any serum dilution
that had a greater than 50% reduction in the number of positive cells compared with serum-
free media was considered to be positive. All samples were assayed in triplicate.

Assessment of CTL responses
To screen for T-cell responses to AAV5 capsid antigen, we used ELISPOT assays for IFNγ
secretion after stimulation of PBMCs isolated from two high-dose monkeys (4727, 4731)
using different ratios of effectors (PBMC) to target cells (uninfected or AAV5-transduced
autologous fibroblasts). Briefly, autologous skin fibro-blasts were obtained from the two
macaques receiving the high vector dose. Fibroblasts were seeded in 24-well plates in 2 ml
of complete RMPI 1640 medium containing 10% serum. The fibroblasts were transduced or
not with ~5000 multiplicity of infection of AAV5 vector encoding green fluoresence
protein, and transduction was confirmed by fluorescence-activated cell sorting analysis.
After 24 h, fibroblasts were utilized as targets for autologous PBMCs in a IFNγ ELISPOT
assay. The number of AAV5-specific CTLs was determined by counting the IFNγ spots per
polyvinylidene difluoride membrane, which is proportional to the number of CTLs per well.
Plates were analyzed using an imaging analysis system.

Peptide libraries consisting of 15-mers overlapping by 10 amino acids with the adjacent
peptide were prepared for the AAV5 VP-1 capsid sequence (724 amino acids, 143 peptides)
(Mimotopes, Raleigh, NC, USA). Two control peptides were also synthesized based on the
AAV2 capsid VP-1 protein: AAV2-74 (PADVFMVPQYGYLTL) and AAV2-82
(GNNFTFSYTFEDVPF), which were reported to be active epitopes with AAV2 vectors15

(peptides 144, 145, respectively). All peptides were dissolved in 50% acetonitrile at a
concentration of 3 mg ml−1 (stock solution), and arrayed in pools, each containing 12–13
peptides, such that the stimulatory peptide would be identified when two orthogonal pools
were positive. Wells were plated with 3 × 105 PBMCs per well into a 96-well ELISPOT
plate, and incubated in the presence or absence of peptide (each peptide at 2 mg ml−1) for 24
h at 37 °C. Pools were assayed in triplicate and assays were repeated with relevant peptides.
Medium alone served as a negative control, and phytohemagglutinin and concanavalin A
served as a positive controls. PBMCs were isolated from the blood of each monkey and
purified by buoyant density centrifugation over Ficoll-Paque (Pharmacia, Piscataway, NJ,
USA). Aliquots of PBMCs were cryopreserved in the vapor phase of liquid nitrogen in
RPMI 1640 supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA), 2 mM
L-glutamine, 25 mM HEPES (Invitrogen) and 7.5% dimethyl sulfoxide (Fisher Chemical,
Fair Lawn, NJ, USA).
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Cytokine profiling
Serum and saliva samples were obtained at each indicated time point from AAV5RhEpo-
transduced macaques, as described in Figure 2. Similarly, as previously reported,8 samples
were obtained from AAV2RhEpo-transduced macaques. All samples were analyzed using
Searchlight protein array analyses (Pierce Biotechnology) to determine the levels of the
following cytokines: granulocyte macrophage colony-stimulating factor (human protein
assay), rIFNγ (primate protein assay) and MIP1b (human protein assay), tumor necrosis
factor-α (primate protein assay), IL-2 (human protein assay) and IL-6 (human protein assay).
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Figure 1.
Location of receptors for AAV5 and AAV2 in macaque parotid glands. Portions of rhesus
parotid glands were obtained at necropsy from an untreated animal and immunostained
either for PDGFRα, the primary receptor for AAV5 (a), or HSPG, the primary receptor for
AAV2 (b), as described in the Materials and methods section. Arrows indicate PDGFRα
localization at the basolateral membrane of acinar cells, whereas arrowheads show
immunostaining for this receptor at the apical (luminal) membrane of duct cells, in panel a.
Heparan sulfate proteoglycan is mainly found in duct cells at the luminal membrane
(arrowheads, b).
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Figure 2.
Salivary and serum erythropoietin levels in macaques after rAAV5RhEpo administration to
parotid glands. Shown are the levels (mean ± s.e.) of rhesus erythropoietin (RhEpo) from the
high dose (3× 1011 particles per gland) group in (a) saliva and (b) serum. Changes in RhEpo
levels from animals in the low dose (1010 particles per gland) group were small and are not
presented (see text).
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Figure 3.
Assays to assess concatamer formation. (a) Design of PCR assays to detect concatamer
formation with AAV2 and AAV5 DNA. (b) PCR assays to amplify 268 bp of RhEpo (white
arrow). (c) PCR assays to amplify ~1 kb head–tail concatamer (black arrow). (d) Proportion
of concatameric AAV genomes found in transduced parotid glands. The panel shows the
ratios obtained from densitometric scans of the ~1 kb PCR bands from panel c to those of
the 268 bp PCR bands from panel b, for AAV2RhEpo- and AAV5RhEpo-transduced glands.
Given the PCR assay conditions used for panels b and c, these results should be viewed as
semiquantitative, but clearly demonstrating a difference between the AAV2 and AAV5
samples. (e) Plasmid-Safe DNase assay for AAV2 vector samples. Two hundred ng of
genomic DNA samples, with or without Plasmid-Safe DNase digestion, were loaded onto
1% agarose gels and subjected to electrophoresis. Under the experimental conditions, the
amount of enzyme used should digest all 200 ng genomic DNA to mononucleotides after 16
h, if it was linear double-stranded DNA (see Zheng et al.32). (f) PCR assays to amplify 268
bp of RhEpo using DNA samples digested with and without Plasmid-Safe ATP-dependent
DNase from the exact same samples as shown in panel e. This result shows that a small
amount of circular (that is, undigested) DNA was present after the digestion shown in panel
e, however, the amount was insufficient to be seen directly on the agarose gel and required
amplification by this PCR reaction. See Materials and methods section for additional details.
(g) Densitometric measurements of the results shown in panel f. Lanes for PCR photos are
as follows, M: 1 kb DNA ladder; C: control, non-transduced parotid gland; 1–3: DNA
samples from either AAV2RhEpo or AAV5RhEpo-transduced parotid gland.
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Figure 4.
The presence of serum neutralizing antibodies against AAV vectors before and after vector
administration. Blood samples were obtained as described in Figure 2. Samples from
AAV2-treated macaques had been frozen and stored during an earlier study.8 Note that for
the AAV2 vector samples, the animal showing the 1:800 titer after vector delivery was a
high-dose animal. For the AAV5 vector-treated macaques, both animals showing a 1:3200
titer received a high dose, as did one animal with a 1:800 titer.
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Figure 5.
ELISPOT assays for peptide-stimulated production of interferon (IFN)-γ by peripheral blood
mononuclear cells (PBMCs) from AAV5-transduced macaques. Upper panel: peptide
libraries consisting of 15-mers overlapping by 10 amino acids with the adjacent peptide
were prepared for the AAV5 VP-1 capsid sequence. Two control peptides were also
synthesized based on the AAV2 capsid VP-1 protein: AAV2-74 (PADVFMVPQYGYLTL)
and AAV2-82 (GNNFTFSYTFEDVPF), which were reported to be active epitopes with
AAV2 vectors15 (peptides 144, 145, respectively). Lower panel: secretion of IFN-γ from the
PBMCs of monkeys administered the high dose of AAV5RhEpo after stimulation with 24
pools of peptides derived from the AAV5 capsid sequence. PBMCs were collected at the
end of the experiment. Asterisks indicate that the resulting spots were too numerous to
count. The number of IFN-γ-positive spots/1 × 106 cells was calculated by taking the well
replicates plus antigen minus the average of the well replicates of PBMCs alone at 3 × 105

cells per well and extrapolating to 1 × 106 cells.
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Figure 6.
Cytokine evaluations in macaque serum and saliva samples. Samples were collected at the
times indicated and the results shown are for granulocyte macrophage colony-stimulating
factor (GMCSF; human protein assay), interferon-γ (rIFNγ; primate protein assay) and
macrophage inflammatory protein 1b (MIP1b; human protein assay). All data are shown as
mean values ± s.e., for three monkeys from the high-dose (3 × 1011 particles per gland)
group with each vector serotype. In addition, all serum (left panels) and saliva (right panels)
samples were assayed for the presence of tumor necrosis factor-α (primate protein assay),
interleukin-2 (IL-2, human protein assay) and IL-6 (human protein assay), all with results
generally similar to those depicted in the figure.
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Table 2

Number of vector genome copies in various tissues 182 days after high-dose rAAV5RhEPO gene transfer to
the right parotid gland of rhesus macaquesa

Tissue High-dose group

Gonad right and left, kidney right and left, spleen, liver right and left, submandibular salivary gland right and left ≤42

Cervical nodes right and left ≤42

Heart right ventricle, heart left ventricle, heart septum ≤53

Parotid superior left, parotid middle left, parotid inferior left ≤42

Parotid superior portion right 105 ± 18

Parotid middle portion right 84 ± 15

Parotid inferior portion right 200 ± 85

Control parotid glands ≤42

a
The data shown are the mean number of vector genome copies/105 cells ( ± s.e. where appropriate) determined with genomic DNA extracted

from various rhesus macaque tissues 6 months after administration of 3 × 1011 vector particles (high-dose group, n = 3). Note that samples of the

right and left lung were also analyzed. Five samples showed ≤42 vector genome copies/105 cells, but the remaining sample from one macaque

showed 105 vector genome copies/105 cells, which likely represents an aspiration.

Gene Ther. Author manuscript; available in PMC 2011 January 6.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Voutetakis et al. Page 20

Ta
bl

e 
3

R
ep

re
se

nt
at

iv
e 

co
m

pl
et

e 
bl

oo
d 

co
un

t a
nd

 se
ru

m
 c

he
m

is
try

 p
ar

am
et

er
s i

n 
rh

es
us

 m
ac

aq
ue

s a
fte

r r
A

A
V

5R
hE

PO
 g

en
e 

tra
ns

fe
ra

D
ay

 –
21

D
ay

 1
D

ay
 7

D
ay

 5
6

D
ay

 1
12

D
ay

 1
82

W
B

C
16

.5
 ±

 3
.9

7.
1 

± 
0.

5
14

.8
 ±

 1
0.

8
13

.3
 ±

 5
.6

11
.7

 ±
 4

.6
6.

7 
± 

1.
7

R
B

C
4.

9 
± 

0.
2

5.
1 

± 
0.

3
4.

9 
± 

0.
2

5.
2 

± 
0.

1
5.

1 
± 

0.
1

5.
1 

± 
0.

2

H
G

B
12

.2
 ±

 0
.1

12
.6

 ±
 0

.3
12

.1
 ±

 0
.1

13
.3

 ±
 0

.1
12

.6
 ±

 0
.2

12
.5

 ±
 0

.2

H
C

T
36

.5
 ±

 0
.6

37
.5

 ±
 1

.2
36

.5
 ±

 0
.6

38
.9

 ±
 0

.5
38

.0
 ±

 0
.1

37
.8

 ±
 0

.7

PL
A

T
40

6.
3 

± 
23

.8
40

7.
7 

± 
33

.5
43

1.
7 

± 
27

.8
44

2.
0 

± 
28

.3
41

7.
0 

± 
20

.3
39

6.
3 

± 
15

.9

SE
G

S
72

.1
 ±

 1
0.

2
63

.1
 ±

 1
0.

9
68

.0
 ±

 1
5.

2
60

.9
 ±

 1
1.

1
62

.3
 ±

 1
3.

5
44

.4
 ±

 1
0.

7

LY
M

PH
S

24
.1

 ±
 1

4.
0

33
.2

 ±
 9

.9
28

.2
 ±

 1
3.

2
32

.9
 ±

 1
0.

2
31

.2
 ±

 1
1.

4
49

.3
 ±

 8
.8

N
a+

14
8.

3 
± 

0.
3

15
5.

7 
± 

1.
5

15
6.

3 
± 

0.
7

15
4.

0 
± 

1.
0

14
6.

7 
± 

0.
3

14
3.

0 
± 

0.
6

C
re

at
in

in
e

0.
8 

± 
0.

07
0.

9 
± 

0.
03

0.
9 

± 
0.

07
0.

9 
± 

0.
06

0.
8 

± 
0.

06
0.

9 
± 

0.
09

SG
O

T
57

.3
 ±

 4
.3

49
.7

 ±
 4

.9
36

.7
 ±

 4
.8

49
.3

 ±
 5

.5
38

.0
 ±

 3
.5

30
.0

 ±
 2

.5

A
LP

71
0.

3 
± 

47
.4

60
4.

0 
± 

49
.5

48
1.

0 
± 

32
.3

51
1.

7 
± 

34
.7

53
4.

3 
± 

62
.9

52
4.

7 
± 

80
.4

LD
H

71
0.

3 
± 

47
.4

60
4.

0 
± 

49
.5

48
1.

0 
± 

32
.3

51
1.

7 
± 

34
.7

53
4.

3 
± 

62
.9

52
4.

7 
± 

80
.4

A
lb

um
in

3.
9 

± 
0.

3
4.

4 
± 

0.
2

4.
2 

± 
0.

1
4.

5 
± 

0.
1

3.
9 

± 
0.

1
3.

8 
± 

0.
1

C
PK

62
.0

 ±
 1

2.
0

21
3.

3 
± 

17
.4

16
1.

7 
± 

22
.4

17
0.

0 
± 

40
.3

97
.7

 ±
 3

5.
0

88
.3

 ±
 1

9.
2

A
bb

re
vi

at
io

ns
: W

B
C

, w
hi

te
 b

lo
od

 c
el

l c
ou

nt
 a

s c
el

ls
 m

m
−

3 ;
 R

B
C

, r
ed

 b
lo

od
 c

el
l c

ou
nt

 a
s m

ill
io

n 
ce

lls
 m

m
−

3 ;
 H

G
B

, h
em

og
lo

bi
n 

as
 g

 p
er

 1
00

 m
l; 

H
C

T,
 h

em
at

oc
rit

; P
LA

T,
 p

la
te

le
t c

ou
nt

 a
s ×

 1
03

 m
m
−

3 ;
SE

G
S,

 se
gm

en
te

d 
ne

ut
ro

ph
ils

 a
s p

er
ce

nt
; L

Y
M

PH
S,

 ly
m

ph
oc

yt
es

 a
s p

er
ce

nt
; s

od
iu

m
 a

s m
Eq

 l−
1 ;

 c
re

at
in

in
e 

as
 m

g 
pe

r 1
00

 m
l; 

SG
O

T,
 se

ru
m

 g
lu

ta
m

ic
 o

xa
lo

ac
et

ic
 tr

an
sa

m
in

as
e 

as
 U

 l−
1 ;

 A
LP

 (a
lk

al
in

e

ph
os

ph
at

as
e)

 a
s U

 l−
1 ;

 L
D

H
, l

ac
ta

te
 d

eh
yd

ro
ge

na
se

 a
s m

g 
pe

r 1
00

 m
l; 

al
bu

m
in

 a
s g

 p
er

 1
00

 m
l; 

C
PK

, c
re

at
in

e 
ph

os
ph

ok
in

as
e 

as
 U

 l−
1 .

a O
nl

y 
th

e 
m

ea
n 

± 
s.e

. o
f t

he
 a

ni
m

al
s t

ha
t b

el
on

g 
to

 th
e 

hi
gh

-d
os

e 
gr

ou
p 

ar
e 

pr
es

en
te

d 
(n

 =
 3

; 3
 ×

 1
01

1  
pa

rti
cl

es
 d

ire
ct

ly
 a

dm
in

is
te

re
d 

to
 th

e 
rig

ht
 p

ar
ot

id
 g

la
nd

).

Gene Ther. Author manuscript; available in PMC 2011 January 6.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Voutetakis et al. Page 21

Table 4

IFN-γ production detected by ELISPOT after incubation of rhesus PMBCs with autologous fibroblasts

Animal number Treatment Spots per well Experiment –control

4727 PBMC alone 0 —

PBMC+control fibroblasts 4 ± 3 4

PBMC+autologous fibroblasts 3 ± 3 3

PBMC+ConA 104 ± 18 104

4731 PBMC alone 0 —

PBMC+control fibroblasts 2 ± 2 2

PBMC+autologous fibroblasts 5 ± 2 5

PBMC+ConA 148 ± 16 148

Abbreviations: Con A, concanavalin A; CTL, cytotoxic lymphocyte; IFNγ, interferon-γ; MOI, multiplicity of infection; PBMC, peripheral blood
mononuclear cells; PVDF, polyvinylidene difluoride.
The data shown are mean values ( ± s.d.) for the results of ELISPOT assays for IFNγ secretion after incubation of PBMCs isolated from two high-
dose monkeys (4727, 4731) with target cells (uninfected or AAV5-transduced autologous fibroblasts). Fibroblasts were transduced or not with
~5000 MOI of AAV5 vector encoding a green fluorescence protein. The number of AAV5-specific CTLs was determined by counting the IFNγ-
positive spots per PVDF membrane.
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