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In the gene therapy field, re-administration of adeno-associ-
ated virus (AAV) is an important topic because a decrease in
therapeutic protein expression might occur over time. How-
ever, an efficient re-administration with the same AAV sero-
type is impossible due to serotype-specific, anti-AAV neutral-
izing antibodies (NABs) that are produced after initial AAV
treatment. To address this issue, we explored the feasibility of
using chimeric AAV serotype 5 (AAV5ch) and AAV1 for
repeated liver-targeted gene delivery. To develop a relevant
model, we immunized animals with a high dose of AAV5ch-
human secreted embryonic alkaline phosphatase (hSEAP)
that generates high levels of anti-AAV5ch NAB. Secondary liver
transduction with the same dose of AAV1-human factor IX
(hFIX) in the presence of high levels of anti-AAV5ch NAB
proved to be successful because expression/activity of both re-
porter transgenes was observed. This is the first time that two
different transgenes are shown to be produced by non-human
primate (NHP) liver after sequential administration of clini-
cally relevant doses of both AAV5ch and AAV1. The levels of
transgene proteins achieved after delivery with AAV5ch and
AAV1 illustrate the possibility of both serotypes for liver tar-
geting. Furthermore, transgene DNA and RNA biodistribution
patterns provided insight into the potential cause of decrease or
loss of transgene protein expression over time in NHPs.
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INTRODUCTION
Adeno-associated virus (AAV) vector-based gene therapy has been
successfully employed in the treatment of genetic disorders in pre-
clinical studies as well as in clinical trials. The clinical studies included
hundreds of patients and indicate an excellent safety record for AAV-
mediated gene therapy in humans.1–3 A major hurdle in achieving a
successful AAV-based gene therapy is the presence of circulating
neutralizing antibodies (NABs) directed against the AAV capsid pro-
teins. NABs against specific AAV serotypes can be present in a pa-
tient’s blood prior to therapy because of naturally acquired infections
with the wild-type AAV virus (pre-existing NABs) and are currently
an exclusion criteria for participation in clinical trials that make use
of AAV. Serotype-specific circulating NABs are formed after first
administration of AAV vector in gene therapy. These NABs recognize
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AAV viral capsid proteins and block the secondary transduction with
AAV of the same serotype.4–7 Anti-AAV NABs after gene therapy
treatment with AAV can reach high titers and have been reported to
persist long after treatment. Although AAV-mediated gene therapy
is expected to be long-lasting, it is anticipated that re-administration
of the therapy may be necessary because of the potential decrease of
transgene expression over time as a result of the natural turnover of
transduced cells. Repeated AAV treatment might also be needed if
the initial treatment does not result in a sufficient level of therapeutic
protein expression or in the case of pediatric indications caused by fast
liver growth leading to the loss of vector genomes and subsequent
decline of transgene expression.8,9 Therefore, strategies permitting a
repeated gene delivery need to be developed.

Granted that serotypes with different antibody reactivity profiles and
similar affinity for a particular target tissue are available, successive
use of different AAV vector serotypes is a potential approach to escape
the activity of NABs. We will refer to such a serotype-switching strat-
egy as “cross-administration.”When considering cross-administration
of two AAV serotypes to target a specific organ, not only the tissue
tropism of those AAVs has to be considered, but also their serological
prevalence in the patient population, as well as the level of NAB cross-
reactivity between those serotypes. Serological studies in humans have
shown a high prevalence of anti-AAV NABs with approximately 59%
of the population being seropositive for AAV serotype 2 (AAV2),
50.5% for AAV1, 37% for AAV6, 33.5% for AAV9, 19% for AAV8,
and 3.2% for AAV5.10 Furthermore, the degree of conservation in
the amino acid sequences amongAAVs is relatively high, with serotype
5 being the most divergent, and variable levels of cross-reactivity be-
tween anti-AAV antibodies have been shown for a wide range of sero-
types.10,11 From the therapeutic perspective, the cross-administration
method has a significant advantage over the alternative approach of
immune suppression,12–15 which can lead to side effects and might
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Figure 1. Experimental Setup and Humoral Immune

Response against AAV Vectors in Mice

(A–E) Mice receiving intravenous injections of PBS or

AAV5ch-hSEAP at week 0 and second intravenous in-

jection of PBS, AAV1-hFIX, or AAV5ch-hFIX at week 3 (A)

develop total anti-AAV5ch antibodies (B) and total anti-

AAV1 antibodies (C) in plasma over time, which correlates

with anti-AAV5ch NAB (D) and anti-AAV1 NAB (E) levels at

week 6. Data are presented as means ± SEM of all mice

(n = 6).
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not be applicable in all clinical settings depending on the patient’s
treatment history and general health. In order to achieve cross-admin-
istration targeting the liver, we selected AAV1 and a chimeric AAV
serotype 5 (AAV5ch) described and used previously16,17 in which a
portion of the viral protein (VP)1 polypeptide was replaced with the
corresponding portion of type 2. Importantly, the VP1 substitution
did not alter the outside structure of the capsid nor the tropism of
AAV5, which behaved indistinguishably from AAV5 with wild-type
VP1.16,17 Our choice was based on their excellent safety profiles and
their clinical application in humans.1,17,18 Also, AAV5 and AAV1
tropism for the liver have been reported to be similar in mice.2,19

AAV5 and AAV1 immune epitopes have been partially characterized
and reported as distinct.20 Whereas Grimm et al.2 reported cross-
neutralization between AAV5 and AAV1 in mice, others reported
only a weak cross-reactivity of anti-AAV5 and anti-AAV1 antibodies
both in vitro21 and in vivo.6 The principle of cross-administration for
liver targeting has previously been demonstrated in non-human pri-
mates (NHPs) that were administered intravenously (i.v.) an AAV5-
based vector in the presence of anti-AAV8 NABs due to natural expo-
sure (pre-existing NABs).22 In the present study, we used a model that
reflects a clinical situation in which a second AAV-mediated gene de-
livery would be needed. Therefore, in order to explore the efficacy of
AAV5ch and AAV1 cross-administration for liver targeting, we first in-
jected mice and NHPs i.v. with a high dose of AAV5ch in order to raise
high levels of anti-AAV5NABs before re-administration with the same
dose of AAV1.
1832 Molecular Therapy Vol. 25 No 8 August 2017
RESULTS
Successful Repeated AAV-Based Gene

Delivery in Mice

Lack of Cross-Reactivity of Anti-AAV5ch

and Anti-AAV1 Antibodies in Mice and

Successful Repeated Hepatic Gene

Delivery after Sequential Administration

with AAV5ch and AAV1 Vectors

Mice were injected i.v. with AAV5ch-human
secreted embryonic alkaline phosphatase
(hSEAP) or PBS at week 0. A second i.v. admin-
istration with AAV1-human factor IX (hFIX)
or AAV5ch-hFIX or PBS was performed in
week 3 (Figure 1A). The injections were well
tolerated by all of the animals. As expected,
total anti-AAV5ch and anti-AAV1 antibodies
were detected in the plasma of all of the mice that were injected
with AAV5ch and AAV1 vectors, respectively (Figure 1B). Moni-
toring of the total antibodies showed no cross-recognition of
AAV1 capsid by anti-AAV5ch antibodies or AAV5ch capsid by
anti-AAV1 antibodies after primary administration with AAV1 or
AAV5ch or in the case of cross-administration with AAV5ch followed
by AAV1. When two sequential injections with AAV5ch-based
vectors were given, recognition of AAV1 capsids by anti-AAV5ch

antibodies was observed. This might be related to the induction of
a humoral response against weaker epitopes, common for AAV5ch

and AAV1, and recognized only after repeated exposure to high
doses of AAV5ch (Figure 1C).

In order to gain more insight into the humoral immune response
against the AAV capsid, we performed NABs assays for both AAV5ch

and AAV1 serotypes using plasma samples obtained at sacrifice (week
6). The anti-AAV5ch NAB titers measured were comparable in all of
the mice injected once with AAV5ch-hSEAP or AAV5ch-hFIX; how-
ever, titers were higher in the group that was injected twice with
AAV5ch (AAV5ch-hSEAP followed by AAV5ch-hFIX) (Figure 1D).
Next, NABs against AAV1 capsid were measured in the plasma of
mice that were injected with AAV1-hFIX. No NAB antibodies against
AAV1 capsid were detected in the mice groups that were injected with
AAV5ch-hSEAP alone, AAV5ch-hFIX alone, or PBS (Figure 1E). The
results of our in vitro anti-AAV NABs assays demonstrate lack of
cross-interference of anti-AAV5ch and anti-AAV1 NABs present in



Figure 2. Transgene Activity or Presence in Mouse

Plasma and Liver Tissue

(A–D) Mice intravenously cross-administered with AAV5ch

followed by AAV1 present with stable reporter gene

hSEAP activity (A and C) and hFIX presence (B) in mouse

plasma over time and expression of GFP in representative

mouse liver sections (D). Mice received intravenous in-

jections of PBS or AAV5ch-hSEAP at week 0 and a sec-

ond i.v. injection of PBS, AAV1-hFIX, or AAV5ch-hFIX at

week 3 (n = 6/group) (A and B), or a first i.v. injection of

PBS or AAV5ch-hSEAP at week 0 and a subsequent one

of PBS, AAV1-GFP at week 3 (C and D). (D) PBS, PBS

group (I); PBS, AAV1-GFP group (II); AAV5ch-hSEAP,

AAV1-GFP group (III). RLU, relative luminescence units.

Data in graphs (A)–(C) are presented as means ± SEM of

all mice (n = 6).
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mice plasma, with in vitro transduction efficacy of AAV1 and
AAV5ch, respectively, after mice received a single administration of
each vector (Figures 1D and 1E).

In order to determine the efficacy of re-administration with AAV1
after initial immunization with AAV5ch, we measured the activity
or presence of hSEAP and hFIX protein in the plasma of the injected
animals. As expected, hSEAP activity was detected in the plasma of all
of the mice injected first with AAV5ch-hSEAP (Figures 2A and 2C).
The mice that had received AAV1-hFIX as second injection in
week 3 had hFIX protein in plasma from week 4 onward (Figure 2B).
In contrast, the mice that received AAV5ch-hFIX as second injection
following the first AAV5ch-hSEAP administration had no detectable
level of hFIX in the plasma (Figure 2B). It should be noted that the
amount of hFIX protein measured in plasma after injection with
AAV1-hFIX was not influenced by the prior injection with
AAV5ch-hSEAP because the same level of hFIX was measured in
Molec
the control group that had received PBS as first
injection and AAV1-hFIX in the second injec-
tion (Figure 2B). In general, the level of hFIX
protein in plasma of mice injected with
AAV5ch-hFIX was 2.5 times higher than in
plasma of mice injected with AAV1-hFIX (Fig-
ure 2B). Additionally, successful cross-adminis-
tration of AAV5ch and AAV1 vector was also
achieved when combining other expression cas-
settes: AAV5ch-hSEAP followed by AAV1-
EGFP (week 3) (Figures 2C and 2D).

Successful Repeated AAV-Based Gene

Delivery in NHPs

Cross-Administration of AAV Serotypes

AAV5ch and AAV1 IsWell Tolerated by NHPs

In order to test the cross-administration
approach with the AAV serotypes 5ch and 1 in
an animal model that is phylogenetically closer
to humans, we conducted a study in NHPs
(Macaca fascicularis). The animals were injected at day 0 with an
AAV5ch-based vector (AAV5ch-hSEAP) or PBS, and at day 30 with
either an AAV1- or AAV5ch-based vector (AAV1-hFIX or
AAV5ch-hFIX) or PBS. Twelve NHPs were followed for 1 year after
first AAV delivery. The two consecutive AAV injections at a dose
of 3 � 1013 genome copies (gc)/kg each were well tolerated by all of
the animals. No significant changes associated with experimental
treatment were reported in routine hematology and biochemistry
during the observation period (Figure S1). Additionally, regardless
of the treatment group, no significant anatomical alteration or path-
ological abnormalities were observed at sacrifice. Further analysis of
liver tissue (eight liver pieces per animal) was performed to assess
the presence of immune inflammation markers CD1c (dendritic
cells), CD3 (T cells), CD11b (APCs), CD16 (activated macrophages),
CD20 (B cells), CD56 (NK cells), and CD14 (monocytes/macro-
phages), and no differences were observed between the experimental
groups and the control PBS group (data not shown).
ular Therapy Vol. 25 No 8 August 2017 1833
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Figure 3. Experimental Setup and Presence of hSEAP and hFIX Vector DNA and mRNA in the Liver

(A) Monkeys were injected i.v. at day 0 with an AAV5ch-based vector (AAV5ch-hSEAP) or PBS and at day 30 with either an AAV1- or AAV5ch-based vector (AAV1-hFIX

or AAV5ch-hFIX). (B–E) Reporter gene hSEAP DNA (B), mRNA (C), and hFIX DNA (D) and mRNA (E) in the monkey liver tissue at sacrifice. Mean ± SEM of eight different

liver regions was plotted for every monkey. Monkeys were injected i.v. at day 0 with an AAV5ch-hSEAP (HNPs 10–15) or nothing (n. 1, n. 2) and at day 30 with AAV1-hFIX

(HNPs 4–6 and 10–13) or AAV5ch-hFIX (HNPs 14 and 15) and sacrificed at day 364.
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Successful Liver Transduction by AAV5ch and AAV1 after

Sequential i.v. Delivery

In order to evaluate the transduction efficacy of AAV5ch-hSEAP,
AAV5ch-hFIX, and AAV1-hFIX, we collected and processed tissue
samples from eight liver regions of all animals at sacrifice (364 days
after first injection). The AAV transduction efficacy in the liver was
evaluated at the DNA and mRNA levels by qPCR and qRT-PCR
with primer sets specific for hFIX and hSEAP, respectively. The
data obtained are reported in Figure 3. Animals injected primarily
with AAV5ch-hSEAP and re-administered with AAV1-hFIX pre-
sented both hSEAP and hFIX DNA and mRNA in the liver (NHPs
10–13). On the contrary and as expected, the animals initially injected
with AAV5ch-hSEAP and re-administered with AAV5ch-hFIX had
high levels of hSEAP DNA and mRNA in the liver, whereas DNA
1834 Molecular Therapy Vol. 25 No 8 August 2017
and RNA levels of hFIX were similar to PBS-injected animals, thus
confirming that the secondary liver transduction with the same
AAV serotype is unsuccessful.

The levels of vector DNA as well as mRNA of hSEAP measured after
primary administration with AAV5ch-hSEAP (3 � 1013 gc/kg, NHPs
10–15) were in the same range in all of the animals injected. The same
observation was made for the levels of vector DNA and mRNA of
hFIX in the liver of the animals injected only with AAV5ch-hFIX
(3 � 1013 gc/kg, NHPs 8 and 9), as well as in the animals injected
with AAV1-hFIX. Also, the same range of hFIX DNA and RNA
was present in the livers of the animals that were injected only with
AAV1-hFIX or initially injected with AAV5ch-hSEAP followed by
AAV1-hFIX (3 � 1013 gc/kg, NHPs 4–7 and 10–13), showing that



Figure 4. Short-Term Transgene Activity or

Presence in the Monkey Plasma

(A and B) Stable reporter gene hSEAP activity (A) and hFIX

expression (B) in monkey plasma over time in animals

cross-administered with AAV5ch-hSEAP followed by

AAV1-hFX and in animals injected with AAV5ch-hFIX or

AAV1-hFIX only. Monkeys were injected i.v. at day 0 with

an AAV5ch-based vector (AAV5ch-hSEAP) or PBS and on

day 30 with either an AAV1- or AAV5ch-based vector

(AAV1-hFIX or AAV5ch-hFIX) or PBS. RLU, relative lumi-

nescence units. Data are presented as means ± SEM of

all monkeys in each experimental group.
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the initial injection with AAV5ch-hSEAP did not influence the result
of secondary transduction with AAV1-hFX.

Interestingly, an uneven distribution of transgene mRNA was
observed in the different liver pieces analyzed, whereas vector DNA
presence was always found to be similar in all pieces of the liver
(Figure 3).

Presence andActivity of Transgene Products in the Plasmaafter

Sequential i.v. AAV5ch- and AAV1-Mediated Gene Delivery in

NHP

The efficacy of cross-administration with the combination of the
AAV serotypes 5ch and 1 was also assessed by the analysis of the ac-
tivity or presence of hSEAP and hFIX proteins in the plasma of the
NHPs. Until 58 days after the initiation of the study, hSEAP activity
was detected in the plasma of all animals that were injected with
AAV5ch-hSEAP at day 0 of the experiment (Figure 4A). Cross-
administration with AAV1-hFIX at day 30 of the experiment proved
to be successful in NHPs because the cross-administered group
(NHPs 10–13) showed not only hSEAP activity after primary
AAV5ch-hSEAP administration (Figure 4A), but also the presence
of hFIX protein in the plasma after secondary AAV1-hFIX injection
(Figure 4B). In contrast and as expected, animals that were re-admin-
istered with the same serotype (AAV5ch-hFIX) did not have any hFIX
present in the plasma (Figure 4B), confirming that secondary injec-
tion with the same serotype does not result in efficient transduction.

It should be noted that the levels of hFIX protein measured after in-
jection with AAV1-hFIX were not influenced by prior injection with
AAV5ch-hSEAP because similar levels of hFIX were measured in the
control group that received PBS at first injection and AAV1-hFIX at
second injection (Figure 4B).

Interestingly, the pattern of protein detection in the plasma was
different for the two transgenes used in the study. hSEAP activity levels
in plasma were found to increase until day 21 and then stabilize in all of
the NHPs (NHPs 10–15) injected with AAV5ch-hSEAP (Figures 4A
and 5A). On the other hand and similar to previously reported NHP
studies,22–25 the levels of hFIX peaked 1 week after injection with
AAV5ch-hFIX or AAV1-hFIX before decreasing and stabilizing.
In order to determine the stability of hSEAP and hFIX transgene
expression over time, we followed the animals beyond the first 58-
day period until 1 year after the primary (AAV5ch-hSEAP) injection.

hSEAP activity levels in plasma remained constant in four out of six
animals (NHPs 12–15) until sacrifice (Figure 5A). However, in two
animals, a decrease and eventually a loss of the hSEAP activity
in the plasma was observed from day 58 (NHP 11) and day
100 (NHP 10). Seven out of eight animals (NHPs 4–7, 10, 11,
and 13) injected with AAV1-hFIX only or cross-administered
with AAV5ch-hSEAP and AAV1-hFIX expressed levels of hFIX in
the plasma at a mean of 0.96% ± 0.14% (mean ± SEM) on the
last day of the experiment (Figures 5C and 5E). In one animal
(NHP 12), circulating hFIX disappeared totally after 98 days (Fig-
ure 5E). The two animals injected once with AAV5ch-hFIX had a
significant decrease of the protein in the plasma 98 days after
AAV5ch-hFIX injection for NHP 8 and 168 days after AAV5ch-
hFIX injection for NHP 9 (Figure 5D). The residual circulating
levels of hFIX in plasma in NHPs 8 and 9 were at 0.12% ± 0.01%
(mean ± SEM) on the last day of the experiment.

Appearance of a Transgene-Directed ImmuneResponse in 5 out

of 12 NHPs Injected with AAV Vectors

Both transgenes used in the study, hSEAP and hFIX, are encoding
secreted proteins of human origin, and therefore the immune
response in NHPs toward those proteins can be expected. In order
to establish the origin of the decrease of hSEAP and hFIX observed
at long-term follow-up in some of the animals, plasma samples were
tested for the presence of antibodies against the transgene products.
Both animals in which hSEAP activity was decreased (NHPs 10 and
11) presented elevated levels of antibodies against hSEAP in the
plasma (Figure 6A) that correlated with the decrease of circulating
hSEAP in the plasma. Antibodies against hFIX could be detected
in the plasma of the animal with a complete loss of circulating
hFIX protein (NHP 12) (Figure 6B). However, it should be noted
that the strong association of the hFIX protein antigen-antibody
complexes might have impaired the detection of anti-hFIX anti-
bodies in other animals. Altogether the results indicate that the
loss of hSEAP activity or hFIX presence in the plasma observed
over time in some animals was due to a transgene-directed immune
Molecular Therapy Vol. 25 No 8 August 2017 1835
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Figure 5. Long-Term Transgene Activity or

Presence in the Monkey Plasma

(A–E) Long-term reporter gene hSEAP activity (A), hFIX

expression (grouped, B, means ± SEM), and hFIX

expression in individual monkeys in PBS followed by

AAV1-hFIX-injected group (C), PBS followed by AAV5ch-

hFIX-injected group (D), and AAV5ch-hSEAP followed by

AAV1-hFIX-injected group (E) measured in monkey

plasma over time. Monkeys were injected i.v. at day 0with

an AAV5ch-based vector (AAV5ch-hSEAP) or PBS and on

day 30 with either an AAV1- or AAV5ch-based vector

(AAV1-hFIX or AAV5ch-hFIX) or PBS. RLU, relative lumi-

nescence units.
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response and suggest that the levels of hSEAP and hFIX in the
plasma might be underestimated because of the formation of anti-
body-antigen complexes that might hinder the detection of the
transgene proteins. It should be noted that earlier described levels
of vector DNA as well as mRNA measured in the liver after primary
administration with AAV5ch-hSEAP were in the same range
between all of the animals injected including the two animals
(NHPs 11 and 10) that presented a decrease in the levels of hSEAP
associated with the presence of circulating antibodies against hSEAP
(Figures 3B and 3C). Also, the decrease or loss of hFIX in the
plasma of three animals (NHPs 8, 9, and 12) was not associated
with a decrease in the levels of vector DNA or mRNA copies (Fig-
ures 3D and 3E). Overall, these results suggest that disappearance of
1836 Molecular Therapy Vol. 25 No 8 August 2017
hSEAP and hFIX from the circulation was not
due to destruction of transduced hepatocytes,
because vector DNA and mRNA levels in the
livers of animals that experienced transgene
proteins presence/activity decrease or loss in
plasma were in the same range as those
observed in the animals that did not experi-
ence such decrease or loss.

Vector DNA/mRNABiodistribution between

Organs

The biodistribution of vector genome DNA was
further assessed in tissue samples from eight
liver regions and 23 non-hepatic organs from
all 12 NHPs that were injected with AAVs
and 2 control NHPs that were injected only
with PBS. The transgene copy number was
determined in a qPCR assay for hSEAP and
hFIX. In all NHPs injected with AAV5ch-
hSEAP or AAV5ch-hFIX vector, the highest
levels of DNA were detected in the liver and
in the adrenal glands. Lower vector copy
numbers were detected in some animals in
spleen, heart, lungs, and kidney. Following
AAV1-hFIX injection, most of the hFIX vector
DNA was found in the liver and the inguinal
lymph nodes. Lower amounts were also de-
tected in mesenteric lymph nodes, spleen, adrenal glands, and heart
(Figure S2). No signal was detected in any organ from animals infused
with vehicle (PBS).

Additionally, the mRNA levels of hSEAP and hFIX were
measured in the eight liver regions, adrenal gland, mesenteric
and inguinal lymph nodes, spleen, and heart by qRT-PCR. As
expected, both hSEAP and hFIX mRNA were present in the liver
tissue. Interestingly, hFIX mRNA was also detected in the spleen
of NHPs 9 and 12, whereas hSEAP mRNA was detected in the
spleen of NHPs 10, 11, and 14 (Figure S3), adrenal glands of
NHPs 12, 14, and 15, and inguinal lymph nodes of NHP 13
(data not shown).



Figure 6. Humoral Immune Response against

Transgene Products

(A and B) Fold change of anti-hSEAP (A) and anti-hFIX (B)

IgG in monkey plasma over time. Monkeys were injected

i.v. on day 0 with an AAV5ch-based vector (AAV5ch-

hSEAP) or PBS and on day 30 with either an AAV1- or

AAV5ch-based vector (AAV1-hFIX or AAV5ch-hFIX).
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Absence of Cross-Reactivity of Anti-AAV5ch and Anti-AAV1

Antibodies in NHP and Lack of T Cell Response against AAV

Capsids

All of the NHPs entering the study were screened and selected for the
absence of NABs against AAV5ch and AAV1. The animals were in-
jected as described in Figure 3A. To evaluate the cross-reactivity of
anti-AAV antibodies against serotypes 5ch and 1, we collected and
analyzed plasma samples for the presence of anti-AAV5ch, anti-
AAV1 neutralizing (NABs), and total antibodies.

As expected, the animals cross-administered with AAV5ch and AAV1
(NHPs 10–13) (Figure 7A) developed circulating NABs against both
AAV5ch and AAV1. Likewise, all of the NHPs administered twice
with AAV5ch (NHPs 14 and 15) developed circulating NABs against
AAV5ch (Figure 7B). Animals initially injected with AAV5ch followed
by AAV1 did not significantly increase their anti-AAV5ch NAB level
Molec
after injection with AAV1 (Figure 7A). As
observed in mice, the NHPs administered twice
with AAV5ch showed a significant increase in
anti-AAV5ch NAB levels after the second
administration (Figure 7B). In contrast, the pri-
mary injection with AAV5ch did not increase
the magnitude of the anti-AAV1 antibody
response after administration with AAV1
because the anti-AAV1 NAB levels obtained
in animals from the cross-administered group
were not higher than those from the animals
that received only an AAV1 injection (data
not shown). Similar to the results observed in
mice, a low level of recognition of AAV1 capsid
by anti-AAV5 antibodies was observed for the
two animals injected twice with AAV5ch

(NHPs 14 and 15) (Figure 7B).

Similar results to those obtained for NABs were
observed for the total anti-AAV5ch and anti-
AAV1 antibodies (Figure S4). Both neutralizing
and total antibodies against AAV5ch and AAV1
generated after the injections with AAV5ch-
hSEAP, AAV5ch-hFIX, and AAV1-hFIX were
present in the plasma of all animals until the
end of the experiment (day 364).

Cross-neutralization between AAV5ch and
AAV1 was observed in vitro in one out of eight
animals injected with AAV5ch (NHP 8) (Figure S4C). However, for
this particular animal, binding and neutralization were observed in
sera collected before administration with AAV5ch (Figure S4C) for
both anti-AAV5ch IgG ELISA and anti-AAV5ch NAB assays. Further-
more, the transduction efficacy of AAV5ch vector in this animal was
similar to the other NHPs (Figures 3D and 3E), which point out un-
characterized serum elements that might interfere with antibody-
based in vitro assays as previously described by others.26

Overall, these results demonstrate the absence of cross-recognition of
AAV1 capsid by anti-AAV5ch antibodies and AAV5ch capsid by anti-
AAV1 antibodies.

To get more insight into the immune responses occurring after AAV
delivery, we analyzed the cellular immune response against the viral
capsid proteins (both whole capsid and pool of peptides covering
ular Therapy Vol. 25 No 8 August 2017 1837
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Figure 7. Neutralizing Humoral Immune Response against AAV Vectors in

Monkeys

(A and B) Monkeys injected i.v. at day 0 with an AAV5ch-based vector (AAV5ch-

hSEAP) or PBS and at day 30 with either an AAV1- or AAV5ch-based vector (AAV1-

hFIX or AAV5ch-hFIX) develop anti-AAV5ch (A) and anti-AAV1 NABs (B).
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the whole sequence). The interferon (IFN)-g response was analyzed
using peripheral blood mononuclear cells (PBMCs) extracted
28 days after the first administration and 28, 56, and 70 days after
the second administration. The response of splenocytes obtained at
necropsy was also analyzed. No IFN-g response against the different
capsids or peptides was observed in any of the samples (data not
shown).
DISCUSSION
The present study demonstrates a successful repeated hepatic gene
delivery in both mice and NHPs by sequential use of the AAV sero-
types 5ch and 1, and it also confirms the absence of anti-AAV NABs
cross-reactivity in vivo between these serotypes. We report an effica-
cious expression of two different reporter genes after sequential deliv-
ery of AAV5ch and AAV1, respectively, which establishes that AAV1
could also be considered for liver-targeted gene therapy.

The cross-administration approach has been previously successfully
used for liver targeting in NHPs. In that study AAV5 was adminis-
tered i.v. to animals with circulating pre-existing anti-AAV8
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NABs.22 However, the pre-existing anti-AAVNAB titers that are pre-
sent in the circulation due to natural infection with wild-type AAVs
are significantly lower than the levels that are raised after a gene ther-
apy treatment with AAV. In our current report, we describe a study
model that reflects a clinical situation in which a second administra-
tion of gene delivery with the AAV vector would be needed. There-
fore, we injected animals first with a high dose of AAV5ch-hSEAP
in order to raise high levels of anti-AAV5ch NAB, before re-adminis-
trating them with the same dose of AAV1-hFIX. We demonstrate the
feasibility of secondary gene delivery with an AAV1 serotype in the
presence of high titer of anti-AAV5ch NAB as activity of hSEAP deliv-
ered by AAV5ch and expression of hFIX delivered by AAV1 were
observed.

Cross-neutralization between AAV5ch and AAV1 was observed
in vitro in one out of eight animals initially injected with AAV5ch.
However, for this animal, seroconversion occurred over time before
any administration of AAV5ch. Considering that the liver transduc-
tion efficacy of AAV5ch vector in this animal was similar to the other
NHPs (Figures 3D and 3E), those results point to uncharacterized
serum elements that might interfere with in vitro antibody-based
assays. Our results support the hypothesis that the interaction of
AAV vector with certain serum proteins can impact AAV transduc-
tion efficiency, by binding to the AAV surface and influencing AAV
transduction.26

From a safety point of view, the sequential administration of
AAV5ch and AAV1 was well tolerated. All the parameters such
as weight gain, temperature, activity, skin and mucosa color,
serum biochemistry, and hematological analysis were in the
normal range for all four animals that had been cross-adminis-
tered with AAV5ch-hSEAP followed by AAV1-hFIX. Only a few
notable observations were reported during the follow-up period.
In one out of four animals injected with AAV5ch-hFIX (NHP 9)
a transient elevation of CPK was observed, which was considered
unrelated to the AAV vector itself, because it was an isolated
event. Additionally, a transient elevation of aspartate aminotrans-
ferase (AST) concomitant with a non-significant ALT elevation
was observed after the second AAV injection in the two NHPs
that received the same AAV5ch serotype twice (NHPs 14 and
15). Although ketamine anesthesia, which was used in our study,
has been reported to elevate the activity of AST in serum,24,27 it
cannot be excluded that the repeated AAV5ch injection might
have caused the AST elevation. Furthermore, no cellular immune
responses were observed against AAV1 and AAV5ch capsid pro-
teins, and no elevation of pro-inflammatory cytokines such as
interleukin (IL)-1b, IL-2, and IL-4 at 24 or 72 hr after injections
of AAVs was observed in any of the animals. Histology and
immunohistochemistry analysis of the liver, spleen, and lymph
nodes did not reveal significant anatomical alteration or patholog-
ical abnormalities.

All NHPs cross-administered with AAV5ch-hSEAP followed by
AAV1-hFIX showed hSEAP and hFIX protein expression in plasma
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through 8 weeks of the experiment. Interestingly, in a long-term
follow-up, a decrease of transgene activity or presence in plasma
was observed in 5 out of the 12 NHPs in the study, associated
with specific immune responses directed against hSEAP or hFIX
(Figure 6).

Importantly, in the monkeys that experienced decrease or loss of
hSEAP or hFIX activity or presence in the plasma, there was no
loss of DNA or mRNA of hSEAP or hFIX in the liver tissue at
sacrifice. The levels of DNA and mRNA of hSEAP and hFIX in
the liver of all animals were in the same range, indicating that the
disappearance of hSEAP and hFIX from the circulation was not
due to immune-mediated destruction of transduced hepatocytes.
Remarkably, and consistent with a previous report showing activity
of human alpha 1-antitrypsin (hAAT) promoter in splenic cells,28

four out of five of the monkeys experiencing a decrease or loss of
transgene expression in the plasma presented significant levels of
mRNA of the same transgene in the spleen. Considering that splenic
tissue contains a large number of antigen-presenting cells respon-
sible for the initiation of immune responses,28,29 this observation
suggests a relationship between the presence of transgene expression
in the spleen and the occurrence of immune response against the
transgene products.

The decrease or loss of transgene proteins in plasma of NHPs asso-
ciated with an immune response against the transgene protein was
previously reported by other groups.22,25,30–33 Together, these find-
ings raise the question whether NHPs are an appropriate animal
model for long-term pre-clinical studies when a human protein
is expressed, because the transgene protein levels might be at
times underestimated because of the transgene-directed immune
response. However, the immune responses against the transgene
proteins do not occur systematically in all of the animals, and
the generation of immune responses against transgene products
has been suggested in clinical trials.34,35 Therefore, the immune
mechanisms occurring in NHPs might be relevant as a model to
develop strategies to prevent, avoid, or abolish such immune
responses.

Interestingly, in cynomolgus macaques, whereas vector DNA pres-
ence was found to be equivalent in the different parts of the liver tis-
sue, the expression pattern of transgene mRNA was found to be
diverse. This observation might be related to the transcriptional capa-
bilities and promoter activity profile in different cell types that are
being transduced. The underlying cellular mechanisms for such a
phenomenon require further investigation.

In summary, even though our study reveals some limitations of NHP
use as a model for a clinical translation, we demonstrate that sequen-
tial AAV delivery of serotypes AAV5ch and AAV1 is a safe and suc-
cessful method in both mice and NHPs for re-administration of gene
delivery when targeting the liver tissue. This approach could be an
option for patients who have pre-existing immunity toward AAV5ch

or who have high titers of anti-AAV5 NAB after initial AAV5ch treat-
ment but need to be re-administered with the AAV therapy in case of
decrease or loss of transgene activity.

MATERIALS AND METHODS
Ethics Statement

Mouse experiments were approved by the local animal welfare com-
mittee (University of Amsterdam). The NHP study was performed
following guidelines from the institutional ethical commission. The
experimental design employing NHPs was approved by the Ethical
Committee for Animal Testing of the University of Navarra and by
the Department of Health at the Government of Navarra (CEEA
092/13).

AAV Production

The AAV vector batches (AAV5ch-hSEAP, AAV5ch-hFIX, AAV1-
EGFP, and AAV1-hFIX) were produced in insect cells according to
a technology adapted from R.M. Kotin and colleagues.36 All of the
transgenes were under the control of liver-specific promoters.
hAAT promoter was used in the human SEAP construct, whereas
human FIX and EGFP were expressed from the synthetic liver
promoter 1 (LP1), which consists of liver-specific elements from
the human apolipoprotein E/C-I gene locus control region and the
hAAT promoter. AAV5 vectors used in the above described studies
are hybrid vectors and they contain inverted terminal repeats
(ITRs) and VP1 derived from AAV2, whereas VP2 and VP3 come
from AAV5 vector. The AAV5ch vectors used in the above described
studies are chimeric AAV5 in which the serotype 5 VP1-unique
portion was replaced with the equivalent one of AAV serotype 2.16

All AAV vector batches were purified with an AVB Sepharose column
using the ÄKTA explorer system (GE Healthcare). After purification,
the concentration of AAV vector gc (gc/mL) was determined by
TaqMan qPCR amplification.

Animal Experiments

Male C57BL/6 mice (8–10 weeks) were obtained from Harlan and
maintained in specific pathogen-free conditions at the animal facility.
In the first experiment, mice (n = 6/group) were injected i.v. with
AAV5ch-hSEAP or PBS at week 0. The second i.v. administration
with AAV1-hFIX, AAV1-EGFP, or PBS was performed at week 3
(Figure 1). In the second experiment, mice (n = 6/group) were in-
jected i.v. with AAV5ch-hSEAP or PBS at week 0. The second i.v.
administration with AAV1-hFIX, AAV5ch-hFIX, or PBS was per-
formed at week 3 (Figure 2). The dose of all of the AAV batches
that were injected was 1.46 � 1013 gc/kg, and the injection volume
was 10 mL/g. In both experiments, blood was collected weekly by sub-
mandibular vein puncture into tubes containing sodium citrate.
Plasma was isolated after centrifugation at 2,500 � g for 20 min at
4�C and frozen at �80�C until further analysis. All mice were sacri-
ficed after 7 weeks. Liver tissues were collected, processed, and snap
frozen in liquid nitrogen with or without pre-fixation in picric acid
and stored at �80�C until further analysis.

Female Macaca fascicularis (cynomolgus monkeys) at age 3–5 years
were obtained from R.C. Hartelust. Monkeys were injected with
Molecular Therapy Vol. 25 No 8 August 2017 1839

http://www.moleculartherapy.org


Molecular Therapy
PBS or AAV5ch-hSEAP at day 0 and with PBS, AAV1-hFIX, or
AAV5ch-hFIX at day 30. The dose of all of the AAV batches that
were injected was 3� 1013 gc/kg. For the injection procedure, animals
were anesthetized by intramuscular injection of 10 mg/kg ketamine
(Imalgene 100 mg/mL; Merial). When animals showed any signal
of waking up from anesthesia, they received an extra half-dose. Vector
administration was performed by an i.v. bolus injection of viral sus-
pension in the saphenous vein. Plasma and whole blood were
collected at day 0 (basal, previous to the first administration), 24 hr,
72 hr, day 7, and then every week during the first month after vector
injection. After the second administration (day 30), the samples were
collected at days 31, 33, and 37 and every week thereafter for 1 month
after vector injection. From the third month and until the sacrifice,
the samples were collected twice a month. The heparinized blood
samples were collected in tubes (brown-top BD Vacutainer SST II
Advance). The samples were mixed by inversion and left in vertical
position at least 1 hr at room temperature. The plasma was collected
and stored at �20�C freezer. Blood cells were purified for ELISPOT
analysis once per month. The NHPs were sacrificed 364 days after
administration by i.v. injection of T61 (Intervet) in the saphenous
vein. Tissue and organ collection at sacrifice included eight different
liver regions (I–VIII), cerebrum, cerebellum, salivary glands, spinal
cord, thymus, spleen, inguinal nodes, mesenteric nodes, ovaries,
uterus, oviducts, uterine cervix, vagina, lung, heart, skeletal muscle,
kidney, adrenal, pancreas, stomach, small intestine, large intestine,
and application site. Heart, spleen, liver, adrenals, kidney, and ovaries
were weighed before processing.

Assessment of Transgene Expression

Human FIX expression was measured in murine plasma using the
FIX ELISA kit (VisuaLize FIX Antigen Kit; Affinity Biologicals).
Human FIX expression was measured in monkey plasma by a sand-
wich ELISA developed in-house. In brief, plasma samples were 100-
fold diluted and loaded for capture into ELISA wells coated with
the hFIX-specific monoclonal antibody AHIX-5041 (Hematologic
Technologies). Detection was performed using a peroxidase FIX-spe-
cific mouse monoclonal antibody followed by colorimetric reaction.
To provide a calibration curve, we analyzed a dilution series of cali-
brated human reference plasma in parallel to the samples. Results
were reported as the percentage of hFIX relative to normal human
levels, i.e., with 100% corresponding to the normal human population
average. hSEAP activity was measured in mouse and monkey plasma
with the use of chemiluminescent “HSEAP Reporter Gene Assay”
(Roche). GFP expression was assessed by post mortem fluorescent
microscopy of mouse liver tissue sections. Mouse livers were fixed
in picric acid upon harvesting at sacrifice.

Assessment of Anti-AAV5ch and Anti-AAV1 Antibody Levels

Levels of anti-AAV5ch and anti-AAV1 antibodies in mouse plasma
were measured by an anti-AAV5ch and anti-AAV1-specific ELISA.
In short, 96-well flat-bottom plates (MaxiSorp; Thermo Scientific)
were coated with AAV5ch or AAV1 capsid incubated with mouse
plasma, and specific antibodies were detected with 1:1,000 rabbit
anti-mouse Ig-horseradish peroxidase (HRP; DAKO). Levels of anti-
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AAV5ch and anti-AAV1 antibodies in NHP plasma were measured
by specific ELISA as described inmice, but to detectmonkey antibodies
protein A/HRP (Amersham).
NAB Assay against AAV5ch and AAV1 Capsid

HEK293T cells were seeded in black 96-well culture plates (Costar)
coated with 0.25% poly-L-lysine (Sigma-Aldrich) at a density of
0.5� 105 cells/well in 100 mL of DMEM with 10% fetal bovine serum
(FBS) and antibiotics (1% penicillin/streptomycin; GIBCO). Cells
were incubated overnight at 37�C. Medium was then removed and
the following mix was added: AAV1-cytomegalovirus promoter-
luciferase transgene (CMV-luc) (for anti-AAV1) or AAV5ch-CMV-
luc (for anti-AAV5) incubated with heat-inactivated plasma sample
at a total volume of 100 mL of DMEM supplemented with antibiotics.
The mix was kept for 1 hr at 4�C before being added to cells. Medium
of the HEK293T cells was removed by aspiration and the mix added
to cells and incubated for 20 hr at 37�C. Serial dilutions of each
plasma sample were prepared in triplicate. As a positive control, cells
without any plasma addition were analyzed, while as a negative con-
trol, cells without any plasma or virus were used. The cells were
washed with PBS and lysed by addition of Glo Lysis Buffer (Promega);
then the ONE-Glo Luciferase Assay (Promega) protocol was followed
and luciferase expression was measured with the use of GloMax
Discover (Promega). The anti-AAV NAB titer (half maximal inhibi-
tory concentration [IC50]) was calculated with the use of LabKey Soft-
ware. Plasma samples were considered to have neutralizing activity if
the lowest plasma dilution inhibited vector transduction by at least
50%, as described before.37,38
ELISPOT

The IFN-g ELISPOT assay was performed with frozen isolated
PBMCs (28, 58, 86, and 100 days after injection) or splenocytes (har-
vested at sacrifice) plated following the manufacturer’s instructions
(BD Biosciences). In short, cells were seeded in duplicate at 2 � 105

per well and incubated at 37�C for 22 hr. The negative control wells
were incubated in RPMI medium. As positive control, PBMCs were
stimulated with phorbol 12-myristate 13-acetate (PMA)/ionomycin
at a final concentration of 0.05/0.5 mg/mL. Cells were stimulated
with AAV1 and AAV5ch capsids and 24-peptide pools including a
total of 143 peptides covering the complete AAV5ch capsid sequence.
Furthermore, splenocytes were incubated with a pool of peptides
described by Hui et al.,39 but from AAV5ch and AAV1 capsid se-
quences. Spots were counted automatically using a CTL ImmunoSpot
Analyzer and processed with CTL ImmunoSpot Software. The num-
ber of spots was correlated to the amount of cells that had been acti-
vated in the presence of each corresponding stimulus.
Biochemical Analysis

Serum biochemistry was assessed by a Good Laboratory Practices
(GLP)-certified laboratory (Toxicology Lab CIFA University of
Navarra). The biochemical parameters were analyzed using the auto-
analyzer Hitachi 911. The parameters analyzed were creatine phos-
phokinase (CPK), creatinine (Crea), total protein (TP), urea, alkaline
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phosphatase (ALP), AST, alanine aminotransferase (ALT), and
gamma-glutamyltransferase (GGT).

DNA/RNA Liver Biodistribution

The extraction of total DNA was performed using the QIAamp DNA
Mini Kit (QIAGEN). Total RNA was extracted by an initial step of
mechanical homogenization in TRIzol (Invitrogen). Subsequently, a
microgram of total RNA was treated with TURBO DNA-free Kit
(Ambion) according to the manufacturer’s protocol to obtain the
corresponding cDNA. Vector DNA/cDNA was quantified by means
of real-time qPCR, using a specific qPCR for the detection of the
transgenes hFIX and hSEAP. Gene-specific primers for the hFIX
promoter (sense 50-CAAGTATGGCATCTACACCAAAGTCT-30

and antisense 50-GCAATAGCATCACAAATTTCACAAA-30) and
for hSEAP (sense 50-CCTGTTTGCTCCTCCGAT-30 and antisense
50-GGGTTCTCCTCCTCAACT-30) were used for each reaction.
Amplification was performed using iQ SYBR Green Supermix in an
iQ5 real-time PCR detection system (Bio-Rad). The amplification
protocol started with 10 min at 95�C, followed by 40 cycles of ampli-
fication (95�C for 15 s; 60�C for 60 s; 72�C for 25 s). A melting curve
was generated by raising the incubation temperature from 65�C to
95�C to confirm amplification specificity. Results are expressed as
gene copies per microgram total DNA or total RNA.
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