






The IA procedure was well tolerated

The IA procedure was well tolerated by all the animals. No changes
of body temperature, activity, general health, and skin and mucosa
color were observed. Clinical laboratory parameters, including
hematological parameters, coagulation tests, urine analysis, renal
and liver function tests, and complete blood count remained within
the normal range through the experiment. Only mild and transient
alterations in serum biochemistry (alanine aminotransferase
elevation of 3 to 4 times the basal levels) occurred 3 days after
IA and reversed to baseline within a week in all animals (data not
shown). Histology of liver tissues showed that neither AAV vector
administration nor the IA procedure caused any pathological
changes (data not shown).

Lack of T-cell response against AAV5 capsid

To get more insight into the immune responses occurring after AAV
delivery, the cellular immune response against the rAAV5 viral
capsid proteins was analyzed for NHPs 1 to 6. Peripheral blood
mononuclear cells isolated after rAAV5-hSEAP primary administra-
tion (days 14 and 28) and readministration with rAAV5-hFIX (days
42, 63, and 77) were screened for T cells against AAV5 capsid
antigens, using an ELISPOT assay (supplemental Figure 1). No
cellular immune responses were observed at the time points
analyzed.

Correlation between anti-AAV5 NAB levels and total

anti-AAV5 antibodies

To further assess the impact of the IA on the circulating antibodies,
a total anti-AAV5 antibody ELISA was performed on samples
collected before, during, and after the procedure. Similar to
the results obtained for the anti-AAV5 NABs, the levels of total
anti-AAV5 antibody decreased after the procedure (Figure 4A)
and a correlation (R2 5 0.9069) was established between the
levels of total antibodies and NABs throughout the IA procedure
(Figure 4B).

Determination of anti-AAV5 NAB threshold

compatible with readministration

To determine the anti-AAV5 NAB threshold compatible with an
effective rAAV5 readministration, 8 additional NHPs testing
negative for the presence of anti-AAV5 NABs (NHPs 7-14) were
administered with rAAV5-hSEAP at a dose of 1 3 1013 gc/kg.
Seven weeks following administration, all animals developed
titers of anti-AAV5 NABs in a range of 15 720 to 656 040 and
were submitted to a single session of IA before readministration
with rAAV5-hFIX (3 3 1013 gc/kg).

The decrease of anti-AAV5 NAB titer after the procedure was
consistent with our previous observation with a mean 11-fold
reduction per IA session, resulting in anti-AAV5 NAB titers ranging
from 1772 to 24 713 after completion of the procedure (supple-
mental Table 2).

The efficacy of rAAV5-hFIX liver transduction at readministration as
a function of preexisting anti-AAV5 NAB was determined by relating
posttreatment levels of hFIX in plasma with pretreatment NAB titers.
rAAV5-hFIX readministration resulted in expression of therapeutic
levels of hFIX in the presence of anti-AAV5 NAB titers up to 8250
(Figure 5 dotted line) and no correlation could be established
between the anti-AAV5 NAB titer at the time of readministration
and the hFIX level measured at the peak of expression at day
56 (supplemental Table 2). The same observation was made for
the levels of anti-AAV5 NABs and the hFIX-vector DNA copies
measured at euthanization.

Overall, these data demonstrate that an anti-AAV5 NAB threshold
of 8250 is compatible with efficient rAAV5 vector readministration.
Interestingly, at a similar NAB titer at readministration, the hFIX
expression varied between animals.

Total IgG levels for clinical application

The clinical use of IA to decrease the levels of pathologic circulating
antibodies has been repeatedly reported.27-31 Following IA, antibodies
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Figure 1. Reduction of anti-AAV5 NAB levels

after IA procedure. (A). Levels of anti-AAV5 NAB

(IC50) levels are reported at baseline (day 0), after

rAAV5-hSEAP administration (day 49, NHPs 1-6),

after IA (post IA, NHPs 4-6) and after rAAV5-hFIX

readministration (day 77, NHPs 1-6). (B). Fold-

decrease in anti-AAV5 NAB (IC50) levels measured

in plasma samples taken after every cycle of the IA

procedure.
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rapidly reappear, and a return to initial levels has been observed
6 to 8 hours following the procedure.41 Hence, clinical use of IA
would require a marker for rapid assessment of the efficacy of the
procedure to reduce antibody titers. Standard total IgG antibody
detection assays are widely available and can be completed
within 2 hours vs 3 days for NAB detection assays. To get some
insight into the translatability of the readministration procedure
to the clinic, the correlation between total IgG antibody levels
and anti-AAV NAB levels was determined for NHPs 4 to 6 that
were submitted to IA. IgG levels were measured prior, during,
and after IA and a similar average decrease in NABs and IgG was
observed during the procedure (supplemental Figure 2).

These data suggest that a standard IgG assay could be used as
a NAB surrogate to assess the efficacy of the IA procedure prior to
AAV readministration in patients.

Proof of concept in human subjects submitted to IA

Plasma samples obtained from 4 subjects treated for autoim-
mune diseases were obtained before and after a single ses-
sion of IA involving 2 consecutive cycles and analyzed for the
presence of NABs against rAAV2, rAAV5, rAAV9, and total IgG
antibodies.

As expected, due to the low seroprevalence of NABs against AAV5
in the human population, none of the subjects were measured
positive for anti-AAV5 NABs42 (supplemental Figure 3). However, 2
of 4 subjects showed a clear neutralizing activity against AAV2
and 1 subject against AAV9. After two consecutive cycles of IA
a reduction in NABs against AAV2 was observed of threefold for
subject 2 and of fivefold for subject 4. Similarly, in subject 4,
a reduction of fivefold was observed in NABs against AAV9.

For all 4 subjects, a clear reduction of IgG concentration was
observed with an average of 1.8-fold reduction per cycle in the same
range than the results obtained in NHPs. The procedure was well
tolerated in all cases, suggesting that additional sessions and/or
cycles could be applied if needed to get to further reduction of NAB
levels.

Discussion

Humoral immune responses against AAV vectors represent a major
limitation for AAV therapeutic efficacy and NABs to AAV vectors
can prevent or impair transgene delivery to the target organ.43-46

For this reason, patients with preexisting antibodies due to
natural infection or AAV treatment are commonly excluded from
AAV-based clinical trials.
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Figure 2. Dual hSEAP and hFIX transgene pro-

tein expression only in NHPs following IA. NHPs

received a primary administration of rAAV5-hSEAP

(day 0) and a secondary readministration of rAAV5-

hFIX (day 49) with or without prior IA treatment (IA).

(A) hSEAP protein expression was stable throughout

the experiment and not impacted by the IA procedure.

(B) hFIX protein was expressed successfully after IA.

As a reference for hFIX levels, 2 NHPs that were

administered with 3 3 1013 gc/kg rAAV5-hFIX were

included. (C) The averages of the areas under the

curves (AUC) 6 standard deviation calculated for the

hFIX expression over time showed an hFIX increase for

the group submitted to IA (NHPs 4-6) when compared

with the group without IA (NHPs 1-3). Furthermore,

a decrease of 2.9 times was observed for the NHPs

submitted to IA (NHPs 4-6) compared with the control

animals (NHPs controls 1 and 2). RLU, relative

light unit.
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We now report that an IA procedure significantly reduces the
AAV5-neutralizing activity in NHP plasma enabling successful
repeated rAAV5-based hepatic gene delivery. A single session of 3
IA cycles resulted in.1 log reduction of circulating NABs titers and
in all animals with anti-AAV5 NAB levels below the threshold of

a titer of 8250, sustained hSEAP and hFIX protein expression were
measured in plasma after sequential administration of rAAV5-
hSEAP followed by rAAV5-hFIX. DNA levels for both hSEAP and
hFIX vector constructs were detected in the liver of the animals
submitted successfully to the IA procedure.
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Figure 3. Increase of hFIX-vector DNA in liver

following IA. Levels of hSEAP- and hFIX-vector

DNA were monitored by qPCR in the liver tissue at

euthanization. NHPs received a primary administra-

tion of rAAV5-hSEAP (day 0) and a second adminis-

tration of rAAV5-hFIX (day 49) with or without

pretreatment with IA (IA). Per animal, 30 different liver

samples were analyzed. The hSEAP- (A) and hFIX-

vector (B) DNA levels are plotted per animal with in-

dication of the medians. (C-D) Medians and range

per group are reported. Although animal groups with

or without an IA procedure had similar levels of

hSEAP-vector DNA, an increase of 27.86 times in

genome copy number of hFIX-vector DNA was mea-

sured in the animal group that underwent the IA. The

levels of hFIX-vector DNA measured in the control

group, primary administered with rAAV5-hFIX at the

same dose of 3 3 1013 gc/kg, were 4.62 times

higher than the group that underwent IA.
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Figure 4. Correlation between anti-AAV5 NABs and

total antibodies. (A) Total anti-AAV5 antibodies were

measured by ELISA on plasma samples collected before,

during, and after the IA procedure. A significant decrease

(*0.0266) was realized between the OD450 before and

after the IA procedure using a Friedman test and a Dunn

multiple comparison test. (B) A correlation was estab-
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Hem B is a monogenic disorder with a broad therapeutic window
and, therefore, an ideal candidate for gene and cell therapy. The
normal circulating levels of hFIX are reported to be in the range of
5 mg/mL. In severely affected patients, partial correction can already
significantly lower bleed rates and improve quality of life. The hFIX
levels needed to correct the Hem B disease phenotype are in the
therapeutic range of 150 to 250 ng/mL, 3% to 5% of 5 mg/mL.47

We reached levels of hFIX plasma protein after readministration in
a range of 115 to 783 ng/mL (2.3% to 15.66% of 5 mg/mL)
compatible with therapeutic benefit in humans. These hFIX levels
were achieved in presence of anti-AAV5 NABs remaining after IA
at titers ranging from 2261 to 8249. Interestingly, at comparable
NAB titers at readministration, some differences in hFIX levels
of expression were observed between animals, indicating that
(genetic) factors other than NAB determine the efficacy of AAV-
mediated liver transduction in primates.

The IA procedure was well tolerated and only mild and transient
alterations in serum biochemistry were associated with the
procedure. As expected in a genetically diverse population,37,38

the levels of anti-AAV5 NABs achieved after primary administra-
tion with 1 3 1013 gc/kg rAAV5-hSEAP varied between animals.
In the present study, the IA procedure consisted of a single
session of 3 cycles of blood exposure to anti-human immuno-
globulin columns (Ig-Therasorb), causing a consistent reduction of
NAB titers in all animals the study. Because the efficacy of Ig-
Therasorb columns has been shown to be similar in NHPs and
humans,48 the average 11-fold reduction of anti-AAV NAB titers
after a single session of 3 cycles constitutes a basis to predict the
number of cycles and sessions needed to reduce anti-AAV5 NABs
below the titer compatible with readministration. Such a tailored IA
approach is currently used to treat several diseases including
refractory rheumatoid arthritis, atopic dermatitis, cryoglobulinemia,

and chronic focal encephalitis.49 The Ig-Therasorb specifically
binds immunoglobulins and immune complexes by polyclonal
IgG-binding antibodies. The matrix is Sepharose CL 4B coupled to
specific antihuman-immunoglobulin sheep antibodies housed in
a glass column. These columns remove not only IgG, IgA, IgM, and
IgE from plasma, but also immune complexes such as complement
components C3 and C4.50 We have previously shown that no
impact of anti-AAV5 NABs on liver transduction was observed for
NABs titers up to 1031 in NHPs and 340 in humans.51 In the
present study, therapeutic levels of hFIX expression were achieved
in presence of anti-AAV5 NABs remaining after IA at titers ranging
from 2261 to 8249. However, the impact of individual complement
factors as well as of IgM antibodies on the neutralization activity has
been reported for viruses such as hepatitis C, vesicular stomatitis
and adenovirus type 5.52-54 Therefore, it is conceivable that the
decrease of NAB activity following IA is partially dependent on the
depletion of non-IgG plasma proteins and further investigations are
needed to address this point.

Low levels of anti-AAV2 or anti-AAV8 NAB have been related to
a decrease or even total impairment of AAV liver transduction in
both NHPs or humans,6,9,10 and patients with detectable anti-AAV
NAB titers, as low as 1:5, are commonly excluded from clinical
trials.55,56 However, the present results together with our previous
findings57 suggest that differences in the neutralization ability of
antibodies might exist between AAV serotypes. Even though anti-
AAV5 NAB can be detected in plasma samples in vitro, those
antibodies allow in vivo transduction of rAAV5-based vector up to
a measured titer of 8250.

AAV serotypes such as 2 and 8 have been associated with cellular-
mediated immune responses against the AAV5 capsid proteins.2,6

However, no T-cell–mediated immunity associated with AAV5
viral capsid was reported in humans submitted to AAV5-based
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Figure 5. Anti-AAV5 NAB threshold compatible

with readministration. The efficacy of rAAV5-hFIX

liver transduction at readministration was determined as

a function of anti-AAV5 NAB titers. Post-rAAV5-hFIX

readministration levels of hFIX protein at day 56 were
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250 ng/mL corresponding to 3% to 5% of 5 mg/mL.
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therapy.5,14,58 Therefore, it cannot be excluded that IA may only
be useful for serotypes that allow successful transduction in the
presence of some titer of preexisting antibodies and that do not
induce effector T cells upon readministration.

IA has been clinically applied59,60 and it is known that antibodies
rapidly return to pretreatment levels.41 In general, 6 to 8 hours after
IA a rebound of antibody plasma titers is seen due to redistribution
of tissue-bound antibodies and antibodies from the lymphatic/
interstitial compartment. Novel antibody synthesis may also occur,
causing a restoration of antibody concentrations 7 to 14 days after
treatment.23 The current study suggests that readministration of
rAAV5 vectors would become feasible at NAB titers below 8250,
allowing for a short readministration window. This would require
a rapid surrogate test for the efficacy of the IA procedure, which
could be extended if titers are too high. Because NAB assays can
only be completed in days, we investigated the possibility of using
a standard IgG ELISA as a surrogate test and establish a correlation
between total IgG and NAB levels. Hence, a standard ELISA-based
IgG assay can be used to assess the efficacy of IA prior to
readministration of AAV5-based vectors. Importantly, the NAB levels
in human samples submitted to only 2 cycles of IA corroborated the
data obtained in NHPs with a reduction of NABs against AAV as well
as of total IgG levels.

Another important aspect of the current procedure is the absence
of rAAV5-specific T-cell responses. rAAV-capsid specific effector
T cells are known to cause a reduction or complete annihilation
of gene expression following successful transduction, and this
often cannot be prevented by immune suppression. In contrast to
other serotypes, T-cell responses to rAAV-5 capsid epitopes are

infrequent in humans, even in individuals that were preexposed to
AAV5 prior to gene therapy and were not observed upon second
administration of rAAV-5 in the current primate study.

In summary, our study demonstrates that IA can be used for
readministration of rAAV5-based therapeutic vectors when target-
ing the liver tissue. IA is widely clinically used and safe, and
therefore this approach could be an option for both patients that
have preexisting immunity toward AAV or patients that need to be
readministered with the therapeutic AAV vector in case of decrease
or loss of transgene activity.
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