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Adeno-associated viruses (AAV) are small, nonenvel-
oped single-stranded DNA viruses which require helper 
viruses to facilitate efficient replication. These recombi-
nant viruses are some of the most promising candidates 
for therapeutic gene transfer to treat many genetic and 
acquired diseases. Nevertheless, the presence of humoral 
responses to the wild-type AAV common among humans 
is one of the limitations of in vivo transduction efficacy in 
humans using cognate recombinant vector. In this study, 
based on the serum samples that we were able to collect 
from various clinical situations, we studied the impact of 
one to five plasmapheresis (PP), at 1–5 day intervals on 
neutralizing factor (NAF) titers specific for AAV types 1, 
2, 6, and 8 in seropositive patients with diverse patholo-
gies and immunosuppressor treatments. We show that 
frequent sessions of PP result in drastic reduction of NAF 
specific for AAV1, 2, 6, and 8 to undetectable levels or 
titers <1:5, mainly when initial titers, i.e., before the first 
PP were ≤1:20. Altogether, these results show that the 
use of PP and its possible association with pharmacologi-
cal immunosuppressive treatments may help to design 
optimal management of seropositive patients for AAV 
gene therapy treatments.
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Introduction
Adeno-associated viruses (AAV) is currently considered to be 
some of the most useful gene therapy vectors, in large part due 
to the lack of pathogenicity of the wild-type virus, the ability 
to establish long-term transgene expression, to transduce both 
dividing and nondividing cells over a broad host range (human, 
simian, murine, canine, and avian cells) and their low immuno-
genicity compared to other viruses. AAV is small, nonenveloped 
single-stranded DNA virus which belongs to the parvovirus fam-

ily. AAV depends upon a helper virus such as adenovirus for active 
replication and in the absence of a helper establishes a latent state 
in which its genome is maintained essentially as chromatinized 
episomes and eventually as integrated into the host genome.1

Serotypes 1 and 2 recombinant AAV (rAAV) have met some 
success in phase I human trials.2–6 However, complications of 
treatment related to immune responses against the vector have 
emerged as serious obstacles for successful translations to humans. 
Indeed, in clinical trials, a detrimental cellular immune response 
against the AAV1 and 2 capsid, was observed using several routes 
of vector administration.7–10 Nevertheless, several other major 
observations showed that the host immune response to AAV cap-
sid is primarily mediated by circulating antibodies, which may 
prevent repeated administrations.11 Data indicate that even low 
levels of neutralizing antibodies (1:5–1:10) completely abrogate 
AAV-mediated transduction.11–13

The exploitation of the distinct tissue tropism of the various 
AAV serotypes has provided an opportunity to improve the effi-
ciency of gene delivery to specific target tissues. AAV1, 6, 8, and 
9 vectors are among the most efficient for transduction of various 
tissues including muscle, liver, and heart.14–20

The presence of specific immunoglobulin and neutralizing 
factors (NAF) against the wild-type AAV, which commonly cir-
culates in humans is one of the limitations of in vivo transduction 
efficacy using cognate recombinant vector.21–23

Plasmapheresis (PP), or therapeutic plasma exchange, is an 
extracorporeal technique that was established to remove large 
molecular weight substances from the plasma. Autoantibodies, 
immune complexes, cryoglobulins, and cholesterol-containing 
lipoproteins are examples of such substances. PP was also found 
to be effective for removing the pathogenic immunoglobulins.24 
Approximately 75% of immunoglobulin M is intravascular with 
a short half-life. As a result, only one or two consecutive PPs 
are usually enough to rapidly reduce immunoglobulin M levels. 
In comparison, only 45% of immunoglobulin G (IgG) are intra-
vascular with a longer half-life, and within 48 hours post-PP, the 
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plasma IgG production returns to 40% of the preapheresis level. 
IgG serum level is also characterized by a “rebound” phenom-
enon, whereby effect of PP is transient and IgG level returns to 
pre-PP or even higher values, especially if the patient is not on 
immunosuppressive therapy. As a result, a more rigorous regi-
men involving more frequent PP sessions and the concomitant 
institution of an immunosuppressive therapy are both required 
to efficiently reduce IgG levels.25 Importantly, PP is generally a 
safe medical procedure performed worldwide in adult, but also in 
children, in pathological situations. Of note, procedures similar to 
PP are also performed each year on a large number of volunteer 
donors for plasma and platelets collection.

In this study, we evaluated the effect of one to five consecutive 
PPs performed at 1–5 day intervals on the titer of NAF specific 
for AAV types 1, 2, 6, and 8 in seropositive patients with diverse 
pathologies and immunomodulator treatments. One major diffi-
culty to establish the experimental cohort was the ability to have 
patients primarily undergoing successive PPs for other medical 
reason(s) other than gene therapy without receiving intravenous 
immunoglobulins (IVIg) or heterologous plasma during the last 4 
weeks before the first PP, nor during the following successive PPs, 
because these compounds are rich in NAF. We found that despite 
the post-PP “rebound” profiles observed, the overall NAF titer 
fold decrease varied between 1 and 64 from the first to the fifth PP. 
Interestingly, NAF specific for AAV1, 2, 6, and 8 became unde-
tectable (<1:2), respectively for 1/9, 1/10, 3/8, and 4/10 patients or 
low (≤1:5–1:2), respectively for 4/9, 1/10, 4/8, and 2/10 patients, 
after 2–5 consecutive PPs. Altogether, these results suggest that, in 
some preimmunized patients, the use of PP associated with clas-
sical pharmacological immunosuppressive treatments may allow 
the use of AAV vectors for gene therapy in seropositive patients.

Results
Patient/serum selection criteria
Selected patients were analyzed for the prevalence of NAF against 
rAAV types 1, 2, 6, and 8 before the first PP. Selection was a major 

hurdle since it was driven by: (i) the requirement of patients 
undergoing PPs for different diseases who did not receive IVIg 
or heterologous plasma during the last 4 weeks before the first 
PP, nor during the following successive courses of PPs; (ii) short 
intervals (≤5 days) (Table 2) between PP sessions. Other impor-
tant factors that we could not control were: (i) the primary dis-
ease and (ii) the associated immunosuppressive treatment that 
varied in nature and dosing (Table 1). During the period of time 
of the study (November 2008 to September 2010), 58 patients that 
underwent repeated PPs were screened for the presence of NAF 
specific to AAV. Among them, 10 were eligible and enrolled.

AAV NAF profiles after 3–5 successive PPs
Selected sera were considered positive for neutralizing capacity 
when a minimum of 1:2 dilution of the serum inhibited vector 
transduction by 50% or more. Prior PP, all 10 patients were found 
positive at various degrees for all AAV serotypes studied except 
for patient #6 who had no detectable NAF against serotype 6 and 
patient #9 who had no detectable NAF against serotypes 1 and 6 
(Tables 2,3,4, and 5). NAF titers at the screening step, i.e., prior 

Table 1 C haracteristics of patients

Patient #
Age  

(years)/sex Pathology IS treatment/doses
Plasmapheresis (PP) 

number

1 63/M Chronic inflammatory demyelinating polyradiculoneuropathy No IS 4

2 52/F Intracerebral folate deficiency with antifolic acid antibodies IVIg 4 weeks before the 1st PP 5

3 43/F Myasthenia gravis IVIg 4 weeks before the 1st PP + 
prednisone + azathioprin

2

4 57/M Paraproteinaemic demyelinating peripheral neuropathy with 
antimyelin-associated glycoprotein antibodies

Chlorambucil + 4 cure of rituximab 6 
months before the 1st PP

5

5 57/F Chronic inflammatory polyradiculoneuropathy IVIg 2 years before the 1st PP 5

6 46/F Humoral rejection of heart transplant Three bolus of methylprednisolone 
before PP

4

7 24/F Chronic inflammatory polyradiculoneuropathy IVIg 4 weeks before the 1st PP 5

8 63/F Gougerot–Sjögren’s syndrome with motor and sensory 
neuropathy

Rituximab 6 months before the 1st PP 5

9 43/M Polyarteritis nodosa Bolus of methylprednisolone + 
cyclophosphamid before PP

3

10 53/M Chronic inflammatory polyradiculaneuropathy Under corticoid 20 mg/day 4

IVIg, intravenous immunoglobulins.

Table 2  Plasmaphereses schedule for each patient

Patient # 1st PP 2d PP 3rd PP 4th PP 5th PP

1 d0 d+3 d+7 d+10 na

2 d0 d+3 d+7 d+10 d+15

3 d0 d+1 na na na

4 d0 d+2 d+6 d+9 d+13

5 d0 d+3 d+8 d+10 d+15

6 d0 d+1 d+2 d+3 d+4

7 d0 d+2 d+7 d+9 d+14

8 d0 d+4 d+7 d+12 d+14

9 d0 d+3 d+8 na na

10 d0 d+3 d+6 d+9 na

d, day; na, not applicable; pp, plasmapheresis.
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PP, were (AAV2) 1:5–1:12,800, (AAV1) 1:20–1:800, (AAV6) 1:5–
1:200, and (AAV8) 1:5–1:400. Serum samples were analyzed for 
the presence of AAV NAF before and after up to five successive 
PPs performed with a maximal interval of 5 days between them.

Initial titers of NAF against AAV2 prior PPs were quite hetero-
geneous and patients could be attributed to three groups: group 1 
with titers >1:800, group 2 with titers >1:200<1:800, and group 3 
with titers <1:200 (Table 3). When the “rebound” phenomenon 

Table 4 E ffect of multiple successive PP on the AAV1-specific NAF titers

Patient #

1st PP 2d PP 3rd PP 4th PP 5th PP

Before After Before After Before After Before After Before After

1 20 20 / 10 20 10 20 5 na na

2 20 10 20 10 10 5 5 2 5 2

3 20 20 20 20 na na na na na na

4 800 400 800 200 400 20 400 200 400 200

5 20 20 20 20 20 20 20 20 20 20

6 20 2 5 nd 20 20 20 20 na na

7 20 10 / 5 10 2 5 nd 10 2

8 20 10 20 5 10 2 10 2 5 nd

9 na na na na na na na na na na

10 200 5 200 5 10 5 10 5 na na

AAV, adeno-associated viruses; NAF titer (1:X); /, not tested; na, not applicable; NAF, neutralizing factor; nd, not detected; pp, plasmapheresis.

Table 5 E ffect of multiple successive PP on the AAV6-specific NAF titers

Patient #

1st PP 2d PP 3rd PP 4th PP 5th PP

Before After Before After Before After Before After Before After

1 10 2 / 2 5 2 2 nd na na

2 5 2 5 2 2 2 2 nd nd nd

3 200 20 20 10 na na na na na na

4 200 20 20 20 20 20 20 20 20 20

5 20 10 20 10 20 5 20 5 20 5

6 na na na na na na na na na na

7 5 5 / 2 2 nd 2 nd 2 2

8 5 2 5 2 5 nd 2 1 2 nd

9 na na na na na na na na na na

10 10 5 10 5 10 2 10 2 na na

AAV, adeno-associated viruses; NAF titer (1:X); /, not tested; na, not applicable; NAF, neutralizing factor; nd, not detected; pp, plasmapheresis.

Table 3 E ffect of multiple successive PP on the AAV2-specific NAF titers

Patient #

1st PP 2d PP 3rd PP 4th PP 5th PP

Before After Before After Before After Before After Before After

1 3,200 1,600 / 1,600 1,600 800 1,600 400 na na

2 800 400 400 20 400 20 200 200 200 20

3 400 200 200 20 na na na na na na

4 12,800 3,200 6,400 3,200 6,400 400 400 200 400 200

5 800 200 400 20 400 20 200 20 200 20

6 20 20 20 2 20 20 20 20 na na

7 400 200 / 20 20 20 20 10 20 20

8 10 5 10 2 5 2 5 2 2 2

9 5 nd nd nd nd nd na na na na

10 200 20 20 20 20 20 20 20 na na

AAV, adeno-associated viruses; NAF titer (1:X); /, not tested; na, not applicable; NAF, neutralizing factor; nd, not detected; pp, plasmapheresis.
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was observed it appeared rapidly after the second or third PP. 
The NAF titer fold decreases were between 1 to 10 after the first, 
fourth, and fifth PP, between 1 to 20 after the second and third PP 
(Table 3). Ultimately, despite the “rebound” effects observed, the 
total NAF titer fold decreases between the first and the fifth PP 
were between 1 (patient #6) to 64 (patient #4). Nevertheless, none 
of the final titer ended up <1:20, except for patients #8 and #9 who 
had low initial titers (1:10 and 1:5, respectively) (Table 3).

In contrast to AAV2, initial NAF titers against AAV1 were 
more homogeneous. Indeed, all exhibited titers of 1:20, except 
patients #4 and #10 who had titers ≥ 1:200 (Table 4). As observed 
for AAV2, the “rebound” event appeared as early as the second 
or third PP and its intensity decreased with further PP courses 
(Table 4). The NAF titer fold decreases were between 1 and 40 
after the first and the second PP, between 1 and 20 after the third 
PP, and between 1 and 10 after the fourth and fifth PP. Finally, 
the total NAF titer fold decreases between the first and the fifth 
PP were between 1 (patients #3; #5, and #6) to 40 (patient #10) 
and the final titer was ≤ 1:5 for four out of nine patients (patients 
#1, #2, #7, and #10) and undetectable for one out of nine patients 
(patient #8). The multiple regimens of PP were inefficient on 
patients #5 and #6, as observed for one of these patients in AAV2 
(patient #6).

Initial NAF titers against AAV6 were ≤1:200 (Table 5). For 
the AAV6 serotype the “rebound” event appeared to have moder-
ate impact (Table 5). The NAF titer fold decreases were between 
1 and 10 after the first PP, between 1 and 2.5 after the second and 
between 1 and 5 after the third and fourth PP, and between 1 
and 4 after the fifth PP. Finally, the total NAF titer fold decreases 
between the first and the fifth PP were between 2.5 (patient #7) 
and 20 (patient #3). Interestingly, the final titer was of 1:5 for 1 
patient (patients #5); 1:2 for 2 patients (patients #7 and #10); 
and undetectable for three out of eight patients (patients #1, #2, 
and #8).

Initial NAF titers against AAV8 were also rather homoge-
neous. Except for patient #4 who had a titer >1:400, all patients 
presented titers ≤1: 20 (Table 6). As for AAV6, the “rebound” 
phenomenon had a moderate impact since the initial titers were 
low (Table 6). The NAF titer fold decreases were between 1 

and 20 after the first PP and between 1 and 10 after the second, 
third, and fourth PP and between to 2 and 10 after the fifth PP 
(Table 6). Ultimately, the total NAF titer fold decreases between 
the first and the fifth PP were between 1 (patients #3 and #6) and 
20 (patients #2; #4, and #8), and the final titer was ≤ 1:5 for 2 out 
of 10 patients (patients #1 and #10) and undetectable for 4 out of 
10 patients (patients #2, #7, #8, and #9). The multiple regimens of 
PP were almost inefficient in patients #5 and #6, as observed for 
other AAV serotypes.

Fate of AAV serum Ig after 3–5 successive 
plasmaphereses
To look for sensible correlation between NAF and Ig antibod-
ies against AAV, we determined the seroprevalences of total Ig 
antibodies to AAV of serotypes 1, 2, 6, or 8 using AAV-specific 
enzyme-linked immunosorbent assay (ELISA) on serum samples 
from adult patients. This prevalence of Ig is a relevant indicator of 
the frequency of individuals who are not naive for one of the AAV 
serotypes. Whatever the AAV serotype analyzed, the Ig titer fold 
decrease was usually three after each PP, but reached 90 in some 
cases (Table 7). The total Ig titer fold decreases between the first 
and the fifth PP were between 1 (patient #6) and 270 (patients #4 
for AAV1, 6, and 8; patient #5 and #6 for AAV2; patient #10 for 
AAV1). Interestingly, the Ig-specific final titer was <1:30 for three 
patients for AAV2 (patients #2, #9, and #10) and AAV1 (patients 
#2, #7, and #10). It was also < 1:30 for five out of seven patients for 
AAV6 (patients #1, #3, #7, #8, and #10) and for 4 out of 10 patients 
for AAV8 (patients #1, #2, #8, and #9). Of note, the sensitivity of 
the ELISA which is lower (serum dilution factor 1:30) than that of 
neutralizing assay (serum dilution factor 1:2) may explain some 
discrepancies between these results. Altogether, the ELISA results 
correlate to the NAF findings.

Discussion
rAAV vectors are potential and powerful therapeutic candi-
dates in several clinical indications. They allow permanent gene 
expression in many different animal species and long-term data 
are accumulating in patients. Despite the well-established safety 
and efficacy of AAV vectors in preclinical and clinical studies, 

Table 6 E ffect of multiple successive PP on the AAV8-specific NAF titers

Patient #

1st PP 2d PP 3rd PP 4th PP 5th PP

Before After Before After Before After Before After Before After

1 10 10 / 5 10 nd 5 2 na na

2 20 5 10 2 5 2 2 1 2 nd

3 20 10 10 20 na na na na na na

4 400 20 200 20 20 20 200 20 200 20

5 20 20 20 20 20 20 20 10 20 10

6 10 2 10 nd 20 20 10 10 na na

7 10 10 / 2 5 nd 5 nd 2 nd

8 20 5 10 5 10 2 10 2 5 nd

9 5 nd 2 nd 2 nd na na na na

10 20 5 20 5 10 5 10 5 na na

AAV, adeno-associated viruses; NAF titer (1:X); /, not tested; na, not applicable; NAF, neutralizing factor; nd, not detected; pp, plasmapheresis.
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challenges remain to be addressed. A major obstacle that can 
attenuate the efficacy of AAV vectors in vivo is the prevalence 
of preexisting NAF, including antibodies, in humans previously 
exposed to AAV.21–23

In this study, we evaluated the effect of one to five PP, at 1–5 
day intervals on NAF titers specific for AAV types 1, 2, 6, and 8 
in AAV seropositive patients with diverse pathologies and immu-
nosuppressor treatments. Indeed, PP, a process in which blood is 

Table 7 E ffect of multiple successive PP on the AAV2, 1, 6 and 8-specific Ig titers

Patient # AAV serotype

1st PP 2d PP 3rd PP 4th PP 5th PP

Before After Before After Before After Before After Before After

1 AAV2 2,430 810 / 270 810 90 270 90 na na

AAV1 90 90 / 30 90 30 30 30 na na

AAV6 30 nd / nd nd nd nd nd na na

AAV8 90 30 / 30 30 nd 30 nd na na

2 AAV2 270 20 90 30 30 nd 30 nd 30 nd

AAV1 90 30 30 nd 30 nd nd nd nd nd

AAV6 nd nd nd nd nd nd nd nd nd nd

AAV8 90 30 30 nd nd nd nd nd nd nd

3 AAV2 810 270 270 90 na na na na na na

AAV1 270 90 90 30 na na na na na na

AAV6 90 30 30 nd na na na na na na

AAV8 270 90 90 30 na na na na na na

4 AAV2 7,290 2,430 2,430 810 2,430 810 2,430 810 2,430 810

AAV1 7,290 2,430 2,430 810 2,430 270 810 270 810 270

AAV6 2,430 810 2,430 810 2,430 810 810 270 810 270

AAV8 7,290 2,430 2,430 810 2,430 270 2,430 270 810 270

5 AAV2 2,430 810 2,430 810 2,430 810 810 270 810 270

AAV1 810 270 810 270 810 270 270 270 270 90

AAV6 810 270 270 90 270 90 270 90 270 90

AAV8 810 270 810 90 270 90 270 90 270 90

6 AAV2 270 90 90 nd 270 270 270 270 na na

AAV1 90 nd 30 nd 90 90 90 90 na na

AAV6 nd nd nd nd nd nd nd nd na na

AAV8 90 nd 30 nd 90 90 90 90 na na

7 AAV2 810 270 / 90 270 30 90 30 90 30

AAV1 90 30 / 30 90 nd nd nd nd nd

AAV6 90 nd / nd nd nd nd nd nd nd

AAV8 270 90 / 90 90 30 90 30 90 30

8 AAV2 2,430 810 810 270 270 90 270 90 90 30

AAV1 810 270 270 90 270 90 90 90 90 90

AAV6 90 30 90 30 30 nd 30 nd 30 nd

AAV8 90 30 30 nd 30 nd 30 nd 30 nd

9 AAV2 30 nd 30 nd 30 nd na na na na

AAV1 nd nd nd nd nd nd na na na na

AAV6 nd nd nd nd nd nd na na na na

AAV8 30 nd 30 nd 30 nd na na na na

10 AAV2 90 30 90 30 90 30 90 nd na na

AAV1 270 30 90 30 90 30 90 nd na na

AAV6 90 30 90 30 90 30 90 nd na na

AAV8 270 90 90 30 90 30 90 30 na na

AAV, adeno-associated viruses; NAF titer (1:X); /, not tested; na, not applicable; NAF, neutralizing factor; nd, not detected; pp, plasmapheresis.



Molecular Therapy  vol. 19 no. 11 nov. 2011� 2089

© The American Society of Gene & Cell Therapy
Effect of Plasmapheresis on AAV NAF Titer

withdrawn, the plasma removed, and the red cells reinfused after 
resuspension in a replacement solution, has been used for a variety 
of applications and pathologies such as organ transplant, neuro-
logical disease (e.g., Guillain–Barré), and hematological disorders 
(e.g., thrombotic thrombocytopenic purpura). Plasma exchange 
and immunoadsorption columns are two powerful techniques for 
therapeutic PP in the management of such diseases by physically 
eliminating free antibodies and circulating immune complexes 
from the plasma. Applications of therapeutic PP can be broadly 
subdivided into two general categories: (i) acute toxicity for which 
PP is used to lowers the circulating pathogenic agent/molecules 
and (ii) chronic diseases, in which there is constant production of 
pathogenic antibodies. Because PP does not address the underly-
ing pathology, and, due to the phenomenon of rebound antibody 
production, its use in chronic diseases has been more controver-
sial than in acute toxicity indications.

To overcome this rebound effect, novel techniques of serologi-
cal immunomodulation, which act directly on pathogenic antibod-
ies and involve IVIg26 are used. In gene therapy mediated by AAV 
the use of IVIg as a serological immunomodulator is excluded due 
to the presence of AAV NAF at high titer in such preparations 
(data not shown). For this reason, patients who received IVIg or 
heterologous plasma were excluded from this study. Nevertheless, 
the use of PP and classical pharmacological immunosuppressive 
treatments (such as corticosteroids, cyclophosphamid, and ritux-
imab) may help to design optimal clinical trial.

It has been previously reported that even low levels of neu-
tralizing antibodies (1:5–1:10) specific for AAV can completely 
abrogate transduction with high-titer vectors.11–13 Hurlbut et al. 
recently reported the effect of PP on neutralizing antibodies, 
but it was only for the serotype 8 and after only one PP.27 In our 
study, we showed that after 1–5 PPs performed in a short period of 
time, NAF specific for AAV2, 1, 6, and 8 became undetectable for 
some patients when initial titers at the screening steps were ≤1:20. 
Furthermore, it was also possible to reduce the NAF titer to 1:5–
1:2 but also for patients with low initial titers (≤1:20). Overcoming 
these residual NAF can be achieved by increasing vector dose, as 
previously described.27 For patients with initial intermediate NAF 
titers (>1:20≤1:800) or high titers (>1:800), significant titer reduc-
tions were also observed, but only to respectively titers 1:20 and 
1:200, even after five PP sessions. Therefore, we can assume that, 
for these patients, the use of PP in combination with B cell tar-
geted immunosuppression, use of alternate serotypes, or addi-
tional PP rounds might be necessary to drastically reduce NAF 
titers. Of note, the NAF titer decrease is mainly correlated with an 
Ig titer reduction. Nevertheless, it cannot be excluded, as reported 
for other viruses,28–31 that in certain cases some other unidentified 
factors present in the serum can at least in part be responsible for 
the virus neutralization. Interestingly, therapeutic PP remove com-
ponents that may include antibodies, immune complexes, media-
tors of inflammation or complement activation, toxins, lipids, and 
other potentially harmful molecules. T-cell response against the 
capsid was also described as a limitation to vector transduction 
even when baseline levels of anti-AAV antibodies were not very 
high.7–10 Nevertheless, for these patients the use of PP in combi-
nation with T-cell immunosuppressive treatments should also be 
necessary to overcome these capsid-T cell-specific responses

The reasons for the clinical effectiveness of PP are not well 
understood, but they do not appear to be limited to the reduc-
tion of antibody and immune complex levels.32 In addition to 
antibodies and immune complexes, the removal of proinflamma-
tory agents and soluble adhesion molecules seems to enhance the 
beneficial effect.

Altogether, our results show that the applicability of this PP 
approach to eliminate preexisting immunity to AAV in the human 
population may be efficient for serotypes 6 and 8 and possibly 1, 
for which initial titers are moderate (≤1:20) compared to AAV2, 
and despite the fact that we have a limited number of eligible and 
uncontrolled patients. Our results also indicate that for patients 
with intermediate or high NAF titers, PPs allow to significantly 
reduce these titers, but not <1:20. Indeed, a rigorous PP regimen 
involving frequent sessions and association with pharmacologi-
cal immunosuppressive treatment may expend AAV gene therapy 
indication in cases of primo-administration to AAV seropositive 
patients or for patient readministration.

Materials and Methods
Patients. Ten patients with pathologies such as autoimmune disease or 
waiting for deceased-donor transplants received PP, combined or not 
with immunomodulatory treatments (Table 1). Serum samples from 
these patients were harvested in the connecting tubes. This study has been 
approved by the Ethical Review Committee of the Cochin Hospital, Paris, 
France. Patients were analyzed for the AAV-specific NAF titer before and 
immediately after each PP that they received. The treatment interval was 
every 1–5 days. PP was done on a cell separator COBE spectra (COBE 
BCT, Lakewood, CO). The standard PE procedure consisted of removal 
of one and half plasma volume during each session, without specificity 
for an Ig subclass, with replacement of 100% of the volume removed. The 
red and white blood cells are returned, while the plasma is discarded and 
replaced with other fluids. The replacement fluid was albumin (5% solu-
tion). Donors who received fresh frozen plasma or high-dose IVIg treat-
ment in the 4 weeks before the first PP were excluded.

Production of AAV vectors and contaminant proteins. Pseudotyped AAV 
vectors were generated by packaging AAV2-based recombinant genomes 
in AAV1, 2, 6, and 8 capsids, as previously described.23 Briefly, all the vec-
tors used in the study were produced using the three-plasmid transfection 
protocol as described elsewhere. Briefly, HEK293 cells were tri-transfected 
with the adenovirus helper plasmid pXX6,33 a pAAV packaging plasmid 
expressing the rep and cap genes pACG2.1 for AAV2,34 pLT-RC02 for 
AAV1,35 pLTRCO6 for AAV6,35 and p5e18-VD2-8 for AAV836 and the rel-
evant pAAV2 vector plasmid. Single-stranded AAV vectors were produced 
with conventional pGG2 AAV2 vector plasmid-expressing luciferase37 
under the transcriptional control of the cytomegalovirus immediate early 
(CMV IE) promoter associated with the SV40 polyA signal. The con-
taminant proteins were obtained using the same transfection protocol on 
HEK293 cells but lacking the packaging plasmid. Recombinant vectors and 
contaminant proteins were purified by double-cesium chloride ultracen-
trifugation followed by dialysis against sterile phosphate-buffered saline. 
Viral genomes (vg) were quantified by real-time PCR and vector titers 
are expressed as vg/ml and contaminant proteins were quantified by the 
Bradford protein assay.

ELISA. ELISA was performed as previously described.23 Briefly, rAAV 
particles were diluted in coating buffer (0.1 mol/l carbonate buffer at pH 
9.5) to a final concentration of 2 × 1010 vg/ml. Fifty microliters were added 
to each well in a 96-well Nunc Maxisorp Immunoplate (Thermo Fisher 
Scientific, Roskilde, Denmark). At the same time, proteins correspond-
ing to contaminants purified during the steps of rAAV production, but 
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in the absence of viral particle formation, were diluted in the same buf-
fer and seeded, in parallel, in different wells in the same immunoplate, at 
a concentration of 3.4 µg/ml. This amount of protein corresponds to an 
amount of contaminant protein equivalent to that seeded in the AAV wells 
and the signal obtained at the end corresponds to the nonspecific signal 
that was removed from the signal obtained with the same serum in the 
corresponding AAV wells. Plates were then incubated overnight at 4 °C. 
The next day, plates were washed three times with blocking buffer (6% fat 
milk buffer in phosphate-buffered saline) then blocked with blocking buf-
fer for 2 hours at room temperature. Plates were washed again three times 
with wash buffer (0.05% Tween-20 in phosphate-buffered saline) then 
incubated with heat-inactivated serum (at 56 °C for 30 minutes) diluted 
at 1/30 to 1/65610, for 1 hour at 37 °C. After three washes, horse-radish 
peroxidase-conjugated antibodies specific for Ig purchased from Southern 
Biotech (Birmingham, UK) were added and incubated 1 hour at 37 °C. 
Finally, plates were washed three times with wash buffer and revealed with 
TMB substrate solution (Becton Dickinson Biosciences, Mountain View, 
CA), 30 minutes in the dark. The reaction was stopped with H2SO4 solu-
tion and measurements were made at 450 nm. The results are expressed 
in arbitrary units: optic density (OD) using a colorimetric amplification 
system based on peroxidase.

The AAV-specific signal was reported as the OD from AAV-coated 
ELISA after removal of the OD obtained on contaminant protein ELISA, 
which is a nonspecific signal (OD AAV-OD NSS). Sera were considered 
positive for AAV-specific Ig when OD signal were ≥0.5 (cutoff based on 
mean OD of 58 negative healthy donors + 3 SD) at dilution ≥1:30.

Neutralizing assay. The neutralizing assay was performed as previ-
ously described.23 Briefly, on day 1, 48-well plates were seeded either 
with 5 × 104 Hela cells/well or with 5 × 104 human hepatoma cell 
line Huh7 cells/well for 24 hours. On day 2, rAAV-CMV-Luciferase 
was diluted in Dulbecco’s modified Eagle’s medium (Invitrogen Life 
Technology, Auckland, CA) supplemented with 10% fetal calf serum 
(Hyclone, Logan, UT) and incubated with a two- to tenfold serial dilu-
tions (1:2–1:12,800) of heat-inactivated (at 56 °C for 30 minutes) serum 
samples for 1 hour at 37 °C. Subsequently, the serum-vector mixtures 
corresponding to 5 × 103 to 2 × 104 vg/cell, depending on the serotype, 
were added to cells plated on day 1 and incubated in Dulbecco’s modi-
fied Eagle’s medium + 10% fetal calf serum for 48 hours at 37 °C and 
5% CO2. Each mix was performed in duplicate. Cells were then washed 
in phosphate-buffered saline and lysed for 10 minutes in 0.2% Triton 
lysis buffer at 4 °C. The lysate was transferred to 96-well plates and 
the luciferase activity was read on a luminometer (VICTOR2; Perkin 
Elmer/Life Sciences, Waltham, MA). Transduction efficiency was mea-
sured as relative light units, per second per well and normalized per 
amount of protein per well expressed as optical density (relative light 
units/second/w/OD).

The neutralizing titer was reported as the highest serum dilution that 
inhibited the rAAV transduction by ≥50% compared with the control 
without serum and correlated with the amount of protein quantified in 
each well after cell lysis by the Bradford assay.
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