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AAV vector production: state of  
the art developments and  
remaining challenges 
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In 2012, an adeno-associated virus (AAV) vector reached the market fol-
lowing its approval by the European Medicines Agency for the treatment 
of patients with lipoprotein lipase deficiency. This marketing authorisation 
represented an important step for the gene therapy field, moving from ex-
ploratory towards routine clinical use. However, a number of challenges 
remain in the production and manufacture of these therapies. In princi-
ple, four different production platforms (HEK293[T] transfection, stable 
packaging/producer cell lines, herpes simplex virus system and  baculo-
virus system) have been developed and for some, scale-up to a 2000  L 
scale has already been performed. Despite these achievements and the 
well-advanced technological developments in manufacturing technology, 
further improvements in AAV technology are required to increase vector 
titers, and improve vector quality and potency. This article provides a re-
view of the four vector production platforms, recent improvements and 
developments as well as perspectives on future requirements.

Submitted for review: Oct 10 2016 u Published: Dec 1 2016

The in vivo use of AAV vectors for 
the treatment of rare diseases has 
come of age, in particular, with the 
successful outcomes of several clin-
ical trials, including the treatment 
of hemophilia B [1–4] and Leber’s 
congenital amaurosis type 2 [5–9], 

and obviously with the marketing 
authorization of uniQure’s Gly-
bera® (an AAV1-based  gene thera-
py product for the treatment of fa-
milial lipoprotein lipase deficiency) 
in the EU in Autumn 2012 [10]. 
There are many additional clinical 

applications in development that 
utilize AAV vectors for the treat-
ment of various rare and acquired 
diseases and up to February 2016, 
162 clinical trials using AAV vec-
tors have been performed, which 
equates to 6.7% of all clinical gene 
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therapy trials performed at that 
point (http://www.abedia.com/wi-
ley/vectors.php).  These promising 
developments and achievements 
were only possible because advances 
in bioprocessing and analytical de-
velopment provided the necessary 
tools for the manufacture and qual-
ity control of clinical-grade AAV 
vectors. 

Most of the AAV vector produc-
tion to date has been performed at 
a small–medium scale using trans-
fection-based production methods. 
These methods allow for the pro-
duction of AAV vector at sufficient 
quantities for the treatment of dis-
eases such as those of the retina, or 
for Phase I clinical trials, as in the 
case of the treatment of hemophilia 
B. In more advanced clinical trials 
or when moving to more routine 
use of AAV vectors for marketing 
purposes, larger vector amounts 
are required, which cannot be pro-
duced (or can only be produced 
with difficulty) using the traditional 
transfection method.

In order to design an adapted 
and scalable production method, 
it is important to know the vector 
quantity required for the clinical tri-
al, which obviously depends on the 
dosing and the number of subjects 
to be treated. This is explained in 
more detail with the following two 
examples:

ff A Hemophilia B trial carried out 

by Nathwani et al. [1,2] used an 
scAAV8 vector produced via 
bi-transfection of HEK293T 
cells grown in CS10 (10-stack 
CellSTACKS®, SigmaAldrich) [11]. 
In order to produce the required 
vector quantity for the treatment 
of the first six patients (two 
patients per cohort; in total, three 
different doses were assessed [2 
x 1011 vg/kg patient weight; 6 x 
1011 vg/kg; and 2 x 1012 vg/kg]) [1] 
and the subsequent four patients 
treated with the high dose [2], two 

production campaigns of a total 
duration of 18 months consisting 
of 432 independent 10-stack 
culture devices were performed 
[11].

ff A preclinical study performed 
in GRMD (the dog model of 
Duchenne Muscular Dystrophy 
[DMD]) using an U7-based exon 
skipping approach vectorized by 
an ssAAV8 vector and produced 
with the insect cell/baculovirus 
system [12] indicated that an 
efficient dose should be beyond 
5 x 1013 vg/kg (= high dose 
in that study). At this dose, 
approximately 40% of the muscle 
fibers became dystrophin positive 
after locoregional administration 
[13]. If this vector amount should 
be produced with the traditional 
transfection system for a Phase 
1 clinical trial with three cohorts 
of three patients (with dose 
progression, highest dose: 5 x 
1013 vg/kg), 1250–2500 10-stack 
devices would be needed.

Both examples clearly demon-
strate that either for advanced clin-
ical trials as for hemophilia B or for 
the treatment of muscular tissues 
representing approximately 50% of 
the whole body tissue such as in the 
case of neuromuscular diseases (e.g., 
DMD), huge amounts of AAV vec-
tors will be needed, which have to 
be produced with adapted methods. 
It is obvious that the production of 
the scAAV8 vector as used in the 
hemophilia B study of Nathwani 
et al. [1-3] was limited with respect 
to the production system, and pro-
ducing larger AAV quantities with 
that method cannot be readily en-
visaged. With respect to the preclin-
ical trials assessing the exon skip-
ping approach for the treatment of 
DMD [13], the choice of the insect 
cell baculovirus system was adapted 
because this production system is 
scalable. 

On the other hand, both stud-
ies provided insights into the vec-
tor quantities required for the 
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transduction of liver or muscle tis-
sues and it is obvious that for the 
treatment of muscular dystrophies, 
huge amounts of AAV vectors are 
needed, which can only be pro-
duced by optimized scalable pro-
duction systems. However, another 
perhaps less obvious issue is that 
generally the efficiency and poten-
cy of AAV vector lots has to be in-
creased, which will lead to the re-
duction in the effective doses.

This review presents an update 
on the available large-scale produc-
tion and purification methods, their 
advantages and limitations, as well 
as challenges to overcome.

BIOLOGICAL SYSTEMS 
FOR THE PRODUCTION OF 
AAV VECTORS
AAV is a single-stranded DNA vi-
rus of the Dependovirus genus, part 
of the Parvovirus family. The name 
of the genus derives from the fact 
that AAV replication depends on 
the presence of a helper virus, such 
as adenovirus or herpes simplex vi-
rus (HSV), signifying that for vec-
tor production the required helper 
functions from one of these virus 
have to be provided. Since the de-
velopment of the baculovirus ex-
pression system for AAV production 
(see below), it has become apparent 
that the baculovirus can also pro-
vide the required helper function. 
Another important point to note 
is that the overall packaging capac-
ity of AAV vectors is rather small 
(approximately 4.7  Kb including 
the two inverted terminal repeats 
[ITRs]). Its overall organization is 
presented in Figure 1A.

The first production system de-
veloped was based on the transfec-
tion of HEK293(T) cells with two 

or three plasmids. Although this 
system is very versatile and allows 
for the simple modification of the 
capsid and/or recombinant vector 
sequence, its main drawback is the 
limited scalability; therefore oth-
er systems have been developed to 
address this limitation: the use of 
stable packaging and producer cell 
lines; the recombinant HSV Type 1 
expression system; or the use of the 
baculovirus/insect cell system. These 
systems will be discussed in more 
detail in the following paragraphs. 

Traditional methods for the 
production of AAV vectors: 
transfection of HEK293(T) 
cells

Use of adherently growing cells
The traditional production methods 
for recombinant AAV (rAAV) are 
based on transient Calcium-phos-
phate based transfection of HEK-
293(T) cells. This typical laboratory 
approach is based on the delivery 
of the AAV rep and cap functions, 
of the adenoviral helper functions 
E2a, E4orf6 and VA [14,15] and of 
the recombinant rAAV transgene 
construct (in which the two ITRs 
flank the recombinant vector con-
struct of a maximum size of 4.5 kB) 
to the HEK293(T) cells (Figure 1B). 
These cells constitutively express 
the adenoviral E1a/E1b functions, 
which are also involved in the syn-
thesis of rAAV vectors. 

While the original system is 
based on the use of three plas-
mids (pAAV-rep-cap, pAd-helper 
and pAAV-transgene Figure 1B), a 
streamlined dual system was devel-
oped by combining the two helper 
plasmids into one plasmid [17]. The 
main advantage is that the cells only 
have to be transfected with two dif-
ferent plasmids. This system requir-
ing only a double hit cell transfection 
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(A) AAV-2 genome organization. Shown are the general organization of the genome and the genetic elements of AAV type 2. A scale of 
100 map units is used, 1 map unit being equivalent to approximately 47 nucleotides. The general organization of the other serotypes 
is similar. T-shaped red boxes indicate the ITRs. The horizontal arrows indicate the three transcriptional promoters. The solid lines 
indicate the transcripts, and the introns are shown by the broken lines. A poly-adenylation signal present at map position 96 is common 
to all transcripts. The first open reading frame (orf) encodes the four regulatory proteins (Rep 78, Rep 68, Rep 52, Rep 40) for which 
transcripts arise from the promoters p5 and p19 in combination with alternative splicing. The second orf driven by promoter p40 
encodes the three capsid proteins (VP1, VP2, VP3) from two transcripts. VP1 is initiated from the first cap transcript, and VP2 and VP3 
are translated from two different start codon sites from the second cap transcript. At right side of the bars representing the three VP 
proteins, the frequency of these proteins in a wild-type AAV capsid is provided. The translation initiation sites of the viral proteins are 
indicated. An alternative ORF of the cap gene encodes the Assembly Activating Protein (AAP), necessary for AAV capsid assembly. (B) 
rAAV design and production principle using transient transfection of HEK293(T) cells. In this production system, pAAV-‘helper’ (pAAV-
rep-cap) and pAAV transgene plasmids along with pAd-‘helper’ plasmid are brought into the packaging cells by transfection. Without 
further optimization, this method leads to the generation of about 103–104 particles per cell.  IVS: Intervening sequence (e.g., intron); 
Prom: Promoter. Reproduced with permission from [16].  
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results in up to ten-fold higher titers 
than those obtained with the con-
ventional protocols [17].

Traditionally, transfection-based 
production is performed in 15-cm 
cell culture plates, which allow the 
production of 1011 vg/plate. Since 
adherently growing cells are used, 
an increase in vector production 
is performed by an increase in the 
cell culture surface, which in prac-
tice is performed via the addition 
of parallel culture plates (a scale-out 
approach). 

Further increases in production 
scale can be performed via the use 
of larger culture devices including 
CellFactory™ (ThermoFisher) or 
CellSTACKs® as used by Allay et al. 
[11] for the production of scAAV8 
vectors for the hemophilia B study, 
or roller bottles as used for the pro-
duction of ssAAV2 in the Leber’s 
congenital amaurosis type 2 trials 
[18]. In the example of the roller 
bottle process, a sub-batch of 100 
roller bottles consisted of 0.5–1 x 
1015 vg (purified vector) signifying 
that cell-specific vector production 
was approximately 2 x 105 vg/c [18]. 
Similar specific vector production 
rates have been reported for a Cell-
STACK process generating up to 
1015 vg/lot of six stacks [19].

As already mentioned, this pro-
duction method allows for the gen-
eration of vector quantities suffi-
cient for a Phase I clinical trial as in 
the case of the scAAV8-based clini-
cal trial for the treatment of hemo-
philia B for which 432 parallel Cell-
STACKs had to be used; however, 
this example also demonstrates the 
limitation of this approach when 
envisaging such a gene therapy ap-
proach for late-stage clinical trials or 
routine clinical use. 

A recent development in vec-
tor manufacturing is the use of 

fixed bed reactor systems (iCEL-
Lis®, PALL – disposable system) 
for the production of viruses and 
viral vectors and in this context 
the production of AAV vectors via 
a transfection-based method can 
be achieved, although the applica-
tion of a fixed bed reactor system 
is much simpler when stable pro-
ducer cell lines are used (e.g., as 
with the production of retroviral 
vectors [20,21]). Nevertheless, it 
was demonstrated that HEK293T 
cells grown in a 2-cm fixed bed 
(iCELLis® Nano, 0.53  m2) could 
be transfected homogenously and 
generated in average 3.6 x 1014 ± 
7.1 x 1013 viral particles, which 
was approximately a quarter of the 
quantity generated with 15-cm cul-
ture dishes (at equal surface) [22]. 
In comparison, the iCELLis® Nano 
system produced two-times lower 
rAAV levels than a 10-stack Cell-
Factory™ system: 2.2 x 1010 and 4.7 
x 1010 vg/cm2, respectively [23]. An 
iCELLis Nano unit thus produced 
1.14 x 1014 vg per run (without op-
timization). Our own studies con-
firmed the utility of the iCELLis® 
system for AAV vector production 
and also showed that the 10-cm 
bed system could be relatively ho-
mogenously transfected [24]. The 
advantage of the iCELLis® system 
is obviously its scalability up to 
the iCELLis® 500 system, which 
provides a surface of 500 m2 at the 
high compaction version, meaning 
that for adherently growing cells, 
the iCELLis® system represents a 
real breakthrough with respect to 
scale up. Further advantages are the 
control of the culture with respect 
to pH, pO2, agitation and aeration, 
as well as the fact that much less 
operator involvement is required 
when compared to the use of roll-
er bottles or CellFactory™ systems. 
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However, several issues are related 
to scale-up of the iCELLis 500 
system that are yet to be resolved. 
In the case of obligatory adherent 
cells, cell amplification can only be 
performed using adapted systems 
such as roller bottle or CellFacto-
ries or more sophisticated systems 
such as Pall’s Xpansion® Bioreactor 
system. In the case of cells lines 
that can also grow in suspension, 
cell expansion is simply performed 
by suspension culture using wave 
type reactors, for instance. In con-
trast to Emmerling et al. [23] we 
have used a serum-free culture me-
dium (a modified F17 medium for 
cell growth and DMEM for virus 
production in order to boost AAV 
vector production), which renders 
the process adapted for the pro-
duction of clinical material [24]. 
Furthermore, the harvest of AAV 
vectors can be simplified by using a 
detergent containing harvest buffer 
for cell lysis [12], meaning that un-
der these conditions, the process is 
easily scalable for routine manufac-
turing of AAV vectors for clinical 
use. 

Use of suspension culture

Another and more flexible approach 
to the scale-up of transfection-based 
production processes is the use 
of suspension culture for which 
scale-up is much easier to perform 
than for surface adherent cell cul-
tures. However, in this context, the 
use of the classical Ca-phosphate 
transfection protocol had to be re-
placed because of the huge impact 
on transfection efficiency resulting 
from environmental variations in 
pH, Ca2+ and phosphate concentra-
tions. Furthermore, Ca-phosphate 
is cytotoxic whereby serum or al-
bumin must therefore be present, 
and second, a complete medium 

exchange is required prior to trans-
fection [25]. Since this is not really 
feasible at a large suspension culture 
process, other transfection agents 
such as polyethylenimine (PEI) 
or cationic lipids are used that, in 
addition, provide much more re-
producible results because they are 
independent of environmental/cul-
ture conditions. 

Durocher et al. showed that 
AAV2 vectors could be pro-
duced in suspension cultures of 
HEK293E via triple transfection 
using PEI [26] and some years later 
the same group demonstrated that 
using the same process, the pro-
duction of AAV serotypes 1–9 was 
possible, yielding product levels of 
1013 vg/L [27]. These production 
levels could be confirmed at a 3 L 
reactor scale. Further scale-up of 
a suspension process protocol us-
ing 10- and 20-L WAVE reactors 
(GE Healthcare) was performed 
by Grieger et  al. leading to vector 
yields in the range of 6.7 x 1012 to 
3.5 x 1013 vg/L, depending on the 
AAV  serotype and vector construct 
[28]. Total yields of up to 5.5 x 
1014 vg could be achieved for 20 L 
cultures. 

Although published data only 
represent production scales of up to 
20 L [28], it is evident that scales as 
large as 200 L (or even larger) could 
be possible, allowing ten-times 
higher vector yields. However, it 
should be kept in mind that the 
costs of the GMP-grade plasmids (2 
or 3) are much higher, meaning that 
they represent the most important 
production cost factor. A further 
drawback is the fact that transfec-
tion-based production methods and 
their yields are impacted to a larg-
er extent by environmental factors 
than other production methods (see 
below).
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Further developments & 
optimization

Although transfection-based large-
scale production methods have 
been developed, further improve-
ments are still possible and nec-
essary in order to increase vector 
yields, vector quality (in particular, 
the full-to-empty-particle titer) and 
vector potency. These improve-
ments include the choice of the cell 
line/cell clone, the plasmid con-
struct, the choice of the medium 
and culture conditions.

Cells

Although the traceability of the 
HEK293(T) cells is relatively limited 
and incomplete [29], the routine use 
of this cell line for GMP production 
of different viral vectors is well estab-
lished because of their advantageous 
growth behavior, transfectability and 
good capacity for vector production. 
Nevertheless, improvements are pos-
sible, for instance via the selection of 
better producing cell clones as car-
ried out by Grieger et al., who select-
ed a HEK293 clone capable of grow-
ing in suspension and characterized 
by high transfection efficiency and 
AAV vector production (>105 vg/c, 
>1014 vg/L) [28]. Although it can be 
inferred that HEK293T cells should 
be the more efficient cell line be-
cause of their superior proliferation 
capacity, their greater transfectability 
and higher vector production rate 
compared with HEK293 cells [29], 
the presence of the SV40 T-antigen 
might present an increased safety risk 
and therefore it might be judicious 
to favor the use of the HEK293 cells 
for AAV vector production.

Plasmids/plasmid constructs

Today, the two or three plasmid 
systems most commonly used are 

produced using traditional bacteri-
al production systems [30]. Plasmids 
contain backbone sequences, which 
contain motifs, which are recognized 
by the cell-autonomous immune 
system and are therefore prone to 
induce gene silencing and inflamma-
tory responses [31,32]. Furthermore, 
the sequence of antibiotic resistance 
genes might be encapsidated into the 
AAV vector particles and thus might 
be transferred to the target tissue [33]. 
The frequency of the presence of AAV 
particles containing a rAAV vector 
coding for the resistance gene, can be 
2.9 and 26.1%, respectively, for sin-
gle-strand AAV (ssAAV) and self-com-
plementary AAV (scAAV) vector 
preparation [34]. In order to avoid the 
transfer of plasmid-derived sequences 
into the target tissue, Schnödt et al. 
have adapted Plasmid Factory’s DNA 
minicircle technology to the genera-
tion of the plasmids used for the AAV 
production using a two plasmid trans-
fection-based approach [34]. The eval-
uation of this plasmid system could 
show that the total particle yield was 
comparable to the classical plasmid 
system but the vector preparations 
contained higher numbers of trans-
gene sequence containing particles. 
Furthermore, the use of the minicircle 
technology resulted in vector prepara-
tions with superior transduction effi-
ciency, in particular, in the case of the 
production of scAAV vectors. With 
respect to the encapsidation of resid-
ual plasmid sequences, only 1.3% of 
the vector capsids still contained the 
short residual prokaryotic non-coding 
SCAR sequence (213 bp), which con-
tains one recombination sequence and 
a tag for affinity purification [35,36]. 
Ideally, this sequence should also be 
removed in order to generate AAV 
vector preparations devoid of particles 
with foreign DNA sequences derived 
from the plasmids.
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On the other hand, the helper 
plasmids (as used in a double or tri-
ple transfection approach) were also 
improved [23]. With regards to the 
adenoviral helper construct (pUC 
AdV), unnecessary sequences were 
removed, leading to a size of 10236 
bp instead of 15263 bp. The rep/
cap AAV helper plasmid was split 
into two separate plasmids with the 
advantage of reducing the risk of the 
generation of rcAAV particles (split 
packaging approach). Furthermore, 
these plasmids have been optimized 
by inactivating dispensable pro-
moters and deleting potential start 
codons in the cap open reading 
frames. This led to a rep plasmid 
(pUCrepoptΔrep78/Δcap) for the 
expression of rep68 and rep52/40 
proteins via separate sequences (in 
both sequences, the p40 was inac-
tivated) and a cap plasmid (pUC-
capoptp5p19p40cap) for the expres-
sion of the VP proteins. In this 
construct, the p5 and p19 promot-
ers had been inactivated. Side-by-
side comparison of this improved 
plasmid system consisting of four 
plasmids (the rAAV vector plasmid 
combined with the optimized rep/
cap split-packaging plasmids and 
the helper adenoviral plasmid) with 
the widely used two plasmid system 
of the pDG family [37–39] showed 
that the optimized plasmid system 
led to a 12-fold increase in vector 
yield (2.7 x 105 vg/c) when using 
HEK293T cells grown adherently 
in serum-containing medium; how-
ever, under serum-free suspension 
conditions, the viral vector yield 
was in the range of 2 x 104 vg/c, 
probably due to the insufficient 
composition of the medium or lack 
of an essential nutrient [40]. 

Although this might be the case 
for suspension processes where we 
know that the cells normally grown 

in an attached mode are more sen-
sitive to nutrient limitations, several 
authors have reported that for trans-
fection-based processes using ad-
herently grown HEK293(T) cells, 
the switch from a serum-contain-
ing medium to a simple DMEM 
24  h after transfection leads to el-
evated release of AAV vectors into 
the supernatant: AAV2/5 [41,42], 
AAV2/8 [43,44], AAV2/1, AAV2/7 
and AAV2/9 [44]. This release could 
be prolonged for several days when 
regular medium harvests were per-
formed [42]. It should be indicated 
here that for many AAV serotypes 
the release of vector particles into 
the culture supernatant is also ob-
served when serum-containing me-
dia are used (AAV1, 7, 8, 9) [41]. 
From a functionality perspective, 
it could be demonstrated that the 
behavior of the supernatant and the 
cell-derived AAV vectors was com-
parable. It is clear that only the use 
of supernatant-derived vectors will 
considerably facilitate purification 
because of the absence or the pres-
ence of rather low concentrations of 
cell-derived contaminants.

Use of stable packaging & 
producer cell lines 

Stable producer cell lines are cell 
lines containing the AAV functions 
rep and cap as well as the rAAV 
transgene construct with the trans-
gene expression cassette flanked by 
the two ITRs. These cells are often 
based on HeLa cells [45], although 
A549 cells have also been used [47]. 
The development of these produc-
er cell lines includes an interme-
diate step of a packaging cell line, 
which contains only the rep and 
cap functions of AAV, but not the 
rAAV transgene construct. Such cell 
lines have been developed either us-
ing HeLa or A549 cells leading, for 
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instance, to the B-50 [48] and C12 
[49] or K209 [50] cell lines, respec-
tively. Finally, in order to establish 
the producer cell line, the packag-
ing cells have to be transfected or 
transduced with a rAAV transgene 
plasmid or with a recombinant 
AAV vector, respectively. However, 
it should also be noted that some 
authors have developed the produc-
er cell lines without the intermedi-
ate development of a packaging cell 
line. This can be achieved by the 
transfection of cells with a plasmid 
containing the rep-cap functions as 
well as a recombinant AAV trans-
gene sequence [45,51,60].

Packaging cell lines

Since these cells contain the AAV 
functions rep and cap, they are also 
able to produce AAV vectors; how-
ever, in this case, they have to be se-
quentially infected with an adenoviral 

helper virus with functional genes of 
the E1 region and subsequently with 
an adenovirus-–AV hybrid virus 
(Ad-AAV Hyb. virus) containing the 
rAAV transgene sequence in the E1 
region of the adenovirus [52]. Con-
cerning the adenoviral helper virus, 
it is preferable that it is replication 
deficient to avoid its production and 
contamination of the final AAV vec-
tor product, although purification 
protocols have been developed and 
validated for the removal and inac-
tivation of the adenoviral helper vi-
rus [45]. This replication deficiency 
was achieved by using an adenovirus 
with a functional E1 gene required 
to activate p5, p19 and p40 tran-
scription units of the rep-cap genes 
and, in addition, containing a tem-
perature sensitive mutation in E2B, 
for instance, for precluding contam-
ination of the final rAAV prepara-
tion by the adenoviral helper virus 

ff FIGURE 2
Packaging and producer cells of rAAV vectors.

Packaging cells Producer cells

HeLa/A549 CapRep
CapRep

Vector sequence

wtAD + Ad-AAV-Hyb
virus

rAAV

wtAd

wtAd rAAV

wtAd

pAAV-Rep-Cap
pAAV-transgene/

rAAV-vector

HeLa or A549 cells are transfected with a plasmid containing the rep2 (from AAV2)-capX (from any AAV serotype) sequences (Rep-
Cap), which leads to establishment of packaging cells. When these cells are infected with adenovirus and 24h later by an E1-deleted 
adenovirus-AAV-Hyb(rid) virus (providing the rAAV transgene sequence), rAAV as well as adenovirus is produced. If the rAAV transgene 
sequence is stably integrated via plasmid transfection (pAAV-transgene) or vector transduction (rAAV-vector), the packaging cells 
become stable producer cells, which upon infection with adenovirus start to produce rAAV vector and adenovirus.
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[48]. Based on the understanding of 
underlying biological processes and 
factors influencing the generation 
of rAAV vectors, the following op-
timal production protocol has been 
developed [48,50,52]: the packaging 
cells are infected with a conditionally 
replication defective helper virus at 
a non-permissive temperature with 
an multiplicity of infection (MOI) 
dependent on which packaging cell 
line (HeLa- or A549-cell-based pack-
aging line) is used. After 24 hours, 
the cells are superinfected with the 
adenovirus–AAV hybrid virus con-
taining the gene of interest flanked 
by both ITRs at an MOI of 10 and 
the harvest is performed 48  hours 
later followed by purification. How-
ever, since the temperature-sensitive 
adenovirus mutants are prone to 
reversion and thus difficult to pro-
duce and to characterize, they have 
not been implemented for large-scale 
AAV production.

This production system is char-
acterized by several advantages: in 
addition to five- to ten-fold im-
proved levels in cell-specific vector 
production [54], it provides the real 
possibility for scale-up to industri-
al reactor scales when compared to 
the traditional transfection meth-
od. Another feature is its ability 
to generate replication-competent 
AAV (rcAAV)-free rAAV prepara-
tions (<1/109) [48,52]. In addition, 
the system’s versatility by having 
to use one single cell line allows 
one to produce AAV vectors with 
different transgenes by only modi-
fying the adenovirus–AAV hybrid 
virus; however, this might also be 
a disadvantage for routine produc-
tions at very large scale for which 
stable producer cell lines requiring 
only a mono-infection would be 
more adapted than the use of rep-
cap containing packaging cells with 

their requirement for a sequential 
infection with two different viruses. 
A very comprehensive review pro-
viding more insights on this specific 
production system has been pub-
lished by Zhang et al.  [54]. 

Stable producer cell lines

The insertion of the rAAV vector 
genome (transgene cassette flanked 
by the two ITRs) into a packaging 
cell line leads to a producer cell line 
requiring only the infection with 
an adenovirus to induce rAAV vec-
tor production. The rAAV trans-
gene construct is either inserted via 
transfection of the vector transgene 
plasmid [53,57,58] or transduction 
with a rAAV vector containing the 
transgene construct [47,56]. The 
former strategy is more convenient 
because a resistance gene either on 
the same plasmid or a separate plas-
mid co-transfected with the vector 
plasmid allows selection of rAAV 
containing cell clones. In the case 
of transduction using an rAAV vec-
tor, the selection process based on 
PCR screening and AAV vector 
production capacity induced by Ad 
infection is rather cumbersome. Af-
ter obtention of cell clones able to 
produce rAAV vectors, they have 
to be screened for elevated specific 
productivity under serum-free sus-
pension conditions since the final 
production system is a stirred tank 
reactor. This is followed by further 
screening for cell line performance 
and vector quality [45]. 

The use of wild-type adenovirus 
is the most straightforward way for 
induction of AAV production be-
cause high rAAV vector titers are 
obtained; however, this approach is 
characterized by co-production of 
high amounts of adenovirus, which 
have to be removed and inactivat-
ed during downstream processing. 
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This approach had been chosen by 
Targeted Genetics [45] who have 
validated the efficient inactivation 
and removal of co-generated ad-
enovirus. In this context, the two 
very efficient steps chosen were heat 
inactivation of adenovirus using 
52 ± 1°C and nanofiltration leading 
to 5–6 and >6 log10, respectively, 
adenovirus clearance [46]. Obvi-
ously, the use of replication-defi-
cient adenovirus can alleviate this 
inconvenience [47]. However, these 
adenoviruses are sometimes charac-
terized by instability [57] and lower 
rAAV vector titers in comparison to 
wild-type adenovirus. This was, for 
instance, observed by Jenny et al. 
when using a protease-deficient ade-
novirus (AdDPS) [59]. In the case of 
wild-type adenovirus, the optimal 
MOI ranges between 10 and 100 
for ensuring amplification of rep 
and cap genes [55] as well as of the 
recombinant rAAV vector genome 
[53]. In this context, it should be 
noted that rAAV production levels 
are highly impacted by robust am-
plification of the AAV rep/cap genes 
upon adenovirus infection and not 
by the integrated vector plasmid 
copy number per se [60]. 

Optimal producer cell lines show 
cell-specific production levels in the 
range of 5 x 104 to 2 x 105 vg/cell 
[45,60] under serum-free suspension 
conditions. Furthermore, scale-up 
has been performed up to a 2000 L 
scale using stirred tank reactors [61] 
with the potential for generating up 
to 8 x 1016 vg (purified) per run. 
This production system is charac-
terized by an absence of detectable 
rcAAV (below 0.0002% = below 
limit of detection), by a ratio of full-
to-empty vector particles of ≥70% 
and a potency equivalent to rAAV 
vector produced via transient trans-
fection [60].

For further information, in par-
ticular, on the underlying biology of 
AAV vector production in context 
of packaging and stable producer 
cell line, the discussion section of 
the article by Martin et al. [60] is 
recommended; in addition, the pa-
per by Thorne et al. [61] has more 
information on issues of large-scale 
GMP production of rAAV vector 
and related regulatory issues when 
using stable producer cell lines.

Use of the recombinant  
HSV Type 1  
expression system

HSV is another helper virus that 
can rescue and induce replication of 
AAV; thus this virus has also been 
envisaged for the production of 
rAAV vectors. This AAV production 
system is a pure infection-based 
system in which the non-modified 
production cells are infected by two 
different recombinant HSVs provid-
ing the AAV functions rep and cap 
as well as the rAAV vector with the 
transgene flanked by the two ITRs. 
In order to reduce or completely 
avoid the production of recombi-
nant HSV (rHSV), which is highly 
pathogenic, this expression system 
is based on the use of ICP27-defi-
cient rHSV helper virus, which is 
replication incompetent in normal 
cells. The ICP27-deficient rHSV vi-
rus can be propagated in V27 cells 
(recombinant Vero cells containing 
the essential UL54 gene encoding 
for and thus supplying ICP27 in 
trans) [62]. Furthermore, the two 
required AAV sequences (rep2/
capX and the rAAV vector construct 
with the transgene cassette flanked 
by the two ITRs) are inserted into 
the (TK) locus of the ICP27-defi-
cient HSV vector, each sequence 
cloned into a separate HSV vector 
[63] (Figure 3). Although both HSV 
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vectors can be produced in T-flasks 
or CellFactories™, for routine large-
scale use, a fixed bed reactor system 
(NBS, Celligen, working volume 
3.5 L) had been developed and op-
timized [64]. This was of particular 
importance for the generation of the 
rHSV-Rep2CapX vector, because 
of the apparently slight toxicity of 
the rep protein. This reactor process 
is a prerequisite for the use of the 
herpes simplex expression system 
because high MOIs are required for 
AAV production. The rHSV vector 
preparations are further concentrat-
ed and formulated leading to seed 
stocks titering beyond 1.5 x 109 
PFU/ml [64]. 

Initially, adherently grown 
HEK293 cells have been used for 
AAV production; however, to ob-
tain the highest cell-specific AAV 
vector production (6500 ip/c), an 
MOI ratio of 12:2 (rHSV-rep2/

cap2:rHSV-GFP) was required [65]. 
Staying with a CS10 system, infec-
tion conditions have been improved 
for the generation of AAV9 vectors. 
Although not a scalable process, 
this improvement allowed the gen-
eration of up to 2 x 1014 rAAV9 per 
CS10 due to a specific productivity 
of approximately 2 x 105 vg/c [66], 
which represents an increase of two- 
and five-fold, with respect to the 
non-optimized conditions and the 
HEK293-based transfection pro-
cess, respectively.

Despite these improvements, the 
production conditions represent a 
drawback for large-scale production, 
because real scalability is ensured 
by suspension culture processes and 
low MOI is required to reduce the 
HSV vector amount per production 
run. This was improved by switching 
to BHK cells grown in suspension 
for which the MOI ratio could be 

ff FIGURE 3
Herpes simplex virus (HSV) and rHSV for generation of rAAV vectors [63]
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reduced to 4:2 (rHSV-rep2/cap2 to 
rHSV-GFP) [67]. Optimal cell den-
sity for infection was established to 
be in the range between 1.6 x 106 
and 3.2 x 106 c/ml and the optimal 
harvest time is 24 hours post-infec-
tion [67]. This process generates be-
tween 69000 ± 7500 and 11,3000 
± 16,400 DNase Resistant Particles 
(DRP = equivalent to vector genome 
[vg])/c at a 10L scale (using WAVE 
reactors), which is equivalent to 
production yields obtained at spin-
ner scale; average productivities of 
2.4 x 1014 vg/L have been reported 
[67].  Scale-up has been performed 
to a 100 L reactor scale [68]. More-
over, it was shown that practically 
all assessed AAV serotypes could be 
produced with the HSV expression 
system: AAV1, AAV2 [65,67], AAV5, 
AAV8 [67], AAV9 [65]. 

Although replication-deficient 
HSV vectors are used for the pro-
duction of AAV vectors, the genera-
tion of replication-competent HSV 
due to recombination events during 
production cannot be excluded 
wherefore the downstream process-
ing protocol consisting of orthogo-
nal purification principles must be 
validated for inactivation as well as 
removal of HSV. The established 
purification regime consisting of a 
detergent step, CIM Q followed by 
AVB affinity chromatography was 
able to clear at least 14.04 log10 
of HSV [69]. Further advantages of 
this expression system is the absence 
of rcAAV generation and the in vivo 
vector potency of AAV1 in mice 
(DRP/IP ratio) being approximate-
ly five times higher when compared 
to AAV1 vectors generated by tran-
sient transfection [65].

More details on the development 
of the HSV expression system for 
the production of AAV vectors can 
be found in Clément et al [65].

Use of the baculovirus/ 
insect cell system
A second infection-based produc-
tion system for AAV vectors is the 
non-mammalian insect cell/bacu-
lovirus system, which is based on 
the use of mainly Sf9 cells (or their 
derivatives) grown in serum-free/
animal-free medium in suspension 
culture allowing thus a very simple 
scale-up. This expression system was 
first developed by Urabe et al. [70]. 
They proposed the use of three dif-
ferent baculoviruses in which the 
three required functions were in-
serted into the classical polyhedrin 
locus. One baculovirus provided 
the cap-sequence under control of 
the very late baculoviral polyhedrin 
promoter in which the VP1 start co-
don ATG had been replaced by the 
less efficient ACG to reduce transla-
tional efficiency and thus allow the 
ribosomal machinery to scan down 
to the next low efficiency start co-
don ACG for VP2 expression and 
further down to the start codon 
ATG of VP3 for expression at high 
efficiency. The second baculovirus 
provided the AAV2 rep78 under 
control of a truncated version of the 
early promoter E1 of the baculovi-
rus and rep52 under control of the 
late baculoviral p10 promoter, both 
in a head-to-head orientation. And 
finally, the third baculovirus provid-
ed the recombinant rAAV construct 
with the transgene cassette flanked 
by the ITRs (Figure 4A). Production 
yields of 5 x 104 vg/c have been re-
ported for Sf9 cultures infected at 
a cell concentration of 1-2 x 106 c/
ml (MOI 1.6/baculovirus) and 
harvested at 72h pi [70]. Neverthe-
less, this first-generation baculovi-
rus system was characterized by a 
main drawback – the instability of 
the rep-baculovirus because of the 
homologous recombination events 



CELL & GENE THERAPY INSIGHTS	

534 DOI: 10.18609/cgti.2016.067

between the rep52 and the rep78 
sequence (the rep78 sequence con-
tains the complete rep52 sequence) 
and loss of this part within five pas-
sages [71]. Furthermore, VP1 pro-
tein indispensable for the infectivity 
of AAV vectors [72] was expressed at 

suboptimal levels. Thus, three strat-
egies were used for solving these 
problems: 

ff Smith et al. created the two 
baculovirus systems with the 
advantage of the reduction of 
the number of baculoviruses (to 
two) and tackling the instability 
issue of the rep-baculovirus by 
generating a unique sequence 
coding for rep78 and rep52 
(Figure 4B). They mutated the 
start codon of the rep78 sequence 
into ACG and performed codon 
optimization for mutating the 
following nine in-frame ATGs 
into non-start codons; however, 
the ATG start codon of rep52 
was retained [73]. With respect 
to the cap sequence, the only 
modifications consisted in codon 
optimization as carried out for 
the rep sequence. The rep and cap 
sequences driven by polyhedrin 
and p10 promoter, respectively, 
were put into a single baculovirus 
in a head-to-head position, with 
the rep cassette positioned in 
the clockwise lecture sense. 
Production levels of 7 x 104 vg/c 
have been reported; however, the 
expression levels of VP1 were still 
lower than for rAAV produced 
with the transient transfection 
system approach. Productions 
have been performed at a 200L 
scale using the dual baculovirus 

system [74].

ff 	Chen kept three different 
baculoviruses; however, the rep 
and cap baculoviruses have been 
improved. He inserted an artificial 
intron harboring the polyhedrin 
promoter into the rep78 coding 
sequence at the p19 promoter 
region in order to express both 
rep proteins (78 and 52) from 
a single rep coding sequence. A 
similar solution was used for the 
cap baculovirus, meaning that 
an intron as used for the rep 
construct was inserted into the 
VP1 sequence upstream of the 
VP2 start codon. The original 
start codon (ATG) of VP1 was 
kept and ensured high expression 
levels of VP1, which transduced 
to two-fold higher AAV vector 
potency than when using ACG as 
start codon for VP1 (Figure 4C). 
This improvement was shown for 

ff FIGURE 4A-B
Different rAAV and baculovirus constructions created in context of 
optimization of the baculovirus expression system. 
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different baculoviruses: BacRep harbors Rep78 and Rep52 expression cassettes. 
Rep78 is under the control of a truncated promoter for the immediate-early 1 gene 
of Orgyia pseudotsugata nuclear polyhedrosis virus (DIE1) and the expression of 
Rep52 is under control of the AcNPV polyhedrin (polh) promoter. BacCap expresses 
capsid proteins VP1, VP2 and VP3 under the transcriptional control of the polyhedrin 
promoter. The ATG codon of VP1 is mutated to ACG, enabling the expression of all 
three VP polypeptides from one transcript without splicing of mRNA. BacGFP carries 
a rAAV-GFP vector genome. The CMV or p10 promoter drives GFP expression in 
mammalian cells or insect cells. The whole expression cassette is flanked by AAV ITRs. 
pA, Polyadenylation signal.  (B) The second-generation baculovirus system makes use of 
two different baculoviruses: the Rep and Cap proteins of AAV are expressed from two 
different baculovirus late promoters. Messenger RNA transcripts are represented by 
wavy lines. All pertinent codons are indicated. The modified AAV2 rep gene is under the 
transcriptional control of the baculovirus polyhedrin promoter (P

Ph
). The bifunctional 

rep mRNA transcript utilizes a CUG triplet embedded within a Kozak consensus 
sequence to direct synthesis of Rep78 polypeptides. A portion of ribosomal subunits 
does not initiate translation at the nonstandard start codon and scans to the next AUG 
start codon to initiate translation of Rep52 polypeptides. The AAV cap gene is under the 
transcriptional control of the baculovirus p10 promoter (P

P10
). The three capsid proteins 

(VP1, VP2, and VP3) are translated from a single mRNA species, as described in A. The 
polyA sequences are derived from simian virus 40 (SV40 pA) and the herpes simplex 
virus thymidine kinase gene (HSV tk pA), respectively, as indicated. (B) Reproduced with 
permission from [73]. 
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AAV serotypes 1, 2, 6 and 8, and 
vector yields ranging from 3.53 
x 1013 to 1.58 x 1014 vg/L culture 
were obtained. This system has 
been evaluated at a 25L (working 
volume) scale using WAVE 
reactors [76]. These recombinant 
baculoviruses (Bac-inCap, Bac-
inRep) were shown to be stable 
for at least seven passages [75].

ff Hermens et al. used a single 
rep-construct by replacing the 
original ATG start codon of rep78 
by the suboptimal initiation ACG 
effecting partial exon skipping and 
thus expression of downstream 
rep52 protein [77]. Expression 
was controlled by a polyhedrin 
promoter. This construct stayed 
stable for at least five passages. 
As also carried out by Chen, the 
suboptimal expression of the 
VP1 protein was increased by the 
modification of the start codon 
(CTG instead of ACG) leading 
to VP1 expression levels as 
found for the traditional plasmid 
transfection system [78]. As for 
Chen [75], the triple baculovirus 
system was kept.

Production issues & further 
improvements

Although the insect cell baculovi-
rus system is scalable, can produce 
in principle unlimited amounts of 
rAAV and is routinely used for the 
GMP production of vector lots for 
clinical as well as for commercial 
use, further improvements are re-
quired to ameliorate vector titer, 
quality and potency:

Increase in AAV vector titer

In the originally developed produc-
tion system, Sf9 cells are infected at 
a cell density of 1–2 x 106 c/ml [70]. 
In principle, it can be stated that at 
constant specific production rate 
the final vector titer is directly relat-
ed to the cell concentration in a giv-
en cell culture system. This would 
signify that a simple increase in the 
cell concentration should lead to a 
corresponding increase in vector 

titer. However, as for many other 
viral systems, the baculovirus ex-
pression system is also characterized 
by the so-called ‘cell density effect’ 
[79–83], which implies that beyond a 
certain cell density, a further increase 
in cell concentration does not lead to 
further increase in vector titer. This 
can be explained by lack of certain 
essential medium components, be-
cause Mena et al.  could show that 
the feeding of high-density cultures 
24 hours before, at and 24 hours 
after virus infection with a medi-
um concentrate could maintain the 

ff FIGURE 4C
Different rAAV and baculovirus constructions created in context of 
optimization of the baculovirus expression system. 
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specific vector production rate up to 
an infection cell density of 10 x 106 
c/ml [84]. However, it should be not-
ed that at these cell numbers the in-
fections can only be performed with 
low MOIs (e.g., 0.05 per baculovi-
rus) because at high MOIs, the cul-
ture would be too much diluted with 
spent medium from the baculovirus 
production culture. However, it is 
important to note that only 60–70% 
of the cells will be infected with the 
two different viruses [85], meaning 
that part of the cells will not produce 
functional rAAV vectors.
AAV vector quality & potency

Different biological parts of the 
insect cell/baculovirus system 
could probably be optimized for 
enhancing vector quality and po-
tency. With respect to the choice 
of the ITRs, Dickx et al. [86] could 
show that the use of complete 
wild-type ITRs (FLIP – FLOP) 
instead of the use of truncated 
versions of FLOP ITRs (SUB201-
ITRs) largely used without neg-
ative impact in context of the 
transient transfection-based pro-
duction system [87-89] led to 
an increase in the full-to-empty 
particle ratio (increase from 10 
to 40%) and a reduced (approx-
imately ten-fold) encapsidation 
of baculovirus DNA sequences. 
Noordman et al.  showed that 
the encapsidation of baculoviral 
DNA sequences could be reduced 
via mutation of the rep-DNA se-
quence when producing rAAV5 
vectors [90]. These mutations led 
to three- to five-fold, five- to 13-
fold, and 25–52-fold reduction in 
encapsidation of left ORF (603), 
right ORF (1629) and HR3 resid-
ual baculoviral DNA, respective-
ly. In parallel, the use of some of 
these mutated rep proteins led to 
increased vector titers. 

Baculoviruses contain the 
cathepsin gene (a cysteine protease), 
which works in tandem during bac-
ulovirus infection of lepidopteran 
larvae to achieve dissemination of 
the occluded form of the baculovi-
rus progeny [91,92]. Though this is 
important for the wild-type virus, 
the presence of an active protease 
during the production of recombi-
nant proteins can be a drawback. In 
this context, Galibert et al. demon-
strated that the VP1 of certain AAV 
serotypes (1, 6, 8) is cleaved during 
vector production whereas this was 
not observed for other serotypes 
(2, 9, rh10) [93]. Either use of the 
cathepsin-specific protease inhibi-
tor E64 [91] or the disruption of the 
cathepsin gene led to AAV8 vector 
preparations with intact VP1 capsid 
proteins. It was shown that the in 
vitro and in vivo infectivity of the 
AAV8 vectors was two- to four-fold 
increased in comparison to those 
produced using baculoviruses with 
an intact cathepsin gene. 

Although these are only some 
of the recent developments for im-
proving the Sf9/baculovirus system 
for AAV production, there are a lot 
of further possible improvements 
to be made; this concerns in par-
ticular, the timely regulation of the 
expression of the AAV rep and cap 
genes and the baculovirus helper 
functions.   

An additional reduction in the 

number of baculoviruses leads to a 

single baculovirus system

The initial baculovirus system as 
published by Urabe et al. (2002) 
was based on three different baculo-
viruses [70], which could be reduced 
to two baculoviruses [73]. However, 
the ultimate improvement and in 
the same time simplification from a 
user’s point of view consists in the 
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use of a single baculovirus for in-
ducing AAV vector production (at 
low MOI all cells would receive the 
whole set of genes for producing 
AAV vectors – compare with Rivol-
let et al. [85]). Two approaches have 
been developed for achieving this 
objective:

MONOBAC system

The first approach is the MONO-
BAC system, which is based on the 
fact that several of the genes of a 
baculovirus bacmid are transcrip-
tionally very active but not essential 
for in vitro use of the baculovirus. 
Thus we have decided to place the 
rep-cap construct developed by 
Smith et al. [73] into the EGT locus 
and kept the classical polyhedrin 
locus for the insertion of the re-
combinant AAV vector cassette (the 
transgene cassette flanked by the 
two ITRs) (Figure 4D). The combi-
nation of the rep-cap functions and 
the rAAV vector construct in one 
single baculovirus was only possi-
ble because the expression of the 
rep proteins is driven by the very 
late polyhedrin promoter, which is 
only active after replication of the 
baculovirus DNA precluding thus 
the eventual excision of the vector 
sequence from the baculovirus ge-
nome. The replacement of the dual 
baculoviruses by the monobaculovi-
rus for AAV vector production led 
to a two- to four-fold increase in 
vector titers [95]. 

OneBac system

The second single baculovirus sys-
tem is the OneBac system whose 
first generation was published by 
Aslanidi et al [96]. The principle of 
this system is relatively simple. The 
producer cell line (Sf9) harbors 
stably integrated the rep and cap 
functions, which are amplified and 

expressed upon infection with the 
recombinant baculovirus provid-
ing the rAAV genome. The rep and 
cap expression cassettes have been 
constructed using an identical ap-
proach: they consist of homologous 
region (hr) 2 followed by the AAV 
rep binding element (RBE) a stuffer 
sequence and finally the rep or cap 
sequence, the expression of both 
driven by the very late baculovirus 
polyhedrin promoter. The expres-
sion is only induced after infection 
with baculovirus via the binding of 
the immediate-early trans-regulator 
1 (IE-1) to the hr2 target sequence 
inducing expression via a combina-
tion of the amplification of integrat-
ed resident genes (up to 1200 copies 
per cell) and the enhancement of the 
expression. Furthermore, the expres-
sion of rep78 leads to the boosting 
of the integrated genes (via inte-
gration with the RBE). This system 
leads to a ten-fold increase in AAV 
vector production in comparison 
to the original baculovirus system 
– up to a specific production of 5 x 
105 vg/c (rAAV2) exceeding typical 
yields of current rAAV production 
systems. However, it could also be 
established that probably due to this 
amplification a considerable per-
centage of AAV particles containing 
rep and cap sequences were detected 
(our own unpublished results, [97]). 
Thus, this first generation could not 
be further improved for an eventu-
al GMP application. Mietzsch et al 
[97] developed the second-genera-
tion OneBac system (OneBac 2.0), 
in which in the first line the RBE 
element responsible for the encap-
sidation of high frequencies of rep 
and cap sequences into AAV capsids 
was removed (Figure 4E, left panel) 
leading to a functional production 
system characterized by a reduced 
but sufficient amplification of the 
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rep and cap genes (up to 65-fold 
in comparison to 200–500-fold in 
the clones containing the RBE se-
quence). Mietzsch et al. showed that 
these second-generation cells gener-
ate AAV vectors with a frequency of 
0.001 and 0.02% of AAV particles 
containing rep and cap sequences, 
respectively [97]. This is equiva-
lent to values for encapsidated cap 
sequences reported in the case of a 

transfection-based production sys-
tem [98]. A further modification 
with respect to the first-generation 
OneBac system was the insertion of 
an intron into the cap construct (as 
already carried out by [75]) and the 
use of the original AUG start codon 
(instead of ACG) for VP1 for in-
creasing the insufficient VP1 expres-
sion in the first-generation OneBac 
system (Figure 4E, center and right 

ff FIGURE 4D
Different rAAV and baculovirus constructions created in context of optimization of the baculovirus 
expression system. 
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bacmid, and the rep-cap construct (as presented in Figure 4B) inserted into the EGT locus. Adapted from [94].
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panel). This modification led to in-
creased VP1 expression levels in the 
range of 10% of VP3 expression 
levels. This was of particular impor-
tance for the production of high-po-
tency AAV5 vectors, which showed 
insufficient VP1 expression levels in 
the case of the first-generation One-
Bac system [99]. AAV5 vector yields 
of approximately 105 vg/c have been 
reported [97]. This second-gener-
ation OneBac system should now 
also be developed for the other AAV 
serotype as it had been carried out 
for the first-generation OneBac sys-
tem [99].

General ‘pseudotyping’ issues

In the vast majority of studies a 
pseudotyping strategy has been ad-
opted for simplicity reasons, mean-
ing that only the cap sequence was 
from a desired serotype, whereas the 
ITRs as well as the rep sequences 
were derived from AAV2 [100]. Al-
though this represents a consider-
able simplification of production of 
different AAV serotypes because of 

the simple switch from one capsid 
sequence to another one, it is not 
necessarily the best way to produce 
high vector amounts of elevated 
quality. In the context of the opti-
mization of the quality and quanti-
ty of AAV vector production, Ling 
et al. generated AAV3b vectors us-
ing a completely homologous ex-
pression system based on the use 
of rep protein and ITRs sequences 
derived from AAV3b [101]. They 
could show that when using this 
homologous expression system (in a 
transient transfection context) four-
fold higher titers as well as four-fold 
higher transduction efficiencies of a 
human hepatocellular cell line in vi-
tro were obtained in comparison to 
the traditional heterologous system 
characterized by the use of rep and 
ITR sequences derived from AAV2. 
Thus it could be inferred that the 
use of rep and ITR sequences ho-
mologous to the capsid serotype 
might also be a way to improve vec-
tor titers and efficacy of other AAV 
serotypes. 

ff FIGURE 4E
Different rAAV and baculovirus constructions created in context of optimization of the baculovirus 
expression system. 
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the individual VP proteins are indicated. 
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Comparison of different  

production systems

Relatively few comparisons have 
been performed between AAV 
vectors produced with the differ-
ent production systems. Based on 
published data, Table 1 compares 
the different production systems 
(excluding the packaging cell line-
based system because up to now no 
real scale-up has been performed for 
this system) with respect to specific 
production rate, the largest produc-
tion scale established up to now, 
the vector amount produced per 
culture litre using standard condi-
tions as well as some safety param-
eters, including the generation of 
rcAAVs, the percentage of full vec-
tor particles before purification and 
the encapsidation of rep and cap 
sequences as far as communicated. 

With respect to the specific vec-
tor yield per cell, all expression sys-
tems as well as the transfection sys-
tem-based on a selected HEK293 
cell clone adapted to suspension 
growth are comparable and the 
specific yield ranges between 5 x 
104 and 2 x 105 vg/c. For all pro-
duction systems it can be stated that 
real scale-up is only possible when 
using a suspension culture. Howev-
er, this has to be relativized for the 
HEK293(T) cell-based transfection 
process for which also an adherent 
production process using a fixed 
bed reactor (e.g., iCELLis® reactor) 
might be used. Furthermore, it has 
to be indicated here that fixed bed 
reactors are also well adapted to viral 
infection based production systems 
[20,102] although not yet shown for 
AAV production. 

In principle, all production sys-
tems generate vector titers ranging 
from 5 x 1013 to 2.4 x 1014 vg/L or 
DRP/L. An exception in this con-
text seems to be the baculovirus 

system, for which different pro-
duction levels have been reported 
for various AAV serotypes. While 
for the production of AAV2 and 
AAV7m8, similar production lev-
els have been reported for the bac-
ulovirus system and the HEK293 
cells-based transfection system; 
production levels for AAVrh10 were 
approximately two times lower for 
the baculovirus system [103]. In the 
specific case of AAV8, the baculo-
virus system underperformed by a 
factor of 5–10x [104] or generated 
non-functional AAV8 vector cap-
sids devoid of VP1 when produced 
at large scale (200  L) [105]. These 
observations clearly infer that in the 
case of the baculovirus expression 
system no generalized view is per-
mitted, and production and func-
tionality issues have to be assessed 
for a chosen serotype. 

Attention has to be paid to the 
fact that the differences in the pro-
duction levels (when comparing 
different production systems) can 
be explained by different produc-
tion cell densities and specific pro-
duction rates. However, it should 
also be kept in mind that the titra-
tion methods were not harmonized/
standardized making a real compar-
ison challenging. 

With respect to genetic stabili-
ty, the used biological raw materials 
have to show stability exceeding that 
required for the whole process. This 
concerns the producer cells as well as 
viral seed stocks. In this context, ge-
netic stability of HeLa-based stable 
producer cell lines has been demon-
strated for more than 60 population 
doublings [45] and the recombinant 
viruses for the HSV and the bacu-
lovirus-based production systems 
have been shown to be stable for 13 
[106] and seven [73] successive pas-
sages, respectively. Furthermore, no 
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generation of rcAAV has ever been 
reported for all expression systems 
(below limit of detection of the assay 
system used) except for the trans-
fection based production process 
for which recombination events can 
generate rcAAV [107].

From a practical point of view, all 
suspension-based productions can be 
performed either in WAVE-type or 
stirred tank reactors, with a certain 
advantage for the stirred tank reactor 
due to the easier scale-up (which is 
theoretically unlimited) as well as the 
possibility to infect cultures at high-
er cell densities than 106 c/mL due 
to the better mass transfer features 
of stirred tank reactors. While the 
maximal scale of the WAVE reactor 
is limited to 200–250 L, because at 
larger volumes, mass transfer be-
comes critical and thus limiting, 
stirred tank reactors for animal cells 
have been scaled up to reactor sizes 
with 20,000L working volume [108]. 
Today reactor scales of 200–250 L 
are routinely used for the production 
of clinical-grade AAV vectors and the 
use of a 2000 L reactor scale is under 
implementation [45,61]. It should 
be added here, that the HSV and 
the baculovirus-based production 
systems should in principle also be 
scalable although the modification 
of the physico-chemical parameters 
(e.g., shear stress) and their impact 
on cellular metabolism during scale-
up to larger scales merits consider-
ation wherefore WAVE type reactor 
systems might be more adapted.

Side-by-side comparisons of dif-
ferent AAV expression systems with 
respect to in vivo transduction effi-
ciency are rarely performed. In this 
context, Zhang et al. compared the 
efficiency of transduction of stri-
atum and cortex tissue by AAV2 
vectors produced with the herpes 
simplex, the baculovirus system (as 

developed by Chen [75]), and the 
HEK293-based transfection pro-
cess [109]. Similar transduction ef-
ficiencies as well as cellular tropism 
were observed for the AAV2 vector 
particles produced with the three 
expression systems, signifying that 
the different production systems 
are apparently able to generate AAV 
vectors of comparable efficiency. By 
comparing different AAV serotypes 
(2, 7m8, rh10) Ramirez et al. could 
also show that these serotypes pro-
duced with the baculovirus expres-
sion system (as developed by Chen 
2008) or via triple transfection 
of HEK293 cells had comparable 
in vitro and in vivo potency [103]. 
With respect to AAV vector parti-
cles generated using the HSV ex-
pression system, Kang et al. and Ad-
amson-Small et al. showed that the 
potency of HSV expression system 
derived AAV particles was superior 
to that of AAV particles produced 
via a transfection-based process 
[65,66]. This concerned AAV sero-
types 1 and 9, respectively. 

These comparisons infer very 
clearly that at this moment it is im-
possible to provide a clear statement 
on the quality and capacity of a giv-
en AAV expression system versus 
another system because insufficient 
data available for comparisons and in 
most cases a direct comparison is not 
possible because different serotypes 
and vector constructs have been used 
not allowing a real comparison.

Purification

There are several means for purify-
ing AAV vectors, starting with tra-
ditional density gradient ultracen-
trifugation using CsCl or iodixanol 
[110,111] going up to the novel af-
finity chromatography gels initially 
developed by BAC/GE Healthcare 
(AVB chromatography) and further 
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improved by Invitrogen for specif-
ic AAV serotypes (POROS Cap-
tureSelect AAV8 Affinity Matrix 
and POROS CaptureSelect AAV9 
Affinity Matrix). Different aspects 
of AAV purification have been de-
scribed previously (e.g., [111,112]) 
and do not need another repetition. 
Therefore only two issues concern-
ing downstream processing of AAV 
vectors are discussed here.

Availability & implementation of 

novel affinity chromatography 

matrices

The appearance of novel affini-
ty matrices specific for AAV8 and 
AAV9 have allowed the develop-
ment of a highly efficient and vec-
tor specific purification protocols 
consisting of clarification, affinity 
chromatography, tangential flow 
filtration and eventually a gel filtra-
tion step for formulation purposes. 
AVB column chromatography was 
initially developed for the affinity 
purification of AAV2 [125] and was 
reported by the manufacturer to 
capture AAV serotypes 1, 2, 3 and 
5. Recently, Mietzsch et al [99] com-
municated that AAV1-8, AAVrh.10 
and AAV12 could be purified from 
crude cell lysate, whereas this was 
not possible for AAV9 and AAV11. 
Later, Wang et al. established that 
AVB affinity chromatography col-
umn had a high affinity towards 
AAV3B, AAVrh.10 and AAVhu.37 
and a low affinity/absence of affinity 
towards AAV8, rh.64R1 and AAV9 
[128]. Since in particular for the pu-
rification of AAV8 and AAV9 vec-
tors, AVB chromatography was not 
or only partially adapted and since 
both serotypes are of high interest 
for clinical use, two new matrices 
with specific llama antibody ligands 
(POROS Capture Select Affinity 
Matrix) have been developed. In 

the case of purification of AAV8 
vectors, this novel support required 
an approximately ten-fold reduced 
support volume due to the in-
creased ligand density and led to 
an increase in the overall yield from 
20–30% to approximately 60%. A 
similar overall recovery yield was 
communicated for AAV9 vectors 
[126]. This represents an interesting 
improvement with respect to cost of 
goods and operator time per run. 

One issue related to the use of 
affinity chromatography based on 
the use of these new affinity ligands 
is the fact that full particles cannot 
be separated from empty particles, 
meaning that additional steps, in-
cluding ion-exchange chromatog-
raphy or ultracentrifugation, are 
required when empty AAV particles 
have to be removed (see below).

Full–empty AAV particle issue

A specific issue is the presence of emp-
ty particles in vector preparations, 
which are almost always co-produced. 
In the case of the transient transfec-
tion-based production system, empty 
capsids are produced at a high fre-
quency going up to 50–95% of the 
total particle count [113]. In order to 
separate empty from full AAV parti-
cles, the Center for Cellular and Mo-
lecular Therapeutics at the Children 
Hospital of Philadelphia used a down-
stream processing protocol including 
an ion-exchange chromatography as 
capture step followed by a CsCl ul-
tracentrifugation for manufacturing 
of GMP vector lots for clinical studies 
[114]. For instance, this protocol was 
used for generation of vector prepa-
rations used for the different clini-
cal trials performed in Philadelphia: 
ssAAV2-FactorIX for hemophilia B 
treatment [115] or AAV2-hRPE65v2 
for treatment of Leber’s congenital 
amaurosis [116,117]. On the other 
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hand, the vector preparation used for 
the scAAV8-FactorIX trial contained 
an elevated level of empty particles, 
which was estimated to exceed the 
full particles ten-fold [1]. In both cas-
es, efficient vector transduction was 
observed although only transiently 
for the hemophilia B trial performed 
with ssAAV2 vectors free of empty 
capsids. Thus to date, vector prepara-
tions containing only full vector parti-
cles on one side and preparations with 
mostly empty particles (10% of full 
particles) have been used for clinical 
studies. With respect to the presence 
of a percentage of empty AAV vector 
capsids it could be shown that the 
presence of empty vector particles was 
beneficial for neutralizing anti-AAV 
antibodies present, which would 
completely block transduction. This 
absorbance happened in a dose-de-
pendent manner [118]. However, on 
the other hand, Gao et al. showed in 
two mouse models, that the presence 
of empty vector particles had a neg-
ative impact on liver transduction in 
a dose-dependent manner [119]. The 
conclusions from both studies are 
the following: the vector preparation 
should be devoid of empty particles 
for avoiding the competitive situa-
tion of empty and full particles for 
the same target. However, as shown 
by Mingozzi et al. [118] the presence 
of empty capsids can be beneficial 
for absorbing eventually present an-
ti-AAV antibodies. Thus in order 
to avoid this competitive situation, 
they could show that use of a mu-
tant AAV capsid able to interact with 
the anti-AAV antibodies but unable 
to interact with the cellular receptor 
could be a solution: removal/absorp-
tion of anti-AAV antibodies without 
competing for the cellular target sites 
of the functional AAV vector with 
the transgene to be transferred. In 
principle, such an approach can be 

developed via the use of AAV prepa-
rations, which contain only full par-
ticles to which a certain percentage 
of these AAV particles with a mutant 
capsid have been added. 

As mentioned, at research scale, 
the separation of full and empty AAV 
particles is easily performed via CsCl 
[110,111] or iodixanol [120,121] 
gradient centrifugation; whereby 
iodixanol is preferred because it is 
non-toxic – thus no extensive dialy-
sis is required as when CsCl is used, 
and iodixanol prevents aggregation 
of rAAV particles and does not re-
duce infectivity [120,127]. 

Although this separation step 
can be used at later stages of puri-
fication schemes, it is not a scalable 
purification step. Apart from the use 
of production methods reducing or 
avoiding the production of emp-
ty particles, the only other way to 
separate full from empty particles is 
the use of column chromatography. 
Since it could be established that the 
isoelectric point of empty particles is 
significantly higher than of full par-
ticles, probably due to the absence of 
DNA in the empty particles [124], 
it is possible to separate them using 
ion-exchange chromatography. This 
was shown by Davidoff et al. [123] 
and by Okada et al. [124] who de-
veloped a two stage ion-exchange 
chromatography process based on 
a strong cation-exchange column 
(Mustang S), which retains only 
empty particles whereas full particles 
are found in the flow through, this is 
followed by a strong anion-exchange 
column (Mustang Q), which retains 
full AAV particles, which can then be 
eluted using a salt gradient/step gra-
dient. Using this method, Davidoff 
et al. [123] generated AAV8 vec-
tor preparations with only 5–10% 
of residual empty vector capsids, 
whereas Okada et al. [124] used a 
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similar protocol for the purification 
of AAV1 vectors contaminated only 
by 0.8% of empty particles. Finally, 
based on the same principle – differ-
ences in the isoelectric point of full 
and empty particles – Qu et al.  also 
used a two-step protocol with a first 
cation-exchange chromatography, 
however, which retains full as empty 
particles [122]. The eluted material 
was charged to a Q-Sepharose an-
ion exchanger to separate full from 
empty particles at elevated pH using 
a very shallow salt gradient. Using 
this protocol, the empty particle load 
could be reduced by 86-fold with ap-
proximately 20% of residual empty 
particles in the final vector prepara-
tion. This method was also able to 
separate empty particles of AAV6. 
The separation of empty form full 
particles of different serotypes is fea-
sible but has to be optimized by se-
lecting different elution conditions, 
choice of salt and type of resins. It 
should also be mentioned here that 
to date, nobody has shown a large-
scale application of this separation 
method.

TRANSLATIONAL INSIGHT
Different scalable manufacturing 
systems have been developed for 
the large-scale production of AAV 
vectors for research, development, 
clinical evaluation and routine use 
for the treatment of rare diseas-
es. Although most of the produc-
tion-related issues have been settled 
today (e.g., large-scale production 
is possible using different biologi-
cal systems), there are still several 
issues that need solutions. These are 
the large-scale production of vector 
preparations free of empty AAV par-
ticles including scalable separation 
methods for removing empty AAV 

particles, the question of the treat-
ment of patients who are positive 
for anti-AAV antibodies because of 
a previous AAV infection or previ-
ous treatment with AAV vectors, as 
well as the increase of vector poten-
cy, which is generally low. An im-
provement in vector potency will 
have a direct impact on the vector 
dose to be administered and thus 
also on the vector quantities needed 
as, for instance, could be shown for 
AAV vectors with an improved per-
centage of functional VP1 protein 
(e.g., [93]). A further improvement 
of the AAV production will consist 
in the establishment of the routine 
use of homologous AAV systems 
since it has been shown that the use 
of such an homologous system leads 
to titer and potency increase [101]. 
Furthermore, the implementation 
of next-generation sequencing will 
provide a great deal of information 
on the packaged vector genome, as 
well as on the encapsidated DNA 
sequences from different origins 
(cellular origin, helper virus origin) 
(e.g., [129]) and will be a crucial 
tool for process development as well 
as optimization purposes. At the 
end of the day, these and further 
improvements will lead to more 
efficient production processes and 
a high-quality vector system with 
improved biosafety.
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