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Production methods for adenovirus-associated virus (AAV) vectors have not kept up with 
the brisk pace of gene therapy development. To manufacture safe and efficacious clini-
cal-grade virus, scalable and cost-effective production processes are needed. Towards this 
end, we present an efficient process for AAV production and scale-up in suspension cell 
culture through to purified bulk product. The process was developed by evaluating and op-
timizing each process step. A novel fiber technology, Fibro, addresses the downstream bot-
tleneck at the capture step by overcoming the diffusional and flow limitations of purification 
using packed-bed chromatography. Also, a new analytical assay based on surface plasmon 
resonance was developed for AAV quantitation.
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INTRODUCTION: CHALLENGES IN 
IMPROVING AAV PRODUCTIVITY 
& SCALABILITY
The utilization of AAV as a gene therapy vec-
tor has increased due to its relatively limited 

immunotoxicity and wide range of tissue tro-
pism. To date, multiple AAV serotypes target-
ing different organs including brain, eye, lung 
liver, skeletal muscle, and heart have been 
discovered and characterized. Capsid proteins 



CELL & GENE THERAPY INSIGHTS 

1250 DOI: 10.18609/cgti.2020.138

have been further modified to increase trans-
duction, targeting specificity, and efficacy in 
vivo by methods that include:

1. Directed evolution, which incorporates 
components of multiple AAV serotypes into 
the capsid; 

2. Random shuffling of capsid sequences to 
generate new novel capsids; and 

3. Adding aptamers to the surface. 

AAV vectors are produced through the 
introduction of helper virus and AAV repli-
cation components into the production cell 
line. When these helper virus sequences are 
stressed, they trigger expression of both cel-
lular factors critical in AAV production and 
activate the four different AAV Rep proteins 
(48, 52, 68, 78). These proteins are critical 
in AAV production, assisting in multiple 
functions including limiting replication of 
the packaging cell, expressing viral capsid 
proteins, and increasing production of the 
Cis DNA sequences. The replicated DNA se-
quences are then packaged into the AAV cap-
sid and harvested from the cells and/or super-
natant through the purification process. The 
ratios of these different viral and cellular help-
er proteins, as well as the AAV2 replication 
protein, help to dictate the overall number of 
particles packaged, the number of particles 
that contain DNA, and often the integrity or 
completeness of the genome that’s packaged 
within these capsids.

Currently, multiple methods are utilized to 
deliver each of these helper components and 
replication and capsid sequences into the cell. 
The most frequently used is plasmid trans-
fection, where 2 to 3 different plasmids and 
DNA sequences are transfected into the cell. 
In some production systems, these sequences 
are packaged into recombinant viruses such 
as herpes, adenovirus, or baculovirus, which 
then transduce the production cell to initiate 
the production cascade. In addition, there are 
multiple cell types that are utilized, including 
HEK293, BHK, HeLa and insect Sf9 cells. 
Furthermore, both adherent and suspension 

platforms are frequently employed in this 
production process.

While research has continued to improve 
overall recombinant AAV production, the ti-
ters that are reported from the above systems 
are generally observed to be 5 to 10 times 
lower in productivity per cell than wild-type 
AAV, indicating that there are still learnings 
to be gleaned from the wild-type virus to help 
drive improvements in recombinant produc-
tion systems.

Multiple strategies have been employed to 
improve both AAV production and product 
quality. Many of these begin with modifying 
the replication helper or capsid sequences. 

One of the first modifications typically in-
troduced to upstream bioprocesses is modify-
ing the ratios of the plasmids or vector com-
ponents that are going into the cell, with the 
goal of identifying the ideal amount needed 
for each specific serotype or Cis sequence to 
increase production of full capsids. Another 
strategy employed to improve control of the 
production cascade is modifying the amount 
of the replication proteins that are present, 
either through modifying the start codons, 
or using alternative constitutive or inducible 
promoters to better control which of those 
Rep proteins are expressed, and the timing of 
their expression within the cell. Furthermore, 
research focused on codon optimization of 
both the helper and AAV replication sequenc-
es is ongoing. Again, all of these strategies are 
working towards the end goal of increasing 
DNA replication within the production cell, 
improving packaging (or the number of full 
capsids that are produced in a system), and 
increasing the viral particle (VP) or capsid 
protein ratio in order to create a product that 
is more infectious.

Additional recent research has focused on 
modulating gene expression within the cell 
line to create a more favorable environment 
for AAV production. These studies typically 
involve evaluation of a panel of genes that are 
upregulated and downregulated before that 
gene regulation is correlated with improved 
AAV production and/or product quality. 
While there has been a wide range of genes 
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reported to be associated with improved AAV 
production, a number that have garnered 
particular attention today have been linked 
to either membrane channel proteins, tumor 
suppression or regulation, controller trans-
port at the nuclear envelope, or overall DNA 
replication. However, many of these studies 
have typically focused on improving just one 
production cell type or production system, 
without screening for applicability across 
multiple platforms. 

The approaches described above are mainly 
aimed at creating a cellular environment and 
optimal viral gene expression that is more 
amenable to AAV production, and are typi-
cally employed at the raw material improve-
ment stage by modifying either the plasmids 
or vector starting material in the initial cell 
banks. In AAV production, these materials 
are produced and characterized in a GMP-
like environment. Following cell expansion 
with the producer cells that are optimal for 
AAV production, the next steps involve de-
livering these packaging components through 
either plasmid transfection or recombinant 
viral transduction into each cell. At this 
point, bioreactors can be further optimized, 
as can cell culture conditions (including the 
number of cells in culture media) to further 
improve AAV production. Depending upon 
the specific harvest strategy, virus is collected 
3 to 7 days after initiating the production cas-
cade. One of the remaining challenges in this 
field is ensuring the helper replication capsid 
and Cis sequences are introduced to each cell 
in an efficient and reproducible manner at the 
intended production scale. 

Currently, the most commonly utilized 
method for AAV production is plasmid trans-
fection due to its speed in initial material 
generation and relative flexibility in incorpo-
rating the sequence changes previously de-
scribed. In transfection, DNA is mixed with a 
chemical that condenses it and creates a posi-
tively charged complex that can be endocyto-
sed by the cell membrane. The overall amount 
of DNA, transfection reagent, and diluent 
components significantly impacts the quality 
of transfection complexes. These complexes 

grow over time as the mixture is incubated, 
eventually reaching a size where the complex 
is no longer easily taken up by the target cell. 
For these reasons, transfection is often cited 
as a difficult strategy to scale due to its rela-
tively limited reaction time compared to the 
transfer rate into the production vessel. 

Gravity draining of complexes has proven 
to be suboptimal at larger production scales 
due to the overall volumes required, as well as 
the time it takes to drain into the production 
bioreactor. Meanwhile, other groups have 
explored pumping a transfection mist, but 
this has not been associated with increased 
productivity due to potential damage to the 
transfection complex during pumping. Ad-
ditionally, certain media components in the 
production vessel that are present at the time 
of transfection can decrease the efficiency of 
complex fusion and uptake by the target cell. 
However, despite these challenges, multiple 
groups have reported successful production 
using transfection-based methods at scales 
from 500 to 2,000 liters.

Besides the limited operating window and 
complex stability, the amount of plasmid re-
quired for AAV production has been cited as 
a limiting factor in the long-term feasibility 
of this method for delivering packaging se-
quences into production cells. While plasmid 
amounts are only in the 20 to 40 mg range 
in a 10-liter production, the 500 to 2,000 
liter scales required for commercial products 
require grams of plasmid per production run. 
Additionally, variability can be observed in 
these methods due to the inherent difficulty 
in introducing equimolar amounts of the 2 
to 3 plasmids used to the packaging cell line, 
which can then create a heterogeneous rep-
lication cascade across the entire production 
culture. Together, these issues can create lim-
iting factors relating to both scalability and 
reproducibility of a transfection platform at 
scale.

An alternative method to transfection, 
helper viruses are utilized to deliver the repli-
cation capsid or Cis sequence into cells. Ad-
vantages commonly cited for these systems 
include the requirement for smaller amounts 
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of helper virus compared to plasmids, im-
proved stability of the helper viruses, and 
the fact that when they are placed into cul-
ture they demonstrate an improved ability 
to dispense through the entire production 
vessel and reach all of the cells. While helper 
viruses do potentially provide a more scal-
able method for delivering packaging com-
ponents to cells, some production platforms 
still rely on the delivery of 2 to 3 recombi-
nant helper viruses to each cell. This may 
result in a challenge similar to that faced by 
transfection: namely, difficulty in ensuring 
each cell receives an equimolar ratio expres-
sion of production sequences. Some baculo-
virus-based systems have utilized helper virus 
spread, where they infect with a low MOI 
(multiplicity of infection) and allow replica-
tion through the culture, further increasing 
the possibility of these systems being even 
more scalable. However, there are more strin-
gent requirements for viral clearance studies, 
which are expected to evaluate the efficiency 
of the purification process in removing the 
input helper virus.

Finally, there is currently a strong interest 
in creating a true packaging cell line similar 
to those utilized in the protein therapeutics 
field.

To date, AAV vector developers have uti-
lized various combinations of Cis, Rep, Cap, 
and/or helper sequences in the production 
cell. Integration of these components is par-
ticularly challenging for AAV production due 
to the need to carefully control the interac-
tion of those genes involved in the produc-
tion cascade, which places the onus on ensur-
ing an optimal amount of each Rep protein 
as well as the adenovirus or other virus-based 
helper genes.

Multiple induction systems have been 
tested as a means of modifying which com-
ponents are expressed and how much – an 
important step in both improving regula-
tion of cytotoxicity that can come from the 
adenovirus replication gene, and ensuring an 
appropriate ratio of gene expression is gained 
during production.

Further challenges in developing a pack-
aging cell line have been reported due to 

 f FIGURE 1
AAV productivity in different scales. 
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potential instability of the integrated ITR (in-
verted terminal repeats) due to its secondary 
structure. This instability can occur during 
cell expansion, during the banking process, or 
in cells that are expanded for production. In 
addition, some of the initial studies related to 
packaging cell lines that have been developed 
have reported a lower percentage of full cap-
sids, or higher levels of genome truncation or 
package host cell DNA in the system. Despite 
these limitations, though, there are multiple 
groups utilizing this strategy, and consider-
able effort is being put into improving the 
platform to create a true packaging cell line 
in the AAV field.

Finally, it should be emphasized that care-
ful evaluation of product quality should be 
paired with any bid to improve the upstream 
bioprocess. Modifications to the helper vi-
rus or production sequences have direct im-
plications for overall productivity, but they 
also control the quality of the packaged ge-
nome or therapeutic sequence in terms of the 
amount of packaged impurity (e.g. host cell 
DNA, plasmid, or vector DNA sequences) in 
the infectivity of the protocol. By improving 
understanding of the virus biology and the 
production cascade involving helper, AAV, 
and cellular proteins, this interplay may be 
utilized to drive AAV systems closer to the 
cellular production capacity we currently see 
with wild-type AAV viruses.

OPTIMIZING SCALABLE AAV 
PRODUCTION: A CASE STUDY 
Upstream bioprocess

Cytiva recently developed a scalable upstream 
AAV bioprocess based upon triple plasmid 
transfection into HEK293T suspension cells. 
AAV2-GFP (containing a green fluorescent 
protein marker to aid in monitoring propaga-
tion) was the initial serotype selected.

The upstream process starts with the work-
ing cell bank, which is thawed before expan-
sion in a number of shake flask steps. This is 
followed by virus production, which is carried 

out in the Xcellerex™ XDR-10 stirred tank 
single-use bioreactor, scalable to 2,000 liters. 

Optimization of the cell line involved 
adapting the HEK293T cell line to suspen-
sion culture. (It may be noted that parallel 
development of a HEK293 cell-based process 
is underway, in light of recent debate around 
the large T antigen and its possible regulatory 
implications). A chemically defined cell cul-
ture medium was used to avoid the regulatory 
complications associated with animal-derived 
components such as serum. Next, the cell 
density and expansion procedure was opti-
mized before creation of the cell bank.

Design of Experiments (DoE) approaches 
were utilized in optimizing the transfection 
procedure. A number of different parameters 
were explored, including cell density, volume 
of transfection, various different plasmids and 
the concentrations and ratios between them, 
PEI (polyethylenimine)/plasmid ratio, incu-
bation time prior to entering the bioreactor, 

 f FIGURE 2
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temperature, different supplements (includ-
ing sodium butyrate), and time of harvest 
post-transfection. 

Figure 1 demonstrates results at different 
scales with the various AAV serotypes inves-
tigated to date: AAV 2, 5, 8, and 9. At small 
scale (in 20 mL shake flasks) relatively high 
productivity of approximately 1.0E+11 vi-
rus particles was observed. Subsequent runs 
at larger scales up to 10 liters demonstrated 
consistent productivity and as noted earlier, 

there have been previous successful examples 
of scale-up to considerably greater volumes in 
single-use stirred tank bioreactors. However, 
given the simplicity of this particular process, 
the yields may be considered encouraging.

Downstream bioprocess

Figure 2 outlines the downstream process that 
was developed. The primary consideration 

 f FIGURE 3

Top graph: no virus losses using 300 kDa NMWCO. Recovery was 75 to 80%. Bottom graphs: better impurity removal using 300 
kDa NMWCO. 
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was scalability of the technologies used. Tech-
nologies that are difficult to scale (e.g. centrif-
ugation, precipitation) were avoided.

Evaluation and optimization of the down-
stream purification steps naturally began at 
small scale and with a focus on the cell lysis 
and DNA fragmentation step. A combination 
of 0.5% Tween™ 20 (to lyse the cells) and 40 
U/mL Denarase™ (to digest DNA) was em-
ployed. This step took place in the bioreactor 
at 37°C with a mixing time of 4 hours.

A normal flow filtration step followed 
using ULTA™ capsules with a range of dif-
ferent cutoffs (5 µm + 2 µm + 0.6/0.2 µm 
HC) and flow rates (30 to 50 LMH). Recov-
ery from this step was approximately 75% 
to 80%, with the usual slight variability be-
tween runs observed and the inevitable loss 
of some virus (e.g. through it sticking to cell 
debris, etc.) 

A concentration and buffer exchange step 
followed, which was done by tangential flow 
filtration using hollow fiber filters. Figure 3 
demonstrates results with cutoff of the filter 

at both 100 kDa and 300 kDa. 100 kDa is 
frequently used in a bid to minimize virus 
loss – however, similar recoveries were ob-
served here with both 100 kDa and 300 kDa, 
suggesting the potential benefit of being able 
to reduce some impurities using the larger 
pore size of the hollow fiber filter. Addition-
ally, both total protein production and total 
DNA removal were improved with 300 kDa 
cutoff.

The capture step involved affinity chro-
matography utilizing Cytiva’s Capto AVB 
affinity resin. Figure 4 shows the chromato-
gram. Material was loaded onto the column, 
followed by washing and elution. The small 
green circle is the elution peak – i.e. where 
the virus is leaving the column. Some of the 
conditions used are also included.

This proved to be a very efficient purifi-
cation method with high impurity reduc-
tion achieved from a single chromatography 
step. Figure 5 shows a membrane image with 
host cell proteins in red and viral proteins in 
green. To the right (‘TFF 10XUF/5XDF’) is 

 f FIGURE 4
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the material loaded onto the column, which 
came from the hollow fiber filtration step 
in the previous unit operation. Some faint 
green bands may be seen – it is possible to 
discern VP1, VP2, and VP3 – but there is 
of course still a lot of host cell protein in 
this material. However, in the eluate (‘Capto 
AVB eluate’) most of those host cell proteins 
have been removed, leaving a clean prepa-
ration of the AAV virus. ‘Flow through’ 
demonstrates what became of the removed 
host cell proteins. The accompanying elec-
tron microscopy image is of the eluate fol-
lowing this single affinity chromatography 
step utilizing Capto AVB, showing the re-
maining virus particles.

While efficiency is of course important, 
it is equally critical to build robustness into 
the process. With this in mind, ongoing de-
velopment work is focusing on aspects such 
as empty-full capsid separation and polish-
ing any remaining impurities. The particular 
strategy under development involves using 
high resolution anion exchange resins (for ex-
ample, Capto™ Q ImpRes) although a num-
ber of other alternatives are currently being 
explored.

Analytics

Analytics are critical for bioprocess success, 
but they are also very time-consuming – an 
all-too-familiar issue for anyone who has 
worked in virus production.

Box 1 lists the analytical tools that were uti-
lized to follow the above process, including 
a novel technology based on Biacore™ SPR 
(Surface Plasmon Resonance) technology, 
which was developed for determination of vi-
rus titer. Assays used included infectious titer 
and total virus titer assays and, of course, a 
number of assays for host cell impurities and 
vector characterization.

Challenges faced with these methods in-
clude the fact that some are lacking low 
enough limits of detection, especially when 
used with early-stage samples from the har-
vest and the NFF samples. Additionally, they 
can sometimes be affected by detergents or 
buffer components, their accuracy depends 
to a large extent on the sample impurity level, 
and there is a lot of assay variation.

In a bid to overcome some of these chal-
lenges and limitations, a new quantification 
assay for AAV2 was developed using the 

 f FIGURE 5
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Biacore™ T200 instrument. This instrument 
carries a sensor chip to which is bound an 
anti-AAV2 antibody. The antibody is immo-
bilized by amine coupling. As material flows 
over the chip, interaction between the AAV 
and the antibody may be detected. Figure 6 
shows the calibration curve for this assay. Well 
over 60 samples have been run between these 
two calibration curves (it is difficult to see 
that there are in fact two curves in the figure, 
demonstrating the stability of this new assay). 
Figure 7 shows the comparison between the 
novel Biacore™ assay and ELISA on various 
process samples, further demonstrating its 
sensitivity and efficiency (it is also easier to 
run than ELISA). This technology is now be-
ing implemented for other AAV serotypes.

FIBRO CHROMATOGRAPHY IN 
AAV PROCESSING 
Fibro is a novel, single-use chromatography 
tool with the potential to alleviate several of 
the current challenges in AAV downstream 
processing, including those related to speed 
and process efficiency. However, it may also 
positively impact other, more general manu-
facturing pain points, such as speed to mar-
ket, scalability, and Cost of Goods.

The Fibro technology is mainly applicable 
to the capture step of AAV downstream bio-
processing. Currently, the capture step typi-
cally provides good recovery, although it can 
be improved, but it is also a relatively slow 
process step. 

Fibro technology enables one to address 
both the capture and the prior concentration 
step. 

Concentration typically has a recovery of 
approximately 80% and like capture, it is 
widely considered to be relatively slow and 
time-consuming. The reason for introducing 
this step is to concentrate the feed material 
and to minimize the loading time in the sub-
sequent capture step. In some cases, a buffer 
exchange is also done in this concentration 
step, usually by TFF.

Capture steps using affinity resins are usu-
ally associated with very long loading times. 
This is due to the fact that AAV titers are 
relatively low, and the flow properties of the 
resins mean that extended residence times 
are required – usually 1 to 3 minutes. Con-
sequently, large volumes of feed material may 
take a great deal of time to load. Indeed, col-
umns are sometimes oversized to minimize 
time spent on this loading phase. Recovery in 
the capture step is negatively impacted by this 

  f BOX 1
Virus infectious titer

 f Transduction assay: flow cytometry
Virus titer

 f Viral genomes: qPCR

 f Viral capsids: ELISA, SPR (Biacore™ system)

 f Full-empty ratio: qPCR/ELISA, analytic IEX, TEM
Host cell impurities

 f Total protein: BCA assay

 f Total DNA: Picogreen™ Assay

 f HC DNA: qPCR

 f HCP: ELISA
Characterization

 f SDS-PAGE, Western blotting

 f TEM

 f SEC and IEX HPLC

 f FIGURE 6
Calibration curve.
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long process time as is the low pH elution, 
which is usually used for affinity ligands.

Fibro is an electrospun cellulose material 
that has relatively large pore size, allowing the 
ligands that are immobilized on this format 
to be accessible directly, without any need for 
diffusion. Therefore, residence times of only a 
few seconds are needed.

There are alternatives available on the mar-
ket – bead resin, for example. Bead resin has 
a much larger surface area, but the majority 
of this surface area is not accessible by the 
relatively large AAV. Other materials are not 
dependent on diffusion. However, these do 
not have the same surface area, and they have 
a different structure without the same, even 
pore size distribution that Fibro features. Fi-
bro has a large surface area and also has a high 
binding capacity, which is key for AAV.

In the process scenario demonstrated in 
Figure 8, this non-diffusion dependent base 
matrix reduces the typical residence time 
of ≥1 minute for a classical affinity resin to 
1.3 seconds – a loading rate that is 46 times 
higher, which results in significantly increased 
productivity. Capitalizing upon this short res-
idence time, 1  liter of clarified harvest feed, 
which is not preconcentrated, can be loaded 
in a 400 mL unit and processed in 1 hour. 
This speed in turn makes TFF dispensable.

Table 1 shows different residence times 
and different flows. The capacity is depen-
dent on the flow, but it will remain high even 
at a short residence time of 1 to 2  seconds, 
only starting to decrease at approximately 
0.5  seconds. The right-hand column of the 
table shows the corresponding time to process 
2,500 MV (membrane volumes), which fur-
ther demonstrates the speed with which one 
can process clarified feed material even with-
out a preconcentration step.

In order to provide context in terms of the 
quantity of Fibro material required to purify 
a large-scale run: 1  liter of feed material on 
a 400  microliter Fibro unit corresponds to 
500 liters of feed material needing a few hun-
dred milliliters of Fibro material.

A number of different units are being de-
veloped that range in size from the lab-scale 
400 microliter HiTrap™ unit up to the 2.4-li-
ter Large Fibro unit. The Medium Fibro unit 
(160 mL) is capable of processing 500 liters 
of feed material in a single run. Each unit 
is compatible with corresponding hard-
ware that is suitable to cope with the flows 
involved.

In summary, Fibro offers a number of ad-
vantages for the AAV capture step, including 
speed, capacity, recovery, and the efficiency 
and convenience of a single-use format. 

 f FIGURE 7
Biacore™ and ELISA analysis of process samples. 
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The fast flow negates the requirement for a 
prior sample concentration step. Rapid cycle 
times positively impact maintenance of both 
virus integrity and infectivity. Rapid process-
ing is also positive for the recovery, and by 
avoiding the need for a TFF step, any losses 
associated with that step are removed. Fibro 
units are prepacked, with a simple setup in 
the manufacturing facility, and offer short 
process development timelines due to the 
speed of every cycle. 

Note that Fibro units for AAV are still un-
der development.

AFFINITY VS MULTIMODAL 
LIGANDS FOR AAV CAPTURE
Affinity ligands are now well established on 
the market for most AAV serotypes. A key 
strength is their prowess at impurity remov-
al, due to their high specificity in binding the 
target AAV.

Affinity ligands do have drawbacks. These 
include the challenging elution conditions 
with low pH – a particularly important con-
sideration for runs with resins because of 
lengthy timeframes involved. Additionally, 
those affinity ligands currently available on 
the market do not discriminate between full 
and empty particles. The elution conditions 
usually raise the risk of the AAV sample ag-
gregating and finally, protein-based affinity 
ligands have limited cleanability. However, ef-
ficient impurity removal with affinity ligands 
may in some cases be considered unnecessary 
because one may simply introduce a subse-
quent full/empty separation step, which will 
also remove many impurities.

Multimodal ligands are not as effective as 
affinity ligands at impurity removal, but they 
do hold the advantage of very mild elution 
conditions. There is an opportunity to en-
rich full AAV, depending on how one runs 
the elution and collects the elution peak. 
Multimodal ligands are acceptable with high 

 f FIGURE 8
Process loading rate comparison.

  f TABLE 1
Residence time (s) Flow (MV/min) Capacity (capsids/mL) Approx. process time 

for 2500 MV
0.5 120 6.1 x 1013 25 min
1 60 2.0 x 1014 50 min
2 30 3.4 x 1014 90 min
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conductivity during binding, meaning that 
no buffer exchange is required prior to load-
ing. They minimize the risk of aggregation. 
Being synthetic, they may also be cleaned un-
der very harsh conditions. Finally, they have 
broad cell type coverage. 

There also exists an opportunity to cir-
cumvent multimodal ligands’ limited impu-
rity removal capabilities, even if one wishes 
to avoid a subsequent full/empty separation 
step: residual HCP and DNA can be removed 
through the addition of a gentle flow through 
Capto™ Core 400, following a capture step 
with a multimodal ligand.

CONCLUSION
Significant improvements have been made to 
vector productivity and genome packaging by 
modifying both viral and cellular sequences 
to better support AAV production. However, 
with the large range of production systems 
still used to manufacture AAV, these improve-
ments may need to be reoptimized with each 
platform to better control the production cas-
cade. Further challenges remain in the scal-
ability of these methods.

As these platforms continue to improve, 
early assessments of product quality will in-
crease the field’s understanding of the link be-
tween viral gene expression, replication, and 
improving AAV platforms.

The optimization of processes and the con-
tinued emergence of improved upstream and 
downstream steps, tools, and assays such as 
those described above, will play a key role in 
evolving traditional AAV virus production 
into fit-for-purpose commercial gene therapy 
manufacture.
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