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The interest in lentiviral vectors (LVs) has increased promi-
nently for gene therapy applications, but few have reached
the later stages of clinical trials. The main challenge has re-
mained in scaling up the manufacturing process for the fragile
vector to obtain high titers for in vivo usage. We have previ-
ously scaled up the LV production to iCELLis 500, being able
to produce up to 180 L of harvest material in one run with
perfusion. The following challenge considers the purification
and concentration of the product to meet titer and purity re-
quirements for clinical use. We have developed a downstream
process, beginning with clarification, buffer exchange, and con-
centration, by tangential flow filtration. This is followed by a
purification step using single membrane-based anion exchange
chromatography and final formulation with tangential flow
filtration. Different materials and conditions were compared
to optimize the process, especially for the chromatography
step that has been the bottleneck in lentiviral vector purifica-
tion scale-up. The final infectious titer of the lentiviral vector
product manufactured using the optimized scale-up process
was determined to be 1.97 � 109 transducing units (TU)/mL,
which can be considered as a high titer for lentiviral vectors.
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INTRODUCTION
Lentiviral vectors (LVs) are an increasingly popular1 and promising
gene therapy tool, due to their ability to transduce both dividing
and nondividing cells. Two LV-based gene therapy products have
recently been commercialized: Kymriah (Novartis) for treating large
B cell lymphoma and B cell precursor acute lymphoblastic leuke-
mia,2,3 and Zynteglo (bluebird bio) for transfusion-dependent
beta-thalassemia.4 Other applications assessed in clinical trials
include treatments for cerebral adrenoleukodystrophy,5 metachro-
matic leukodystrophy,6 Wiskott-Aldrich syndrome,7 and Parkin-
son’s disease.8 The efficacy of LV-mediated gene therapy with herpes
simplex virus 1 thymidine kinase (HSV-1-TK) in treatment of glio-
blastoma has previously been confirmed with animal models.9 In our
concurrent study,10 we have examined the effect of the lentiviral vec-
tor encoding thymidine kinase/ganciclovir (LV-TK/GCV) treatment
on glioblastoma in vivo using rat models. In addition, we optimized
the upstream process and did two large-scale LV production runs
(LV encoding green fluorescent protein [GFP] and LV-TK) using
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iCELLis adherent cell-culture technology. We provided the proof
of concept of LV-TK/GCV functionality and successfully scaled up
the LV upstream production toward a commercial scale with a har-
vest volume of 180 L.

Large-scale manufacturing has been the bottleneck in the transition
from clinical trials to commercial use.11 The main obstacles in LV
downstream (DS) have been the handling of large volumes and loss
of functionality during processing. Because of the fragile nature of
LV, short process times and a limited number of process steps are
essential for maintaining the activity of the vector. The processing
units and methods used for small-scale concentration and purifica-
tion are generally not applicable to large scale. Scalable methods
include depth microfiltration for clarification,12 tangential flow
filtration (TFF) with either membrane,13 or hollow-fiber14 filters
for concentration and buffer exchange and chromatography for
purification. Anion exchange (AEX)15 and affinity chromatog-
raphy16 have been suggested for the main purification step and
size-exclusion chromatography for a polishing step.14 However,
the recoveries have remained low, especially for the main chroma-
tography purification step. Despite extensive studies on DS
methods, only few publications show DS scale-up for starting vol-
umes of over 50 L.14,17 One of the reasons for slow DS develop-
ment and optimization rate is the need for large amounts of
LV material with consistent characteristics, which means that the
upstream production needs to be scaled up first to provide the ma-
terial for DS.

In this work, we present the DS optimization for LVs. The steps
include clarification, concentration, and buffer exchange with tangen-
tial flow filtration, AEX chromatography purification, as well as final
formulation. For product formulation, several final formulation
buffers (FFBs) were screened and virus stability studied.
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Table 1. List of Materials Used during Downstream Process Development of Lentivirus Vector Production

Process Step Support Material/MWCO Manufacturer Notes

Clarification/filtration

Millistak+ Pod depth filter CE50, 0.027 m2, ref.
MCE50027H1

cellulose Merck Millipore standard in small-scale runs

Sartopore 2 midcap size 7: 0.8 + 0.45 mm, 0.05 m2, ref.
5445306G7

polyethersulfone (PES) Sartorius Stedim Biotech tested

Sartoclean CA midcap size 7: 0.45 mm, 0.08 m2, ref.
5625306A7

cellulose Sartorius Stedim Biotech tested

Millistak+ Pod depth filter CE50, 0.77 m2, ref.
MCE5007FS1

cellulose Merck Millipore
first and second scale-up run
(single filter)

TFF concentration
and buffer exchange

Sartocon Slice Hydrosart 0.11 m2, 100 kDa, ref.
305 144 6801E-SG

cellulose/hydrosart Sartorius Stedim Biotech
used in TFF1a development
and in the scale-up runs TFF2b

(single cassette)

Sartocon Hydrosart 0.6 m2, 100 kDa, ref.
302 144 6806E-SG

cellulose/hydrosart Sartorius Stedim Biotech
5 � 0.6 m2 in first scale-up
run TFF1

Sartocube Hydrosart 3 m2, 100 kDa, ref.
302 144 6830E-BSW

cellulose/hydrosart Sartorius Stedim Biotech
1 Sartocube + 2 � Sartocon
(total 4.2 m2) in second
scale-up run TFF1

Pellicon 2 Mini Ultracel type V 0.1 m2, 100 kDa, ref.
P2C100V01

cellulose/Ultracel Merck Millipore tested for TFF1

Pellicon 2 Mini Ultracel type V 0.1 m2, 300 kDa, ref.
P2C300V01

cellulose/Ultracel Merck Millipore tested for TFF1

Pellicon 2 Mini Biomax type V 0.1 m2, 100 kDa, ref.
P2B100V01

PES/Biomax Merck Millipore tested for TFF1

Chromatography

CIMmultus QA 1 mL (2 mm), ref. 311.5113-2
CIM monolithic advanced
composite column

BIASeparations tested for AEXc

CIMmultus QA 1 mL (6 mm), ref. 311.5113-6
CIM monolithic advanced
composite column

BIASeparations tested for AEX

CIMmultus DEAE 1 mL (2 mm), ref. 311.5114-2
CIM monolithic advanced
composite column

BIASeparations tested for AEX

Sartobind Q nano 3 mL, 8 mm, ref.
96IEXQ42EUC11-A

reinforced cellulose Sartorius Stedim Biotech standard in small-scale runs

Sartobind Phenyl nano 3 mL, 8 mm, ref.
96HICP42EUC11-A

reinforced cellulose Sartorius Stedim Biotech tested for HIC

Mustang Q XT Acrodisc 0.86 mL, ref.
MSTGXT25Q16

hydrophilic PES Pall tested for AEX

Sartobind Q 150 mL, 8 mm, ref. 96IEXQ42E9BFF reinforced cellulose Sartorius Stedim Biotech AEX/first scale-up run

Sartobind Q 400 mL, 8 mm, ref. 96IEXQ42E1HSS reinforced cellulose Sartorius Stedim Biotech AEX/second scale-up run

The list includes clarification, tangential flow filtration, and chromatographic supports. DEAE, diethylaminoethyl; HIC, hydrophobic intercation chromatography; MWCO, molecular
weight cutoff.
aConcentration and buffer change after clarification using tangential flow filtration.
bFinal buffer change using tangential flow filtration.
cAnion exchange chromatography.
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RESULTS
Downstream Development Overview

The production of the LV material is described in more detail in
Leinonen et al.10 The upstream production of the LVs was opti-
mized prior to and partly simultaneously with the downstream
development. Vector with a GFP transgene was used in the first
production runs, including the first scale-up run, to facilitate func-
tional titering using flow cytometry. Clarification, TFF and AEX
support selection (Table 1), and prescreening of main parameters
(Tables 2 and 3) were mostly performed using LV material from
these runs. In the later runs, we transferred to LV-TK production
718 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
and used a qPCR-based titering method. Functional recoveries are
essential to be able to value the success of the purification steps;
however, p24 ELISA-based total viral particle (vp) recovery re-
mains a sufficient method for a quick and noncell-based check
for the overall LV recovery of a process step.18 A comparison be-
tween vp concentration and transducing units (TUs) also reveals
the activity loss in a processing step. Analytics for the total amount
of physical lentivirus particles by p24 ELISA were not performed in
all experiments during small-scale process development, in which
case, only the TUs were driving the study. The full DS process is
depicted in Figure 1.
020



Table 2. Tangential Flow Filtration Optimization Parameters

Phase System Feed (kg/m2) Flux (LMHa) Crossflow (%) TMP Maxb (Bar)

Optimization ÄKTA crossflow 10–70 10 64 0.06

Optimization Cogent M 50–120 24–100 88–90 0.2–0.5

First scale-up run TFF1 Mobius 42 14 88 0.1

First scale-up run TFF2 Cogent M 8.4 12 94 0.2

Second scale-up run TFF1 Mobius 43 13 89 0.2

Second scale-up run TFF2 Cogent M 8.6 8.4–12 94–97 NA

NA, not applicable.
aLiters per square meter per hour.
bMaximum transmembrane pressure during the run.
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The first large-scale run (iCELLis 500/100 m2, LV-GFP) was per-
formed to obtain uniform and concentrated upstream LV stock to
further optimize the DS process. The second large-scale run (iCELLis
500/333 m2, LV-TK) was performed as a complete process from up-
stream production to final product. Main DS development results are
described step by step in each corresponding section, whereas large-
scale runs are presented as separate processes to evaluate the success
of the scale-up.

Clarification

Two different depth filters were tested for clarification: Sartopore 2
and Millistak+ Pod (Table 1). Double-stranded DNA (dsDNA)
clearance with the larger pore size Millistak+ was not as good as
with the smaller pore size Sartopore. However, the recovery of
the product through Millistak+ was higher both in functional
(TUs) and total vps (determined by p24 ng/mL data; data not
shown). Therefore, the larger pore-size filter retaining better infec-
tivity was chosen for clarification. The importance of filter flushing
after harvest collection was also assessed. Flushing the filter once
with buffer, with approximately the filter void volume, resulted
in a 60% increase in the vp recovery (data not shown). The clari-
fication with Millistak+ filter was tested in several small-scale
LV clarifications (220–440 L/m2) with flushing, the functional
particle recovery was repeatedly 75%–90%, and total particle
recovery approximately 100% (Figure 2A). Due to the fragile na-
ture of the LVs, the functional particle recovery may decrease dur-
ing processing. However, generally, the ratio of total physical par-
ticles compared to functional particles decreases toward the final
product, which indicates increased quality after the purification
process.

Concentration and Buffer Exchange by TFF1

The clarified material was concentrated and diafiltrated into suitable
buffer for chromatography in a tangential flow filtration step, denoted
as TFF1. Enveloped vectors are highly susceptible to functionality loss
due to envelope rupture during processing caused by foaming, shear
forces, pressure changes, and aggregation. We have optimized the
parameters of the concentration and buffer change step, keeping a
suitably high crossflow to try to minimize clogging and product
aggregation.
Molecul
Choice of Ultrafiltration Membrane Material and Cutoff

Flat sheet cassette format was chosen for ultrafiltration in TFF, as
previous data19 on hollow fibers have shown faster transmembrane
pressure (TMP) increase and lower flux-regaining capability than
with comparable flat sheets. Cellulose and polyethersulfone (PES)
were considered for ultrafiltration membranes. PES membranes
have a more open structure than cellulose-based membranes,
which leads to higher permeability compared to cellulose-based
membranes with same cutoff; however, the hydrophilicity of the
cellulose membrane leads to a lower tendency to bind hydrophobic
foulants.20 Small-scale tests revealed faster increasing TMP on the
PES membrane compared to cellulose-based membrane of same
cutoff (Figure 2B). Recoveries did not differ significantly between
the two membrane materials (data not shown); however, with
the consideration of the effects of the increase in TMP in large-
scale processing, the cellulose-based membrane was chosen for
scale-up.

Following the membrane material decision, two different cutoffs
(100 kDa and 300 kDa) were tested with the cellulose-based cassettes.
Cassettes from two different brands (Sartocon Slice, Sartorius; and
Pellicon 2, Milllipore) were compared for the 100-kDa cassette,
whereas size 300 kDa was only available as Pellicon 2. A 300-kDa cut-
off resulted in higher dsDNA clearance than 100 kDa; however, the
titer recoveries were lower than with the smaller cutoff cassette (Fig-
ure 2C). The results suggested that Sartocon resulted, on average, in
slightly higher functional particle recovery of the two, 100-kDa cas-
settes, although the standard deviation (SD) of the results was higher.
Therefore, finally, the Sartocon Slice 100-kDa cassette was finally
chosen for scale-up.

Optimization of the TFF Parameters

The parameters for the TFF1 step were determined in small scale on
ÄKTA crossflow (GE Healthcare) and Cogent M (Millipore) with the
100-kDa, 0.1 m2 Sartocon cassette. The Cogent M parameters at 24 L/
m2/h (LMH) flux and 88% crossflow with permeate flow control re-
sulted in the lowest TMP values. Fluxes as high as 100 LMH were
tested, and the higher flux resulted in increasing TMP (Table 2).
Generally, the feed load in TFF1 was approximately 60 kg/m2; how-
ever, up to 100 kg/m2 was applied as well with decent recoveries
ar Therapy: Methods & Clinical Development Vol. 17 June 2020 719
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Table 3. Main Parameters Studied to Optimize the Chromatographic

Capture Step

Parameter Conditions Tested
Chromatographic
Step

Starting material
for capture

TFF1a stock

AEXbclarified stock

fresh and frozen stocks

Additives sucrose 10% AEX

Flow rate 1 to 5 CV/minc AEX

Conductivity
diluted (150 mM NaCl) and
standard (300 mM NaCl) TFF1 stocks

AEX

Type of salt 0.9 M NaCl and 1 M (NH4)2SO4 HICd

aConcentration and buffer change after clarification using tangential flow filtration.
bAnion exchange chromatography.
cColumn volumes per minute.
dHydrophobic intercation chromatography.
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(approximately 75% recovery in functional units) (flow cytometry;
data not shown).

In the end of the TFF process, the product is recirculated over the
membrane with permeate closed (100% crossflow) to detach the
layer formed on the membrane and to flush it into the retained
product. The effect of flushing the TFF1 membrane after recovery
of the retentate (Figure 2D) was tested. It was noticed that the first
flush adds approximately 55% in TU to the recovery of the prod-
uct. However, a second flush did not meaningfully improve the
recovery.

Capture Chromatography

AEX chromatography development started focusing on two main
support types (monoliths and membranes). A number of chro-
matographic runs were carried out to screen for the best supports
and conditions (Tables 1 and 3). Weak and strong anion ex-
changers were compared for monoliths. Although better resolution
could potentially be obtained with weak exchangers, recoveries us-
ing them were lower, so only strong exchangers were chosen for
further evaluation. Both membranes and monoliths bind lentivirus
particles efficiently from clarified harvest, as well as TFF1 product,
with the exception of Mustang Q XT Acrodiscs that seem to lead to
higher flowthrough with TFF1 material (Figures 3A and 3B). In
linear gradients with TFF1 material, the column elution phase
generally shows two main peaks with different UV profiles (280
milli-absorbance units [mAU] versus 254 mAU, elution profile
from Sartobind shown in Figure 3C). However, the division into
two peaks was not always clear with different columns, which is
why it was important to report also the rest of elution. With clar-
ified material, the resolution into two peaks was especially difficult,
and thus, only the peak corresponding to the TFF1 material first
peak was analyzed separately (Figure 3A). The first peak collection
was 16%–22% of the total elution volume in Figures 3A and 3B.
Figures 3D–3F show further analysis of the chromatographic peaks
and impurity clearance obtained using TFF1 stocks.
720 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
Similar feedstock volume per support volume was loaded at flow rates
of 1 column/membrane volume (MV) per minute. Higher flow rates
in ÄKTA Avant 150 equipment (GE Healthcare) had shown that the
infectivity of up to 20% of the vps can be lost in the system in column
bypass mode at 5 mL/min (data not shown), which relates to the
fragility and sensitivity of the LV. The first elution peak, which eluted
immediately after conductivity started increasing, was the fraction
that containedmost of the intact virus (Figures 3A and 3B). TU recov-
eries during elution were particularly low, and only up to 30% of
the column-bound functional LVs eluted with gradients up to
1.5MNaCl with the TFF1material. The rest of the vector is putatively
removed during the cleaning-in-place step with 0.5 M NaOH, a
fraction that cannot be tested for viral activity. We also compared
chromatography with and without sucrose added to the feedstock
(TFF1 products). Sucrose has been shown to increase the stability
of lentiviral vectors upon freezing.21 However, no improvements
were observed in TU recoveries, so no additives were used in further
runs (data not shown).

The dsDNA is mostly found in the second peak, where also some
functional particles are eluted (Figure 3E). Both dsDNA and total
protein clearances are high for the first peak (Figures 3E and 3F).
Highest quality vector preparation after chromatography was eluted
from Sartobind Qmembranes (Figure 3D). Vector quality is inversely
proportional to the ratio of the total vps to TUs: the lower the value of
vp/TU, the higher the vector quality.

Increased precolumn pressure at higher flow rates during chromatog-
raphy was observed. The problem was worse in the case of monoliths.
A larger pore-size monolith column (6 mm versus 2 mm) was also
tested, but the lower binding capacity still yielded lower recoveries
than the Sartobind Q membrane. High dsDNA levels in the concen-
trated TFF1 stocks might be partially responsible for these problems,
which point to the importance of an optimized endonuclease step
prior to further DS processing. To minimize pressure increases, pre-
filtration of the TFF1 product (0.45 mm Sartoclean cellulose acetate
[CA] and Sartopore 2 filters) (Table 1) was tried prior to chromatog-
raphy. However, the functional particle recovery was low (49.6%
with Sartoclean CA and 66.2% with Sartopore 2) and the dsDNA
clearance poor (18.3% with Sartoclean CA and 18.5% with Sartopore
2), making this step unsuitable for our goals. Clarified viral stocks
without preconcentration and buffer exchange seem to yield some-
what better recoveries (particularly for Mustang Q XT Acrodiscs; Fig-
ure 3A). However, the time required to load all of the clarified harvest
material from large-scale runs to batch chromatography renders this
option impractical for the fragile vector. Based on these results, the
Sartobind Q membrane supports were selected for further process
development and scale-up, since they consistently provided the best
recoveries with minimal technical problems.

HEPES-buffered solution was chosen for the TFF1 and chromatog-
raphy buffer due to a higher buffering capacity in physiological
pH compared to a Tris-based buffer (HEPES negative base-10 loga-
rithm of the acid dissociation constant [pKa] 7.6 and Tris pKa 8.1
020



Figure 1. Process Flow Chart for Scalable LV-TK Downstream Purification

from Harvested Material
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at 25�C), and the high temperature-dependent pH variability of Tris-
based buffers.22 To minimize aggregation and also to retain column
capacity by excluding part of the protein binding during loading,
buffer containing 300 mM NaCl was chosen for the chromatography
column equilibration/loading and washing. The effect of buffer con-
ductivity was tested on the Sartobind Q column by comparing the
standard TFF1 feedstock (29.2 mS/cm) with the diluted TFF1 stock
(14.6 mS/cm). In addition, we tested the effect of adding 10% sucrose
to the TFF1 buffer for increased stability during the chromatography
step. No significant vector recovery improvements were obtained at
low conductivity (23.4% TU at 29.2 mS/cm and 21.2% TU at 14.6
mS/cm), and the sucrose addition resulted in decreasing recovery
Molecul
(10.4% TU), most probably due to increased viscosity during the
runs. The standard TFF1 buffer (300 mM NaCl) was chosen for
further development to try to minimize impurity binding.

Final Formulation Buffer Study and Stability

Final formulation of the viral vector preparation can affect the sta-
bility of the product remarkably, especially with fragile LVs, and the
formulation should not only support the preservation of the product
but also be applicable in vivo. Both sucrose and magnesium chloride
have been used in final formulation of LVs to increase stability of
the product during storage.21,23,24 The stability of the LVs was stud-
ied in several HEPES and PBS-based buffers for product storage.
Short-term storing results were consistent; the most efficient buffers
to maintain short-term stability of LV at �80�C were 10% sucrose
in 50 mM HEPES, 20 mM MgCl2 in PBS, 5% sucrose-20 mM MgCl2
in 50 mM HEPES, and 50 mM HEPES. These buffers performed
significantly better than standardly used PBS (Figures 3G and 3H;
0 h samples). In addition, 10% sucrose in 50 mM HEPES and
20 mM MgCl2 in PBS could be considered better compared to
50 mM HEPES only.

None of the buffers was able to prevent a significant decrease of the
titers during incubation at room temperature (Figure 3G; 6 h and
24 h samples). All of the samples were statistically different between
0 h and 24 h time points. However, the FFBs that were best to
maintain the stability at room temperature were 5% sucrose-
20 mM MgCl2 in 50 mM HEPES, 50 mM HEPES, and 20 mM
MgCl2 in PBS. After a 6-h incubation, 65%, 68%, and 77% of the vec-
tor activity remained, respectively. After 24 h, only 27%, 18%, and 8%
remained (Figure 3G).

When the LV was incubated at +4�C, the smallest decrease in titer
was observed with 5% sucrose-20 mM MgCl2 in 50 mM HEPES,
PBS, and 5% sucrose in 50 mMHEPES (Figure 3H; 6 h and 24 h sam-
ples). After a 6-h incubation period, there was 82%, 67%, and 71% of
the activity remaining, respectively. After 24 h, there was 59%, 55%,
and 50% activity remaining. However, there was a significant decrease
in titer from the initial 0-h titering point to the 24-h titering point,
indicating that none of the FFBs could maintain stability at +4�C.

The final formulation step with TFF2 with uniform virus stocks from
the AEX capture requires a minimum amount of material, which was
not obtained here during process development in iCELLis nano scale.
Therefore, this unit operation was not optimized prior to the first
large-scale run (described in the following section). Accordingly,
the same parameters as for the TFF1 step were implemented, with
the exception of a larger crossflow. For the scale-up runs, we com-
bined the prominent cryopreservative effects observed with 10%
sucrose in 50 mM HEPES and 20 mM MgCl2 in PBS into the final
formulation buffer, 50 mM HEPES + 20 mM MgCl2, with 10% su-
crose (pH 7.5). The second scale-up run final product (LV-TK) was
reanalyzed after 1 year and 2 years storage in �80�C, and the func-
tional units were normalized against total vps (vp/TU). The vp/TU
ratio seemed to remain similar during the storage, changing from
ar Therapy: Methods & Clinical Development Vol. 17 June 2020 721
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Figure 2. Clarification and the Following Concentration/Diafiltration Optimization for Lentiviral Vectors (LVs)

(A) Clarification titers from four small-scale runs in TU/mL (±standard deviation [SD]) and total particle concentration (vp/mL ± SD), as well as recovery percentages. (B)

Tangential flow filtration (TFF) transmembrane pressure (TMP) with 100 kDa polyethersulfone (feed 30–35 L/m2; solid lines) and cellulose (feed 59–74 L/m2; dashed lines)

cassettes. Graphs of four independent runs are shown. (C) TU recovery percentage (±SD, gray bars) and dsDNA clearance percentage (±SD, dots) for clarified LV con-

centration and buffer change with three cassettes (S100 = Sartocon 100 kDa, M100 =Millipore 100 kDa, M300 =Millipore 300 kDa; all 0.1 m2). The results are averages over

three runs with LV-GFP (2 runs, titering with flow cytometry) and LV-TK (one run, titering with qPCR). (D) TFF titer (TU/mL ± SD) and vp/mL (±SD) in two small-scale runs (Run

A and Run B) in the first recovery of the product (dark gray bars and diamond dots), the 1st flush (light gray bars and triangle dots), and the 2nd flush (white bar, only for run A

and measured in TU/mL). TUs, transducing units measured with flow cytometry if not stated otherwise; GFP, green fluorescent protein; TK, thymidine kinase. The total viral

particles (vps) were calculated from p24 ELISA results.
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3.46� 103 vp/TU at 0 time point to 4.29� 103 vp/TU at a 1-year time
point and to 2.81 � 103 vp/TU at a 2-year time point.

First Scale-Up Run Clarification and TFF1

In the first large-scale clarification, the feed and flux were reduced to
215 kg/m2 and 146 LMH, respectively, to ensure effortless scale-up.
126.8 kg of the total of 168.8 kg clarified product was processed
further in TFF1. TFF1 was performed using the small-scale optimized
parameters as guidelines. A lower feed load (42 kg/m2) than in the
small-scale experiments was used to ensure operability in the scale-
up. TMP increased up to 0.1 bar during the run (Table 2). In this first
large-scale run, the product was not recirculated before recovery.
However, the system was flushed as in the small-scale experiments,
and the first flush was combined with the initial recovery to form
the final TFF1 product. A second and third flush did not improve
the recovery, confirming the results from small-scale experiments
(data not shown). Both functional particle and vp recoveries were
close to 100% for the clarification step, and 70%–80% for the TFF1
step (Figure 4A). The clarification dsDNA clearance was 25%, and
over 65% of the remaining dsDNA was removed in the TFF1 step
(Figure 4B). However, due to volumetric concentration in the TFF1
step, the dsDNA concentration in the TFF1 product was higher
than in the harvest.

Additional Chromo Optimization and the First Scale-up Run

Chromatography

Prior to scale-up of chromatography and final formulation, the ob-
tained large-scale TFF1 product was used to optimize the chromatog-
722 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
raphy step further. First, elution was improved, converting a 0% to
100% linear gradient into a shallower 0% to 60%, aiming to resolve
better the nucleic acid from the viral-containing fraction. Break-
through curves, based on total vps, were obtained for Sartobind Q,
with the first scale-up run frozen TFF1 stocks. A 20% breakthrough
point was determined at 2.06 � 1012 vp (Figure 4C).

The AEX chromatography step was planned as a 50-fold intermediate
scale-up from the Sartobind Q nano (3 mL) to the 150-mL version of
the same membrane support and bed height. The total particle con-
centration of the large-scale run TFF1 product was determined at
2.23 � 1010 vp/mL, and to keep the total particle load below the
20% breakthrough point, 4.3 kg of frozen and thawed TFF1 product
was loaded into the column.

The full chromatogram is shown in Figure 4D with the collected frac-
tions underlined. Figure 4E summarizes the obtained results.When to-
tal particles are considered, the vp recoveries show the expected
pattern, with the first peak containing the biggest amount (32.0%).
However, the recovered amount of functional virus was only 12.4%
in the same fraction. The reason for this result could not be deter-
mined. Mass balances show that as in small scale, a big proportion
of the viral vector is not recovered out from the column during elution
(total vp recovery 62.8%), and total infectious LV-GFP vector eluted
was 39.2%. The second peak, which comprises most of the eluted
dsDNA (25.7% versus 1.6% in 1st peak; data not shown), also contained
16.4% of the recovered TUs. This, together with the vector recovered in
the rest of the elution fraction, points to difficulties in accurate manual
020



Figure 3. Preliminary Chromatography Optimization

and Stability Studies for Lentiviral Vectors Expressing

the Green Fluorescent Protein (LV-GFP)

(A) Functional particle TU recoveries from clarified feedstock

for three different chromatography columns (A = CIMmultus

QA 1 mL, B = Mustang Q XT Acrodisc 0.86 mL, C = Sar-

tobind Q nano 3 mL). (B) Functional particle TU recoveries

from small scale clarified and concentrated with TFF1

feedstock for three different chromatography columns

determined with flow cytometry. (C) Typical chromatogram

elution with Sartobind Q support showing the absorbance

profile (UV280 and UV254) and the elution buffer concen-

tration percentage. (D) Titers (TU/mL) and the vector quality

as the ratio of total vps compared to TU for chromatography

runs on three different columns with the frozen TFF1 stock

of the first scale-up run. (E) Clearance of dsDNA in the

fractions from frozen TFF1 stock of the first scale-up run for

three different chromatography columns. (F) Clearance of

total proteins in the fractions from frozen TFF1 stock of the

first scale-up run for three different chromatography col-

umns. (G) LV-GFP stability in room temperature in different

buffers. The TU values are normalized against vp values for

comparability (±SD). (H) LV-GFP stability in +4�C in different

buffers. The TU values are normalized against vp values for

comparability (±SD). **p % 0.01, ***p % 0.001, ****p %

0.0001. All percentages obtained from average titer/con-

centration. TUs, transducing units determined with flow

cytometry. The total vps were calculated from p24 ELISA

results.
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fractionating of virus peaks from this linear gradient. In the next large
scale-up run, the elution was planned as gradient steps instead. Alto-
gether, this process step provided the main dsDNA impurity clearance
(over 98%) but did not help to concentrate the LV-GFP vector.

First Scale-Up Run TFF2

Buffer change to the FFB was performed with another TFF step
(TFF2) after the chromatography purification. The main parameters
used in TFF1 were applied for the technically similar TFF2 process
(Table 2). The flux was decreased slightly to increase the crossflow
over the retentate side of the membrane and consequently, to prevent
aggregation or pressure increase. TU recovery was 59.98%, based on
average TU/mL titer (Figure 4F). The final volume of LV-GFP-puri-
fied vector in FFB (50 mM HEPES, 20 mM MgCl2, pH 7.5, with 10%
sucrose) was 560 mL at 1.26 � 106 ± 2.94 � 105 TU/mL (±SD) with
additional dsDNA clearance (Figure 4F).
Molecular Therapy: Methods
Second Large-Scale Run Using Further

Optimized Parameters

In the second large-scale run (LV-TK), down-
stream was performed continually from clarifica-
tion to final formulation (Figure 1). The main
downstream modifications were the conversion
of the AEX linear gradient elution into three
discrete steps (12%, 30%, and 45% elution buffer
concentration) and use of a larger Sartobind Q
column (400 mL). A 178.4-kg harvest was ob-
tained, clarified, and conditioned into TFF1 buffer to recover
15.59 kg of concentrated LV-TK vector. TFF1 recoveries based on
functional titer and physical particles were excellent (Figures 5A
and 5B). Clarified stock results are not shown due to a sampling error.
Approximately 70% of both proteins and dsDNA were removed dur-
ing the TFF1 step (Figure 5C). The overall dsDNA concentration of
the harvest was lower in the second scale-up run compared to the first
(Figure 5D); however, the clearance during the TFF1 step was similar
between the two runs.

To avoid potentially harmful holding times, chromatography
started immediately after TFF1, and hence, titration was not per-
formed between the two steps. A total of 11 kg was loaded into
the AEX column (Figure 5E). Breakthrough and maximal load
for chromatography (initially estimated breakthrough at 2 � 1012

vp/mL membrane) were determined based on expected
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Figure 4. First Large-Scale Run and Further Chromatography Optimization for Lentiviral Vectors Expressing the Green Fluorescent Protein (LV-GFP)

(A) Clarification and the following TFF1: functional particle titer in TU/mL (±SD) and total particle concentration vp/mL (±SD), as well as recoveries. (B) dsDNA concentration

(±SD) and clearance (%) after clarification and TFF1. (C) Breakthrough curve based on total vp concentration (vp/mL ± SD) for Sartobind Qwith frozen TFF1 stocks of the first

large-scale run. (D) First scale-up run chromatogram showing the absorbance profile (UV280 and UV254) and the elution buffer concentration percentage with the collected

fractions marked below the x axis (SA, sample application; CW, column wash; 1st, first elution peak; 2nd, second elution peak; RE [lower lines], rest of elution). (E) First large-

scale run chromatography functional particle titer (TU/mL ± SD), as well as functional particle and vp recoveries. (F) Titer in functional particles (TU/mL ± SD, bars) and dsDNA

concentration (with mean and ±SD, dots) for chromatography elution and for elution processed with TFF for final buffer change (TFF2, “Final”). TUs, transducing units

determined with flow cytometry. The total vps were calculated from p24 ELISA results.
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productivity and chromatography scale-up factor (30 mL of TFF1
per milliliter of membrane support). Due to a higher vp productiv-
ity in this large-scale run compared to the first scale-up run, an
excess of virus was loaded per milliliter of membrane (5 � 1012

vp/mL membrane), resulting in a higher loss than expected in
the flowthrough (13.8%). However, virus recovery was significantly
higher in this second large-scale run, and 22.4% of the functional
LV vector was present on the product fraction (12% step peak).
As expected, other elution fractions also did contain some func-
tional virus, resulting in total elution recovery of 33.1% of the
loaded vector (Figure 5F).
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The purification factor (measured as total protein and dsDNA clear-
ance) was obtained during the TFF1 and chromatography steps (Fig-
ure 5C). The dsDNA levels in the final product were similar to the first
scale-up run LV-GFP product, 150.8 ng/mL and 182.5 ng/mL in the
first and second scale-up run, respectively. However, the optimized
endonuclease treatment implemented prior to clarification in the
second scale-up run was clearly more efficient (Figure 5D).

In the TFF2 step, similarly to the first run, the main virus fraction
(12% step) was processed to formulate the product into our final
buffer. The total volume of LV-TK vector obtained was 570 mL
020



Figure 5. Second Downstream Scale-up Run with Lentiviral Vectors Expressing Thymidine Kinase (LV-TK) with Optimized Parameters

(A) Functional titers (TU/mL ±SD) and vector quality in terms of total vps compared to functional transducing units (TUs), as well as TU recoveries from harvest for downstream

processing. (B) Total particle concentration vp/mL and vp recovery from harvest for downstream processing. (C) Total protein and dsDNA concentrations (±SD) and per-

centage clearances for downstream processing. (D) Comparison of dsDNA clearance in the two scale-up runs measured as the concentrations of dsDNA (±SD) during

downstream processing. (E) The chromatogram of the second scale-up run showing the absorbance profile (UV280 and UV254) and the elution buffer concentration

percentage. (F) Chromatography functional particle titers (TU/mL) and total particle concentration vp/mL in the fractions collected. Functional titer was determined with

qPCR. The total vps were calculated from p24 ELISA results.
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with a titer based on HeLa cell transduction and subsequent qPCR at
7.60� 107 ± 4.98� 106 TU/mL (±SD) (Figure 5A). External analysis
results in C8166 cells showed a functional titer of 1.97 � 109 TU/mL
and consequently, a total production of 1.12� 1012 TUs. The external
analysis also confirmed the final product free of replication-compe-
tent lentiviruses.

DISCUSSION
Lentiviral vectors are an increasingly popular alternative in gene ther-
apy.1 However, large-scale manufacturing methods for LV, required
for clinical trials and commercial use, are still few.11 In our concurrent
study,10 we have scaled up the production of LVs into the iCELLis 500
bioreactors, being able to produce up to 180 L of LV stock with
perfusion. Upstream process optimization and scale-up are required
prior to downstream optimization to provide consistent feedstock
availability for downstream development, ensuring repeatability. In
Molecul
this study, we developed and optimized the purification and concen-
tration protocol for LVs to obtain a high titer-purified LV product.
The majority of the scalable LV DS protocols follow a standard
outline with filtrations and chromatography.25 We start the down-
stream processing with microfiltration-scale clarification, followed
by concentration and buffer change into suitable chromatography
buffer with TFF, anion exchange chromatography for the purifica-
tion, and final formulation into the storage buffer with TFF. The
DNA digestion step in our protocol takes place in the upstream
harvest.

The scale-up of clarification was effortless, and the functional
particle recoveries were consistently 75%–90%. We find that a TFF
step before the purification with chromatography is necessary to
decrease preliminarily the impurity load of the feedstock and to
change the buffer into a more suitable solution for anion exchange
ar Therapy: Methods & Clinical Development Vol. 17 June 2020 725
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chromatography. With sufficient concentration and diafiltration
factors, the overall process time can also be decreased. For the concen-
tration and diafiltration with TFF, we chose a 100-kDa cassette over
the 300-kDa cassette, due to slightly higher functional particle recov-
eries. Our findings are in line with other publications that have re-
ported either similar recoveries between the two cutoffs or higher
recovery with the smaller cutoff.13,26 However, the higher cutoff
cassette could be an alternative when higher impurity clearance in
the TFF step is required. The key parameter in the LV TFF seems
to be the crossflow percentage compared to the feed flow that is
used to flush the retentate side of the membrane and consequently
to keep the membrane from clogging.

In chromatography, we screened through several membrane- and
monolith-based supports.18 After prescreening, Sartobind Q mem-
brane-based columns were chosen for further optimization, as
they resulted in the highest recovery in functional units from the
concentrated material. Mustang Q XT Acrodisc columns resulted
in markedly better recoveries from the clarified material; however,
the chromatography loading without a preconcentration step would
be lengthy and thus possibly destructive for the LV. In Sartobind Q,
the impurity reduction of the product in the 12% step (444 mM
NaCl) was efficient, but vector particles, both functional and p24
protein, were detected in other fractions as well, although in smaller
amounts. The elution with higher salt concentration increases the
vector recovery but with higher impurity concentration. Marino
et al.27 determined in their 2015 publication that 65% of the LVs
eluted between 200 and 400 mM NaCl. Bandeira et al.21 eluted the
LV in 650 mM NaCl, resulting in higher recovery; however, more
DNA was left in the elution, and a dilution step was required to
decrease the salt concentration. Finally, the tradeoff between recov-
ery and impurity clearance has to be carefully selected depending on
the additional downstream steps included in the process to reach a
high-quality final product.

In the final TFF step, we performed buffer change into the final
formulation buffer for storage. We combined the cryopreservative ef-
fects of sucrose andMgCl2 into a 50-mMHEPES, 20-mMMgCl2 with
10% sucrose formulation. Final product sterility is commonly
achieved with a final sterile filtration step; however, we have experi-
enced approximately 30%–50% loss in final sterile filtration of LVs
(data not shown). Loss in sterile filtration has been reported in other
publications as well,14,21 and it is a cost that has to be accepted in good
manufacturing practice (GMP) production.9 Overall recovery in
large-scale LV downstream processes has been 20%–40%25. The cool-
ing of the processing units or the flowpaths would likely increase the
recoveries compared to operating in room temperature.28 In our case,
we used in TFF1 and TFF2 buffers that had been cooled to +4�C
before starting the process. In addition, if an intermediate titer is
needed for chromatography loading, then an on-hold step for the
product in +4�C is required before the chromatography step. For
processing without intermediate analytics, the process should be
highly standardized to avoid large fluctuations in the titer and impu-
rity load.
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In some of the results, we reached over 100% recoveries in TUs. The
impurity level has been shown to affect the transducibility and cryo-
preservance of retroviral vectors12 and LVs.29 It must be noted that
the analytical methods for functional lentiviral vector titering remain
complicated. Unfortunately, the cell type used for cell-based titration
causes variability for functional lentiviral vector titers. Differing
results can be obtained even with the same cell type in different lab-
oratories.18,30 Similarly, the level of variability between independent
titrations of the same sample can be significant, making the analysis
of multistep processes challenging. When advancing toward GMP
production, the comparability should be based on both transducibil-
ity and genome copies, and the analytics should be based on an inter-
national standardized reference material.30 Standardized LV analytics
are already available, and a study aiming at releasing LV reference
material is ongoing.31,32

The second optimized scale-up of downstream processing for 180 L of
LV-TK resulted in a final product of 570 mL with an in-house qPCR-
based functional titer of 7.60� 107 ± 4.98� 106 TU/mL (±SD, HeLa
cells). However, the external qPCR analysis resulted in a titer of
1.97 � 109 TU/mL (C8166 cells) and a total production of 1.12 �
1012 TUs. The quality in physical particles compared to functional
particles of the product was 3.5 � 103 vp/TU, which is comparable
to LV qualities obtained in other large-scale productions.14,17 The
dsDNA removal during downstream processing was 99.8% from
the upstream harvest. In addition, the final titer and dsDNA concen-
tration in the two scale-up runs did not differ remarkably, which con-
firms that the transgene does not seem to alter the downstream re-
quirements. The LV titer currently required for clinical trials is
approximately 1–5 � 109 TU/mL.33,34 If the final product obtained
here would be subjected to sterile filtration with 50% losses in func-
tional units, then the product (approximately 1� 109 TU/mL) would
be sufficient for approximately 950 doses of 600 mL with 5.91 � 108

TU per dose.

Future studies considering the downstream development should
concentrate on improving the chromatography step that remains a
bottleneck, with the lowest step recoveries of the downstream process.
However, to obtain higher titers overall in the LV process, the up-
stream development is the key, as the concentration capacity of the
downstream process is limited. In conclusion, we show here that
the large-scale purification and concentration of LV product are
feasible, and with relatively small modifications, the methods
described here could be transferred to a current good manufacturing
practice-compliant environment to produce clinical-grade LVs.

MATERIALS AND METHODS
Viral Vector Production

Viral vectors were produced in 293T cells (ATCC, Manassas, VA,
USA). In transfection, third-generation, self-inactivating LV, express-
ingGFP or TK under the human phosphoglycerate kinase (PGK) pro-
moter, was produced using a four-plasmid system (pVSVg, pGag-Pol,
pRev, and LV plasmid expressing GFP or HSV-TK). Plasmids were
manufactured by PlasmidFactory (Bielefeld, Germany). 200 ng/cm2
020
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or 300 ng/cm2 of plasmids was used for transfection with PEIpro
(Polyplus, Illkirch, France)-mediated transfection with a 1:1 DNA:po-
lyethylenimine (PEI) ratio in iCELLis bioreactors (iCELLis nano for
small scale35 and iCELLis 500 for scale-up; Pall, Brussels, Belgium).
The production is described in Leinonen et al.10

Virus Titration

In-house functional particle titration was performed with HeLa cells
(LGC Standards; CCL-2, lot 57818419). For LV-GFP, functional par-
ticle titer was analyzed in duplicates by determining the percentage
GFP-positive cells with flow cytometry36 (FACSCalibur, Becton Dick-
inson; FACSCanto II, Becton Dickinson; or CytoFLEX S, Beckman
Coulter). For LV-TK functional particle titration, we used the
qPCRmethod on LV-transduced cells. On the 3rd day after transduc-
tion, the cells were detached, and cell pellets were stored in�80�C un-
til DNA extraction. An extraction kit (NucleoSpin DNA RapidLyse)
was used for DNA extraction, according to the kit’s instructions.
The qPCR was run with TaqMan Genotyping Master Mix (Thermo
Fisher Scientific/Life Technologies), TaqMan Copy Number Refer-
ence Assay (human, RNaseP; Thermo Fisher Scientific/Life Technol-
ogies, Bleiswijk, the Netherlands), and Woodchuck hepatitis virus
post-transcriptional regulatory element (WPRE) forward and reverse
primers and probe: WPRE forward 50-GGCACTGACAATTCCG
TGGT-30, WPRE reverse 50-AGGGACGTAGCAGAAGGACG-30,
and WPRE probe 50-FAM-CGTCCTTTCCATGGCTGCTCGC-O
QA-30 (OQA = Onyx Quencher A, Merck). The results were deter-
mined by using a plasmid-generated standard curve.

External functional titer was analyzed by GenoSafe on C8166 cells
(qPCR, dGAG, E = 95.35%, r2 = 0.999).

For physical particle analysis, we used the Alliance HIV-1 p24 antigen
ELISA kit NEK050B (PerkinElmer,Waltham,MA, USA), whichmea-
sures the concentration of the p24 capsid protein. p24 concentrations
were transformed to vp titers by assuming 12,500 LV particles per 1
pg of p24 (2,000 molecules of p24 per 1 LV particle37).

Total Protein and dsDNA Quantitation

Total protein quantification was performed with Pierce BCA (bicin-
choninic acid) Protein Assay Kit (ref. 23225; Thermo Scientific), ac-
cording to the manufacturer’s instructions. dsDNA concentration
was determined with a Quant-iT PicoGreen dsDNA assay kit (ref.
P11496; Invitrogen), according to the manufacturer’s instructions.

Clarification

Harvested material was clarified using a peristaltic pump (Watson
Marlow 520S with 5 mm inner diameter [ID] tubing in small scale
and Watson Marlow 620 with 12.7 mm ID tubing in large scale)
with either a Millistak+ filter or Sartopore 2 filter (Table 1) at a flux
of 120 LMH (filter tests), 220 LMH (small-scale batch clarification),
or 146 LMH (large scale). Small-scale clarification tests were per-
formed with feed up to 290 kg/m2, and the large-scale runs were per-
formed with feed of 215 kg/m2 (first scale-up run) and 232 kg/m2

(second scale-up run). The Millistak+ filters were preconditioned as
Molecul
instructed by the manufacturer, with final equilibration with the
TFF1 buffer (50 mM HEPES + 300 mM NaCl, pH 7.5). In addition,
the filters were sanitized with 0.5 M NaOH, with 30 min incubation
time. Sartopore 2 filters were delivered sterile, and consequently,
they were only flushed with TFF1 buffer before filtration. After filtra-
tion, both filters were treated similarly. The filters were flushed with
minimum filter void volume of TFF1 buffer and emptied to product
collection. The flowpath of clarification was of single-use materials.
Prefiltration before Chromatography

The prefiltration tests for TFF1 material were conducted using a peri-
staltic pump (Watson Marlow 520S) with Sartopore 2 and Sartoclean
CA filters (Table 1) at a flux of 120 LMH (Sartopore 2) or 75 LMH
(Sartoclean CA). The filters were equilibrated with TFF1 buffer before
filtration. After filtration, the filters were flushed with 100 mL of TFF1
buffer and emptied to product collection.
Concentration and Diafiltration, TFF1

Optimization

Small-scale TFF1 was performed with Pellicon 2 Biomax, Pellicon
2 Ultracel, and Sartocon Slice Hydrosart, with cassette areas 0.1 m2

in 100 kDa or 300 kDa (Table 1). The material comparison runs,
two per material, were performed with the same filters, with sanita-
tion and water flux test between runs. The cassettes in the other
runs were used only once. TFF1 buffer 50 mM HEPES + 300 mM
NaCl (pH 7.5) was prepared in-house for the small-scale tests.

TFF1 was performed in small scale, either with ÄKTA crossflow with
UNICORN 5 software (GE Healthcare Life Sciences) or with Cogent
M (Millipore). Before processing the material, the system was sani-
tized together with the cassette using 0.5 M NaOH with 30 min incu-
bation. Following the sanitation, the system was flushed with water
and equilibrated with cold-stored (buffer temperature +4�C in the
beginning of the TFF1 step) TFF1 buffer. The permeate line was
equipped with a conductivity sensor: ÄKTA crossflow built in with
Cogent M; we used a SciLog flow cell (080-599PSX-5-G; Parker)
with a SciCon monitor (Parker). The conductivity reading was used
to monitor sanitation and equilibration of the system, as well as effi-
ciency of diafiltration. The process was controlled manually by adjust-
ing the permeate flux with a permeate valve to reach the target flux
with the target crossflow percentage of the feed flow. TMP was not
limited but monitored during the process. The process parameters
are shown in Table 2.

The clarified product was first concentrated 20-fold in a fed-batch
mode and diafiltered into the TFF1 buffer with a 10-fold buffer
change, also in a fed-batch mode. After the process, the product on
the retentate side was recirculated with permeate closed over the re-
tentate side of the cassette and recovered without emptying the filter.
Following the first recovery, the retentate side was flushed with the
minimum operable void volume of the system of TFF1 buffer. The
flush was combined with the previously recovered product by
emptying the retentate side of the system, including the filter.
ar Therapy: Methods & Clinical Development Vol. 17 June 2020 727
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First and Second Scale-Up Run

In the first large-scale run, we used five Sartocon Hydrosart 0.6 m2,
100 kDa cassettes in TFF1 (total area 3 m2). In the second large-scale
run, we used two Sartocon Hydrosart 0.6 m2, 100 kDa cassettes,
together with one Sartocube Hydrosart 3 m2, 100 kDa, increasing
the total area to 4.2 m2 (Table 1). TFF1 buffer 50 mM HEPES +
300 mM NaCl (pH 7.5) was purchased for the large-scale runs as a
custom-made product (L9242-200; Merck).

The first and second scale-up TFF1 runs were performed with the
Mobius FlexReady TFF system (Merck) with the Smart Flexware as-
sembly kit (Merck). The sanitation and system equilibration were
performed similarly to small scale. The system was operated with pre-
programmed recipes, and the permeate flow was controlled with a
valve, similarly to the small-scale experiments. TMP was limited to
0.4 bar. The system had a built-in conductivity sensor for permeate
monitoring. The process parameters are shown in Table 2.

The clarified product was first concentrated 13-fold (first scale-up
run) or 18-fold (second scale-up run) in a fed-batch mode and diafil-
tered into the TFF1 buffer with a 10-fold (first scale-up run) or 9-fold
(second scale-up run) buffer change, also in a fed-batch mode. The
concentration target was 10 kg product weight before recovery. In
the first large-scale run, the product was not recirculated before the
first recovery, and in the second large-scale run, the product was re-
circulated. Following the first recovery, the retentate side was flushed
with the minimum operable void volume of the system of TFF1
buffer. The flush was combined with the previously recovered prod-
uct by emptying the retentate side of the system, including the filter.

AEX Chromatography

Three different types of chromatographic equipment were used for
this work. Development was carried out using the ÄKTA Avant 25
and 150 versions with UNICORN 6.1 and 7.2, respectively (GE
Healthcare). Scale-up chromatography runs were performed using
the ÄKTA Pilot v06 equipment with UNICORN 5.3 (GE Healthcare).
Irrespective of the run, equipment and columns were always sanitized
with 0.5 M NaOH with 30 min contact time prior to and after each
run. All columns were generally used according to the manufacturer’s
instructions, and they are listed in Table 1. Buffers used are referred to
as A (elution gradient 0%, column wash and equilibration, 50 mM
HEPES, 300 mM NaCl, pH 7.5, TFF1 buffer) and B (elution gradient
100%, 50 mMHEPES, 1,500 mMNaCl, pH 7.5). When tested, diluted
TFF1 buffer was used as buffer A (50 mMHEPES, 150 mMNaCl, pH
7.5). Buffers at different pH were used for pH effect evaluation.

Development runs were carried out with variable amounts of feed de-
pending on availability (generally 30 to 50 MVs). All columns were
always sequentially conditioned first with B buffer, followed by corre-
sponding A buffer, until stable conductivity. After loading, column
wash was done with 5 MVs. Elution was carried out generally with
30 to 40 MVs, whether linear or step gradients. A 100% B buffer strip
was always added to the methods. Automatic fractionation was used
in small-scale runs, and selected fractions comprising each peak were
728 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
pooled after the run. In ÄKTA Pilot, fractions were collected by
manually selecting the outlets.

In the first scale-up run, the TFF1 product was stored in �80�C for
2.5 months to perform preliminary tests on the TFF1 material before
the chromatography step. In the second scale-up run, the chromatog-
raphy step was performed directly after TFF1. Feed load was 30MV in
the first scale-up run and 29 MV in the second scale-up run. The flow
rate was 1 MV/min in the first scale-up run; however, the flow rate
was decreased to 0.5 MV/min in the second scale-up run, due to sys-
tem limitations. The first scale-up run elution was a linear gradient
from 0% to 60% of B buffer over 35 MVs, followed with a strip phase
with 100% B for 5 MV. In the second scale-up run, step gradient elu-
tions were implemented (12%, 35%, 45%, and 100% of B buffer, each
for 8 MV).

Final Formulation, TFF2

TFF2 was performed only in the large-scale runs. For this final step,
we used one Sartocon Slice Hydrosart 0.1 m2, 100 kDa (Table 1)
cassette. The final formulation buffer for TFF2, 50 mM + 20 mM
MgCl2 (pH 7.5) with 10% sucrose, was prepared in-house. The con-
ditions were similar in both large-scale runs, with a volumetric buffer
exchange factor of 7. In addition, a nominal volumetric concentration
factor of 1.5 was achieved, although the focus was on final formula-
tion rather than concentration. TFF2 was performed with Cogent
M (Millipore). The system was sanitized and equilibrated before the
process, similarly to TFF1, except with TFF2 buffer (buffer
temperature +4�C in the beginning of the TFF2 step). The process
was controlled similarly to the TFF1 process, targeting the parameters
shown in Table 2. In the second scale-up run TFF2, the feed flow rate
was increased during the process to reach the target filtrate flux.

Stability Studies

For the stability studies, the TFF1-purified LV-GFPs were ultracentri-
fuged at 68,566 g for 2 h, 10 min at 16�C to further concentrate the
material. The buffers used for screening were the following: PBS
(ref. 14190; Gibco); PBS supplied with 20mMMgCl2; 50 mMHEPES;
and 50 mM HEPES supplied with 5% sucrose, 10% sucrose-20 mM
MgCl2, 5% sucrose-2 mM MgCl2, or 5% sucrose-20 mM MgCl2. LV
pellets were suspended with the different buffers overnight at 4�C.
Final products were frozen, stored at �80�C, and thawed for buffer
studies. LVs in different buffers were incubated up to 24 h at +4�C
or at room temperature, and transductions of 293T cells were con-
ducted at three different time points (after 0 h, 6 h, and 24 h of incu-
bation). The results are expressed as normalized values (TU/vp), due
to large variation in the flow cytometry results. Significance was deter-
mined with two-way ANOVA in GraphPad Prism 5.04 (GraphPad
Software).
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