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Self-inactivating lentiviral vectors (LVVs) are used regularly for
genetic modification of cells, including T cells and hematopoiet-
ic stem cells for cellular gene therapy. As vector demand grows,
scalable and controllable methods are needed for production.
LVVs are typically produced in HEK293T cells in suspension
bioreactors using serum-free media or adherent cultures with
serum. The iCELLis� is a packed-bed bioreactor for adherent
or entrained cells with surface areas from 0.53 to 500 m2. Media
are pumped through the fixed bed and overflows, creating a thin
film that is replenished with oxygen and depleted of CO2 as me-
dia return to the reservoir. We describe the optimization and
scale-up of the production of GPRTG-EF1a-hgc-OPT LVV us-
ing a stable packaging cell line in the iCELLis Nano 2-cm to
the 10-cm bed height low compaction bioreactors (0.53 and
2.6m2 surface area) and compare to the productivity and efficacy
of GPRTG-EF1a-hgc-OPT LVV manufactured under current
Good Manufacturing Practice (cGMP) using 10-layer cell fac-
tories for the treatment of X-linked severe combined immuno-
deficiency. By optimizing fetal bovine serum (FBS) concentra-
tion, pH post-induction, and day of induction, we attain viral
yields ofmore than 2� 107 transducing units/mL.We compared
transduction efficiency between LVVs produced from the iCE-
LLis Nano and cell factories on healthy, purified CD34+ cells
and found similar results.

INTRODUCTION
Lentiviral vectors (LVVs) transduce both dividing and non-dividing
cells and, unlike gammaretroviruses, do not preferentially integrate
near proto-oncogenes, making these vectors a promising option for
gene therapy.1 Clinical trials have successfully used LVVs to treat
Wiskott-Aldrich syndrome,2 X-linked severe combined immunodefi-
ciency (XSCID),3,4 X-linked adrenoleukodystrophy,5 b-thalassemia,6

metachromatic leukodystrophy,7 and leukemia,8 and the lentivirus
CART-19 vector for treating acute lymphoblastic leukemia became
the first US Food and Drug Administration (FDA)-approved gene
therapy in 2017.9 As the number of therapeutic LVVs increases,
more efficient, reliable, and larger scale methods of LVV
manufacturing will be needed.

LVVs have typically been generated using transient transfection.
Initially, calcium phosphate was used as the transfection reagent,
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but transfection by this method was sensitive to pH variations and
required serum.10 Toxicity of calcium phosphate to the cells requires
that a media change be performed after transfection. Polyethyleni-
mine (PEI) now offers a more versatile alternative to calcium phos-
phate. PEI functions over a wider range of pH values and lacks the
toxicity of calcium phosphate and so does not require a media change
after transfection. It can be used with or without serum and in
adherent or suspension cells.10,11 Transient transfection is faster
than producing a stable cell line but is not ideal for large-scale
manufacturing due to variability between batches, the cost of plasmid,
and potential plasmid contamination in the final product.12 While
they require a longer time to generate, lentiviral stable producing
cell lines have been created for X-SCID gene therapy13 and have
the potential to create particles with higher transfection efficiency
than what is observed from transient transfection.14

While suspension systems for LVV production are being devel-
oped,14–16 production of LVVs frequently occurs in adherent cells
requiring an adherent cell system and serum for scale-up.17 An
adherent cell system facilitates media changes and the harvest of
secreted products. At a medium scale, adherent cells can be grown
in roller bottles (0.085–0.43 m2 each, Corning Life Sciences) or
0.63-m2 10-layer cell factory (CF) and HYPERStacks (1.8 m2 for a
36 stack), but these methods scale linearly, are labor-intensive, and
lack control of pH or dissolved oxygen (DO).18 Microcarriers in sus-
pension culture offer a more scalable and controllable option for
adherent cells but can expose cells to high shear stress and
turbulence.18

The iCELLis packed-bed disposable bioreactor provides a high-den-
sity, closed, controlled environment for adherent cell growth (Pall
Corporation). The iCELLis Nano provides a surface area ranging
from 0.53 to 4 m2, and the iCELLis 500 ranges from 66 to 500
m2 of surface area and requires less manual manipulation than do
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Figure 1. Comparison of pH and Glucose

Consumption after Induction

(A) pH after induction in engineering run 6 (ER6) and

production run (GMP batch 17-135). Both runs were

performed in 10-layer cell factories. (B) Glucose con-

sumption post-induction in ER6 and production run

(GMP batch 17-135). (C) Cell density post-induction in

iCELLis bioreactors at pH 6.6, 6.8, 7.0, and 7.2. Bio-

reactors were inoculated with 8 � 107 cells and induced

5 days later in DMEM with 10% FBS and 2 mM Gluta-

MAX. (D) Glucose consumption per day after induction at

each pH value in iCELLis bioreactors. (E) Average viral

yield on each day post-induction in iCELLis bioreactors at

pH 6.6, 6.8, 7.0, and 7.2 (n = 2). (F) Viral yield on each day

post-induction in bioreactors at pH 6.2, 6.4, and 6.6.

Bioreactors were inoculated with 8 � 107 cells and

induced 5 days later in DMEM with 10% FBS and 2 mM

GlutaMAX.
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roller bottles or cell factories. Vector production in a bioreactor al-
lows for more consistent control of process parameters such as pH
and DO, as compared to a flask-based process such as the one
described in Figure 4 of Bauler et al.16 The use of a bioreactor
also allows for scaling up from the iCELLis Nano in process devel-
opment to the iCELLis 500 in production, which reduces labor as
compared to a flask-based process, which must be scaled out rather
than scaled up. Immobilization in polyester macrocarriers protects
cells from stresses associated with bubble sparging or an impeller
while media circulates up through the fixed bed and is replenished
with gases as it falls back to the reservoir as a thin film.19 The high
surface area-to-volume ratio of the fixed bed allows for a low inoc-
ulation density per surface area with the option to increase media
volume with perfusion or recirculation as the cells grow.20 Cell
growth can be measured using a permittivity-based biomass
probe.21 Diverse biologicals, including monoclonal antibodies,22

vaccines,19,23 gammaretroviral vectors,24 adenoviral vectors,25 ad-
eno-associated viral vectors,26–28 and LVVs29,30 have been produced
in the iCELLis reactor, but often with little or no optimization. With
this wide array of applications, much need exists to investigate the
effects of culture parameters in the iCELLis reactor. Valkama et al.29

have varied parameters in the iCELLis such as low versus high
compaction, transfection media, perfusion rates, and two pH levels
after transfection and examined the effect of these parameters on
viral titer in a lentiviral transient transfection process for GFP.
We further this analysis of the impact of pH as well as examining
2 Molecular Therapy: Methods & Clinical Development Vol. 19 December 2020
the effects of fetal bovine serum (FBS) concen-
tration and day of induction in the iCELLis
reactor on viral yield.

In this study, we describe the optimization and
scale-up of GPRTG-EF1a-hgc-OPT LVV pro-
duction in the iCELLis Nano from a 2-cm
(0.53-m2) to a 10-cm (2.6-m2) bed-height low
compaction bioreactor and compare the results
to GPRTG-EF1a-hgc-OPT LVV manufactured in 10-layer cell fac-
tories under cGMP in support of a phase I clinical study for the treat-
ment of X-SCID in newly diagnosed patients by cellular gene therapy
(IND 14570).

RESULTS AND DISCUSSION
The Effect of pH and Glucose Consumption on Yield

The GPRTG-EF1a-hgc-OPT LV vector was previously manufactured
under cGMP in 50 ten-layer cell factories. The 0.63-m2 cell factories
were inoculatedwith 1.4� 108 cells in 1,121mLofDulbecco’smodified
Eagle’s medium (DMEM) with 10% FBS and 1% GlutaMAX (D10 me-
dia) with 1 ng/mL doxycycline and induced 3 days after inoculation.
Spent media were removed, and 1,121 mL of fresh D10 media was
added each day after induction. Supernatant was collected on the third,
fourth, and fifth day post-induction. The change in pH of the daily
spent media post-induction was monitored for a single-cell factory en-
gineering run (ER6) and the combined supernatant from 50 cell fac-
tories from the GMP run (Figure 1A). In both runs, the pH dropped
from 7.4 to 6.7 to 6.85 during 24 h on peak glucose consumption
days of vector production, i.e., days 3, 4, and 5 (Figure 1B).

Based on the drop in pH post-induction for the GPRTG-EF1a-hgc-
OPT stable cell line in cell factories and studies that have shown tran-
sient LVV production to increase at lower pH values,29,31 the effect of
maintaining a range of pH set points throughout the vector production
phase was investigated. Reactors were inoculated at 15,000 cells/cm2
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(8� 107 cells total) and maintained at pH 7.2 for 5 days. At day 5 after
inoculation, the reactors were induced by changing the media, and the
pH set point was adjusted to 6.6–7.2 for an additional 9 days. Two sets
of four reactors were run with a reactor at pH 6.6, 6.8, 7.0, and 7.2 in
each set. Because cells adhere or become entrapped in the macrocar-
riers of the iCELLis, direct cell counts are not possible. Nuclei counts
can be performed by removing carriers from the iCELLis and lysing
the cells, but cell numbers vary between carriers, the nuclei can be diffi-
cult to count, and this samplingmethod introduces a potential contam-
ination opportunity. Therefore, we used Aber Futura capacitance
probes to measure cell density in some of our iCELLis reactors. Capac-
itance values are correlated linearly to cell density based on 25 nuclei
counts (data not shown). Figure 1C shows cell density over time as a
function of pH. Cell density remained steady for 9 days in bioreactors
run at pH 6.6 or 6.8 post-induction, while cell density decreased begin-
ning at 4 days post-induction in iCELLis reactors run at pH 7.0 or 7.2.
Glucose consumption rates mirrored cell density. Cultures at pH 7.0 or
7.2 reached the highest glucose consumption and declined more
rapidly as compared to cultures at pH 6.6 and 6.8, which experienced
more sustained glucose consumption rates (Figure 1D).

Titers in the iCELLis were measured by transduction of ED7R cells.
The reactors at set points of pH 6.6 and 6.8 yielded the highest overall
average transducing units (tu) of 1.1 � 1011 (pH 6.6, standard devia-
tion of 2.4� 1010 tu) and 1.0� 1011 (pH 6.8, standard deviation 3.8�
1010 tu) during 9 days with maximum production on days 3, 4, and 5
post-induction (Figure 1E). Viral yields were lower at pH set points
7.0 (4.5 � 1010 tu, standard deviation of 1.33x1010) and 7.2 (3.6 �
1010 tu, standard deviation of 9.46 � 109 tu). These results suggest
that a higher viral titer per cell is obtained at pH values of 6.6 or
6.8 during the first 4 days post-induction and that the maintained
health of these cells allows for viral production to continue for
9 days after induction. It is unknown what role viral stability at pH
6.6 and 6.8 plays in the increased titers at these pH values.

Because pH values of 6.6 and 6.8 yielded high viral titers, we further
decreased the post-induction pH to 6.2 and 6.4. Reactors were inocu-
lated at 15,000 cells/cm2 (8 � 107 cells total) and maintained at pH
7.2 for 5 days. At day 5 after inoculation, the reactors were induced
by changing the media, and the pH set point was adjusted to 6.2, 6.4,
or 6.6 for an additional 9 days. Cell density information is not available
for this experiment. Below pH 6.6, viral yield decreased to 3.2� 1010 tu
(pH 6.4) and 1.2 � 1010 tu (pH 6.2), and glucose consumption re-
mained less than 1 g/L per day after the pH adjustments to 6.2 or 6.4
(Figure 1F). These results support that a pH of 6.6–6.8 is preferred
for LVV production from a stable producer cell line, similar to previous
results reported for LVVs produced by transient transfection. We
decided to proceed with pH 6.8 for future experiments due to the rapid
decrease in viral titer and glucose consumption between pH6.4 and 6.6.

Day of Induction after Inoculation

Vector production was evaluated as a function of the day of induction
post-inoculation. Reactors with a 2-cm bed height were inoculated at
15,000 cells/cm2 (8� 107 cells total). The pH set point was changed to
Molecular T
6.8 at induction, and all bioreactors maintained the pH between 6.8
and 6.9 after induction. The reactors ran for a total of 15 days. Cell
density at induction increased with every additional day the cells
were in the reactor before induction (Figure 2A). Glucose consump-
tion continued to increase after induction in cultures induced at 4 or
5 days after inoculation while glucose consumption increased and
then decreased in the culture induced on day 6 and decreased after
induction in the culture induced on day 7 (Figure 2B). Induction
5 days after inoculation produced the highest overall yield of 9.7 �
1010 tu (days 1–10 post-induction included, Figure 2C). Lower viral
titers were obtained when reactors were induced on day 4 (8.21 �
1010 tu, days 1–11 post-induction included), day 6 (6.32 � 1010 tu,
days 1–9 post-induction included), or day 7 (5.44 � 1010 tu, days
1–8 post-induction included). While induction 7 days after inocula-
tion initially produced comparable or higher viral titers to the other
cultures, viral production ceased 7 days after induction, limiting the
overall viral yield. This effect may have been caused by an over-
confluence of cells and cells that were exiting the exponential growth
phase at the time of induction that inhibited virus production. The
decreasing glucose consumption in cultures induced on days 6 and
7 also supports that cells may have been exiting the exponential
growth phase by the time of induction.

FBS Optimization

Significant work has been performed to find alternatives to FBS,
including either supplements32 or adapting cells to serum-free sus-
pension culture,16 but many producer cell lines require serum for
production. Minimizing the FBS concentration during cell culture
can reduce the amount of serum proteins that must be removed
during purification. Given the cost and availability of FBS, reducing
the amount of FBS would provide a supply cost and supply chain
benefit as well as reduce variation between batches. We examined
viral yield in cultures with FBS levels of 1%, 2.5%, 5%, or 10% of
media volume (v/v) post-induction with media containing 10%
FBS pre-induction. Reactors with a 2-cm bed height were inoculated
with 15,000 cells/cm2 (8 � 107 cells total), induced 5 days after inoc-
ulation, and the pH decreased to 6.8 at induction. Cell density after
induction was the same for cultures at 2.5%–10% FBS, but the cul-
ture at 1% FBS remained at a much lower cell density (Figure 3A).
Glucose consumption was highest in the reactor with 10% FBS and
decreased as FBS concentration decreased (Figure 3B). Cultures
with 5% or 10% FBS gave the highest overall yields with 1.8 �
1011 total tu in each culture with a maximum daily titer of 3.3 �
107 tu/mL on day 6 post-induction in the 10% FBS culture and
3.8 � 107 tu/mL on day 6 post-induction in the 5% FBS culture.
The culture with 2.5% FBS had an overall yield of 1.6 � 1011 total
tu with a maximum daily titer of 3.2 � 107 tu/mL on day 6 post-in-
duction and the culture with 1% FBS had an overall yield of 7.6 �
1010 total tu with a maximum titer on day 3 post-induction of 2 �
107 tu/mL (Figure 3C). Because 5% FBS gave a slightly higher yield
than did 2.5% FBS, we chose to proceed with 5% FBS. Note that
viral yields in this experiment are higher than those obtained in pre-
vious reactors. The ED7R assay has a 13% interassay variation, and
unidentified cell conditions in this particular experiment may have
herapy: Methods & Clinical Development Vol. 19 December 2020 3
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Figure 2. Day of Induction

Bioreactors were inoculated with 8� 107 cells and induced 4–7 days later in DMEM

with 10% FBS and 2 mM GlutaMAX. The pH set point was adjusted to 6.8 after

induction in all reactors. Culture continued for 11 days post-induction in the reactor

induced 4 days after seeding, for 10 days in the reactor induced 5 days after

seeding, for 9 days in the reactor induced 6 days after seeding, and for 8 days in the

reactor induced 7 days after seeding. (A) Cell density on each day post-induction in

reactors induced 4–7 days after inoculation. (B) Glucose consumption per day post-

induction for reactors induced 4–7 days after inoculation. (C) Viral yield on each day

post-induction for reactors induced 4–7 days after inoculation.
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contributed to a higher viral yield since this experiment was only
performed once.

Scale-Up

The iCELLis system has fixed bed heights from 2 to 10 cm with low
and high compaction beds. Earlier studies comparing the 2-cm
4 Molecular Therapy: Methods & Clinical Development Vol. 19 Decemb
high and low compaction beds using the iCELLis Nano with
HEK293T cells showed that low compaction reactors facilitated a
more even distribution of cells and higher productivity as compared
to high compaction reactors,29,30 so we limited our study to the low
compaction iCELLis Nano.

The 10-cm reactor (2.65 m2) was evaluated using the optimum con-
ditions established with the 2-cm reactor. Two 10-cm reactors were
inoculated with 15,000 cells/cm2 (4 � 108 cells total) and induced
5 days after inoculation. Hold-up volume in the 10-cm reactor is
800 mL, the same volume used for the 2-cm reactor studies. To
accommodate the additional 3,200 mL of media volume required
by the 10-cm reactor (5-fold increase over the 2-cm reactor), an
external 4,000-mL reservoir was connected to the iCELLis Nano
reactor. Tubing exiting the external reservoir was connected to a
downcomer on the head plate of the reactor and a return line was con-
nected to a port on the head plate that was set at a height to ensure
that the reactor volume was maintained at 800 mL. The 4,000 mL
of media was recirculated using a peristaltic pump at 13.5 mL/min,
generating a m of 1.01 h�1. Based on previous experiments, it was
estimated that the reactor contained 1.1� 1010 cells at the time of in-
duction and 1.8 � 1010 cells at the time of harvest (days 2–9 post-in-
duction). After induction, the FBS concentration was reduced from
10% to 5% and the pH of the media was adjusted to 6.8. The daily ti-
ters peaked at an average of 1.9 � 107 tu/mL (2.87 � 106 tu/cm2), or
7.6� 1010 total tu, on day 3 post-induction. Overall vector yield in our
process was 4.5 � 1011 tu, from days 2 through 9 after induction, or
1.69 � 107 tu/cm2. In the 10-layer cell factory run ER6, the overall
titer was 1.60 � 107 tu/cm2 during days 2–5 (Figure 3D). This daily
titer obtained in the iCELLis compares with the work by Valkama
et al.,29 who reported 1� 1010 total tu from a single GFP LVV harvest
in a low compaction 10-cm iCELLis Nano, especially when differ-
ences in titering methods (HeLa cells versus ED7R cells) were consid-
ered. Manceur et al.15 demonstrated that LVV production of GFP in a
bioreactor in perfusion mode can yield 5–8 � 107 tu/mL. However,
GFP is simpler than most clinical vectors and often generates higher
titers than can be obtained with more complex clinical vectors such as
shown in Figure 2 of Bauler et al.16 The volumetric titers obtained in
the iCELLis were lower than the volumetric titers obtained in suspen-
sion culture by Bauler et al. (8� 107 to 3.7� 108 tu/mL), but the iCE-
LLis offers the advantage of multiple days of harvest from one reactor
as compared to a single day of harvest for transiently transfected sus-
pension cells.16

An 800-mL portion of supernatant from each day 3–6 of one run of
the iCELLis Nano 10-cm reactor (3,230 mL total) was purified using a
Mustang Q XT5 membrane, eluted into phosphate buffer, and diafil-
trated into X-VIVO 10 media. Table 1 shows purification yields. The
pooled supernatant sample was taken just before purification after the
supernatant had spent 3 days in the refrigerator, which could explain
the difference between daily titers and the pooled supernatant titer.
This decrease in titer appears less substantial in virus obtained from
cell factories (data not shown) and may be attributable to the filtering
capacity of the carriers in the iCELLis that remove virus-stabilizing
er 2020
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Figure 3. FBS Concentration

Bioreactors were inoculated with 8 � 107 cells and induced 5 days later in DMEM

with 1%–10% FBS and 2 mMGlutaMAX. The pH set point was adjusted to 6.8 after
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components from the media. One option to overcome this difficulty
would be to immediately purify the iCELLis supernatant after harvest,
although it would add complexity to the manufacturing process to
perform multiple purifications. The Mustang Q load sample was
taken after salt- and pH-adjusting the sample, and the elute dilute
sample was the eluted virus diluted 5-fold into phosphate buffer to
decrease the salt content. The purified sample was from virus that
had been diafiltrated into X-VIVO 10, its final formulation buffer,
and filtered with a 0.22-mm filter. The overall recovery for purification
of the iCELLis material was 49% as compared to 38% in the cell fac-
tory ER6 run. If the 10-cm iCELLis Nano directly scales up to the
iCELLis 500, an iCELLis 500 low compaction 10-cm reactor is capable
of a yield of 8.44 � 1012 tu of vector in one reactor run. The average
vector requirement per newly diagnosed patient is 1.3 x 109 tu with a
single iCELLis 500 run producing enough purified LVV to treat 6,490
patients.
Comparison to cGMP Manufacturing of GPRTG-EF1a-hgc-OPT

LVVs Using Cell Factories

We compared the product from the iCELLis Nano 10-cm reactor to
that from a cGMP fifty 10-layer cell factory run. The release specifi-
cations for residual host cell protein, residual DNA, bovine serum
albumin, and Benzonase were based on the average from three
small-scale engineering runs plus three times the standard deviation.
Virus obtained during cGMPmanufacturing was titered by transduc-
tion of both HOS cells and ED7R cells. The HOS titer release specifi-
cation ensures that less than 70% of vector volume is required for
transduction of CD34+ cells, and the ED7R titer confirms CD132 sur-
face expression. All titer-based release criteria other than the HOS
titer were based on ED7R titer values. The SV40T antigen DNA
sequence transfer assay (into HeLa cells) is a safety assay and confirms
that no SV40T antigen RNA is present in the GPRTG-EF1a-hgc-OPT
LVVs. Release tests on the pooled unprocessed bulk and limit for
in vitro cell age for production, including sterility, bacteriostasis
and fungistasis, mycoplasmastasis, mycoplasma testing, in vitro assay
for the presence of viral contaminants, 28 day (MRC-5, Vero, and
HEK293T cells), in vitro assay for the presence of bovine viruses
(9CFR [code of federal regulations] requirements), and a replica-
tion-competent lentivirus (RCL) assay (co-culture and supernatant),
were negative and confirmed that GPRTG-EF1a-hgc-OPT LVVs
were free of adventitious agents. The LVVs were formulated in
X-VIVO 10, filled into 5-mL glass borosilicate-1 vials at a fill volume
of 1.7 mL, and stored at �80�C. A real-time stability study, currently
at 2 years, has shown that the LVVs are stable based on HOS titer and
CD132 expression in ED7R cells. We compared results from one run
induction in all reactors. (A) Cell density on each day post-induction in each reactor

at FBS concentrations from 1% to 10%. (B) Glucose consumption per day post-

induction at FBS concentrations from 1% to 10%. (C) Viral yield on each day post-

induction at FBS concentrations from 1% to 10%. (D) Scale-up. A 10-cm iCELLis

bioreactor was inoculated with 4� 108 cells and induced 5 days later. At induction,

the pH set point was adjusted to 6.8 and the FBS concentration was reduced to 5%.

A cell factory was inoculated with 1.4� 108 cells and induced 3 days later. The FBS

concentration remained at 10%.
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Table 1. Purification Yields in 10-cm iCELLis Nanowith Estimated 1.8� 1010

Cells

tu/mL Volume (mL) Total tu Yield (%)

Pooled supernatant 8.47 � 106 3,230 2.74 � 1010 100

Mustang Q load 6.24 � 106 3,427 2.14 � 1010 78

Elute dilute 2.54 � 108 75 1.91 � 1010 70

Purified 2.30 � 108 58.4 1.34 � 1010 49
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in the 10-cm iCELLis Nano to release testing results from the clinical
vector (Table 2). The iCELLis Nano had a purified ED7R titer of 2.3�
108 tu/mL compared to a final purified titer of 3.32� 108 tu/mL of the
clinical vector, which meets release specifications of 1 � 108 tu/mL.
Other release specifications, including sterility, residual host cell pro-
tein for HEK293T cells, and residual Benzonase, were also within
release specifications for the iCELLis run. Endotoxin levels in the iCE-
LLis met specification but were significantly higher than those ob-
tained in the manufacturing run. This difference likely resulted
from the use of the ÄKTA Avant during purification, which in our
experience is known to contribute significant endotoxin to the pro-
cess. The larger scale ÄKTA Ready was used for the GMP
manufacturing run and because of its disposable flow path would
not have contributed the level of endotoxin present in the ÄKTA
Avant. Residual host cell DNA and residual bovine serum albumin
levels in the purified iCELLis product were above release specifica-
tions. For the production cell factory run, a 260-mL Mustang Q
capsule was used to purify 165 L of product, while for the iCELLis
run, a 5-mL Mustang Q capsule was used to purify 3.32 L, leading
to a loading volume of 0.63–0.66 L of supernatant per mL of Mustang
Q in both processes, so column loading was unlikely to be a contrib-
uting factor in contaminant levels. It is possible that more cell lysis
occurred during the iCELLis run with continuous recirculation of
the media as compared to a static cell factory process, leading to
higher contaminating DNA. The filtered supernatant from the iCE-
LLis contained 625 ng of DNA/107 tu, while the filtered supernatant
from a cell factory contained 279 ng of DNA/107 tu. The concentra-
tion of Benzonase (2.5 U/mL) was optimized for the cell factory pro-
cess, but other processes in our facility have used up to 25 U/mL Ben-
zonase, which could significantly decrease final host cell DNA
concentration.

Transduction Efficiency

In addition to viral titer, the ability of the LVV to transduce patient
CD34+ cells affects its clinical efficacy. For clinical vectors produced
in 10-layer cell factories, the transduction efficacy of the GPRTG-
EF1a-hgc-OPT LVVs on purified CD34+ cells from two different
mobilized healthy peripheral blood donors was determined with a
multiplicity of infection (MOI) of 12–98 and a cell concentration of
2 � 106 CD34+ cells/mL. The chromosomally integrated vector
copy number (VCN) ranged from 0.8 to 1.7 (Figure 4A).

We examined the transduction efficiency of the GPRTG-EF1a-hgc-
OPT LVVs produced in the iCELLis as compared to vectors produced
6 Molecular Therapy: Methods & Clinical Development Vol. 19 Decemb
in cell factories for clinical production. Harvested supernatants from
reactors induced 5 days after inoculation in D10 media at pH 6.6, 6.8,
7.0, and 7.2 were purified, and the purified virus was used to infect
CD34+ cells. The cells were infected at MOIs beginning at 5 and
ranging up to 36–50 for each pH value. After culturing these cells
for 6 days in MethoCult, the cells were harvested, and the genomes
were extracted for qPCR. The acquired VCN was normalized by
the VCN of the clinical vector produced in cell factories and included
in each assay at anMOI of 16.6. The VCN of the clinical vector ranged
from 0.70 to 0.92 in each assay. As shown in Figure 4B, the normal-
ized VCN detected in each cell increased as the MOI increased for all
pH values. Cells transduced at an MOI of 5 demonstrated a normal-
ized VCN ranging from 0.44 to 0.52, while cells transduced at anMOI
of 25 demonstrated VCN values ranging from 0.93 to 1.03. These re-
sults show that vector produced in the iCELLis reactor has a similar
transduction efficiency as did vector produced with the more tradi-
tional 10-layer cell factory method and that production of vector at
pH values ranging from 6.6 to 7.2 does not impact VCN values of
that vector.

Conclusions

Gene therapy and the use of LVVs in gene therapy continue to in-
crease, but methods to produce LVVs in a commercially viable way
are lacking. While cell factories can be used at a limited scale for virus
production, they are labor-intensive and must be scaled out rather
than scaled up. They also lack the controlled environment of bioreac-
tors to achieve consistent quality across different production lots. This
work has demonstrated that the iCELLis bioreactor can produce LVVs
from the stable producer cell line GPRTG-EF1a-hgc that is compara-
ble in both titer and transduction efficiency to vector produced in cell
factories. It was shown that lowering the pH below the traditional
value of 7.2 increases viral yield in the iCELLis and that the iCELLis
environment is amenable to a decreased concentration of FBS, which
decreases costs and facilitates downstream processing. Volumetric
viral titer remained consistent when the iCELLis Nano culture was
scaled up from a 2-cm to a 10-cm packed bed, suggesting that the iCE-
LLis 500will be a practical option for large-scalemanufacture of LVVs.
Further investigation into the mechanisms of the pH effect and opti-
mization of media composition may provide additional gains in viral
titer and ease of downstreamprocessing. Additionally, optimization of
the downstream process through additional Benzonase and mem-
brane sizing may further increase viral yields.

MATERIALS AND METHODS
Construction of the HEK293T Lentiviral Stable Producer Cell

Line

Throm et al.33 described the construction of HEK293T self-inactivat-
ing (SIN) LVV stable producer cell lines that are transiently trans-
fected with a concatemer array of the target gene, i.e., interleukin
(IL)-2 receptor for XSCID, generating a LVV-specific producer cell
line. There were two parent cell lines, i.e., the GPRG cell line, which
has the HIV gagpol, rev, and vesicular stomatitis virus G protein
(VSV-G) genes, and the GPRTG cell line, which includes the HIV
tat gene. A brief description of the construction of the GPRTG cell
er 2020



Table 2. Release Specification and Assay Results of cGMP GPRTG-

EF1a-hgc-OPT LVVs

Parameter

Specification (tu/
mL Based on ED7R
Titer Unless
Otherwise
Indicated)

Result in Clinical
Vector

Result in
iCELLis Nano-
Produced
Vector

Purified GRPTG-EF1a-hgc-OPT LVVs

Container integrity

intact vial, no
particulates,
solution clear and
colorless

intact vial, no
particulates,
solution clear and
colorless

not performed

Sterility sterile sterile sterile

Bacteriostasis and
fungistasis

no bacteriostatic
and fungistatic
activity

no bacteriostatic
and fungistatic
activity

not performed

Endotoxin <5.0 EU/mL <0.05 EU/mL 1.77 EU/mL

Infectious titer
(HOS)

R2 � 108 tu/mL 5.2 � 108 tu/mL not performed

g Chain expression/
infectious titer
(ED7R)

R1 � 108 tu/mL 3.32 � 108 tu/mL 2.3 � 108 tu/mL

Residual host cell
protein HEK293T

<7 ng/107 tu 7 ng/107 tu 2.3 ng/107 tu

Residual host cell
DNA

%26 ng/107 tu 13 ng/107 tu 120 ng/107 tu

Residual bovine
serum albumin

%39 ng /107 tu 17 ng/107 tu 54.1 ng/107 tu

Residual Benzonase %0.026 ng/107 tu <0.006 ng/107 tu <0.009 ng/107 tu

Vector insert
integrity by
sequence

consistent with
expected results

consistent with
expected results

not performed

SV40 large T
antigen DNA
sequence transfer

not detected not detected not performed

Limit for In Vitro Cell Age for Production

In vivo assay for the
presence of
inapparent viruses

negative negative not performed

Vector insert
integrity by DNA
sequence in the
producer cell line

consistent with
expected result

consistent with
expected result

not performed

TEM of cultured
cells

no identifiable viral
particles other than
expected lentivirus-
like particles

no identifiable viral
particles other than
expected lentivirus-
like particles

not performed

Cell line identity by
CO1 barcode

consistent with
human origin

consistent with
human origin

not performed

EU, endotoxin units.
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line is presented below. The same approach was used to generate the
GPRG cell line by excluding the tat gene transduction.

The first step was to incorporate the gagpol genes into HEK293T/17
cells using a gammaretrovirus to generate GP cells that constitutively
Molecular T
express the gagpol genes under a cytomegalovirus (CMV) promotor
with puromycin selection. The best GP clone (and sequential clones)
was selected by transiently transfecting the remaining LV genes,
including a GFP reporter gene, generating LV supernatant, trans-
ducing HeLa cells with the LV supernatant, and selecting the best
clone based on titer using flow cytometry.

The second step involves the transduction with three different gam-
maretroviral vectors during 2–3 days depending on the desired parent
cell line. Starting with GP cells, the first transduction was with a
gammaretroviral vector SFG-tc-revco, which expresses a codon-opti-
mized HIV rev gene under the control of a tetracycline-regulated pro-
motor. On day 2, the media was exchanged, and cells were transduced
with gammaretroviral vector SFG-tc-tatco, which is a codon-opti-
mized HIV tat gene under the control of a tetracycline-regulated
promotor. On day 3, the media was exchanged, and the cells were
transduced with gammaretroviral vector SFG-tTA, which is a
chimeric transcriptional activator under the control of a retroviral
long terminal repeat (LTR). The best growing clone that produces
LVV able to express GFP protein into HeLa cells after being tran-
siently transfected with VSV-G plasmid and GFP plasmid was
expanded and frozen down as a GPRT research cell bank.

The third step included the transduction of the GPRT cells with the
gammaretroviral vector SFG-tc-VSV-G, which is under the control
of a tetracycline regulated promotor. The best growing cell that pro-
duces LVV able to transfer GFP to HeLa cells after being transiently
transfected with GFP plasmid was expanded and frozen down as the
parent GPRTG cell line.

The fourth step was the production of multimeric concatemer with a
tetracycline-regulated, LVV codon-optimized IL-2 receptor (IL2R)
gene expression cassette under the control of EF1a promotor ligated
with a zeocin-resistant expression cassette at a molar ratio of 25:1,
respectively. The gel-purified concatemer was transiently transfected
into the GPRTG cell line, selected with zeocin, and clones were iso-
lated by limiting dilution. The induced supernatant was titered for
expression of IL-2R in ED7R cells. The best producing clone was
confirmed in small-scale manufacturing studies, and a cGMP master
cell bank (MCB) was manufactured by expanding the clone in
DMEM + 10% FBS + 100 ng/mL doxycycline (Clontech Laboratories,
Mountain View, CA, USA) + 2 mg/mL puromycin + 50 mg/mL Zeocin
(Invitrogen, Carlsbad, CA, USA) D10 and formulated in Recovery cell
culture freezing medium (Thermo Fisher Scientific) with 100 ng/mL
doxycycline at 1 � 107 cells/mL and stored in vapor phase liquid ni-
trogen, and designated as the GPRTG-EF1a-hgc-OPT MCB.

Description of iCELLis Bioreactor

The iCELLis bioreactor (Pall Corporation, Port Washington, NY,
USA) is a disposable bioreactor containing a fixed bed of polyester
microfiber macrocarriers on which cells attach or become entrained
and grow. The fixed bed at the center of the bioreactor was sur-
rounded by culture media. Stirring at the bottom of the reactor was
set at a speed to ensure that medium flows over the top of the fixed
herapy: Methods & Clinical Development Vol. 19 December 2020 7
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Figure 4. Transduction Efficiency in CD34+ Cells

After transduction, genomic DNA was extracted from these cells and analyzed by

qPCR tomeasure vector copy number. (A) Transduction as a function ofMOI for two

different donors. 2 � 106 cells/mL from each donor were transfected with viral

vector produced in the 50-cell factory production run. (B) Cells were transduced

with viral vector produced in iCELLis reactors run at pH 6.6, 6.8, 7.0, and 7.2 after

induction or in cell factories (clinical vector). Values are normalized by clinical vector

(MOI of 16.6) VCN value (ranges from 0.7 to 0.92) for each transduction run.

*MaximumMOI value tested at pH 7.0 was 40 andmaximumMOI value tested at pH

7.2 was 36 because of the available vector concentration.

Molecular Therapy: Methods & Clinical Development
bed at 1–2 cm/s and is replenished with oxygen as it returns to the
surrounding reservoir of medium. The fixed bed may be from 2 to
10 cm in height and either a low or high compaction. Available sur-
face area for cell growth ranges from 0.53 m2 (low compaction, 2-cm
bed height) to 4 m2 (high compaction, 10-cm height) for the iCELLis
Nano. All experiments in this study were performed with the low
compaction iCELLis Nano reactors. The bioreactor has a reusable
metal lid that contains ports for pH and DO probes, sampling, media
addition and removal, and air flow, as well as a thermowell for a tem-
perature probe.

Operation of iCELLis Bioreactor

An autoclaved iCELLis vessel containing a 2-cm packed bed was filled
with 800mL of DMEM (Gibco, Thermo Fisher Scientific), 2 mMGlu-
taMAX, and 10% (v/v) FBS (HyClone) (D10 media) and equilibrated
overnight at the set points of 37�C, pH of 7.20, initial stir speed of
1 cm/s, and DO at 50%. The vessel was inoculated with 8 � 107

GPRTG-EF1a-hgc cells, corresponding to 15,000 cells/cm2 bed
8 Molecular Therapy: Methods & Clinical Development Vol. 19 Decemb
area, and the stir speed was increased to 3 cm/s for 1 h before being
decreased back to 1 cm/s. Doxycycline was added to the reactor at
1 ng/mL during inoculation and an additional 1 ng/mL of doxycycline
was added on the third day after inoculation. A metabolic analyte
measurement was taken the day before induction. An Aber Futura
biomass probe was used to record cell density in some reactors.

Induction of GPRTG-EF1-a-hgc Cells in iCELLis

On day 5 after inoculation with GPRTG-EF1a-hgc cells, the iCELLis
vessel was induced. Cell density was on average 4.5� 105 cells/cm2 at
this point in the culture, and no additional media changes occurred
before induction. Media were pumped from the reactor and the
reactor was washed twice for 5 min at a media recirculation speed
of 1 cm/s with 600 mL of DMEM. After the wash, DMEM was
removed from the reactor and 800 mL of D10 media without doxycy-
cline was added to the reactor. For 9 days after induction, media were
pumped out of the reactor each day, and 800mL of fresh D10medium
was added to the reactor. Beginning on the second day post-induc-
tion, 2.5 U/mL of Benzonase (Millipore) was added to the reactor
daily, and the supernatant was collected daily for purification begin-
ning on the third day post-induction. Aliquots were taken each day
for titer analysis and metabolic analysis. When the pH set point in
the reactor was below 7.2, the addition of 0.5 N HCl to fresh D10
was used to decrease the pH of the culture medium before pumping
it into the iCELLis reactor.

Lentiviral Purification

Supernatants collected from an iCELLis on days 3–6 post-induction
were filtered through an Opticap XL2 capsule Durapore 0.45-mm fil-
ter (EMDMillipore, Darmstadt, Germany) and pooled together into a
5-L Flexboy bag (Sartorius, Goettingen, Germany). The concentra-
tion of NaCl in the sample was increased by 250 mM with the addi-
tion of AccuGene 5 M NaCl (Lonza, Basel, Switzerland). The pH of
the sample was adjusted with 1 M Tris (pH 8.0) to a final concentra-
tion of 50 mM Tris (pH 8.0).

After NaCl and pH adjustment, the sample was loaded on a Mustang
Q XT5 (Pall Corporation) at 50 mL/min and equilibrated with
400 mM NaCl and 50 mM Tris (pH 8.0). Lentivirus was eluted
from the column using 1.5 M NaCl/50 mM Tris (pH 8.0) in 15 mL.
Eluted fractions were diluted 5-fold into 6.6 mM phosphate buffer
(pH 7.4). The diluted fraction was concentrated and diafiltrated
into X-VIVO 10 (Lonza) by tangential-flow filtration at 50 mL/min
using a 0.005-m2 Pellicon XL ultrafiltration module with a 500-kDa
cutoff (EMD Millipore, USA). No pressure gauges were used, and
the retentate line remained fully open. Purified supernatant was
filtered through a 0.22-mm polyvinylidene fluoride (PVDF) Millex sy-
ringe filter (Millipore).

Vector Titering

ED7R cells, which do not express CD132, were cultured in RPMI
1640 (Life Technologies) with 10% FBS and 2 mM glutamine
(R10 media) and plated at 2 � 105 cells/well in a 12-well tissue cul-
ture plate. Purified LVVs and 8 mg/mL Polybrene (EMD Millipore)
er 2020
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were added to each well for a final volume of 500 mL/well. The
plates were centrifuged at 1,000 � g for 1 h and incubated at
37�C for 3 h before the addition of 1 mL of fresh R10 medium. Af-
ter 72 h in culture, cells were harvested into a 96-well deep well
plate. Cells were washed with phosphate-buffered saline (PBS)
(Lonza) and incubated briefly on ice with rat immunoglobulin G
(IgG) in PBS with 2% FBS. Biotin-labeled rat anti-human CD132
primary antibody (BD Biosciences, 10 mg/mL) in PBS with 2%
FBS was added to the cells for 30 min on ice. The cells were washed
with PBS, and 0.5 mg/mL of streptavidin phycoerythrin (PE)-conju-
gated secondary antibody (BD Biosciences) prepared in PBS with
2% FBS was added for 20 min on ice. Cells were washed with
PBS, filtered through 30- to 40-mm 96-well AcroPrep Advance filter
plates (Pall Corporation) and suspended in 150 mL of DAPI + PBS
with 2% FBS for sorting by using the BD FACSLyric system. Cells
that stably express CD132 were used as a positive control, and
data were analyzed by linear regression of known titer values of
an internal standard.

VCN Analysis

CD34+ cells were separated from apheresis-mobilized peripheral
healthy donors using CD34 Microbeads and a CliniMACS Plus (pro-
gram 2.1, CD34+ cell selection) and formulated at 1� 107 cells/mL in
Plasma-Lyte-A with 5% by volume dimethyl sulfoxide (DMSO), 6%
pentastarch, and 3.75% human serum albumin (HSA) (cryopreserva-
tion medium).

Transduced CD34+ cells were thawed, centrifuged at 300 � g for
10 min, supernatant was discarded, and the cells were resuspended
at a concentration of 1 � 106 cells/mL and prestimulated with
100 ng/mL each of recombinant human stem cell factor (CellGenix,
Portsmouth, NH, USA), recombinant human Flt3 ligand (CellGe-
nix), and human recombinant thrombopoietin (CellGenix) in X-
VIVO 10 (without gentamicin or phenol red; Lonza) media with
1% HSA (Grifols). After 18–24 h, cells were counted, centrifuged
for 15 min at 200 � g, and resuspended in X-VIVO 10 with 1%
HSA and cytokines before adding to wells of a 24-well plate at
1 � 106 cells/well. Protamine sulfate (Fresnius Kabi, USA) was
added to each well at a concentration of 8 mg/mL, and purified vec-
tor produced in the iCELLis was added to the wells at specified
MOIs for a final volume of 500 mL/well. After 16–20 h, cells were
harvested from each well, and the wells were washed with 1 mL
of PlasmaLyte (Baxter) with 4% HSA. Harvested cells and wash so-
lution were centrifuged at 200 � g and resuspended in 500 mL of
PlasmaLyte with 4% HSA. The CD34+-transduced cells were
adjusted to 100,000 cells/mL in X-VIVO 10 and 40,000 cells were
added to 4 mL of MethoCult (STEMCELL Technologies, Canada).
The suspension was vortexed for 5 s and allowed to sit for 3–
5 min to remove air bubbles. 1.1 mL of MethoCult-containing cells
was placed into three 35-mm tissue culture dishes with grids (Sar-
stedt) and incubated for 6 days at 37�C, 5% CO2, and 95% relative
humidity. The 35-mm dishes were placed in one 150-mm dish along
with a 35-mm dish containing sterile water to provide humidity.
The cells were harvested on day 6 of culture by gently resuspending
Molecular T
them with 4 mL of PBS (Corning Cellgro). The suspension was
transferred to a 15-mL tube, rinsed with 2 mL of PBS, and centri-
fuged at 400 � g for 5 min. Additional PBS was added and cells
were resuspended and washed a second time. Cells were resus-
pended in 200 mL of PBS and transferred to a microcentrifuge
tube. Genomic DNA was extracted using the DNeasy blood and tis-
sue kit (QIAGEN) for Digital Droplet PCR (ddPCR) analysis.

ddPCR Analysis

The QX200 ddPCR system (Bio-Rad, Hercules, CA, USA) was used to
determine the VCN of the common g chain gene of IL2RG using
DNA isolated from day 6 colony-forming unit cell (CFU-C) colonies
of CD34+ LV-XSCID-transduced and mock-transduced cells. After
determining the DNA concentration, each sample was adjusted to
10 ng/mL. Primers and probe for the target, hgc-OPT labeled with
6-carboxyfluorescein (FAM), and the RPP30 housekeeping gene
labeled with HEK were purchased from Integrated DNA Technolo-
gies (IDT; Coralville, IA, USA). For one reaction of 95 mL (samples
were run in triplicate at 25 mL/well), reagents were added as follows:
2.5 mL of 40� hgc-OPT primer/probe mixture, 50 mL of ddPCR
supermix for probes (Bio-Rad), 900 nM RPP30 forward (Fwd) and
reverse (Rvs) primers, and 250 nM probe. Water (Molecular Probes,
Eugene, OR, USA) was added to adjust the volume to 95 mL (approx-
imately 40.45 mL). 5 mL of DNA at 10 ng/mL was added to the master
mix and mixed well. The PCR was performed using a C1000 Touch
thermal cycler (Bio-Rad) at 95�C for 10 min, 94�C for 30 s, followed
by 60�C for 1 min with 40 cycles and 98�C for 10 min. Droplets were
read using the droplet reader of the QX200 ddPCR system. Results
were analyzed using QuantaSoft Analysis Pro software version 1.0
to determine the VCN.

cGMP Manufacturing of GPRTG-EF1a-hgc-OPT LVV Using Cell

Factories

Children’s GMP, LLC (CGL), which is solely owned by St. Jude, is
located on the St. Jude campus in the GMP Building (64,000 ft2)
and is responsible for all cGMP manufacturing activities in support
of phase I and II clinical trials at St. Jude. CGL’s platform for
cGMP manufacturing of vectors (adeno-associated virus and lenti-
virus) from adherent HEK293T/17 cells is 10-layer cell factories.
The GMP building has an environmental growth chamber modified
to actively gas (100–500 mL/min) eighty 10-layer cell factories with
95%/5% air/CO2 and 95% humidity with online monitoring of %
CO2 and humidity (Figure 5A).

The cGMP manufacturing of GPRTG-EF1a-hgc-OPT LVV was
performed at the 50-cell factory scale using D10 media. A process
flow diagram that describes each manufacturing step and the in-
process assays are presented in Figure 5B and Table 3, respectively.
Manufacturing was initiated from four identical 1-mL vials of the
MCB, and cells were passaged when reaching 50%–70% confluency.
Zeocin was added at a concentration of 50 mg/mL at the first passage
following thaw, and nine passages were required to generate enough
cells to seed 50-cell factories at 1.4 � 108 cells/cell factory. The
doxycycline concentration was maintained at 10 ng/mL for passages
herapy: Methods & Clinical Development Vol. 19 December 2020 9
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Table 3. Description of Sample and the Corresponding In-Process Assay

Sample
No. Sample Description In-Process Assay

1–10 passages 1–10 pH, glucose, lactate

11
limit of in vitro cell age for
production

N/A

12 unprocessed bulk day 3 PI
sterility, pH, glucose, lactate, ED7R
titer

13 unprocessed bulk day 4 PI
sterility, pH, glucose, lactate, ED7R
titer

14 unprocessed bulk day 5 PI
sterility, pH, glucose, lactate, ED7R
titer

15 pooled unprocessed bulk N/A

16 Mustang Q load ED7R titer

17 equilibration of Mustang Q pH and endotoxin

18 Mustang Q flowthrough ED7R titer

19 Mustang Q wash ED7R titer

20 Mustang Q elution fraction ED7R titer

21
diluted Mustang Q elution
fraction

ED7R titer

22 TFF membrane equilibration pH and endotoxin

23 Opticap XL-2, 0.22-mm filter bubble point test

24 drug substance ED7R titer

25 drug product 100% weight check

TFF, tangential flow filtration; PI, post induction; N/A, not applicable.
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1–6 and reduced to 1 ng/mL for passages 7–9 and seeding of the 50-
cell factories. The medium was not changed for the first 3 days after
seeding. On day 3 after seeding, i.e., day 0 of induction, the media
were changed in all 50-cell factories with D10 (no doxycycline) me-
dia, and the media were exchanged daily for the following 4 days.
On day 2 through day 4 of induction, 2.5 U/mL of Benzonase
was added to the D10 media. Supernatants from days 0, 1, and 2
were discarded. On days 3, 4, and 5 post-induction, supernatants
were collected individually and stored at 2�C–8�C. The following
day (day 6 post-induction), days 3–5 supernatants were combined,
filtered, and the pH and NaCl concentrations were adjusted to 8.0
and 400 mM, respectively, loaded onto a Mustang Q NP6 ion ex-
change cartridge, washed with 50 mM Tris (pH 8.0) and 750 mM
NaCl, and the LVVs were eluted with 50 mM Tris (pH 8.0) and
1,500 mM NaCl using an ÄKTA Ready (GE Healthcare). The prod-
uct was immediately diluted 4-fold with PBS, concentrated with a
Pellicon XL 500-kDa ultrafiltration membrane (Millipore) to
3,075 mL, and diafiltered with 3 vol X-VIVO 10, filtered through
a 0.22-mm Opticap XL-2 filter (Sartorius Stedim), and immediately
filled into one thousand two hundred 5-mL borosilicate-1 vials (1.7-
mL fill volume) with a Chase-Logeman FSAS-2205 vial filler and
stored at �80�C.
Figure 5. Manufacturing of GMP Vector

(A) Environmental growth chamber modified for active gassing of cell factory. (B) Proce
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Detection of Residual Host Cell Protein

The Cygnus HEK293T host cell protein ELISA kit was used to detect
host cell protein. Samples were reacted with a horseradish peroxidase
(HRP) enzyme-labeled anti-HEK293T antibody and washed to re-
move any unbound reactants. The substrate tetramethylbenzidine
(TMB) was then reacted. The amount of hydrolyzed substrate was
read on a microplate reader and was directly proportional to the con-
centration of HEK293T host cell proteins present.

Detection of Residual DNA

The Molecular Probes PicoGreen double-stranded DNA (dsDNA)
quantitation reagent and kit was used to detect residual DNA. Sam-
ples were diluted in Tris-EDTA buffer and PicoGreen reagent pro-
vided with the kit. Samples were incubated for 2–5 min protected
from light and read at excitation 490 nm, emission 525 nm.

Detection of Residual BSA

This assay used the Cygnus BSAELISA kit (catalog no. F030). Samples
were reacted in kit-provided microtiter strips coated with an affinity-
purified capture antibody. A second anti-BSA antibody labeled with
the enzyme HRP was added simultaneously and then incubated for
1 h at room temperature, forming a sandwich complex of a solid phase
antibody-BSA-HRP-labeled antibody. The microtiter strips were
washed to remove unbound reactants, and the strips were reacted
for 30 min at room temperature with the HRP substrate TMB. A
stop solution was added to all wells to stop the kinetic reaction, and
strips were read within 30 min. The amount of hydrolyzed substrate
was read on a microtiter plate reader at 450 nm and was directly pro-
portional to the concentration of BSA present in the sample.

Detection of Residual Benzonase

This assay used the EM Industries Benzonase endonuclease ELISA kit
II (catalog no. 1.01681.002). The kit uses a 96-well polystyrene micro-
titer plate precoated with polyclonal antibodies specific to Benzonase
endonuclease. Reference standard and samples were added to the
wells in triplicate at room temperature and placed on a rotating
shaker at 450 rpm for a minimum of 2 h. After a buffer wash, the sec-
ondary HPR antibody was added and plate was incubated for 1 h. The
colorimetric reagent was added and plate was incubated for 15 min in
the dark. Reaction was stopped by adding 0.2 MH2SO4 and the plates
were read within 30 min at 450 nm. The amount of hydrolyzed sub-
strate was directly proportional to the concentration of Benzonase
present in the sample.
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