
©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

 ReseaRch PaPeR

www.landesbioscience.com human Vaccines & Immunotherapeutics 2211

human Vaccines & Immunotherapeutics 9:10, 2211–2215; October 2013; © 2013 Landes Bioscience

ReseaRch PaPeR

*Correspondence to: Aaron Carnes; Email: acarnes@natx.com
Submitted: 03/19/2013; Accepted: 05/15/2013
http://dx.doi.org/10.4161/hv.25048

Introduction

As DNA vaccines progress in clinical trials, important factors 
should be considered for large scale cGMP manufacturing, 
including vector design, purity, concentration, and projected 
quantities needed upon approval and commercialization. 
Furthermore, to ensure safety, regulatory agencies recommend 
elimination of antibiotic resistance markers from therapeutic and 
vaccine plasmid DNA vectors.

Coridon Pty Ltd recently announced their Herpes Simplex 
Virus 2 (HSV-2) DNA vaccine to be 100% effective in protect-
ing animals against infection (Allied Healthcare. 2010. Allied 
Healthcare announces Coridon license to vector technology 
[Press release]. Retrieved from http://www.asx.com.au/asx-
pdf/20120417/pdf/425n4kslf4lpyh.pdf). Herpes simplex virus 
type 2 (HSV-2) causes genital herpes and results in life-long 
infection. HSV-2 infections in newborns from infected mothers 
can have serious consequences,1 and HSV-2 might also aid the 
transmission of HIV.2 Treatment with antiviral drugs can sup-
press outbreaks, but does not prevent transmission of the disease. 
No approved HSV-2 vaccine currently exists.

The Coridon DNA vaccines encode the envelope glyco-
protein D sequence incorporated into the Nature Technology 
Corporation (NTC) NTC8485 antibiotic-free expression vec-
tor.3 This vector is specifically designed as a safe, minimalized, 
and antibiotic-free selection vector, which offers superior expres-
sion of recombinant proteins in mammalian cells, and is designed 
to comply with US Food and Drug Administration (FDA) and 
European Medicines Agency (EMA) regulatory guidance. The 
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use of this vector improves the overall benefit of the vaccine by 
driving higher in vivo transcription and translation of the genetic 
material. Antibiotic-free selection in the NTC8485 vector is 
achieved by expression of a vector encoded 140 bp RNA-OUT 
antisense RNA that represses expression of a host strain chro-
mosome-encoded counter-selectable marker (SacB) which is toxic 
when sucrose is present in the growth medium (Fig. 1B).

In previous publications, NTC has reported results at the 10 
L bioreactor scale using a patented, high cell density inducible 
fed-batch fermentation process (HyperGRO™) incorporating 
exponential nutrient feeding with a temperature shifting strat-
egy, achieving plasmid yields up to 2.6 g/L culture in E. coli 
DH5α (Carnes and Williams, Process for plasmid DNA fermen-
tation, 2011. US Patent 7 943 377).4,5 VGXI, Inc., a provider of 
DNA plasmid cGMP manufacturing and development services, 
has licensed NTC’s HyperGRO™ technology and successfully 
scaled-up cGMP fermentation using this process to manufacture 
Coridon’s HSV-2 DNA vaccines for a Phase I clinical trial. VGXI 
achieved reproducible plasmid yields of up to 1.8 g/L at the 320 L 
scale without the use of antibiotic selection, the largest fermenta-
tion scale yet using HyperGRO™ technology.

Following fermentation, plasmid DNA is typically isolated 
using an alkaline lysis-based process. The challenges of scaling 
up alkaline lysis are well known, most notably achieving suffi-
cient mixing without damaging the plasmid DNA and creating 
difficult to remove host cell DNA fragments.6-8 VGXI has devel-
oped and patented large scale mixing processes for recovery of 
plasmid DNA by alkaline lysis, including a high-shear, low-resi-
dence time mixer for mixing the cell suspension with the alkaline 
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to 42°C for a period of several hours 
to induce high copy number plasmid 
amplification over the course of about 
one biomass doubling (Fig. 2A).

For exponential feeding, the feed 
rate was controlled automatically by 
the bioreactor supervisory software 
using the following equation:9

F (t) = (μX
B
V

B
/S

f
Y

X/S
) × eμt

where F(t) is the feed rate (L/h), μ is 
the desired specific growth rate during 
fed-batch phase (h−1), X

B
 is the biomass 

concentration at the end of the batch 
phase (g dry cell weight/L), V

B
 is the 

initial liquid volume of culture (L), S
f
 

is the limiting substrate concentration 
in nutrient feed medium (g/L), Y

X/S
 is 

the yield coefficient of biomass from 
substrate (g/g) and t is the time since 
beginning of fed-batch phase (h). Y

X/S
 

= 0.4 g/g, X
B
 = 3.8 g/l and μ = 0.12 h−1 

were used for the calculation of feed 
rate for all fed-batch fermentations. 
At both the 10 L process development 
scale and the 320 L cGMP scale, feed-
ing was started 15 h following bioreac-
tor inoculation.

Process development HyperGRO 
fermentations performed at the 10 
L scale confirmed that the HSV-2 
glycoprotein D antigen sequences 
had no deleterious effect on plasmid 
yield. Yields > 1 g/L were achieved, as 
expected from previous fermentations 
with the NTC8485 vector.10

High plasmid yields achieved at 
the 10 L process development scale 
were maintained at the 320 L cGMP 
scale (Table 1 and Fig. 2). Overall, 
the large scale cGMP fermentations 
resulted in pre-purification yields 
of approximately 586 g of plasmid 
NTC8485-O2-gD2 and 406 g of plas-

mid NTC8485-O2-UgD2tr.
Downstream purification. The downstream purification 

strategy was based on the final required amount of each compo-
nent, not scaled to suit the entirety of fermentation biomass and 
specific yield.

Alkaline lysis using the proprietary AIRMIX™ technology 
followed by lysate clarification and subsequent binding to an 
anion exchange (AEX) membrane showed minimal loss through 
clarification steps and no detrimental effect on the plasmid prod-
uct. In-process analysis showed that the bind and elute condi-
tions allowed the flow through of impurities contained in the 
clarified lysate without compromising plasmid binding affinity. 
Due to the purification scale, the total binding capacity of the 

lysis solution, and a bubble column mixer (AIRMIX™) for neu-
tralization of the lysate and separation of the flocculated host cell 
impurities (Hebel, et al. Devices and Methods for Biomaterial 
Production, 2007, US Patent 7 238 522).

Results and Discussion

Fermentation. Very high yield plasmid production with the 
HyperGRO fed-batch process at the 10 L scale has been reported 
previously with temperature sensitive pUC origin type plasmids. 
These high yields result from nutrient limited fed-batch growth 
by an exponential feeding profile at 30°C to accumulate approxi-
mately half of the total biomass, followed by a temperature shift 

Figure 1. NTc antibiotic-free selection vectors. (A) NTc8485-O2-gD2 vector map; (B) Left: In a plasmid-
free cell, levansucrase is expressed from a chromosomally integrated sacB gene, leading to cell death 
in the presence of sucrose. Right: RNa-OUT from the plasmid represses translation of the sacB gene, 
achieving plasmid selection.
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binding capacity (2.5–2.8 mg/mL) was reached after approxi-
mately 50–60% of the conditioned load was processed, the 
remaining conditioned load was not passed through the column. 
1090 mg (NTC8485-O2-gD2) and 1220 mg of (NTC8485-O2-
UgD2tr) of pDNA were recovered in the HIC eluate.

In order to maximize plasmid recovery from the UF/DF pro-
cess a final nucleic acid concentration was targeted to over 150% 
of the final required concentration. Nucleic acid concentrations of 
4.7 mg/mL (NTC8485-O2-gD2) and 6.2 mg/mL (NTC8485-
O2-UgD2tr) were achieved with over 90% plasmid recovery.

Following dilution of the UF/DF product to the required 
concentration (2.8 mg/ml, Table 2) and aseptic processing, 
samples were analyzed by Quality Control. The plasmid prod-
uct met all established limits for quality and purity assays; with 
up to 99% supercoiled plasmid and host cell impurities near the 

AEX membrane was exceeded at the approximate midpoint of 
the loading process. Consequentially, approximately 50% of the 
available plasmid DNA in the clarified lysate was bound to and 
recovered from the AEX membrane. The eluate from the AEX 
membrane contained 2400 mg (NTC8485-O2-gD2) and 2540 
mg (NTC8485-O2-UgD2tr) of DNA with exceptionally low 
RNA content, not visible by agarose gel analysis.

Supercoil plasmid form enrichment was accomplished using 
hydrophobic interaction chromatography (HIC). The HIC load 
conditions allowed the retention of supercoiled plasmid DNA 
and certain contaminants while open circle plasmid forms and 
residual host cell DNA passed through the packed resin bed. The 
elute conditions resulted in the selective elution of supercoiled 
pDNA as evidenced by in process analysis and release testing 
of the plasmid product (Table 2). In both cases the dynamic 

Figure 2. hyperGRO™ process: (A) process illustration; (B-D): Growth and plasmid yield profiles for hyperGRO™ fermentations with plasmid NTc8485-
O2-gD2; the arrow marks the time of the temperature shift from 30 to 42 °c: (B) 10L NTc process development fermentation; (C) 10L VGXI process 
development fermentation; (D) 320L VGXI cGMP fermentation.

Table 1. Yields of process development (10L) fermentations performed by NTc and VGXI and scaled up cGMP fermentations performed by VGXI

Fermentation scale Plasmid
Final cell density 

(OD600)
Plasmid volumetric yield 

(mg/L)
Plasmid specific yield (mg/L/OD600)

NTc—10L (Fig. 2B) NTc8485-O2-gD2 111 1700 15.3

VGXI—10L (Fig. 2C) NTc8485-O2-gD2 92 1530 16.7

VGXI—320L (cGMP; Fig. 2D) NTc8485-O2-gD2 85 1830 21.6

VGXI—320L (cGMP) NTc8485-O2-UgD2tr 83 1270 15.4
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was maintained at 30% air saturation by proportional-integral 
control of agitation. Oxygen gas supplementation was initiated 
automatically as needed during fermentations to maintain dis-
solved oxygen at 30% air saturation. A semi-defined nutrient feed 
containing glycerol and yeast extract substrate was added accord-
ing to a predetermined exponential feeding strategy to target a 
specific growth rate of μ = 0.12 h−1. Culture temperature was con-
trolled at 30°C until a cell density of 50 to 55 OD

600
 was reached, 

after which the temperature was shifted to 42°C to induce high 
copy number plasmid amplification. Culture samples were taken 
at key points and at regular intervals during all fermentations. 
Samples were analyzed immediately for biomass (OD

600
) and for 

plasmid yield. Plasmid yield was determined by quantification 
of plasmid obtained from Qiagen Spin Miniprep Kit prepara-
tions as described.4 10L scale fermentations were performed at 
VGXI and NTC with a starting culture volume of 8L, in either 
New Brunswick Scientific BioFlo 3000 or BioFlo 110 bioreactors 
with a maximum working volume of 10.6 L. 320 L scale GMP 
fermentations were performed at VGXI with a starting culture 
volume of 220 L in a New Brunswick Scientific BioFlo Pro biore-
actor with a 400 L maximum working volume.

Downstream purification process. Downstream process-
ing of the HSV-2 DNA vaccine plasmids was performed by 
VGXI and consisted of cell lysis, solid/liquid separation, anion 
exchange membrane chromatography, hydrophobic interaction 
chromatography (HIC), ultrafiltration/diafiltration (UF/DF), 
and aseptic filtration. The cell lysis step was conducted using 
a proprietary lysis skid and AIRMIX™ technology (Hebel, et 
al. Devices and Methods for Biomaterial Production, 2007, US 
Patent 7,238,522) as previously described which was developed 
on the principle of alkaline lysis.8,12 The neutralized lysate was 
clarified with a decreasing pore size nylon monofilament mesh 
bag filter (Filter Specialist Inc.) followed by a 0.2 μm depth 
filter (Millipore) before being subjected to chromatography 
purifications. The anion exchange membrane chromatography 

assay detection limit (Table2). The active bulk constituent from 
the purification processes, excluding filtered plasmid product 
for release testing, totaled 828 mg of NTC8485-O2-gD2 and 
969 mg of NTC8485-O2-UgD2tr.

Using the plasmid mass and gel analysis from each step in 
purification an approximate yield of > 2.4 g of purified pDNA/ 
kg WCW can be inferred. If purification processes were scaled 
to suit the expected biomass and specific plasmid yield, a single 
320 L HyperGRO fermentation followed by the VGXI purifi-
cation process should yield a minimum of 175 g of each active 
bulk constituent for the HSV-2 DNA vaccine, which translates to 
approximately 40 000 filled units of HSV-2 vaccine.

Materials and Methods

Strains and plasmids. The plasmid host strain was E. coli 
NTC4862 (DH5α attλ::P5/6 6/6-RNA-IN- SacB, CmR).3 
Plasmids NTC8485-O2-gD2 (Fig. 1A), 4220 bp, and NTC8485-
O2-UgD2tr, 4190 bp were constructed using standard molecu-
lar biology methods. The NTC8485 vector contains a 140 bp 
DraIII-KpnI RNA-based sucrose selectable marker (RNA-OUT) 
and incorporates the high copy number PAS-BH-SV40 backbone 
from the kanR vector NTC7485.3,5

Fermentation. The HSV-2 DNA vaccine plasmids were 
transformed into E. coli NTC4862 individually, and prepared 
into research seed banks (RSB) and master cell banks (MCB). 
Fermentations were performed in semi-defined media according 
to the HyperGRO™ fed-batch fermentation process as described 
previously.4,5,11 Inocula were prepared from RSBs or MCBs and 
grown at 30°C in seed medium containing 6% (w/v) sucrose. 
Batch phase fermentation media contained 5 g/L sucrose for plas-
mid selection. During fermentation, pH was controlled at 7.0 ± 
0.1 by the automatic addition of 30% ammonium hydroxide or 
10% phosphoric acid. The cultures were aerated at 0.5 to 1 VVM 
(volume of gas/volume of medium per min) and dissolved oxygen 

Table 2. VGXI Qc testing of purified plasmids NTc8485-O2-gD2 and NTc8485-O2-UgD2tr produced in scaled up cGMP hyperGRO fermentation at VGXI

Assay
Result

NTC8485-O2-gD2 NTC8485-O2-UgD2tr

Nucleic acid concentration by a260, mg/mL 2.8 2.8

Purity by a260/280 1.9 1.9

Identity by restriction analysis cTs (conforms to standard) cTs (conforms to standard)

structural integrity by percent circular forms analysis by hPLc, (total supercoil) % 99 98

Percent host-cell RNa, % ≤0.2 ≤0.2

Percent host-cell protein, % ≤0.1 ≤0.1

Percent host cell genomic, % 0.1 0.004

endotoxin, eU/mg ≤0.1 ≤0.1

Osmolality, mOsm/kgh2O 37 27

Visual appearance
clear, colorless solution free 

from visible particulates
clear, colorless solution free 

from visible particulates

ph 7.7 7.7

Plasmid identification-sequencing
No difference from reference 

sequence
No difference from reference 

sequence
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the Limulus Amebocyte Lysate (LAL) kinetic chromogenic 
assay (Charles River), and the A

405
 of samples was recorded 

with a SpectraMAX Pus 384 Microplate Reader. RNA quan-
tification was performed by HPLC (Agilent 1100 Series) using 
a Butyl-NPR Column (Tosoh Biosep). The residual host cell 
DNA percentage was determined by Q-PCR using the Applied 
BioSystems Step One Plus Real Time PCR System). Plasmid 
isoform evaluation of final product was conducted by HPLC 
(Agilent 1100 Series), using a linear gradient with a TSKgel 
Butyl-NPR Column (Tosoh BioSep) to separate plasmid iso-
forms at A

260
.

Conclusion

VGXI’s successful collaboration with Nature Technology 
Corporation and Coridon Pty Ltd in the implementation and 
> 30 times scale up of the NTC HyperGRO™ antibiotic-free 
fermentation system has resulted in reproducible, high yield, 
plasmid producing fermentation under cGMP conditions for 
Coridon’s HSV-2 DNA vaccine. VGXI’s downstream purification 
process with plasmid bearing cells produced using the NTC 
HyperGRO™ process yielded plasmid product with supercoiled 
pDNA percentages of up to 99% and a very low contaminant 
profile (Table 2), providing high quality plasmid DNA for 
Coridon’s HSV-2 DNA vaccine phase I clinical trial. In addition, 
it will provide a plasmid DNA manufacturing platform for future 
clinical trials which meets the strictest of regulatory demands.
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employing Mustang Q capsules (Pall) captured the majority of 
plasmid DNA from crude lysate while allowing the majority of 
impurities to pass through. Plasmid product was eluted with a 
solution containing a higher ion concentration than the mem-
brane equilibration. The eluate was conditioned with a high salt 
ammonium sulfate solution and loaded to an equilibrated XK 
50/20 column (GE Healthcare) packed with Butyl 650M hydro-
phobic resin (Tosoh Biosep). Single step elution with a decreased 
concentration of ammonium sulfate was able to significantly 
reduce the open circular (OC) form of plasmid and selectively 
elute the SC plasmid, while separating residual contaminants. 
The recovered HIC product was further processed with an UF/
DF step employing a disposable filter cassette (Novasep) of 
modified polyethersulfone membrane with a 50 kDa MWCO to 
displace the HIC elution buffer with 10 mM Tris (HCl) 1 mM 
EDTA pH 8 and increase the plasmid concentration to the target 
range. The UF product was filtered with 0.2 μm MiniKleenpak 
filters (Pall) and aliquoted for storage at −75°C to −85°C. In pro-
cess analysis of purification samples was performed using nucleic 
acid quantification by A

260
 and 1% agarose gel analysis at all steps 

in the purification process.
Release testing of plasmid DNA product. The concentration 

of total nucleic acid in the product sample was measured with a 
SpectraMAX Plus 384 UV/Vis spectrophotometer (Molecular 
Devices) at the wavelength of 260nm, and the purity of plas-
mid DNA was evaluated with A

260
/A

280
. The osmolality of final 

plasmid was determined with the Advanced Micro-Osmometer 
Model 3300 (Advanced Instruments, Inc.). The host cell pro-
tein content was determined with a Micro BCA Protein Assay 
Reagent Kit (Pierce) using bovine serum albumin as the stan-
dard, and measuring the A

562
 with SpectraMAX PLUS 384 UV/

Vis spectrophotometer (Molecular Devices). The endotoxin 
concentration in the final DNA product was measured with 
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