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Malaria is a global health problem; an effective vaccine is urgently needed. Due to
the relative poverty and lack of infrastructure in malaria endemic areas, DNA-based
vaccines that are stable at ambient temperatures and easy to formulate have great
potential. While attention has been focused mainly on antigen selection, vector design
and efficacy assessment, the development of a rapid and commercially viable process
to manufacture DNA is generally overlooked. We report here a continuous purification
technique employing an optimized stationary adsorbent to allow high-vaccine recovery,
low-processing time, and, hence, high-productivity. A 40.0 mL monolithic stationary
phase was synthesized and functionalized with amino groups from 2-Chloro-N,N-dieth-
ylethylamine hydrochloride for anion-exchange isolation of a plasmid DNA (pDNA)
that encodes a malaria vaccine candidate, VR1020-PyMSP4/5. Physical characteriza-
tion of the monolithic polymer showed a macroporous material with a modal pore di-
ameter of 750 nm. The final vaccine product isolated after 3 min elution was homoge-
neous supercoiled plasmid with gDNA, RNA and protein levels in keeping with clinical
regulatory standards. Toxicological studies of the pVRI1020-PyMSP4/5 showed a mini-
mum endotoxin level of 0.28 EU/mg pDNA. This cost-effective technique is cGMP com-
patible and highly scalable for the production of DNA-based vaccines in commercial
quantities, when such vaccines prove to be effective against malaria. © 2008 American
Institute of Chemical Engineers AIChE J, 54: 2990-2998, 2008
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year, up to 2.7 million people die as a result of the parasite

infection.! The socioeconomic prospects of people who live

Malaria, an infectious disease caused by parasites of the
Plasmodium genus, is a major world health problem. Each
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in malaria endemic areas are adversely affected by the bur-
den of this disease. The World Health Organization has rated
malaria as the single biggest component of the total disease
burden in Africa.” Therefore, an affordable, safe, and effec-
tive vaccine is urgently needed to enhance currently available
malaria control measures. Protection in humans is believed
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Figure 1. (A) A schematic flow diagram showing the current state of pDNA vaccine production. Several unit opera-
tions are incorporated into downstream processes, and (B) A process flow diagram showing improve-
ments on current pDNA vaccine production technique by incorporating a monolith.

to include antibodies targeting the asexual blood stage para-
sites, such as those that block merozoite entry and inhibit
parasite multiplication within erythrocytes.> A number of
malaria proteins have been demonstrated to be potential vac-
cine candidates, and are in various stages of preclinical and
clinical evaluation. Due to the relative poverty and lack of
infrastructure in malaria endemic areas, a successful immuni-
sation strategy will depend critically on cheap and scalable
methods of vaccine production, distribution and delivery.
Affordable and effective vaccine formulations which are sta-
ble at ambient temperatures and cheaper to produce would
significantly enhance widespread vaccine deployment. One
promising technology is the production and delivery of
malaria vaccines using pDNA.

pDNA vaccines have the advantages of being cheaper to
produce, stable at ambient temperature and easy to formulate.
Several DNA constructs expressing malaria vaccine candi-
dates, mainly of pre-erythrocytic stages, have been evaluated
and shown promising results; especially in heterologous
prime-boost approach.* A multiepitope DNA vaccine derived
from a genomic Plasmodium chabaudi DNA expression
library of 30,000 plasmids has been shown to induce strain-
transcending immunity in mice against parasite challenge.” If
a DNA vaccine for malaria proves to be effective, the ultimate
scale of production is potentially huge—over 2.6 billion doses
for the 40 % of the world’s population living in malaria risk
regions.® There are some general indications suggesting that
pDNA dosage amounts will range from the microgram to
milligram scale.” In addition, the size and nature of plasmids
pose new processing and formulation challenges to biochemi-
cal engineers as pure supercoiled pDNA is the desired topo-
logical form for vaccine delivery.” Hence, the establishment
of a rapid and commercially-viable manufacturing process for
supercoiled pDNA is essential for vaccine delivery.
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Although various methods are available for pDNA purifi-
cation on a laboratory scale applying commercially-available
kits, chromatography is widely accepted as the industrial
method for producing pDNA with purities acceptable for
therapeutic use. Electrostatic isolation of pDNA via anion-
exchange liquid chromatography is the most frequently used
technique for plasmid purification owing to its simplicity,
widespread application, high-resolving power and high
capacity.”'® However, the performance of anion-exchange
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Figure 2. Schematic
PyMSP4/5.

The predicted mature PyMSP4/5 coding sequence (black
bar) is fused at its 5’ end to a TPA secretion signal (black
arrow). The recombinant plasmid contains a human cyto-
megalovirus (CMV) early promoter (blue), a CMV
untranslated region including intron A (green), bovine
growth hormone (BGH) terminator (red), and a kanamy-
cin resistance gene for drug selection during bacterial cell
growth (purple). [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]
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Figure 3. A schematic representation of the large-volume methacrylate polymer synthesis methodology via heat

expulsion.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

liquid chromatography for large-scale purification process
hinges on the pore structure of the stationary phase.”’14
Macroporous methacrylate monoliths display distinct
advantages compared to particulate stationary phases for bio-
molecule purification. The most essential feature of mono-
lithic supports is that all of the mobile phase is forced to
flow through the large pores of the monolith, thereby allow-
ing the penetration of large pDNA molecules to the internal
surface area, but at reduced pressure drops, even at high-flow
rates.'>"® This convective mass transfer enhances plasmid
retention, binding capacity, purification yield or productivity
and the economics of the purification process. Here we report
a cost-effective, nontoxic and scalable technique for the rapid
isolation of a pDNA encoding PyMSP4/5, a homologue of P.
falciparum merozoite surface protein 4 (MSP4) and 5
(MSP5) in rodent malaria species P. yoelii. MSP4 and MSP5
are two glycosylphosphatidylinositol (GPI)-anchored integral
membrane proteins that are potential components of a sub-
unit vaccine against malaria.'”? Their single homologues
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Figure 4. Average cumulative pore volume and differ-
ential pore volume against pore diameter of
the methacrylate monolithic polymer using
Hg intrusion porosimeter.

The plot shows a modal pore diameter of 750 nm existing
in the matrix and a total pore volume of 2.20 mL/g. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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(MSP4/5) in rodent malaria species have structural features
similar to both MSP4 and MSP5,*' and have shown to be
highly effective at protecting mice against lethal challenge
following immunisation with recombinant protein expressed
in E. coli.*? Immunisation with DNA vaccines encoding
MSP4/5 provided protection against P. chabaudi blood stage
infection,>® but not in a more stringent challenge model of P.
yoelii.** Both MSP4 and MSP5 are selected by Malaria Vac-
cine Initiatives as potential vaccine candidates for preclinical
development and manufacture (http://www.malariavaccine.
org/ab-current_projects.htm).  Their  potential as two
components of a multistage malaria vaccine based on DNA
immunization is also being investigated.3 We examined the
isolation of the plasmid pVR1020-PyMSP4/5 using a methac-
rylate monolithic adsorbent from E. coli DH5x-pVR1020-
PyMSP4/5 lysate. The synthesis and characterization of the
polymeric resin are presented. The possibility of amino-func-
tionalized methacrylate monolith for a single-stage anion-
exchange purification of the plasmid vaccine is investigated
with the view of enabling reduced number of unit operations
in the downstream process, thus, improving vaccine recovery
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Figure 5. pVR1020-PyMSP4/5 molecular size analysis
in TE buffer (256 mM Tris-HCI, pH = 8) using
a zetasizer (Malvern zetasizer, ZEN 3600,
U.K.).

A hydrodynamic size of ~600 nm was obtained. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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Table 1. Summary of the Pore Characteristics of the Methacrylate Polymer

Radial Positions Total Intrusion Volume, ml/g Modal Pore Diameter, nm Porosity, % BET Surface Area, mz/g
Centre 2.21 £ 0.04 7538 = 2.5 79.6 = 2.2 7.21 £ 0.02
6 mm 2.19 = 0.08 751.5 £ 2.3 77.1 £ 23 7.12 = 0.01
12 mm 2.18 = 0.02 749.2 £ 2.2 76.3 = 2.1 7.07 £ 0.04

The polymer feedstock compositions: EDMA/GMA mixture (40/60 % v/v) combined with cyclohexanol/AIBN mixture in the proportion 25/75 % v/v. Polymer-
ization was performed at 60 °C. Data reported represent the mean and standard deviation of three replicates X £ SD, N = 3.

and productivity, while maintaining plasmid integrity (Figure
1). Comparison between the nature and characteristics of the
final purified malaria vaccine and that of regulatory standards
is also presented.

Experimental
Materials

Ethylene glycol dimethacrylate (EDMA) (MW 198.22, 98
%), Glycidyl methacrylate (GMA) (MW 142.15, 97 %),
Cyclohexanol (MW 100.16, 99 %), Azobisisobutyronitryl
(AIBN) (MW 164.21, 98 %), Methanol (HPLC grade, MW
32.04, 99.93 %), 2-Chloro-N,N-diethylethylamine hydrochlor-
ide (DEAE-Cl) (MW 172.10, 97 %) and Bradford reagent
were purchased from Sigma-Aldrich. Agarose (Promega), So-
dium dodecyl sulfate (Amresco, MW 288.38, 99.0 %), So-
dium carbonate (SPECTRUM, MW 105.99, 99.5 %), Tris
(Amresco, MW 121.14, 99.8 %), EDTA (SERVA, MW 292.3,
Analytical grade), Ethidium bromide (Sigma, MW 394.31,
10 mg/mL), 1 kbp DNA ladder (BioLabs, New England).

Chromatographic unit

The chromatographic unit (Biologic DuoFlow system, BIO-
RAD) is designed with two F10 pumps for a maximum flow
rate of 10 mL/min at 24 MPa, QuadTec UV/Vis detector,
SV5-4 select valve, BioLogic maximizer mixer, AVR9-8
switching valves, BioLogic Maximizer buffer blending sys-
tem, pH monitor, F40 workstation, BioFrac fraction collector,
AVR 7-3 sample inject valve, BioLogic rack, BioLogic Duo-
Flow software, USB bitbus communicator and Dell controller.

Chromatographic column

The chromatographic column employed is a BIORAD
glass column 10 cm X 2.5 cm (Econo-column chromatogra-
phy columns, Cat # 737-2512) connected with a movable

flow adaptor (Flow Adaptor, 2.5 cm column ID, 1-14 cm
functional length, Cat # 738-0017).

Plasmid sample

Construction of the plasmid pVR1020-PyMSP4/5 (Figure
2) has been described previously.24 pVR1020-PyMSP4/5 was
isolated from E. coli DH50-pVR1020-PyMSP4/5 bacteria af-
ter alkaline lysis using Wizard plus SV Maxipreps according
to the manufacturer’s instructions (Promega). The hydrody-
namic size of the pVR1020-PyMSP4/5 vaccine molecule was
measured to be ~600 nm in 25 mM Tris-HCL, pH = 8 using
a zetasizer (Malvern Zetasizer, ZEN 3600, U.K.).

Experimental methods

Preparation of Clarified Lysate from Concentrated Cell
Paste. Concentrated frozen cells of E. coli DH5«-pVR1020-
PyMSP4/5 were thawn and resuspended by adding 150 mL of
0.05 M Tris-HCI, 0.01 M EDTA, pH 8 buffer to 15 g of bacterial
cell paste and vortexing until a uniform suspension was
obtained. The resuspended cells were contacted and homogene-
ously mixed with the same volume of lysis solution (0.2 M
NaOH, 1 % SDS) for 5 min to release intercellular products.
Neutralization was performed by the addition of an equal vol-
ume of 3 M CH;COOK at pH = 5.5 to the lysed cell suspension
to renature pDNA under the set pH condition. After gently mix-
ing for 5 min, the mixture of pDNA-containing lysate, and the
precipitated impurities, mainly gDNA was separated at 4,600 X
g for 1 hto obtain a clarified lysate.

Synthesis of methacrylate monolith

As shown in Figure 3, a novel heat expulsion technique
was adopted to minimize the development of a significant ra-
dial temperature gradient which causes a nonuniform pore-
size distributions along the length of large-volume monoliths
synthesized via bulk polymerization. Cyclohexanol/AIBN

Figure 6. SEM pictures of the monolithic polymer. Pictures A, B and C show the micrographs of samples sliced
from the different radial positions; center, 6 mm and 12 mm, respectively.

The samples show identical morphology.
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Figure 7. Dependency of the flow rate on the dynamic
binding capacity.
Conditions: flow rate, 6 mL/min, 8 mL/min and 10 mL/

min; sample, 9.54 pug/mL pVR1020-PyMSP4/5 in a 25 mM
Tris-HCI, 2 mM EDTA pH 8; detection, UV at 260 nm.

mixture and the monomer mixture were preheated to a tem-
perature T, = 50 °C and isothermally pumped simultaneously
into the polymerization mold (10 cm X 2.5 cm BIORAD, Cat
# 737-2512), which is immersed in a water bath at T, = 60
°C. The heat/fumes resulting from the AIBN decomposition
was expelled prior to the isothermal pumping. The choice of
monomer mixture and AIBN/cyclohexanol flow rates is very
critical and dependent on the volume of polymer to be pre-
pared and the polymerization time. The polymerization feed-
stock compositions were as follows; EDMA/GMA mixture
(40/60 % v/v) was combined with cyclohexanol/AIBN mix-
ture in the proportion 25/75 % v/v making a solution with
total volume 40 mL. AIBN (1 % weight with respect to
monomer) was used to initiate the polymerization process.
Both the monomer mixture and cyclohexanol/AIBN mixture
were sonicated for 10 min, and sparged with N, gas to expel
dissolved O, prior to preheating. The polymerization was
allowed to proceed for 15 h. Another monolith was synthe-
sized under identical conditions in an identical mold for char-
acterization. The polymer resin was washed to remove all
porogens and other soluble materials with methanol in a
Soxhlet extractor for 20 hours and dried at 75 °C.

Table 2. Data on pVR1020-PyMSP4/5 Binding Capacity
Analysis of Poly(GMA-co-EDMA) Monolithic Polymer
(modal pore size 750 nm) at Different Flow Rates;

6 mL/min, 8 mL/min and 10 mL/min

Flow Capacity at 10 % Total Binding
Rates, AP, Breakthrough, Capacity,
mL/min MPa mg/mL mg/mL
6.0 0.10 14.40 = 0.21 17.81 = 0.21
8.0 0.12 1422 = 0.34 17.64 = 0.23
10.0 0.15 14.15 = 0.32 17.32 = 0.19

Data reported represent the mean and standard deviation of three replicates X
+ SD,N = 3.

Amino functionalization of epoxy groups

The methacrylate polymer was washed with 0.5 M
Na,COs5, 1.0 M NaCl, pH = 11.5 followed by 60 g/L solu-
tion of DEAE-CI, and the reaction was allowed to proceed
for 15 h at 60 °C. The resulting polymer was washed with
DI water for 1 hour and dried at 75 °C. The ligand density
was found to be 1.49 mmol DEAE-Cl/g by weight difference
measurement.

Physical characterization of the methacrylate polymer

The porous properties in the dry state were studied by
mercury intrusion porosimeter (Autopore III, USA). The spe-
cific surface areas were obtained from nitrogen adsorption/
desorption isotherms at 77 K (Micromeritics ASAP 2010,
USA). Microscopic analysis of the polymer was carried out
using JEOL JSM-6300F high-resolution field emission scan-
ning electron microscope, Japan at 15 kV.

Dynamic binding capacity determination

Plasmid vaccine sample purified with Wizard plus SV
Maxipreps was dissolved in 25 mM Tris-HCI, 2 mM EDTA
pH 8 to a concentration of 9.54 ug/mL. The solution was
pumped through the monolithic column at different flow rates
(6 mL/min, 8 mL/min and 10 mL/min), and the outlet con-
centration was measured at 260 nm UV absorbency. The
dynamic binding capacity of the monolithic column was cal-
culated as 10 % of the final absorbency value of the break-
through curve. The monolithic column was regenerated with
400 mL of 25 mM Tris-HCl, 2 mM EDTA, 2 M NaCl,
pH = 8.

Table 3. Binding Capacity of the Amino-Functionalized Polymer with Modal Pore Size 750 nm and Ligand Density
1.49 mmol/g Measured at 10 mL/min in Repeated Loadings with Column Regeneration

Loading 1 2 3 4 5 6 7 8 9 10
Capacity at 10 % breakthrough, % of max. 100 97.5 95.5 89.5 81.3 75.4 70.1 65.2 60.8 55.3
Total binding capacity, % of max. 100 100 100 96.6 90.5 86.8 82.2 74.5 70.8 63.9
Column Regenerated after the 10™ Loading

Loading 11 12 13 14 15 16 17 18 19 20
Capacity at 10 % breakthrough, % of max. 100 95.4 88.3 82.4 76.1 70.5 65.3 60.8 55.9 51.7
Total binding capacity, % of max. 100 100 97.5 93.5 87.1 84.2 76.8 70.9 66.3 59.4
Column Regenerated after the 20™ Loading

Loading 21 22 23 24 25 26 27 28 29 30
Capacity at 10 % breakthrough, % of max. 100 100 92.7 89.5 83.6 78.3 72.4 66.5 59.8 53.7
Total binding capacity, % of max. 100 100 100 96.5 91.5 86.2 82.3 75.8 69.9 62.3
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Anion-exchange purification of pDNA malaria vaccine

BIORAD glass column 10 cm X 2.5 cm containing 40 mL
of amino-functionalized monolithic polymer was connected
with a movable adaptor (Flow Adaptor, 2.5 cm column ID,
1-14 cm functional length), and configured to the BIORAD
chromatographic unit. Chromatographic purification of
pDNA vaccine was performed using 25 mM Tris-HCI, 2 mM
EDTA, y M NaCl, pH = 8 as buffer A and 25 mM Tris-
HCI, 2 mM EDTA, 2.0 M NaCl, pH = 8 as buffer B. Prior
to the purification experiment, the polymer was equilibrated
with 5 column volumes of buffer A. 30 mL of the feedstock
lysate was applied to the column at different flow rates. After
washing the unbound and weakly retained molecules, the
ionic strength of the buffer system was increased to elute
bound species.

Endotoxin level estimation of the pDNA vaccine

Endotoxin analysis of the plasmid vaccine samples were
performed using limulus amoebocyte lysate (LAL) technique
according to the manufacturer’s instruction (Sigma).

Column sanitation and regeneration procedure

Column sanitation was performed by washing with 500
column volumes of a solution containing 0.5 M sodium hy-
droxide, 2 M NaCl and 10 % ethanol followed by another
500 column volumes of 10 % ethanol solution. Column
regeneration was performed with 500 column volumes of 25
mM Tris-HCI, 2.0 M NaCl, pH = 8 and equilibration was
done with the appropriate starting buffer until a constant UV
baseline was obtained.

Qualitative and quantitative analysis of the
PDNA vaccine

The purity and concentration of pDNA malaria vaccine
samples were estimated from UV absorbance at 260 nm and
280 nm. Nucleic acid analysis and characterization were per-
formed using EtBr agarose gel electrophoresis technique with
a 1 kbp DNA ladder. Gel was made up in x 50 dilution of
TAE buffer (242 g of Tris-base, 57.1 mL CH;COOH, 9.305
g of EDTA), stained with 3 ug/mL EtBr and run at 66 V for
2 hours. The resulting fractionated nucleic acid gel was
visualised, photographed (BIORAD, Universal Hood II,
Italy), and analyzed with quantity one software for band
intensities. Protein level estimation was performed using
Bradford assay according to the manufacturer’s instructions
(Sigma-Aldrich).

Results and Discussion
Pore characteristics of the monolithic polymer

The results obtained from the pore analysis show a com-
mon unimodal pore-size distribution for different samples
sliced from different radial positions (center, 6 mm and 12
mm), with an identical maximum occurring pore diameter of
750 nm according to Figure 4. This value shows a suitable
pore diameter of the monolith as a stationary phase for the
plasmid vaccine molecule penetration and retention consider-
ing the plasmid (pVR1020-PyMSP4/5) molecular hydrody-
namic size of ~600 nm (Figure 5). The total pore volume of
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Figure 8. Effect of the flow rate on resolution for the
isolation of pVR1020-PyMSP4/5 from E. coli
DH54-pVR1020-PyMSP4/5 clarified lysate at
three different flow rates (6 mL/min, 8 mL/
min and 10 mL/min).

Mobile phase: 25 mM Tris-HCI, 2 mM EDTA, 0.2 M
NaCl, pH 8 (buffer A), and 25 mM Tris-HCl, 2 mM
EDTA, 2.0 M NaCl, pH 8 (buffer B). Gradient elution: 0—
0.325 M for 102 s and Step elution, 0.325-0.75 M for 78 s.
Peaks 1, 2 and 3 represent RNA, proteins and pVR1020-
PyMSP4/5 vaccine fractions, respectively.

the polymer is 2.20 mL/g, and the BET surface area obtained
from N, adsorption/desorption isotherm at 77 K is 7.1 m2/g.
About 75 % of the pores within the matrix have diameters
greater than 650 nm. Table 1 shows a summary of the pore
characteristics of the polymer. Scanning electron micrographs
in Figure 6 reveals the homogeneous porous network struc-
ture of the polymer matrix.

Dynamic binding capacity of the monolithic polymer

Rapid preparative-scale purification of plasmid vaccines
hinges predominantly on the use of stationary phases with
high retention capacity maintained at high-flow rates with
low-pressure drops. Hence, it is imperative to study the
dynamic binding capacity at different flow rates. Analysis
was performed by loading the plasmid vaccine sample on the
monolithic column at three different flow rates; 6 mL/min, 8
mL/min and 10 mL/min. After each loading, elution was per-
formed with 1 M NaCl in the binding buffer. The results are
as shown in Figure 7 and Table 2. Since the normalized

DOI 10.1002/aic 2995
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Figure 9. Effect of ionic strength of binding buffer on retention and elution of pVR1020-PyMSP4/5 from E. coli

DH54-pVR1020-PyMSP4/5 clarified lysate.

Chromatograms show reduction in the copurification of RNA and protein contaminants with increasing salt concentration. Stationary
phase: amino-functionalized methacrylate monolith with active group density 1.49 mmol/g polymer and modal pore size 750 nm. Mobile
phase: 25 mM Tris-HCI, 2 mM EDTA, x NaCl, pH = 8. Sample: 30 mL of clarified lysate. Flow rate; 10 mL/min. Gradient elution: 0—
0.325 M for 102 s and Step elution, 0.325-0.75 M for 78 s. Peaks 1, 2 and 3 represent RNA, proteins and pVR1020-PyMSP4/5 vaccine

fractions, respectively.

breakthrough curves overlap each other at the different flow
rates, it can be concluded that the binding capacity is not
affected by increasing flow rates. The capacity of the poly-
mer is 0.59 g of pVR1020-PyMSP5/5, which gives a binding
capacity of 14.2 mg/mL of support. As shown in Table 3,
the binding capacity persisted after several applications of
the polymer.

Isolation of pDNA malaria vaccine from clarified
bacteria lysate

Figure 8 shows the resulting chromatograms for the isola-
tion of the pDNA malaria vaccine from clarified lysate at the
different flow rates; 6 mL/min, 8 mL/min and 10 mL/min.
The chromatogram shows co-purification of protein and RNA
resulting from the electrostatic interaction between the posi-
tively charged matrix and negatively charged RNA and pro-
tein molecules accompanying the target plasmid vaccine mol-
ecules in the clarified lysate. Bound RNA, proteins and the
pDNA vaccine molecules were eluted, respectively as first,

2996 DOI 10.1002/aic
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second and third peaks on the chromatogram. Peak elution of
the molecules is in order of increasing anionic charge den-
sity. Increasing the ionic strength of the binding buffer was
adopted to minimize the adsorption of low-charge density
contaminants; RNA and protein (Figure 9). Under this condi-
tion, impurities gradually flow through, and the entire
capacity of the polymer is fully utilized for the pDNA vac-
cine molecules adsorption. The final pDNA vaccine product
obtained was a homogeneous supercoiled pDNA free from
gDNA and RNA contaminations as shown by the EtBr
agarose gel electrophoresis in Figure 10.

Endotoxin level estimation of pDNA malaria
vaccine sample

Endotoxin levels of the different pDNA malaria vaccine
samples obtained from binding buffers with different ionic
strengths were determined to study the effect of salt concen-
tration on the endotoxin concentration accompanying the
plasmid vaccine. The vaccine samples were serially diluted

November 2008 Vol. 54, No. 11 AIChE Journal



Supercoiled

Figure 10. Results from EtBr agarose gel electrophore-

sis of pVR1020-PyMSP4/5 fraction from the
final chromatographic purification with bind-
ing buffer 25 mM Tris-HCI, 2 mM EDTA, 1.0
M NaCl, pH = 8.
Analysis was performed using 1 % agarose in TAE x 1
buffer, 3 pg/ml EtBr at 66 V for 2 h. Lane M is 1 kbp
DNA ladder; lane 1 represents supercoiled pDNA fraction,
and lane 2 shows band for linear form obtained from
BamHI cleavage at the sequence -G-G-A-T-C-C- of the
final plasmid vaccine. Gel picture reveals no band for
RNA or gDNA contaminants.

with endotoxin-free water in combination with E-TOXATE
(Sigma, Catalogue No. 9154), and compared to a serially
diluted endotoxin standard (E. coli 0.55:B5 lipopolysaccha-
ride) with 10,000-20,000 endotoxin units (EU) per vial. The
analysis shows a gradual decrease in endotoxin level from
3.21-0.28 EU/mg pDNA vaccine with increasing salt concen-
tration in the binding buffer from 0-1.0 M, respectively
(Figure 11). Endotoxins present in E. coli are primarily lipo-
polysaccharide complex units enclosed in its outer envelope.
The presence of high-salt concentrations in the binding buffer
causes an osmotic shrinkage via the primary hydrophobic
sites for larger molecular size endotoxin units, thereby
decreasing molecular size of the lipopolysaccharide com-
plexes. This makes them to easily flow through the mono-
lithic polymer with minimal interaction; thus, causing a
decrease in endotoxin level accompanying the pDNA vaccine
fraction. Also, the exposed hydrophobic groups on the lipo-
polysaccharide complexes cause weaker or no interaction
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Figure 11. Effect of NaCl concentration on pVR1020-
PyMSP4/5 vaccine endotoxin level.

The analysis shows a gradual decrease in endotoxin level
from 3.21 EU/mg pDNA to 0.28 EU/mg pVRI1020-
PyMSP4/5 for 0 M and 1.0 M NaCl, respectively. [Color
figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

with the polymer even at lower ionic strengths of the binding
buffer, hence, can easily be washed off.

Quality and purity analysis of the plasmid
vaccine product

The purified pVR1020-PyMSP4/5 malaria vaccine product
was sterile filtered to meet release or administration specifi-
cations. The purified malaria vaccine product specifications
was adjudged as in Table 4 to be in conformity with defined
values of regulatory agencies for key contaminants such as
proteins, RNA, gDNA, endotoxins and nonsupercoiled pDNA
(open circular or linear). The most commonly used analytical
technique for examining nucleic acid purity and quality is
EtBr agarose gel electrophoresis. This technique is based on
the different migration rates (from negative terminal to the
positive terminal) of the nucleic acid components in the vac-
cine sample. The different components can be visualised,
photographed, identified and quantified. Other methods like
qPCR, HPLC ribose assay, BCA assay (or Bradford assay
and SDS page), and LAL assay can be used to determine
¢DNA, RNA, proteins and endotoxin levels, respectively.

Table 4. Properties of the Purified pVR1020-PyMSP4/5 Malaria Vaccine Product

Regulatory Standards
for pPDNA Vaccine

Properties of Purified

Remarks

Components Delivery [23] Plasmid Malaria Vaccine Sample

% of supercoiled pDNA >90% 92.5 = 1.3 (band densitometric analysis)

% of E. coli gDNA <1% Undetected by EtBr agarose gel
electrophoresis with sensitivity < 0.01%

% RNA <0.1 % Undetected by EtBr agarose gel
electrophoresis with sensitivity < 0.01%

Endotoxin <0.5 EU/mg pDNA  0.28 = 0.11 EU/mg pDNA vaccine (by
LAL assay)

% Proteins <1 % 0.26 = 0.08 % by Bradford assay

Conforms to regulatory standards

Conforms to regulatory standards. Quantitative
techniques could be employed to estimate
exact concentrations.

Conforms to regulatory standards. Quantitative
techniques could be employed to estimate
exact concentrations.

Conforms to regulatory standards

Conforms to regulatory standards

Data reported represent the mean and standard deviation of three replicates X * SD, N = 3.
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Conclusion

The need for commercially viable processes to manufac-
ture a plasmid-based malaria vaccine is easy to overlook
when attention is focused principally on vector design and
establishment of early clinical results. pDNA is a large mole-
cule and has properties that are similar to those of its con-
taminants. This, coupled with the low-initial concentration of
plasmid in the host cell, create unique challenges that require
detailed process engineering design to establish reproducible
manufacturing methodologies that comply with cGMP. The
body of work expounded in this article uses a commercially-
viable technique for the rapid isolation of a pDNA malaria
vaccine using a 40.0 mL methacrylate monolithic stationary
phase. Characterization of the methacrylate polymer showed
suitable pore properties for high-retention of the pDNA
vaccine molecules. The final vaccine product obtained after
3 min elution was a supercoiled pDNA vaccine molecule
with gDNA, RNA, protein and endotoxin levels that met reg-
ulatory standards for vaccine delivery. The polymer displays
the potential to reduce the number of unit operations in post-
clarification plasmid downstream processing from greater
than three to a single-stage purification. This technique
presents a great breakthrough in plasmid-based malaria vac-
cine production as downstream processes can now be carried
out effectively and efficiently to ultimately enhance the pro-
ductivity of large-scale pPDNA vaccine manufacture. We are
currently examining the safety profile of this pDNA prepara-
tion, examining its immunogenicity and protective efficacy
by different formulations and delivery regimes.
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