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Aim: To prepare a clinical-grade anti-caries DNA vaccine pGJA-P/VAX and explore its immune effect and protective efficacy against a 
cariogenic bacterial challenge.  
Methods: A large-scale industrial production process was developed under Good Manufacturing Practices (GMP) by combining and opti-
mizing common unit operations such as alkaline lysis, precipitation, endotoxin removal and column chromatography.  Quality controls 
of the purified bulk and final lyophilized vaccine were conducted according to authoritative guidelines.  Mice and gnotobiotic rats were 
intranasally immunized with clinical-grade pGJA-P/VAX with chitosan.  Antibody levels of serum IgG and salivary SIgA were assessed by 
an enzyme-linked immunosorbent assay (ELISA), and caries activity was evaluated by the Keyes method.  pGJA-P/VAX and pVAX1 pre-
pared by a laboratory-scale commercial kit were used as controls.  
Results: The production process proved to be scalable and reproducible.  Impurities including host protein, residual RNA, genomic DNA 
and endotoxin in the purified plasmid were all under the limits of set specifications.  Intranasal vaccination with clinical-grade pGJA-P/
VAX induced higher serum IgG and salivary SIgA in both mice and gnotobiotic rats. While in the experimental caries model, the enamel 
(E), dentinal slight (Ds), and dentinal moderate (Dm) caries lesions were reduced by 21.1%, 33.0%, and 40.9%, respectively.  
Conclusion: The production process under GMP was efficient in preparing clinical-grade pGJA-P/VAX with high purity and intended 
effectiveness, thus facilitating future clinical trials for the anti-caries DNA vaccine.
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Introduction 
Dental caries, a widespread chronic infectious disease, occurs 
frequently in most people’s lives[1].  If allowed to progress, 
it causes other complicated oral problems that result in dis-
comfort, pain and even a decrease in quality of life.  Multiple 
preclinical experiments and clinical trials have proven that 
application of anti-caries vaccines is a feasible and powerful 
preventive method[2–5].  

A DNA vaccine has advantages over traditional vaccines, 
such as persistent and stable expression of antigens in their 
native conformation, simultaneous stimulation of both T cells 
and B cells, and a safer and more stable profile in applica-
tion and storage[6].  In light of advances in DNA vaccines 
and a public health imperative to prevent prevalent dental 
caries[2], we previously developed an anti-caries DNA vaccine 
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pGJA-P/VAX[7].  The targeted fusion anti-caries DNA vaccine 
generates considerable specific immune responses in several 
experimental animals, such as mice[7], hamsters[8], rats[9], and 
rabbits[10].  Protection against attacks of cariogenic microorgan-
isms has also been reported[9].  In larger animals such as rhesus 
monkeys[10], immunization with pGJA-P/VAX also induces 
specific antibodies.  Along with an initial safety profile[11], this 
vaccine construct has shown promising prospects in the clinic.  
Translation of this laboratory research into clinical application 
requires more comprehensive and extensive clinical trials.  An 
important premise of these trials is the availability of a large 
amount (milligrams or grams) of qualified DNA vaccine, 
which cannot be provided by conventional laboratory prepa-
rations, thus requiring large-scale industrial production.

In terms of manufacturing clinical-grade plasmids, the 
World Health Organization (WHO)[12] and US Food and Drug 
Administration (FDA)[13, 14] have set guidelines and regulations.  
In China, the Guidelines for Preclinical Study of Prophylactic 
DNA Vaccine[15] were issued by the Chinese State Food and 
Drug Administration (SFDA) in 2003 and these guidelines 
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specifically describe the scale and process of the production as 
well as quality controls.

According to those international and national guidelines, 
the Good Manufacturing Practices (GMP) for pharmaceutical 
and biological products must also be applied to the produc-
tion of DNA vaccines[16].  In our present study, we performed 
a large-scale production process under GMP conditions to 
manufacture the anti-caries DNA vaccine pGJA-P/VAX 
[referred to as pGJA-P/VAX(G) below].  Strict quality controls 
were emphasized.  Detailed analyses of impurities in the final 
product were conducted according to the SFDA Guidelines, 
as well as WHO and FDA documents.  The transfection activ-
ity, immunogenicity and protective effect of pGJA-P/VAX(G) 
were also evaluated and compared with a vaccine prepared 
by a laboratory-scale commercial kit [referred to as pGJA-P/
VAX(L) below].  

Materials and methods 
Plasmids 
The anti-caries DNA vaccine pGJA-P/VAX was constructed 
in our laboratory as described before[10].  Briefly, pGJA-P com-
prised four protein-coding sequences: the signal peptide and 
extracellular regions of the human CTLA4 gene, the hinge and 
Fc regions of the human Igγ1 gene, the A-P region of pac gene 
from S mutans, and the GLU region of gtfB gene from S mutans.  
The plasmid was then cloned into the FDA-approved vector 
pVAX1 (Invitrogen, Carlsbad, CA, USA) to create the pGJA-P/
VAX construct.  

GMP production of pGJA-P/VAX 
The general manufacturing conditions for the plasmid 
pGJA-P/VAX were in accordance with the requirements of 
Good Manufacturing Practices for both the pharmaceutical 
and biological products[17, 18].  The whole production process 
generally consisted of five important steps: establishment of a 
Master Cell Bank (MCB) and Work Cell Bank (WCB), fermen-
tation, pre-clarification, purification and further downstream 
processing.  A flow sheet in Figure 1 provides an overview of 
the general production process.

Establishment of MCB and WCB 
The MCB for pGJA-P/VAX was created by transformation of 
heat-shocked E coli JM109.  The transformed cells were plated 
onto Luria-Bertani (LB) agar plates (5 g/L yeast extract, 10 g/L 
tryptone, 10 g/L NaCl, and 15 g/L agar) containing 50 μg/
mL kanamycin (Lingfei, Wuhan, China) at 37 °C.  Individual 
single colonies were isolated, cultured, and subjected to qual-
ity controls.  The identified colony was then expanded into 100 
mL LB medium (5 g/L yeast extract, 10 g/L tryptone, and 10 
g/L NaCl), also containing 50 μg/mL kanamycin, in a shaker 
at 280 r/min at 37 °C for 8-10 h.  Sterile glycerol was added 
to the bacteria culture (15% v/v), and aliquots of 1 mL were 
stored at -70 °C, forming the MCB.  The WCB was generated 
by culturing bacteria from the MCB glycerol stocks overnight 
in LB medium with the presence of 50 μg/mL kanamycin.  
Each vial of the WCB stock was used only once and then  

discarded.

Fermentation and recovery
One vial of the WCB was thawed and cultured in shake flasks 
containing 30 mL LB medium with 50 μg/mL kanamycin.  
After being cultured for 8 h, bacteria were passaged at a ratio 
of 1:10 (v/v) continuously for another two generations, and 
the volumes of media were 300 mL and 3000 mL for each 
generation.  Finally, the resulting 3000 mL cultured broth was 
transferred into a 500 L fermentor (B.Braun, Melsungen, Ger-
many) containing 300 L of medium that included: 8 g/L yeast 
extract, 16 g/L tryptone, 24 mL/L glycerol, 0.33 g/L glycine, 
4 g/L NaCl, 7.08 g/L Na2HPO4, 1.58 g/L KH2PO4, and 50 μg/
mL kanamycin.  The fed-batch medium (20 L) contained: 100 
g/L yeast extract, 50 g/L tryptone, 400 mL/L glycerol, 5 g/L 
glycine and 2 g/L MgSO4.  The fermentation conditions were 
maintained as follows: temperature was controlled at 37 °C, 
airflow at 0.5 m3/h, agitation at 375 r/min, and pH at 7±0.3.  
The fermentation was terminated at the late log phase (8 h 
post inoculation), and bacteria were harvested by continuous 
flow centrifugation at 12 000 r/min.  

Lysis and pre-clarification 
The bacterial paste was weighed, and each gram of wet bac-

Figure 1.  Process flow sheet for the production of pGJA-P/VAX(G).  
Approximate time for each step is shown to the left of the arrow.  
Abbreviations: NaOH, sodium hydroxide; SDS, sodium dodecyl sulphate; 
KAc, potassium acetate. 
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teria was sufficiently suspended in 8 mL Solution P1 (0.05 
mol/L Tris-HCl, 0.01 mol/L EDTA, pH 8.0) (the volumes 
referred in this section represent the amount of solution 
for each gram of wet bacteria).  Next, 8 mL Solution P2 (0.4  
mol/L NaOH, 2% SDS, mixed equally before use) was added 
to the previous suspension, and the combination mixed 
quickly and uniformly by low-shear agitation for 15–30 s, 
and left to sit at room temperature for 7 min.  Cellular debris, 
genomic DNA and proteins were precipitated by 15 mL pre-
chilled Solution P3 [5 mol/L KAc, mixed with glacial acetic 
acid at 82:18 (v/v) before use].  The mixture was left at room 
temperature for 30 min, and the precipitate was then removed 
by filtration. 

Endotoxin removal
Endotoxin was removed with endotoxin removal solutions 
(HaiGui Biosciences Co, Ltd, Shanghai, China), according to 
the manufacturer’s instructions.  Briefly, Solution ED1 and 
ED2 were sequentially added to the crude plasmid-containing 
solution at a ratio of 1:10 (v/v) and centrifuged separately for 
30 min at room temperature.  Solution ED3 (1:1, v/v) was then 
added and mixed sufficiently for 2–3 min.  After a centrifuga-
tion at 3000 r/min for 15 min, the supernatant was transferred 
to a new endo-free tube.  Addition of ED3 and subsequent 
centrifugation were conducted three times to remove the 
endotoxin as much as possible.

Size exclusion chromatography (SEC) 
SEC was then carried out for further purification.  An 
XK50/30 column with a maximum bed volume of 2000 mL 
(Amersham Pharmacia Biotech, Freiburg, Germany) was 
packed with cross-linked agarose matrices Sepharose 6 Fast 
Flow (GE Healthcare, Diegem, Belgium).  ÄKTA Explorer 100 
system (Amersham Pharmacia Biotech, Freiburg, Germany) 
was connected as a real-time detecting system.  The packed 
column was equilibrated with 2–4 bed volumes of 0.02 mol/L 
phosphate-buffered saline (PBS).  When the system baseline 
appeared steady, the plasmid-containing solution was loaded 
at 20% of the bed volume.  After all the solution had passed 
through the column, elution buffer (0.02 mol/L PBS, pH 7.2) 
was loaded to elute the plasmid.  Absorbance at 260 nm and 
280 nm (A260 and A280) was simultaneously detected, and the 
fractions corresponding to the plasmid were collected at the 
first absorption peak.

Downstream processing
The eluates were pooled, and samples were taken to be sub-
jected to quality controls.  After being proven qualified, the 
purified plasmid solution was mixed with mannitol, sterile-
filtered and then filled into sterile endo-free microtubes.  Lyo-
philization was finally performed for a better storage condi-
tion and a longer shelf life.  

Quality controls 
Strict quality controls were performed according to SFDA 
Guidelines.  All chemicals used were of analytical grade.

Identification of MCB and WCB 
The MCB and WCB were both testified an E coli origin by 
shape of bacteria colony, gram staining and a biochemical 
IMViC test[19].  MCB were cultured for 50 continuous passages 
on LB agar plates, and samples from certain generations (ie, 
the 20th generation, the 40th generation, and the 50th genera-
tion) were taken.  Sequencing was conducted by Sangon Bio-
logical Engineering Technology & Services Co Ltd (Shanghai, 
China).  LB agar plates with or without kanamycin (Kan+/
Kan–) were used to perform the stability examination.  Briefly, 
dilutions of samples were plated on Kan– plate and cultured 
at 37 °C for 24 h.  One hundred individual colonies were then 
replicated onto Kan+ plates.  After being cultured for another 
24 h, colonies were counted, and the ratio of colony number 
on the Kan+ plate to that on the Kan– plate indicated the stabil-
ity characteristics of the plasmid towards antibiotics.  Double-
decker agar plates were used to detect possible contamination 
of bacteriophage.  Briefly, LB agar medium was added with 
diluted bacteria samples at 50 °C and then poured onto the 
top of a pre-solidified agar plate.  After being cultured at 30 °C 
for 6–12 h, the upper layer of the double-decker agar plate 
was checked for phage plaque.  Restriction enzyme digestion 
and 0.8% agarose gel electrophoresis (AGE) were performed 
to confirm the identity of the plasmid.  Single identification 
digestion was made using only one restriction enzyme, Kpn I 
(Takara Bio Inc, Otsu, Japan) or Nhe I (Takara Bio Inc, Otsu, 
Japan), both of which produced one fragment 7349 bp in size; 
or Xho I (Takara Bio Inc, Otsu, Japan), which produced two 
fragments of 2273 bp and 5076 bp.  Double digestion was done 
by applying both Xho I and Nhe I to produce three fragments 
of 2273 bp, 2077 bp, and 2999 bp (Figure 2A).

Quality control of bulk purified pGJA-P/VAX(G) 
For the bulk purified pGJA-P/VAX(G), impurities including 
host protein, residual RNA, genomic DNA and endotoxin 
were analyzed by methods suggested in the authoritative 
guidelines[13, 15].  Briefly, the contaminated protein of the E coli 
host cell was tested with a commercial ELISA kit (Cygnus 
Technologies, Plainville, MA) according to the manufacturer’s 
instructions.  Possible contamination of residual RNA was 
detected on AGE.  Genomic DNA of the host E coli in the puri-
fied plasmid was assessed by a Southern slot blot analysis[20].  
The plasmid topology was analyzed by high-performance 
liquid chromatography (HPLC)[21].  The endotoxin content was 
checked by observing the gel clotting caused by the interaction 
of endotoxin in diluted samples with the Limulus amebocyte 
lysate (Cape Cod Associates, Cape Cod, MA, USA), and the 
detection level for this method was 0.125 EU/mL.  

Quality control of final lyophilized pGJA-P/VAX(G) 
For the lyophilized vaccine, the content of residual water was 
tested with the Karl Fischer Method[22, 23] using an automatic 
titrator (756 KF Coulometer; Metrohm, Herisau, Switzerland).  
The reconstitution profile was checked by resolving the lyo-
philized vaccine in sterile Water for Irrigation (WFI) at room 
temperature.  The time for resolving was recorded, and the 
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appearance of the resulting solution was detected visually.  
The sterility status was evaluated by culturing diluted samples 
of the resolved lyophilized vaccine on Fluid Thioglycollate 
Medium at both 20–25 °C and 30–35 °C and on modified Mar-
tin Medium at 20–25 °C, all for 14 days.

Fusion protein expression in cultured cells 
Expression of the fusion protein by pGJA-P/VAX(G) was 
tested in a transient transfection assay using Lipofectamin2000 
(Invitrogen, Carlsbad, CA, USA), according to the manufactur-
er’s instructions.  Briefly, Chinese hamster ovary cells (CHO, 
purchased from the Chinese Center for Type Culture Collec-
tion, CCTCC, Wuhan, China) were plated onto 12-well plates 
containing glass slides at a cell density of 3×105 cells/mL.  
When an 80%−90% confluent was achieved, the cells were 
incubated with DNA-Lipofectamin2000 complexes for 4−6 h 
and then cultured for another 24−48 h with Dulbecco modified 
Eagle medium (DMEM; HyClone, Logan, Utah, USA) supple-
mented with 10% fetal bovine serum (FBS; Gibco Laboratories, 
Grand Island, NY).  Expression of recombinant fusion protein 
in CHO was evaluated with a fluorescent immunoassay with 
avidin-biotin-Cy3 Complex (Boster, Wuhan, China).  The 
slides were fixed, blocked and then incubated with anti-PAc 
antibody or anti-Glu antibody at 4 °C overnight.  They were 
then incubated with biotinylated goat anti-mouse IgG and 
avidin-biotin-Cy3 complex in turn and finally viewed under a 
fluorescence microscope.

Animal immunizations 
For animal experiments, pGJA-P/VAX was prepared by two 

different methods.  One was the large-scale industrial pro-
duction under GMP conditions as described above, while the 
other was a laboratory-scale preparation using a commer-
cial Endofree Plasmid Mega Kit (Qiagen, Hilden, Germany) 
according to the manufacturer’s instructions.  The vector 
pVAX1 prepared by the kit was also included in the animal 
experiments to act as a control.

DNA-chitosan complexes were formed as described 
previously[9, 24].  Briefly, 0.05 mol/L sodium sulfate solution 
containing 200 μg/mL of plasmid was preheated to 55 °C and 
dropped into an equal volume of chitosan solution (0.02% 
in 1% ethanoic acid, pH 5.5) under a magnetic vortex.  The 
mixture was left for 2 h at room temperature and then freeze 
dried.  The complexes were dissolved in saline prior to immu-
nization.

The animal experiments in this study were reviewed and 
approved by the Review Board of Hubei Medical Laboratory 
Animal Center.  Experiment 1: Eighteen four-to-six-week-old 
female Balb/c mice were randomly divided into three groups: 
pGJA-P/VAX(G)-chitosan complex (Group A), pGJA-P/
VAX(L)-chitosan complex (Group B) and pVAX1-chitosan 
complex (Group C).  The mice were intranasally immunized 
at week 0 and week 2.  Serum and saliva were collected prior 
to the first immunization and biweekly after the immuniza-
tions until week 12.  All the samples were stored at -70 °C 
until tested.  Experiment 2: The experimental caries rat model 
was established as previously described[25].  Eighteen specific 
pathogen-free (SPF) female Wistar rats were weaned at 18 d of 
age and bred with a cariogenic diet Keyes 2000[25].  To tempo-
rarily suppress the oral flora and facilitate colonization with S 
mutans, antibiotics (ampicillin, chloramphenicol, and carbeni-
cillin 1.0 g/kg diet) were added to the diet for three consecu-
tive days (on days 20–22).  The rats were orally challenged 
daily with 2×109 colony forming units (CFU) of S mutans 
Ingbritt C on days 24–26, applying swabs presoaked with the 
bacterial suspension.  Oral swabs were taken from the occlusal 
surfaces of each rat to check for the bacteria, before and after 
the infection.  When the bacteria successfully colonized the 
tooth surface, the rats were divided in groups and immunized 
using the same protocols as in Experiment 1.  The rats were 
sacrificed at day 70, serum and saliva were collected, and the 
mandibles were obtained for recording the caries scores.

Antibody analysis 
An enzyme-linked immunosorbent assay (ELISA) was per-
formed to determine the specific antibody levels as described 
previously[26].  Briefly, each well of 96-well microtiter plates 
was coated with recombinant PAc or Glu (10 μg/mL in car-
bonate buffer, pH 9.6) overnight at 4 °C.  After being blocked 
with PBS containing 3% BSA and 0.05% Tween-20 the next 
day, serum or saliva in optimal dilution were incubated at 
37 °C for 2 h.  The bound antibodies were then detected by 
horseradish peroxidase conjugated goat anti-mouse/rat IgG 
(Southern Biotech, Birmingham, AL, USA) or IgA (Southern 
Biotech, Birmingham, AL, USA).  The reaction was followed 
by incubation with O-phenylenediamine substrate with H2O2 

Figure 2.  AGE and HPLC analysis of purified pGJA-P/VAX(G).  (A) AGE after 
restriction endonuclease digestion.  pGJA-P/VAX(G) digested by Kpn I (Lane 
1); Xho I (Lane 2); both Xho I and Nhe I (Lane 3); Nhe I (Lane 4).  Lane 5 
represents the DNA marker λHind III.  (B)HPLC analysis of purified pGJA-P/
VAX(G).  Peak 1: open circular topology; Peak 2: supercoiled topology.
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at 37 °C for 15 min, and then finally stopped by 2 mol/L of 
H2SO4.  Absorbance at 490 nm (A490) was then recorded.  A 
standard curve was established for each plate, at which point, 
the wells were coated by purified unconjugated goat anti-
mouse/rat IgG (Boster, Wuhan, China) or IgA (Bethyl Labo-
ratories, Montgomery, TX, USA), and mouse/rat reference 
serum (Bethyl Laboratories, Montgomery, TX, USA) in serial 
dilutions were then added.  All samples were tested in dupli-
cate wells.  The concentrations of antibodies and total Ig in test 
samples were calculated by interpolation on standard curves.  
To normalize for variation in total Ig content in the saliva sam-
ples, the levels of SIgA antibody activity are expressed as the 
ratio of specific (anti-PAc or anti-Glu) IgA per total IgA levels.

Caries assessment 
All rats were sacrificed at the end of the experiment.  The 
mandibles were removed, cleaned and stained with murexide 
(0.4% in 70% ethanol).  After the mandibles were hemisec-
tioned, the buccal, sulcal, and proximal molar caries were 
scored according to the Keyes method[27].  The reduction per-
centages of the enamel, dentinal slight, and dentinal moderate 
caries lesions were calculated by “[(Caries score of Group C - 
Caries score of Group A/B)/Caries score of Group C]*100%”.

Statistical analysis 
SPSS 10.0 software (SPSS, Inc, Chicago, IL, USA) was used to 
perform statistical analyses.  The differences in antibody levels 
and caries scores among groups were determined by one-way 
analysis of variance (ANOVA).  A value of P<0.05 was consid-
ered significant.

Results 
Identification of MCB and WCB 
The MCB and WCB demonstrated smooth, ivory-colored, and 
moderate-sized colonies on the agar plates.  Results of gram 
staining (red, short-rod shaped, and gram-negative) and the 
biochemical IMViC tests (positive, positive, negative, and 
negative) verified an E coli origin of the MCB and WCB.  The 
products of restriction endonuclease digestion were identical 

with the construction map as expected (Figure 2A).  Sequences 
of the plasmid were consistent with the pac and gtfB genes 
from S mutans.  The WCB subjected to 50 passages was shown 
to express the plasmid stably.  On the double-decker agar 
plates, no phage plaque was detectable, indicating that both 
the MCB and WCB were free from bacteriophage contamina-
tion.

Quality control of purified pGJA-P/VAX(G) bulk 
The quality control results of pGJA-P/VAX(G) from three 
separate batches are shown in Table 1, and relative authorita-
tive standards for each test items are also listed.  The physical 
appearance and content of the impurities generally conformed 
to the demands of the guidelines from either the SFDA or 
FDA.  The restriction patterns obtained for pGJA-P/VAX(G) 
were identical to those of pGJA-P/VAX(L) and in accordance 
with the construction map.  The content of the host protein 
detected by the commercial kit varied in the range of 9-66 
ng/mg, well below the national specifications (≤1 μg/mg 
plasmid).  In HPLC and AGE, no contaminated host RNA 
was detected, and most of the purified plasmid demonstrated 
a supercoiled topology (Figure 2B).  Linear plasmid was not 
seen in any of the samples.  

Quality control of final lyophilized pGJA-P/VAX(G) 
The final lyophilized pGJA-P/VAX(G) demonstrated a uni-
form, white, and fluffy powder.  It was able to be completely 
dissolved in WFI within 1 min, resulting in a clear colorless 
solution.  Residual water in lyophilized vaccine conformed to 
the SFDA specifications.  Possible contamination of aerobe, 
anaerobe and mycoplasma was excluded because cultured 
samples of the final vaccine on relative mediums for 14 days 
showed no growth of these microorganisms.  Quality controls 
of the lyophilized vaccine are summarized in Table 2.

Expression of recombinant fusion protein in vitro 
The cytoplasm of pGJA-P/VAX(G)-transfected CHO cells was 
positively stained with fluorescent red after incubation with 
anti-PAc or anti-Glu antibody, whereas no such specific prod-

Table 1.  Quality control performed on produced bulk plasmid including set specifications.   

            Test items                                                               Specifications                                                                                 Results
                                                                                                                                           Batch 1         Batch 2  Batch 3                                
 
 Appearance Clear, colorless solution#,* Conforms Conforms Conforms
 pH 7.2±0.5#,* 7.14 7.33 7.28
 Identity  Consistent with construction map#,* Conforms Conforms Conforms
 Purity  A260/A280>1.75#,* 1.83 1.88 1.79
 Host protein ≤1μg/mg plasmid#; (<1%)* 66 ng/mg  42 ng/mg  9 ng/mg 
 Host genomic DNA ≤2 μg/mg plasmid#; (<1%)* Conforms Conforms Conforms
 Host RNA Undetectable in AGE#,* Conforms Conforms Conforms
 Endotoxin ≤10 EU/mg plasmid#; (≤40EU/mg plasmid)* <5 EU/mg  <5 EU/mg  <5 EU/mg 
 The ratio of supercoiled topology  ≥90%#; (>80%)* 84.39% 82.97% 89.3%

# Specifications from Guidelines for Preclinical Study of Prophylactic DNA Vaccine (SFDA 2003).
* Specifications from Guidance for Industry: Considerations for Plasmid DNA Vaccines for Infectious Disease Indications (FDA 2007). 
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ucts could be found in cells transfected with pVAX1 vector.  
The transfection results indicated that pGJA-P/VAX(G) had 
the potential to express both PAc and Glu protein in eukary-
otic cells (Figure 3).

Antibody analysis 
Mice in both Group A and Group B induced significantly 
higher anti-PAc and anti-Glu serum IgG and salivary SIgA 
levels than those in Group C (P<0.01).  No significant differ-
ence was detected between Group A and Group B (P>0.05) 
(Figure 4).

About 40 days after the first immunization, anti-PAc and 
anti-Glu serum IgG and salivary SIgA levels induced by gno-
tobiotic rats in both Group A and Group B were significantly 
higher than those in Group C (P<0.01).  No significant differ-
ence was detected between Group A and Group B (P>0.05) 
(Figure 5).  

Caries protection 
Rats in both Group A and Group B displayed significantly 
fewer enamel (E), dentinal slight (Ds) and dentinal moder-
ate (Dm) lesions than those in Group C (P<0.01).  The reduc-
tion percentages of E, Ds and Dm of Group A were 21.1%, 
33.0%, and 40.9%; whereas in Group B, the percentages were 
25.0%, 26.5%, and 47.0%. There were no significant differences 
between Group A and Group B (P>0.05) (Figure 6).  

Discussion 
Rapid progresses in the field of gene-based technology, such 
as DNA vaccination or gene therapy, require large quantities 

(milligrams or grams) of clinical-grade plasmid[28].  Large-scale 
production and purification of plasmid is usually a result of 
combination and optimization of several unit operations.  In 
the present study, we developed a scalable and reproducible 
production process by combining common unit operations 
such as alkaline lysis, precipitation, endotoxin removal and 
column chromatography.  The industrial production process 
proved to be efficient in manufacturing hundreds of mil-
ligrams of clinical-grade anti-caries DNA vaccine, pGJA-P/
VAX.

A reliable production process should be able to be scaled up.  
In preliminary studies, we have tested the fermentation at dif-
ferent volumes.  The results showed that the weight of the wet 
bacteria harvested at the end of fermentation positively corre-
lated with the fermentation volume (data not shown).  There-
fore, we finally conducted the fermentation at 300 L each run.  
A single fermentation for 8 h resulted in 3.8 kg of wet bacteria, 
and about 780 mg of purified pGJA-P/VAX(G) was obtained 
after purification.  In previous reports, larger fermentation 
volumes in a single run have never been derived.  Quaak et 
al[29] conducted a 10-L fermentation to obtain 156 mg of puri-
fied plasmid, while Diogo and colleagues yielded 142 mg of 
purified plasmid with a 4.5-L fermentation[21].  Compared with 
the research mentioned, we were able to obtain more plasmids 
in a single run.  Furthermore, the feasibility of fermentation in 
such a large volume proved that the upstream production pro-
cess can be successfully scaled up.  

Endotoxin, derived from the cell membrane of the gram-
negative bacteria, may elicit a wide variety of pathophysiolog-
ical effects, even at a low concentration[30].  Plasmids produced 

Table 2.  Quality control performed on final lyophilized product including set specifications.   

       TTest items                                                        Specifications#                                                                                    Results
                                                                                                                                                Batch 1            Batch 2   Batch 3                                
 
 Appearance White, freeze-dried cake  Conforms Conforms Conforms
 Reconstitution Complete, leaving no visible residue as undissolved matter and  Conforms Conforms Conforms
  resulting in a clear, colorless solution
 Residual water content ≤3% 1.3% 0.9% 1.8%
 Sterility Sterile  Conforms Conforms Conforms

# Specifications from Guidelines for Preclinical Study of Prophylactic DNA Vaccine (SFDA 2003) and Guidance for Industry: Considerations for Plasmid 
DNA Vaccines for Infectious Disease Indications (FDA 2007).

Figure 3.  Expression of recombinant fusion proteins in CHO cells.  (A and B) CHO cells transfected with pGJA-P/VAX(G) (A) or pVAX1 (B) detected by anti-
PAc antibody; (C and D) CHO cells transfected with pGJA-P/VAX(G) (C) or pVAX1 (D) detected by anti-Glu antibody.  Scale bar, 10 μm. 
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by E coli are always contaminated with endotoxin, the content 
of which should be strictly limited, as almost all the guidelines 
require[13, 15, 16].  A variety of chromatographic methods have 
been used for endotoxin removal, including hydrophobic 
interaction[21], affinity chromatography with polymixin B[31] 
and gel filtration[32].  In our study, we used non-ionic deter-

Figure 4.  Antibody levels of 
mice intranasally immunized 
with pGJA-P/VAX(G)-chitosan 
complex (Group A), pGJA-P/
VAX (L ) - ch i tosan comp lex 
( G r o u p  B ) ,  a n d  p V A X 1 -
chitosan complex (Group C). 
Serum and saliva samples 
were collected biweekly for 
ELISA.  Data are expressed 
as the mean±SD.  Symbols 
for statistical significance.  
bP<0.05, cP<0.01 vs Group C.  
The arrows stand for the time 
points of immunization.  (A) 
Serum anti-PAc IgG antibody 
levels; (B) Serum anti-Glu IgG 
antibody levels; (C) Salivary 
anti-PAc SIgA antibody levels; 
(D) Sal ivar y ant i -Glu SIgA 
antibody levels.

Figure 5.  Antibody levels of rats intranasally immunized with pGJA-P/
VAX(G)- chitosan complex (Group A), pGJA-P/VAX(L)-chitosan complex 
(Group B), and pVAX1-chitosan complex (Group C).  Serum and saliva 
samples were collected at d 70 for ELISA.  Data are expressed as the 
mean±SD. cP<0.01 vs Group C.  (A) Serum anti-PAc and anti-Glu IgG 
antibody levels; (B) Salivary anti-PAc and anti-Glu SIgA antibody levels.

Figure 6.  The enamel (E), dentinal slight (Ds) and dentinal moderate 
(Dm) caries scores of rats immunized with pGJA-P/VAX(G)-chitosan 
complex (Group A), pGJA-P/VAX(L)-chitosan complex (Group B) and pVAX1-
chitosan complex (Group C).  The caries lesions were scored by the Keyes 
method.  The results are expressed as mean±SD.  Symbols for statistical 
significance: cP<0.01 vs Group C. 
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gents from HaiGui Biosciences Co, Ltd, which specifically 
bind endotoxin to conduct two-phase separation for endotoxin 
removal.  After pretreatment with ED1 and ED2 as well as 
three extractions by ED3, most endotoxin was removed from 
the crude solution.  This procedure also acted as a condition-
ing step for subsequent chromatography.

Size exclusion chromatography (SEC) was done in our 
study.  It is a simple and reproducible method for plasmid 
purification that separates the plasmid from protein, RNA, 
host DNA, and endotoxin in a single chromatographic 
step[33, 34].  The commercial matrices Sepharose 6 Fast Flow gel 
filtration media were developed specifically to meet the high-
throughput demands of industrial process separations.  It per-
mits high flow rates that in turn give good resolution in mini-
mal time.  In our study, the completion of SEC only took two 
hours, showing great advantages over time-consuming anion 
exchange chromatography[29].  During this step, the formula-
tion buffer was also able to be simultaneously changed into an 
appropriate buffer (PBS in this study) without any additional 
dialysis or downstream processing[21].

After SEC, the collected elution was sampled and then sub-
jected to quality controls.  The content of impurities includ-
ing the host genomic DNA, RNA, protein and endotoxin 
in the purified bulk was analyzed and all conformed to the 
authoritative specifications.  However, our result for the ratio 
of supercoiled topology in the purified plasmid was slightly 
lower than SFDA specifications.  Compared to those laborato-
ry-scale preparations, appearance of non-supercoiled topology 
is much more frequent in large-scale productions.  When large 
volumes of fermentation broth or viscous lysates are handled 
in industrial production process[35], reactions such as mixing or 
precipitation usually become insufficient due to technical and 
mechanical difficulties, making fluid shearing forces unavoid-
able in any stage of the production.  Once a breakage happens 
to the backbone of polynucleotide, non-supercoiled plasmids 
such as open circular or even linear topologies appear.  Pre-
cautions and possible solutions have been suggested to delin-
eate or avoid the shearing forces[35].  In the present production 
process, we applied gentle operations instead of vigorous agi-
tating or mixing, and low shearing filtration was conducted to 
replace conventional centrifugation.

International guidelines and/or regulations have recom-
mended that the fraction of plasmid in supercoiled conforma-
tion be included in the bulk release criteria.  A percentage 
equal to or greater than 90% is preferred by the 2003 SFDA 
Guidelines[15].  However, in the latest special document 
released by the FDA in 2007 for industries, a minimum speci-
fication for supercoiled plasmid was set at 80%[13].  It was 
stressed that different release criteria and specifications may 
be set as long as the plasmid has the immunogenicity or other 
intended biological activities.  Furthermore, both SFDA and 
FDA guidelines require researchers to develop potency assays 
that include in vitro measures of transfection ability or in vivo 
assays of DNA vaccine immunogenicity.  In our study, we 
tested the efficacy of purified pGJA-P/VAX(G) both in vitro 

and in vivo.  The resultant plasmid was shown to express both 
PAc and Glu protein in cultured cells.  Moreover, in the ani-
mal experiments, it indeed induced notable specific immune 
responses and provided anti-caries protection.

Intranasal immunization has been widely applied in anti-
caries vaccines[36-38], due to easier administration, lower doses 
of antigens required and activation of both systemic and 
mucosal immune responses.  However, delivery of genes by 
the intranasal route is always hampered by poor plasmid 
uptake across the epithelium.  In order to increase plasmid 
uptake and limit degradation, chitosan, a polysaccharide com-
prising copolymers of glucosamine and N-acetylglucosamine, 
was used as an intranasal delivery system for pGJA-P/
VAX[9, 24].  In our previous studies, we prepared DNA-chitosan 
microparticles by a complex coacervation process[24], and 
experiments in vitro demonstrated that the DNA-chitosan 
complex was stable and plasmid DNA could be released 
constantly from these complexes.  Our results here show that 
pGJA-P/VAX(G) with the chitosan intranasal delivery system 
could significantly increase the levels of anti-PAc and anti-Glu 
antibody in mice and gnotobiotic rats.  Specific IgG in serum 
and SIgA in saliva of mice were shown to begin increasing 
from week 4, achieve a peak at about week 6 or 8 and still 
remain at a high level until week 12.  The antibody levels 
induced by pGJA-P/VAX(G) were similar to those of pGJA-P/
VAX(L) and were also comparable to our previous studies[7].  
In gnotobiotic rats, intranasal delivery of pGJA-P/VAX(G) 
was efficient in elevating specific antibodies associated with 
lower caries scores.  The protective effect of anti-caries vac-
cines is believed to be the result of blocking adhesion-receptor 
interaction by the induced antibodies, especially specific 
SIgA in the oral cavity[39].  Specifically, anti-PAc SIgA blocks 
sucrose-independent and sucrose-dependent attachment of S  
mutans to tooth surfaces; anti-Glu SIgA inhibits water-insol-
uble glucan synthesis and reduces the accumulation of cario-
genic microorganisms[38].  The fusion anti-caries DNA vaccine 
pGJA-P/VAX shows great advantages by inducing both anti-
PAc and anti-Glu SIgA simultaneously, thus inhibiting dental 
plaque formation at the attachment and accumulation stage, 
respectively.  When the bacterial factor of caries development 
becomes incompetent, caries lesions decrease as indicated by 
lower caries scores.

In summary, we prepared the clinical-grade anti-caries DNA 
vaccine pGJA-P/VAX through a scalable and reproducible 
GMP production, the end product of which is able to induce 
a significant immune response and anti-caries protection.  
The easy availability of pGJA-P/VAX(G) through large-scale 
production will greatly facilitate application of this vaccine in 
future clinical trials.  
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