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Abstract

Background Recent therapeutic-plasmid DNA vaccine strategies for rheumatoid arthritis (RA) have significantly
improved. Our pcDNA-CCOL2AT vaccine is the most prominent and the first antigen-specific tolerising DNA vaccine
with potent therapeutic and prophylactic effects compared with methotrexate (MTX), the current “gold standard”
treatment for collagen-induced arthritis (CIA). This study developed a highly efficient, cost-effective, and easy-to-oper-
ate system for the lab-scale production of endotoxin-free supercoiled plasmids with high quality and high yield. Based
on optimised fermentation culture, we obtained a high yield of pcDNA-CCOL2A1 vaccine by PEG/MgCl, precipitation
and TRION-114. We then established a method for quality control of the pcDNA-CCOL2A1 vaccine. Collagen-induced
arthritis (CIA) model rats were subjected to intramuscular injection of the pcDNA-CCOL2A1 vaccine (300 ug/kg)

to test its biological activity.

Results An average yield of 11.81+1.03 mg purified supercoiled plasmid was obtained from 1 L of fermentation
broth at 670.6+57.42 mg/L, which was significantly higher than that obtained using anion exchange column chro-
matography and a commercial purification kit. Our supercoiled plasmid had high purity, biological activity, and yield,
conforming to the international guidelines for DNA vaccines.

Conclusion The proposed innovative downstream process for the pcDNA-CCOL2AT vaccine can not only provide

a large-scale high-quality supercoiled plasmid DNA for preclinical research but also facilitate further pilot-scale

and even industrial-scale production of pcDNA-CCOL2A1 vaccine.

Keywords Therapeutic-plasmid DNA vaccine, PcDNA-CCOL2A1 vaccine, Lab-scale plasmid DNA purification, PEG/
MqgCl, precipitation, Triton X-114

Background
In recent years, substantial progress has been made in the
development of tolerating DNA vaccines as a novel strat-
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treatment for collagen-induced arthritis (CIA) in rats [6,
7]. Furthermore, intramuscular injection vaccination with
the pcDNA-CCOL2A1 vaccine can induce better spe-
cific humoral and cellular immune responses than sub-
cutaneous and intravenous injection vaccination against
CIA. A single subcutaneous or intramuscular injection
with the pcDNA-CCOL2A1 vaccine can maintain the
curative effect for over a month, greatly improving drug
compliance [8]. In addition, the pcDNA-CCOL2A1 vac-
cine was confirmed to be safe, non-immunogenic, and
well-tolerated, with no detectable adverse clinical events
[9]. More importantly, no exogenous CCOL2A1 gene was
integrated into the host genome after inoculation [10].
These results strongly indicate the high drug-ability of
the pcDNA-CCOL2A vaccine, which inspired us to fur-
ther develop efficient downstream process technologies
of the DNA vaccine for preclinical research and clinical
applications.

Recently, an increasing number of DNA vaccines and
gene therapies have entered the preclinical research and
clinical application stages, respectively [11, 12]. How-
ever, for DNA vaccines or gene therapies to be formally
approved for preclinical research and clinical applica-
tions, obtaining sufficient high-purity and high-quality
supercoiled plasmid DNA is essential. Hence, the US
Food and Drug Administration (FDA, USA), European
Medicines Evaluation Agency (EAEM, Europe), and
National Medical Products Administration (NMPA,
China) have issued regulatory documents related to the
preparation of pharmaceutical-grade plasmid DNA.
These documents describe the entire production process,
including the selection of cell lines, raw materials, puri-
fication, identification, and final production and market-
ing [13-15]. In addition, to ensure safety, residual linear
and denatured plasmids, genomes, endotoxins, and other
impurities must be removed to a maximum extent from
the purified final products of supercoiled plasmid DNA.
Thus, establishing simple, efficient, economical, easily
controlled, high-quality, widely applicable, and easy-to-
scale separation and purification methods for sufficient
supercoiled plasmid DNA has become one of the biggest
challenges in this field today, although classical, com-
monly used, and commercially available purification kits
can meet the needs of small-scale academic research in
the laboratory.

Moreover, owing to differences in the target genes,
expression vectors, and host bacteria of each genetic
engineering product, their downstream process tech-
nologies are also different. No mature, standardised,
and universal downstream process technologies have
been developed for therapeutic DNA vaccines. This has
become a major obstacle restricting the clinical applica-
tion of DNA vaccines [16]. In this study, we attempted
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to develop and optimise a high-efficiency, cost-effective,
easy-to-operate system for lab-scale separation and puri-
fication of the pcDNA-CCOL2A1 vaccine, which will
not only provide a large-scale yield of high-quality vac-
cine products for preclinical research but also facilitate
further pilot-scale and industrial-scale production of the
pcDNA-CCOL2A1 vaccine.

Material and methods

Plasmid and bacterial strains

The eukaryotic expression vector pcDNA3.1(+)-CCOL2A1
containing the exogenously expressed CCOL2A1 gene
was successfully constructed in our laboratory [5, 17]. The
recombinant plasmid was cloned in E. coli DH5a cells
(CB101; Tiangen, Beijing, China).

Fermentation

The fermentation processes were carried out accord-
ing to our optimised conditions, as previously described
[18]. The final product pcDNA-CCOL2A1 was quanti-
fied using a Synergy HT Multi-Mode microplate reader
(BioTek Instruments, Inc., Winooski, VT, USA).

Alkaline lysis

The bacterial pellet obtained from a 100-mL flask of fer-
mentation broth was suspended in 10 mL suspension
buffer (25 mM Tris/HCI, 10 mM EDTA, 50 mM glu-
cose, pH 8.0). The bacterial suspension was then mixed
with 20 mL lysis solution (0.2 N NaOH, 1.0% SDS) and
incubated at 25 °C for 7 min, as described by Sambrook
and Rusell [19]. The resulting lysate was neutralised with
20 mL neutralisation buffer (3 M KAc, pH 5.5) and incu-
bated on ice for 10 min. The turbid lysate was centrifuged
at 4 °C for 30 min at 12,000 X g. Cellular debris, genomic
DNA, and most of the host proteins were removed from
the bacterial lysis fluid via centrifugation, and the super-
natant was immediately transferred to a fresh vessel for
further extraction and purification [20].

Plasmid DNA purification

LiCl is widely used to precipitate high-molecular-weight
RNA and proteins [19]. An equal volume of precooled
LiCl (4 M) was added to the cleared lysates, which were
collected from the alkaline lysis process. The result-
ing supernatant was precipitated using isopropyl alco-
hol and washed with 70% ethanol to elute the LiCl. The
RNase [recombinant RNase, Sangon Biotech (Shanghai)
Co., Ltd., China] and protein fragments produced dur-
ing cell lysis were removed by performing phenol extrac-
tion twice. The standard ethanol precipitation method
was subsequently used to remove the organic reagents
introduced during extraction. Plasmid DNA was then
precipitated using polyethylene glycol (PEG)/MgCl, (20%
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PEG-8000, 15 mM MgCl,) to elute small molecular DNA
and RNA fragments (Fig. 1).

Endotoxin removal

Triton X-114 phase separation is a simple and cost-effec-
tive strategy for eliminating endotoxins from plasmid
DNA [21, 22]. Repeated validation experiments showed
that the endotoxin residues met the requirements set
forth by NMPA, EAEM, and FDA (<10 EU/mg as per
the NMPA and EAEM, <40 EU/mg as per the US FDA)
[13-15] (Fig. 2).

Anion exchange chromatography (AEC)

Before AEC, the endotoxins in the plasmid were removed
using Triton X-114. The endotoxin-free bacterial lysate
was processed using a Qiagen Anion-Exchange Resin
packed in a chromatography column to a final bed vol-
ume of 50 mL and equilibrated with equilibration buffer
(750 mM NaCl; 50 mM MOPS, pH 7.0; 15% isopro-
panol; 0.15% Triton X-100) at a flow rate of 15-20 mL/
min. The plasmid samples were then loaded at a flow
rate of 15-20 mL/min. The chromatography column
was washed with wash buffer (40 mL; 1.0 M NaCl;
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50 mM MOPS, pH 7.0; 15% isopropanol) at a flow rate of
20-30 mL/min, followed by elution of the plasmid DNA
with elution buffer (18 mL; 1.6 M NaCl; 50 mM MOPS,
pH 7.0; 15% isopropanol) at a flow rate of 8—10 mL/min.
The eluted plasmid DNA solution was immediately trans-
ferred to a new vessel and mixed with isopropanol (0.7
volumes). The DNA pellet was washed with endotoxin-
free 70% ethanol, air-dried for approximately 20 min, and
re-dissolved with endotoxin-free water (2 mL).

Purification using a commercial purification kit

An Endo-Free Plasmid Mega kit (Qiagen, Valencia, CA,
USA), which was designed for the purification of endo-
toxin-free plasmid DNA, was used as the control trial.
The assay was conducted following the manufacturer’s
plasmid purification protocols.

Concentration and purity analysis

The final plasmid DNA was quantified using a multi-
mode microplate reader at a wavelength of 260 nm. The
total DNA concentration was calculated using the for-
mula: A, X dilution factor x 50 pg/mL.

Cleared lysate

----- » supernatant

—p precipitate

Ice precooling 4 M LiCl +——»

Precipitation with high molecular
weight RNA and protein

y

Plasmid DNA/small molecular weight DNA/Protein/RNA

Isopropanol precipitation
Washing with 70% ethanol

----- » Supernatant with LiCl

A

Plasmid DNA/small molecular weight DNA/Protein/RNA

TE (pH 8.0) containing 20 ug/mL RNase

Extraction with
phenol: chloroform: isopentyl alcohol twice

Extraction with chloroform

— RNA lysis

-----» Oil phase with protein/RNase

----- » Oil phase with phenol

A4

| Plasmid DNA/small molecular weight DNA/RNA fragment |

Classical ethanol precipitation method ~ |----| » Supernatant with chloroform

A4

| Plasmid DNA/small molecular weight DNA/RNA fragment |

PEG-MgCl, |-----

Washing with 70% ethanol twice

Supernatant with small molecular
weight DNA/RNA fragment

Plasmid DNA |

Fig. 1 Process illustration and overview of the PEG/MgCl, precipitation protocol. The full arrow represents the pellet fraction, and the dashed arrow
represents the supernatant fraction after centrifugation at 12,000 x g. All precipitations were performed at 25 °C
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Plasmid solution mixed with 1/10 vol
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y
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A
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Fig. 2 Schematic outline of the Triton X-114 method in eliminating endotoxins from the pcDNA-CCOL2A1 vaccine

Endotoxin analysis

Endotoxin contamination was assessed using a Limulus
Amebocyte Lysate (LAL) Assay kit (Xiamen Bio-endo
Technology, Co., Ltd., China) according to the manufac-
turer’s instructions. The A,y of the samples was detected
using the multi-mode microplate reader. The detection
level of this assay kit was 0.1 EU/mL.

Detection of E. coli proteins

The concentrations of E. coli proteins in the final plasmid
product were determined using a Micro E. coli DH5a
Protein Assay Reagent kit (WENZHOU Kemiao Bio-
technology, Co., Ltd., China), according to the manufac-
turer’s protocol. The absorbance of the reaction mixture
was measured at 450 nm using the multi-mode micro-
plate reader. The detection range of this assay kit was
0.8-24 ng/L.

Detection of E. coli genomic DNA

E. coli genomic DNA was detected using quantitative
real-time polymerase chain reaction (QPCR) under the
following parameters; each 20-pL reaction system con-
tained 10 uL of 2XT5 Fast qPCR Mix (SYBR Green I),

1 uL of 10 uM forward/reverse primers, and 1 uL. gDNA
template. Thermal cycling was performed using an FQD-
96A Sequence Detection System (BIOER Technology,
Hangz, China) with the following thermocycling param-
eters: inactivation of reverse transcriptase at 95 °C for
5 min, then 40 cycles of 95 °C for 15 s, 56 °C for 15 s, and
72 °C for 20 s, with single-point fluorescence detection.
The sequences of the E. coli 16S rRNA primers used in
this study are as follows: forward, 5"-CCGTTTCTCACC
GATGAACA-3’; reverse, 5 -GCTGTCGATGACAGG
TTGTT-3".

Detection of residual RNA

Residual RNA was detected using horizontal electro-
phoresis on 0.8% agarose gels (5 V/cm, 25 min). The gels
were analysed using Image] (Laboratory for Optical and
Computational Instrumentation, LOCI, University of
Wisconsin).

Supercoiled DNA analysis

Superhelical structure evaluation of the plasmid DNA
was performed using high-performance liquid chro-
matography (HPLC; Alliance 2795; Waters, USA) on an
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Ultimate AQ-C18 column (Waters, USA) with the mobile
phase A as 0.1 M TEAA (pH 7.0) and mobile phase B as
acetonitrile. The column was first equilibrated with 2 CV
of phase A. Following sample injection (300 pL), linear
gradient elution was performed with the following elu-
tion conditions: the initial ratio of phase A: phase B was
100%:0%, elution was for 25 min, and the final ratio of
phase A: phase B was 2%:98%.

Sequencing analysis

The final plasmid DNA purified using the three purifica-
tion processes was subjected to sequencing and restric-
tion digestion analyses. Sequencing was conducted, and
the results were compared with the reported CCOL2A1
sequence using the DNAMAN v5.2.2 software (Lynnon
Biosoft Corp., USA). The purified plasmid DNA was lin-
earised with EcoRI and HindIII (TaKaRa Bio, Inc., Shiga,
Japan).

Detection of biological activity

Six-week-old inbred female Wistar rats (the Animal
Breeding Centre of the Academy of Military Medical Sci-
ences, Beijing, China) were randomly divided into six
groups (10 animals per group). The inoculation groups
were injected with the pcDNA-CCOL2A1 vaccine intra-
muscularly (300 pg/kg) in the left hind limb. The posi-
tive control group received an intramuscular injection
of MTX (0.75 mg/kg) once a week for 4 weeks, while the
negative control received a single intramuscular injection
of normal saline (NS) [7]. Fourteen days after vaccina-
tion with the DNA plasmid, a CIA model was induced
and evaluated as described previously [7, 8]. All the ani-
mal experiments were carried out in accordance with the
National Research Council’s Guide for the Care and Use
of Laboratory Animals.

Statistical analysis

For descriptive analyses, data are presented as
means +SD. Analysis of variance was performed to
evaluate the significance level between the experiment
and control groups using the SPSS13.0 software. If the
test of homogeneity of variance showed no homoge-
neity of variance between groups (P>0.05), the least
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significant difference test was used for multiple compari-
sons between groups. Otherwise, Tamhane analysis was
performed.

Results

Yield of the therapeutic pcDNA-CCOL2A1 vaccine

An overview of the plasmid DNA yield is presented in
Table 1. The plasmid yield was described using three
parameters: concentration, volumetric plasmid yield
(the weight of the plasmid DNA per litre of fermenta-
tion broth), and special plasmid yield (the weight of the
plasmid DNA per gram wet cell weight). The volumet-
ric plasmid yield obtained from the combination proce-
dure of PEG/MgCl, precipitation and Triton X-114 was
11.81+£1.03 mg/L, significantly higher than that obtained
using AEC and a commercial kit (P=0.008 and 0.032,
respectively). The volumetric plasmid yield obtained
using AEC was 6.62+0.79 mg/L, which was not signifi-
cantly different from that obtained using a commercial
kit (6.52+0.15 mg/L; P=0.997). The special plasmid
yield obtained using the combination procedure was
1.78 £0.30 mg/g, almost twice that obtained using AEC
(0.83£0.05 mg/g, P=0.001) and the commercial extrac-
tion kit (0.77+0.11 mg/g, P=0.001). The concentrations
of the plasmid DNA purified using the combination pro-
cedure were also significantly higher than those from
the other two processes used in this study (Table 1). The
final plasmid concentration in the PEG/MgCl, group
was 670.60+57.42 mg/L, which was also twice that
obtained using AEC and a commercial purification kit, at
330.81+39.61 and 325.75+7.67 mg/L, respectively.

Quality and purity of the therapeutic pcDNA-CCOL2A1
vaccine

Purifying plasmid DNA vaccines for therapeutic appli-
cations and animal trials essentially aims to eliminate
host residues, such as endotoxins, proteins, genomic
DNA, and RNA. To reduce side reactions and ensure
the reproducibility of plasmid DNA vaccine activity, the
impurities in plasmid DNA vaccine should meet cer-
tain acceptance criteria [13—15]. Table 2 provides infor-
mation on the impurities, analytical methods, testing
results, and acceptance criteria. The LAL assay showed

Table 1 Yield of the pcDNA-CCOL2A1 vaccine following different purification procedures

Purification method

Volumetric plasmid yield (mg/L)

Specific plasmid yield (mg/g) Concentration (mg/L)

PEG/MgCl, 11.81+£1.03*
AEC 6.62+0.79
Commercial kit 6.52+0.15

1.78+0.30* 670.60+57.42%*
0.83+0.05 330.81+3961
0.77+0.11 325.75+7.67

Data are expressed as the means + standard deviations of three independent experiments

*P<0.05,**P<0.001

Abbreviations: AEC Anion exchange column chromatography, PEG/MgCl, Polyethylene glycol/magnesium chloride
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Table 2 Quality analysis of the pcDNA-CCOL2A1 vaccine via different purification procedures

Impurity Analytical method PEG/MgCl, IEC Commercial kit Acceptance criteria
Appearance Visual inspection Clear, colourless Clear, colourless
Aseo/Pogo UV spectrophotometer 1.98+0.02 200+0 2.10+0.10 >175°
1.75-1.85°
Endotoxin (EU/mg) LAL assay 4254040 5314053 4.66+0.48 <10 EU/mg*®
<40 EU/mg ©
E. coli protein (ug/mg) ELISA Undetectable <1 ug/mg?
<10 ug/mg®
<1%°¢
E. coli gDNA (ug/mg) Q-PCR 209+0.18** 345+0.57% 749+0.07 <2ug/mg?
<10 ug/mg®
< 1%
E. coli RNA (%) AGE Not visible 10.11% Not visible Not visible® P
<1%°
Supercoiled (%) HPLC/AGE 94.98% 71.24% 93.67% >909%*P
>80%"°

Data are expressed as the mean + standard deviation (SD) of three independent batch experiments. *P < 0.05, ** P < 0.001

Abbreviations: AGE Agarose gel electrophoresis, ELISA Enzyme-linked immunosorbent assay, EU/mg Endotoxin units per milligram, gDNA genomic DNA, HPLC High-
performance liquid chromatography, LAL assay Limulus amoebocyte lysate assay, Q-PCR Quantitative polymerase chain reaction

2 NMPA guidelines
b EAEM guidelines
€ US FDA guidelines

that the amount of endotoxin residues complied with the
FDA, NMPA, and EAEM acceptance criteria, regardless
of the method used. Contaminants, such as E. coli, were
not detected using enzyme-linked immunosorbent assay
(ELISA), meaning its content was far below the detection
limit of 1 pg/mg [13—-15]. The amounts of E. coli genomic
DNA in the plasmid DNA purified using the PEG/MgCl,
precipitation protocol and AEC were 2.09+0.18 pg/
mg and 3.45+0.57 pg/mg, respectively, both of which
were significantly lower than the 7.49 £0.07 pg/mg plas-
mid DNA obtained using the commercial kit (P=0.000
and 0.018, respectively) [13—15]. All residues of E. coli
genomic DNA in the final products obtained using these
three methods complied with the EAEM guidelines [14].

A gel imaging scanning analyser was used to quantify
the RNA residues in the plasmid product. The plasmid
DNA obtained using PEG/MgCl, precipitation and the
commercial kit had no visible RNA bands, whereas the
plasmids obtained using the AEC method had obvious
RNA bands, with a percentage of 10.11%. This is because
both RNA and plasmid DNA are nucleic acid molecules
with negative charges and could not be effectively sepa-
rated using AEC alone. Therefore, a combination of tan-
gential flow filtration and multi-step chromatography
or selective precipitation is commonly used to remove
RNA contaminants from plasmid DNA [20, 23, 24]. Our
results confirmed that PEG/MgCI, precipitation could
effectively precipitate small-molecule RNA from the
pcDNA-CCOL2A1 vaccine.

Homogeneity analysis of the therapeutic pcDNA-CCOL2A1
vaccine

Supercoiled DNA is the active isoform of plasmid
DNA for expression, translation, and eliciting immune
responses in vivo; it directly affects the biological activity
of gene products. Other isoforms of plasmid DNA, such
as open circular, linear, and denatured plasmid DNA, are
commonly generated during fermentation and purifica-
tion. Furthermore, the content of supercoiled DNA in
the final product is related to the host strains and plas-
mid [25]. The FDA recommends a supercoiled plasmid
content of > 80%, whereas the NMPA and EAEM recom-
mend more than 90% [13-15]. In this study, supercoiled
DNA analysis of the final product was performed via aga-
rose gel electrophoresis and HPLC. The results demon-
strated a high percentage of supercoiled plasmid purified
using PEG/MgCl, purification and the commercial kit,
with supercoiled DNA percentages of 94.98% and 93.67%,
respectively (Fig. 3). However, the amount of supercoiled
plasmid obtained using AEC was 71.24%, indicating that
different isomers of the pcDNA-CCOL2A1 vaccine could
not be effectively separated using AEC alone.

Molecular characterisation of the therapeutic
pcDNA-CCOL2A1 vaccine

Regardless of the purification process, all the obtained
plasmid samples were suitable for downstream applica-
tions, such as sequencing and enzyme digestion (Fig. 4).
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PEG/MgCI, precipitation protocol
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Fig. 3 Purity analysis of the final plasmid products. a Analysis of the final plasmid using 0.8% agarose gel electrophoresis (5 V/cm, 35 min). Lane 1:
plasmid purified via anion exchange column chromatography (AEC). Lane 2: plasmid purified using a commercial kit. Lane 3: plasmid purified using
a combination of PEG/MgCl, precipitation and Triton X-114. OC: open circle; SC: supercoiled circle. b The amplification curves include gene-positive
samples assessed with three duplicates per sample using real-time quantitative PCR (RT-gPCR). ¢ Analysis of plasmid forms after purifying

the pcDNA-CCOL2A1 vaccine via high-performance liquid chromatography (HPLC)

Biological activity of the therapeutic pcDNA-CCOL2A1
vaccine

the different purification methods could significantly
reduce the incidence and severity of CIA in rat models,

The bioactivity of the pcDNA-CCOL2A1 plasmid pro-
duced from the three different purification processes
was evaluated, as reported previously [7, 8]. The results

consistent with our previous investigation [7]. Addi-
tionally, the physical characteristics of the experimen-
tal rats remained normal during the entire observation

showed that the plasmid product obtained through

(See figure on next page.)

Fig. 4 I|dentification of the final plasmid products. a The final plasmid extracted using the different processes was subjected to restriction enzyme
digestion and analysed using 1% agarose gel electrophoresis (5 V/cm, 45 min). M: DNA Marker (1 kb Plus DNA Marker, MD113, TIANGEN). Lanes 1
and 2: plasmids purified using the PEG/MgCl, precipitation protocol linearised with Hindlll and double-digested with Hindlll and EcoRl, respectively.
Lanes 3 and 4: plasmids purified using anion exchange chromatography (AEC) linearised with Hindlll and double-digested with Hindlll and EcoRl,
respectively. Lanes 5 and 6: plasmids purified using a commercial kit linearised with Hindlll and double-digested with Hindlll and EcoRI, respectively.
b Extract of a typical chromatogram obtained from sequencing the plasmids obtained in this study
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period. A detailed demonstration of the biological
activity of the plasmid is shown in Fig. 5.

Discussion
In this study, we innovatively developed a high-effi-

ciency, cost-effective, and easy-to-operate system
for the lab-scale separation and purification of the
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pcDNA-CCOL2A1 vaccine. Furthermore, we confirmed
that the residual E. coli protein, genome, RNA, and
endotoxins in the final supercoiled pcDNA-CCOL2A1
vaccine product completely conformed to the interna-
tional criteria for DNA vaccines [13—15]. Our results will
not only provide sufficient high-quality and high-yield
pcDNA-CCOL2A1 vaccine for preclinical research but

CIA incidence

20%

10%

0%

19 200 21 22 23 24 25 26 27 28

Days after model establishment

(b) ¢

Arthiritis score
w

N @ @ @ @ @ @ @

19 20 21 22 23 24 25 26 27 28

Days after model establishment

=@ PEG/MgCI2

CIA negative control

—&— AEC
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=—8— Commercial Kid
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Fig.5 Assessment of the biological efficacy of the plasmid DNA vaccine on collagen-induced arthritis (CIA) rats. a The incidence of arthritis

in the experimental rats during the experimental period. b The arthritis score of the experimental rats during the experimental period. The plasmid
DNA vaccine was administered on day 14 before the onset of arthritis, and arthritis progression was monitored over 28 days using a macroscopic
scoring system. The data represent the average gross clinical scores for rats treated with 300 pg/kg of vaccine, normal saline (NS), and methotrexate
(MTX) (n=10 for each group). Error bars have been omitted for clarity. These data are representative of three independent experiments, which

yielded similar results
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also promote further pilot-scale and even industrial-
scale production of pcDNA-CCOL2A1 vaccine. Notably,
some important advances worthy of in-depth discussion
emerged from this study.

The production of genetic engineering products
requires a complex biological engineering system that
includes upstream and downstream process technolo-
gies. After successfully optimising the upstream process
technologies, the downstream process technologies are
more critical to the industrialisation of genetic engi-
neering products. Downstream process technologies in
genetic engineering typically include large-scale cultures
of engineering bacteria (cells) and the separation, puri-
fication, and identification of expression products that
meet clinical use standards [12]. In recovering genetically
engineered products, we should not only pay attention
to the use of highly selective separation and purification
methods but also consider the reasons that affect the
biological activity of the final product and the low utili-
sation rate of the culture medium during fermentation.
Thus, several separation and purification steps are nec-
essary, making downstream process technologies more
complex than upstream process technologies. Because a
large amount of the pcDNA-CCOL2A vaccine is required
for efficacy studies, safety analyses, pharmacokinetic
research, and vaccine stability investigations in preclini-
cal trials, we have successfully established a three-tier
cell bank and demonstrated the genetic stability of the
engineered E. coli DH5a carrying the pcDNA-CCOL2A1
plasmid to produce this DNA vaccine with high poten-
tial [26]. Furthermore, we have systematically optimised
the fermentation process for the engineered E. coli strain
and greatly increased the yield of plasmid DNA by 51.9%,
with the plasmid DNA vyield per unit of bacterial liquid
reaching 16.97 mg/L [18]. Statistically, the protein con-
tent of cell lysates obtained after fermentation is the
largest in the unit dry weight, accounting for approxi-
mately 55% of the total weight, followed by RNA, which
accounts for approximately 21%, and other impurities,
such as endotoxins and genomic DNA, which account
for approximately 21%; the plasmid DNA only accounts
for approximately 3% [27]. Therefore, maximising the
yield of plasmid DNA is the first goal of the purifica-
tion process. In addition, plasmids larger than 10 kb will
increase the difficulty of the purification process because
larger plasmids are easily affected by shear force. Moreo-
ver, obtaining a relatively high proportion of supercoiled
plasmid DNA is difficult. Similarly, the yield and purity of
the plasmid may also be reduced. Therefore, to facilitate
subsequent downstream purification, the pcDNA 3.1(+)
expression plasmid, which has a length of only 5.428 kb,
was used in our therapeutic pcDNA-CCOL2A1 vaccine
[5]. These advances provide a solid foundation for further
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large-scale separation and purification of the pcDNA-
CCOL2A1 vaccine with high quality and yield.
Downstream separation and purification technolo-
gies of genetic engineering should meet some require-
ments. First, the technical conditions should be mild to
maintain the biological activity of the target product.
Second, the approach should exhibit good selectivity
and effectively separate the target product from the
complex mixture to achieve a high purification ratio.
Additionally, the yield should be high, and the two
technologies should connect directly without the need
to process or adjust the materials, which can reduce
the number of process steps. Finally, the entire separa-
tion and purification process should be fast, meeting
the requirements of high productivity. Thus, differ-
ent separation and purification strategies and techni-
cal routes are usually formulated for the target plasmid
DNA depending on the application, such as lab-scale,
pilot-scale, and industrial-scale stages. For example,
at the lab-scale stage, purifying plasmid DNA usu-
ally involves using a commercial purification kit or the
hexadecane trimethylammonium precipitation method.
However, these two methods have numerous short-
comings. For example, the quality of the final product
is not controllable. Plasmid DNA obtained by differ-
ent technicians in different batches showed instability
and poor reproducibility regarding yield and residual
impurities. To purify different plasmid DNA, it is nec-
essary to repeatedly explore the best purification con-
ditions [28]. Additionally, the purification cost is high.
The endotoxin removal solution is a patented com-
ponent of the kit product and cannot be recycled and
reused, significantly increasing the purification cost.
The chromatogram column used in purification is also
non-renewable; thus, the chromatography step greatly
increases the purification cost [29, 30]. The approach is
also time-consuming, and increasing the reaction to a
larger scale is difficult. The use and residual presence
of some solvents may also cause safety hazards. There-
fore, chromatography techniques are undoubtedly one
of the best methods for large-scale plasmid DNA puri-
fication, with the advantages of high resolution and
high separation efficiency. Commonly used methods
include affinity chromatography (AC), size-exclusion
chromatography (SEC), and AEC. AC is more sensitive
in terms of specificity and selectivity and has therefore
become an essential step in the separation of plasmid
DNA isomers. SEC is more suitable for the purification
of plasmid DNA as a part of downstream purification in
combination with other purification methods because
the existing media cannot effectively separate the iso-
mers of plasmid DNA. Owing to it versatile functions,
AEC can remove a wide range of impurities. However,
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it is limited by sample volume and quality; therefore, it
is suitable for use in the last purification step to achieve
the final purification of residual impurities that have
not been completely removed in previous purification
steps [23, 24]. Overall, the purification of plasmid DNA
with different quality requirements can be achieved via
chromatography alone or in combination with other
methods. Hence, it is imperative to select different
chromatographic processes to obtain plasmid DNA
that meets the international quality standard. However,
two or more chromatography steps will increase costs
while decreasing the recovery of plasmid DNA [31].

In our study, following long-term screening and com-
parison experiments, we optimised and combined the
best separation and purification methods, PEG/MgCl,
precipitation and Triton X-114. We initially chose a
commercial purification kit alone or a chromatography
purification method alone, both of which yielded unsatis-
factory outcomes. Single AEC not only fails to effectively
purify the plasmid DNA but also requires a combination
of multi-step chromatography and ultrafiltration in addi-
tion to needing a series of high-end instruments. Besides
the high costs and yield of plasmid DNA obtained, a sin-
gle commercial kit also failed to meet the requirements
of some preclinical experiments. The cost of produc-
ing 1 mg supercoiled plasmid DNA pcDNA-CCOL2A1
using the Qiagen Endo-Free Plasmid Mega kit was US$
31.67; however, using a combination of PEG/MgCl, pre-
cipitation and Triton X-114, the cost was only US$ 1.13.
Moreover, by combining PEG/MgCl, precipitation with
Triton X-114, an average yield of 11.81+1.03 mg super-
coiled plasmid DNA can be purified from 1 L fermenta-
tion broth, with a concentration of 670.6 +57.42 mg/L,
which was significantly higher than that obtained using
AEC or the commercial purification kit alone. The plas-
mid DNA isolated and purified from 1 L fermentation
broth could meet the demand of 100 CIA rat models for
in vivo efficacy studies, pharmacology assays, and toxic-
ity experiments [8]. In particular, the supercoiled plasmid
DNA separated and purified by combining PEG/MgCl,
precipitation with Triton X-114 had a high purity and the
same biological activity as the plasmid obtained from an
internationally used commercial kit. These results indi-
cated that our method was highly efficient, cost-effective,
and easy to operate for lab-scale separation and purifica-
tion of the pcDNA-CCOL2A1 vaccine.

The clinical applications of therapeutic DNA vaccines
have broad prospects; however, their safety must be guar-
anteed before they can be applied to humans. First, qual-
ity control mainly considers the purity and consistency
of the plasmid DNA vaccine as well as the presence of
E. coli residual proteins, genome, and endotoxins. Sec-
ond, the final product must reach a certain purity. The
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establishment and verification of the quality standard of
the purified supercoiled plasmid DNA are essential steps
in the overall purification process evaluation and are also
the most critical issues for ensuring the safety and effec-
tiveness of subsequent use [11, 12, 16]. Different coun-
tries and regions have formulated their quality standards
for the quality control of gene products used for thera-
peutic purposes. Both FDA and EAEM have issued a
series of strict evaluation principles and quality standards
as follows: host RNA cannot be detected by 0.8% agarose
gel electrophoresis, protein<1 ng/pg plasmid, genomic
DNA £0.002 pg/ug plasmid, endotoxin <10 EU/mg plas-
mid, and supercoiled plasmid DNA >90%, with a total
purity of A,q0/Ayg,>1.75 [11-15]. The identification test
was performed in accordance with the restriction map
after restriction enzyme electrophoresis (Fig. 4).

One of the strengths of this study is that the com-
bined purification method of PEG/MgCl, and Triton
X-114 effectively eliminated residual impurities from
E. coli in the final supercoiled plasmid DNA product,
thereby conforming to the international guidance for
DNA vaccines [11-15]. The final purity of the super-
coiled plasmid DNA obtained by combining PEG/
MgCl, precipitation with Triton X-114 was 94.98%,
which was far higher than the standards of FDA and
EAEM (90%). Notably, the efficiency of combining
PEG/MgCl, precipitation and Triton X-114 to remove
endotoxins was higher than that of AEC and the com-
mercial purification kit. Removal of endotoxin is always
one of the bottlenecks in the purification process of
plasmid DNA. This is because an endotoxin has a sac-
like structure, and its molecular weight, charge, and
hydrophobicity are similar to those of plasmid DNA.
Moreover, the molecular weight of an endotoxin ranges
from hundreds of thousands to tens of millions, with
a large number of negative charges. Therefore, reduc-
ing the content of endotoxin to a safe level using the
molecular sieve and AC technologies currently used for
the large-scale preparation of pharmaceutical plasmid
DNA is challenging. In particular, E. coli, an engineered
bacterium used to prepare DNA vaccines, contains a
large amount of endotoxin. Usually, a concentration of
10% wet bacteria can produce tens of thousands of EU/
mL of lipopolysaccharide (LPS), which is beyond the
tolerance range of the human body. Because LPS has
a strong heat source, a small amount can cause fever,
blood circulation disorders, and even death from septic
shock. Moreover, the presence of endotoxins can signif-
icantly affect the transfection efficiency of cells [32, 33].
Therefore, it is essential to remove endotoxin from the
supercoiled plasmid DNA and ensure conformity to the
relevant safety standards for the clinical application of
plasmid DNA vaccines.
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Conclusions

To the best of our knowledge, this is the first demon-
stration that an innovative downstream process system
using only a combination of PEG/MgCl, precipitation
with Triton X-114 that has been successfully developed
for the large-scale production of the pcDNA-CCOL2A
vaccine with high quality and yield. However, it remains
uncertain whether this novel purification strategy and
technical method can be extended to the separation and
purification of other DNA vaccines. Currently, studies
are underway to validate our methodology using a series
of DNA vaccines for the treatment of type I diabetes,
transplantation rejection, psoriasis, and other diseases.
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