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SL7207/pcDNA-CCOL2AT as an orally
administered DNA vaccine
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Abstract

The use of attenuated bacteria for oral delivery of DNA vaccines is a recent innovation. We designed and constructed
the naked plasmid DNA vaccine pcDNA-CCOL2AT, which effectively prevented and treated a rheumatoid arthritis
model by inducing immunotolerance. We aimed to ensure a reliable, controllable dosage of this oral DNA vaccine
preparation and establish its stability. We transformed pcDNA-CCOL2AT via electroporation into attenuated Sa/mo-
nella typhimurium SL7207. A resistant plate assay confirmed the successful construction of the transformed strain

of the SL7207/pcDNA-CCOL2AT oral DNA vaccine. We verified its identification and stability in vitro and in vivo.
Significant differences were observed in the characteristics of the transformed and blank SL7207 strains. No electro-
phoretic restriction patterns or direct sequencing signals were observed in the original extract of the transformed
strain. However, target gene bands and sequence signals were successfully detected after PCR amplification. CCOL2AT
expression was detected in the ilea of BALB/c mice that were orally administered SL7207/pcDNA-CCOL2AT. The
pcDNA-CCOL2AT plasmid of the transformed strain was retained under the resistant condition, and the transformed
strain remained stable at 4 °C for 100 days. The concentration of the strain harboring the pcDNA-CCOL2AT plasmid
was stable at 10% CFU/mL after 6-8 h of incubation. The results demonstrated that the transformed strain SL7207/
pcDNA-CCOL2AT can be expressed in vivo, has good stability, and may be used to prepare the oral DNA vaccine
pcDNA-CCOL2AT with a stable, controllable dosage and the capacity to provide oral immunization. This vehicle can
effectively combine both oral immunotolerance and DNA vaccination.

Key points

- Attenuated Salmonella typhimurium SL7207 aids immunization as a DNA vaccine carrier.
- The transformed strain SL7207/pcDNA-CCOL2AT was constructed as an oral DNA vaccine.
- The formulated oral DNA vaccine offers a reliable, stable, and adjustable dosage.

Keywords Attenuated Salmonella typhimurium SL7207, DNA vaccine, Oral immune, Stability, Transformed strain
SL7207/pcDNA-CCOL2AT
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Introduction

Immunization with traditional DNA vaccines is admin-
istered mainly via intramuscular or subcutaneous injec-
tion, and gene gun. Although oral immunization is also
practiced, its efficacy may be diminished by gastrointes-
tinal digestion and degradation. In recent years, a novel
vaccine strategy has been proposed wherein attenuated
bacteria are used as oral carriers that deliver DNA vac-
cines to the host immune system (Lin et al. 2015; Yurina
2018). Bacterial replication may be partially impeded by
gene mutation, and intracellular invasive bacteria are
attenuated by repressing their principal virulence genes.
The attenuated bacteria nonetheless retain their immu-
nogenicity and can effectively stimulate the host immune
response via oral administration without causing clini-
cal disease. The efficacy and safety of this modality have
been validated in several preclinical and clinical trials
(Lin et al. 2015). Attenuated Salmonella typhimurium
is an intestinal bacterium. Notably, various attenuated
strains have been constructed via gene mutation. Among
these, SL7207 is a Salmonella variant deficient in aroA,
which encodes branching acid synthesis growth factor.
This growth factor is crucial for the aromatic amino acid
synthesis and metabolism pathways. Mutants with this
gene deletion cannot be replicated in vivo as they do not
synthesize the aforementioned growth factor. Therefore,
orally administered attenuated strain SL7207 is expected
not to induce symptoms of bacterial infection (Berger
et al. 2013; Cobb et al. 2021; Johnson et al. 2017; Wang
et al. 2016). Hence, the use of attenuated Salmonella
typhimurium SL7207 as a DNA vaccine carrier ensures
carrier safety as well as oral immunization for the DNA
vaccine.

The naked plasmid pcDNA3.1-CCOL2A1 (Song et al.
2009; Zhao et al. 2019a, 2021) encodes heterologous type
II collagen, which effectively prevented and treated a
rheumatoid arthritis (RA) model. pcDNA3.1-CCOL2A1
was transformed via electroporation into SL7207 to con-
struct the transformed strain SL7207/pcDNA-CCOL2A1,
which could be used to prepare fixed doses of SL7207/
pcDNA-CCOL2A1 oral DNA vaccine and achieve oral
immunotolerance of an antigen-specific gene vaccine.
Different dosages of this oral DNA vaccine have been
administered by gavage and shown prophylactic or ther-
apeutic efficacy against the RA model in our laboratory
(data not published). The dosages of oral vaccines are
usually calculated on the basis of the number of bacte-
rial colony-forming units (CFU). The proportion of effi-
cacious strain (in total CFU) that carries the targeted
plasmid is directly related to the strength of the immune
response induced by this preparation. To ensure a reli-
able, controllable dosage of this oral DNA vaccine prep-
aration, we identified the transformed strain SL7207/
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pcDNA-CCOL2A1 both in vitro and in vivo and estab-
lished its stability.

Materials and methods

Construction of transformed strain SL7207/
pcDNA-CCOL2A1

Frozen attenuated Salmonella typhimurium SL7207
(constructed using the original strain [Strain Number:
BNCC108207] by Kunming Institute of Zoology, Chi-
nese Academy of Sciences, Kunming, Yunnan, China)
cell suspension was rapidly thawed in a water bath at
37 °C. A 500 pL suspension was then transferred to 2 mL
freshly prepared Luria—Bertani (LB) medium (1% tryp-
tone [Oxoid, Hampshire, United Kingdom], 1% NaCl [XL
chemical, Guangdong, China], and 0.5% yeast extract
[Oxoid]) at a pH of 7.0, incubated at 37 °C, and shaken
at 220 rpm for 6 h. The suspension was then dipped in an
inoculum ring, which was used to draw a line on the LB
plate. The latter was incubated overnight at 37 °C. Single
SL7207 colonies were randomly selected and cultured in
10 mL LB broth with shaking at 37 °C for 8 h. One mL
single colony suspension was then transferred to 100 mL
LB (1:100) and shaken at 37 °C for 6-8 h. The suspen-
sion was then centrifuged (Beckman Coulter, Brea, CA,
USA) at 2450 % g and 4 °C for 10 min to collect the bacte-
ria. Precooled deionized water (10 mL) was then used to
resuspend the cells, and they were centrifuged at 2450 x g
at 4 °C for 10 min. The supernatant was discarded. The
preceding step was repeated twice to wash the cells thor-
oughly. Thereafter, 100 pL cells were suspended in 0.5 mL
of 15% (w/v) glycerol (Sigma-Aldrich, St. Louis, MO,
USA) and placed in 1 mL EP tubes (Eppendorf GmbH,
Hamburg, Germany). The SL7207 competent cells were
then stored at — 80 °C until later use.

The pcDNA-CCOL2A1 plasmid (total size approxi-
mately 10 kb) constructed in our laboratory (Song et al.
2009; Zhao et al. 2019a, 2021) was transformed into the
SL7207 competent cells via electroporation with an Epo-
rator (Eppendorf GmbH). The electric conversion condi-
tions were 1.7 kV (Panel 1) and automatic electric shock
time adjustment by the instrument. One mL LB was then
added immediately after electroporation, and the sus-
pension was shaken at 37 °C for 45 min. Subsequently,
200 pL of the transformed strains was plated on LB con-
taining 100 g/L ampicillin (Solarbio, Beijing, China) (LB
(Amp+)) and incubated at 37 °C for 16 h.

Identification of the transformed strain SL7207/
pPcDNA-CCOL2AT1 in vitro

The following in vitro identification procedure was fol-
lowed to confirm the successful construction of the
transformed strain SL7207/pcDNA-CCOL2A1I:
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Plate identification. Single colonies that grew on the
LB (Amp+) plate after electroporation were randomly
selected and cultured in the LB (Amp+) solution at
37 °C. A 100 pL bacterial suspension harvested after gra-
dient dilution (1:107, by mixing 100 uL of the serial dilu-
tions of the bacterial suspension with 900 pL of the LB
solution) was then spread onto the LB (Amp +) plate and
incubated at 37 °C. Colony growth was visually inspected
after 16 h.

Identification of characteristics. Both transformed and
blank SL7207 strains were cultured at an initial optical
density of 600 nm (ODgy,)=0.1 in 100 mL LB (Amp+)
and LB (Amp —) solutions with shaking at 220 rpm and
37 °C for 6 h. Cell suspension ODg,, was measured with
a Synergy HT Multi Mode Microplate Reader (BioTek
Instruments Inc., Winooski, VT, USA). Cell suspensions
were also spread onto LB (Amp +) and LB (Amp — ) plates
after gradient dilution (similar to the abovementioned
method) and incubated at 37 °C for 16 h. Differences
between the two strains in terms of cell suspensions and
plate colonies were visually inspected.

Identification using enzymatic digestion. The plasmid
DNA in the transformed strain SL7207 was extracted,
purified with a Wizard® Plus SV Minipreps DNA Puri-
fication System Kit (Promega, Madison, WI, USA),
digested with EcoRI and HindIII restriction endonucle-
ases (Takara, Dalian, China), and identified using elec-
trophoresis (Juan et al. 2017). The positive control was
plasmid DNA extracted from transformed strain E. coli/
pcDNA-CCOL2A1 via double restriction endonuclease
digestion.

Identification via sequencing. The extract was subjected
to first-generation Sanger sequencing (ABI 3730; Applied
Biosystems Inc., Foster City, CA, USA) using the uni-
versal primers CMV-F and BGH-R of pcDNA3.1. The
extract was then sequenced after full-length PCR ampli-
fication using an approximately 4-kb fragment size. An
Applied Biosystems 9700 PCR System (Applied Biosys-
tems Inc.) was used under the following conditions: ini-
tial denaturation at 98 °C for 3 min, followed by 30 cycles
of denaturation at 98 °C for 10 s, annealing at 65 °C for
10 s, and extension at 72 °C for 65 s, and final extension at
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72 °C for 5 min. Full-length PCR amplification was per-
formed using Phanta”™ Super-Fidelity DNA polymerase
(Vazyme Biotech Co. Ltd., Piscataway, NJ, USA) in 50-uL
reaction systems. The amplification primers are listed in
Table 1. The harvested PCR stock solution was subjected
to CCOL2A1 sequencing analysis, and the primers were
designed according to the gene sequence. The extract was
rapidly identified by sequencing the partial PCR amplifi-
cation using the amplification primers listed in Table 1.
The amplified fragment was 1928 bp in size, and the size
range was 1159-3086 bp. The volume of the amplifica-
tion system was 50 pL, and the amplification conditions
were as follows: initial denaturation at 98 °C for 3 min,
followed by 30 cycles of denaturation at 98 °C for 10 s,
annealing at 59.9 °C for 10 s, and extension at 72 °C for
40 s, and final extension at 72 °C for 5 min. The ampli-
fied products were analyzed through 1% agarose gel elec-
trophoresis at 150 V and 60 A for 40 min. The remaining
PCR stock sample was then sequenced using the ampli-
fication primers listed in Table 1. All sequences were
compared against those reported with DNAMAN v. 5.2.2
(Lynnon Biosoft Corp., San Ramon, CA, USA).

Identification of the transformed strain SL7207/
pcDNA-CCOL2AT1 in vivo
BALB/c mice aged 4-5 weeks were purchased from Bei-
jing Vital River Laboratory Animal Technology Co. Ltd.
(Beijing, China), raised under China National Accredi-
tation Service-accredited specific pathogen-free condi-
tions, and maintained in accordance with the ARRIVE
Guidelines for the Care and Use of Laboratory Animals.
All work was approved by the Chinese People’s Libera-
tion Army General Hospital Animal Welfare Committee.
Five male and five female mice were inoculated by
intragastric gavage administration with transformed
strain SL7207/pcDNA-CCOL2A1 at a dose of 10° CFU/
animal. The mice were fasted for 12 h, deprived of water
for 4 h, and intragastrically administered 0.1 mL of 10%
(w/v) sterilized NaHCO; to neutralize stomach acid
30 min before SL7207/pcDNA-CCOL2A1 administra-
tion. The blank strain SL7207 was administered as a neg-
ative control. On day 3 after inoculation, the terminal ilea

Table 1 Amplified fragment size and full-length®/partial sequence primers from the SL7207/pcDNA-CCOL2AT extract determined

using PCR

Primer Sequence (5'to 3)) Size (bp)
Full-length amplified forward primer GATCAAGCTTGTTATGGATATGCATGGACGTC ~4000
Full-length amplified reverse primer GATCGAATTCTTACAAGAAGCAGACTGGGCC

Partial amplified forward primer CTGGGACCCAAAGGACAGAC 1928
Partial amplified reverse primer GTCTCGCCTCTGTCTCCTTG

2'GATC' at the start of a full-length amplified primer is the protective base
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with their concentrated Peyer’s nodes were collected and
pulverized in liquid nitrogen. Total RNA was extracted
and reverse-transcribed using RT-qPCR to detect
CCOL2A1 mRNA in the ileal tissue. 3-actin was used as
the internal reference for relative quantitative analysis.
The probes, primers, and amplified fragment sizes used
in the RT-qPCR are listed in Table 2.

Stability of the transformed strain SL7207/pcDNA-CCOL2A1
The genetic stability of the transformed plasmid in the
SL7207 cells was verified using two similar methods.

Method 1. The plasmid retention rate was determined
by referring to the “231 plasmid loss rate test method”
under the bioassay item in the Fourth General Rule
of Chinese Pharmacopoeia (2020 edition). The posi-
tively transformed strains were cultured in LB (Amp+)
solution, serially diluted, spread onto nonselective LB
(Amp —) plates, and cultured overnight at 37 °C. At least
100 well-growing single colonies were then randomly
selected and spread onto replicate LB (Amp— ) and LB
(Amp+) plates. The ratio of the number of CFU on a
selective plate to that on a corresponding nonselective
plate was used to calculate the plasmid retention rate
(n=2), indicating the proportion of plasmid-bearing bac-
terial cells.

Method 2. The positively transformed strains were
inoculated in LB (Amp+) solution. Equal volumes of
transformants were serially diluted, spread onto non-
selective LB (Amp—) and selective LB (Amp+) plates,
respectively, and cultured overnight at 37 °C. The pro-
portion of plasmid-bearing bacterial cells was deter-
mined by calculating the ratio of the number of CFU on
the LB (Amp+) plate to that on the LB (Amp—) plate.
The percentage of cells in the population retaining the
recombinant plasmid indicated the genetic stability of the
transformed strain SL7207/pcDNA-CCOL2A1.

The stability of the transformed strain SL7207/
pcDNA-CCOL2A1 was also evaluated during 22 h con-
tinuous culture. The transformed strain SL7207/pcDNA-
CCOL2A1 was cultured at initial ODgy,=0.1 in 100 mL
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LB (Amp+) solution with shaking at 220 rpm and 37 °C
for 22 h. Samples were collected every 2 h, and the
ODy, CFU, and plasmid retention rate were measured
for each sample. Six- and eight-hour cultures were seri-
ally conducted to establish the optimal incubation time
and ensure the stability of the transformed strain SL7207/
pcDNA-CCOL2A1.

The stability of the transformed strain SL7207/pcDNA-
CCOL2A1I1 over 100 days of storage at 4 °C was also
assessed. A bacterial suspension derived from a single
colony stored at 4 °C was used to prepare oral vaccines
(SL7207/pcDNA-CCOL2A1) on different days. The CFU
and plasmid stability of the preparations were deter-
mined to evaluate the stability of the transformed strain
SL7207/pcDNA-CCOL2A1 during long-term storage at
4°C.

Statistical analysis

Data were analyzed with SPSS v. 13.0 (SPSS Inc., Chicago,
IL, USA). For the in vivo experiments, differences in rela-
tive expression were examined using the Kruskal-Wallis
H test for multiple samples. The threshold for statistical
significance was defined as P <0.05.

Results

Transformed strain SL7207/pcDNA-CCOL2A1

was successfully constructed

After 16 h incubation at 37 °C, numerous signal colo-
nies appeared on the LB (Amp+) plate. Hence, the target
plasmid was successfully electroporated into SL7207, and
the transformed strain SL7207/pcDNA-CCOL2A1 was
successfully constructed.

Characteristic differences between the transformed

and blank strains

Under the same culture conditions, the two bacterial
suspensions markedly differed in terms of appearance,
ODy, post-centrifugation properties of the upper liquid,
natural bacterial sedimentation characteristics, and col-
ony size and morphology (Table 3).

Table 2 Amplified fragment size, primer, and probe sequences of CCOL2AT and f-actin determined using gPCR from in vivo

expression identification

Gene Primer/Probe Sequence (5" to 3') Size (bp)
B-actin Mouse B-actin F-primer ACCGTGAAAAGATGACCCAGAT 70
Mouse B-actin R-primer GCCTGGATGGCTACGTACATG
Mouse B-actin probe (FAM)TTTGAGACCTTCAACACC(MGB)
CCOL2A1 CCOL2AT F-primer TCTTGTTGGTCCCAGAGGTGA 118

CCOL2AT1 R-primer
CCOL2AT probe

ACCCTTGGGTCCGTCAGTG
(FAM) CGTGGATTCCCCGGTGAACGC(MGB)
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Table 3 Differences in the characteristics of transformed and blank SL7207 strains

Strain Appearance ODgq, Upper liquid Sedimentation characteristics Colony size Colony morphology

SL7207 High turbidity ~ >3.50 (3.68-4.50) Turbid Slow settling, white powdery sediment, Relatively small  Compact, whitish

rapid dispersal after shaking

SL7207/ Lower <3.00 (2.17-2.95) Clear Fast settling, viscous ribbon sediment, dif- Relatively large  Mellow, translucent

pcDNA- turbidity ficult dispersal, and persistent ribbon flocs

CCOL2AT than SL7207 after shaking
the signal was consistent with the target gene sequence
(Fig. 2c). Thus, electrophoresis and sequencing of the
extract after PCR amplification indicated that the trans-
formed strain SL7207 contained the plasmid carrying the
target gene.

5000 bp —>

Fig. 1 Electrophoresis restriction patterns. 1. Marker (DNA

Ladder [D15000]; TIANGEN, Beijing, China). 2. Original extract

of the transformed strain SL7207. 3. Product of the extract obtained
from the transformed strain SL7207 using EcoRl restriction enzyme.
4. Product of the extract obtained from the transformed strain
SL7207 using EcoRl and Hindlll restriction enzymes. 5. Positive control
(product of the extract obtained from the E. coli/pcDNA-CCOL2AT
transformed strain using £coRl and Hindlll restriction enzymes)

Electrophoresis revealed no target bands after enzymatic
digestion

Electrophoresis of the extract subjected to enzymatic
digestion (Fig. 1) showed no bands on the original extract
or the single- or double-enzyme digestion products.
However, electrophoresis revealed double bands on the
double-enzyme digestion product of E. coli/pcDNA-
CCOL2A1. The target and vector bands were approxi-
mately 4,000 and 5,000 bp, respectively.

Target signals in the post-PCR amplification sequencing

Direct BGH-R primer sequencing of the extract from
the transformed strain SL7207 demonstrated no signal.
Moreover, direct CMV-F primer sequencing generated
a signal that was neither the target gene sequence nor
the vector sequence. After full-length PCR amplifica-
tion of the extract, sequencing generated a signal that
was consistent with the target gene (Fig. 2a). After par-
tial PCR amplification of the extract, the corresponding
bands were detected via electrophoresis ((Fig. 2b)), and

Target gene in the transformed strain SL7207 could be
expressed after oral administration in vivo

Five male and five female BALB/c mice were adminis-
tered the transformed strain SL7207/pcDNA-CCOL2A1
by intragastric gavage at 10° CFU/animal. On day 3 after
treatment, the CCOL2AI-mRNA transcribed in the
ileum was determined using RT-qPCR. The value meas-
ured for male mouse No. 1 (hereafter, 1 M) was used as
the normalization reference for relative quantification
(Fig. 3). Target gene expression was detected in six of the
ten samples. The target gene expression levels were sig-
nificantly (P <0.05) higher in female mouse No. 3 (here-
after, 3F) and male mouse No. 5 (hereafter, 5 M) than all
others. No amplified signals were detected in the negative
or blank control (ddH,O template) samples. The mean Ct
was 12.67 +0.22 for the positive control sample (pcDNA-
CCOL2A1I plasmid template). Thus, the RT-qPCR met
the QC requirements.

Transformed strain SL7207/pcDNA-CCOL2A1 was stable
and controllable within 6-8 h culture time

The transformed strain SL7207/pcDNA-CCOL2A1 was
incubated at 37 °C for 22 h. During that time, its growth
curve, cell suspension CFU, and plasmid retention rate
were measured (Fig. 4). The bacterial suspension ODyg,
proportionately increased over 8 h of incubation (Fig. 4a).
During incubation, the cell suspension concentration was
stable at 10° CFU/mL between 6 and 10 h but reached
10'° CFU/mL by 12 h (Fig. 4b). A positive linear correla-
tion was observed between the log CFU and ODy, values
during 6 h incubation (R*=0.9991; Fig. 4c). The plasmid
retention rate of the transformed strain was 100% at
every sampling point during continuous culture (Fig. 4d).
The transformed strain SL7207/pcDNA-CCOL2A1 was
relatively stable, and the ODy, reflected the magnitude
of the CFU over 6-8 h incubation under this culture con-
dition. Repeated culture tests (Table 4) showed that the
ODy of the bacterial suspension harvested at 6 or 8 h
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Fig. 2 Identification of PCR amplification products via sequencing. a Representative sequence alignment (top/middle) and sequencing peak
(bottom) diagrams of the amplification product from the full-length sequence using PCR. b Electrophoretic identification of the amplification
product from a partial sequence using PCR. 1. Blank control, ddH,O template. 2: Negative control, original extract of blank strain SL7207 as template.
3: Positive control, p)cDNA-CCOL2AT plasmid as template. 4. Marker. 5, 6, and 7. Amplification products using extracts of three single colonies

from transformed SL7207 strains as templates. ¢ Representative sequence alignment (top/middle) and sequencing peak (bottom) diagrams

of the amplification product from a partial sequence using PCR. The pictures at the top, middle, and bottom in a and c are partially displayed

incubation was relatively stable at 2.47 +0.13, the bacte-
rial suspension was stable at 10° CFU/mL, and the stabil-
ity of the plasmid (Method 2) in the transformed strain
was >90% (range, 90—120%). Therefore, the transformed
strain was stable over 6 or 8 h incubation. Based on the
controllability of the CFU, the stability of the plasmid,
and the convenience of the sample preparation, the opti-
mal culture time range was 6—8 h for the preparation of
oral DNA vaccine from the transformed strain SL7207/
pcDNA-CCOL2A1.

Transformed strain SL7207/pcDNA-CCOL2A1 was stable
and controllable over the duration of 100 days at 4 °C

The stability of the transformed strain SL7207/pcDNA-
CCOL2A1 was evaluated by subjecting the bacterium to
long-term storage at 4 °C. Table 5 shows that the con-
centration of the cell suspension derived from the same
single colony and stored at 4 °C was stable at 10° CFU/
mL, and its plasmids were>90% stable at different sam-
pling points over 100 days. Hence, the transformed strain

SL7207/pcDNA-CCOL2A 1 was stable at 4 °C storage and
could be used to prepare an oral DNA vaccine with a
dosage that is controllable over the duration of 100 days.

Discussion

The naked plasmid pcDNA-CCOL2A1 is an antigen-spe-
cific, immunotolerant DNA vaccine that demonstrated
efficacy at preventing and treating RA models. The plas-
mid was directly transformed via electroporation into
SL7207, and the exogenous gene harbored by the lat-
ter was orally administered to induce oral DNA vaccine
immunotolerance (Berger et al. 2013; Hopkins et al. 2000;
Garmory et al. 2003; Zheng et al. 2012). We identified
and prepared the transformed strain SL7207/pcDNA-
CCOL2A1 for culture and in vitro and in vivo expression,
respectively, and evaluated its stability. The oral DNA
vaccine SL7207/pcDNA-CCOL2A 1 was successfully con-
structed, could be expressed in vivo, had good stability
and controllable dosage, and was feasible for preparation
and application.
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Table 4 Stability and productivity of the transformed strain
SL7207/pcDNA-CCOL2AT after repeated shake flask culture for 6
and8h

Time (h) ODgqo CFU/mL (x 10°) Plasmid stability (%)
6h 2.52 2.07 99.04

8h 2.28 1.63 93.13

6h 2.36 1.24 96.87

8h 244 149 117.28

6h 2.71 149 91.80

8h 247 1.84 105.74

6h 2.52 2.38 113.72

8h 247 1.23 97.35

M=£SD 247+013 1.67+0.40 101.87+9.44

Single colonies of the transformed strain SL7207/
pcDNA-CCOL2A1 harbored a recombinant plasmid
bearing the ampicillin resistance gene and could be
screened by adding a certain amount of ampicillin to the
solid selection medium. After the positive transformants
screened using the LB (Amp+) plate were cultured in LB
(Amp+) solution, the appearance and characteristics of
the resultant transformed strain markedly differed from
those of the original blank strain. When the foreign plas-
mid was transformed into the SL7207 carrier, certain rep-
licons in the plasmid structure domain altered the strain
quality, density, and nature. Therefore, the transformants
obviously differed in terms of their bacterial suspen-
sions, cells, and colonies as well as their immunogenicity
(Johnson et al. 2019; Wegrzyn and Wegrzyn 2002). How-
ever, the effects of the transformed strain SL7207 on the
immune response and immunotolerance required further
investigation.

To verify that the target plasmid was transformed
into SL7207, the former was extracted from SL7207/
pcDNA-CCOL2A1 after 6 h culture, digested with
restriction enzyme, and identified using electrophore-
sis and sequencing, following the identification method
of E. coli plasmids (Juan et al. 2017). Nevertheless, elec-
trophoresis disclosed no bands corresponding to the
enzymatic digestion product, and sequencing revealed
no target gene signal. However, a suitable density of sin-
gle transformant colonies grew on LB (Amp+) plate.
Furthermore, the transformant suspension from which
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the plasmid was extracted differed in appearance from
the blank strain SL7207. The concentration of the effec-
tive strain was 10° CFU/mL after 6 h incubation, and
the plasmid stability was>90%. Therefore, the extract
might have contained only a low concentration of the
target gene-bearing plasmid. The microscale target gene
in the extract was amplified using PCR to meet digestion
and sequencing requirements, and the bands and signal
generated were consistent with those of the target gene.
Possibly, the plasmid purification kit currently avail-
able on the market can only extract target plasmids from
transformed E. coli but not from transformed Salmonella
typhimurium. The concentration of the extract was meas-
ured at OD,4, and OD,g, before enzymatic digestion and
sequencing and was approximately 100 ug/mL. Moreo-
ver, Aygy/A,gy was in the range of 1.8-2.0. However, the
sequence alignment showed that the extract contained
neither the target plasmid harboring the target gene nor
the vector plasmid without the target gene. Therefore,
extract concentration and purity alone cannot reliably
confirm the identity of the transformed strain SL7207.
Three methods may serve to identify transformed strain
SL7207/pcDNA-CCOL2A1 in vitro: (1) observe the
appearance of the bacterial suspension; (2) investigate
single-colony growth through plate identification; and (3)
perform electrophoresis and sequencing on low extract
concentrations after PCR amplification. As PCR amplifi-
cation and sequencing are cumbersome, they should only
be performed for supplementary follow-up identification.
Characteristics and plate identification are the fastest and
most effective methods of screening transformed strain
SL7207/pcDNA-CCOL2A1 for the preparation of the
oral DNA vaccine.

Despite individual differences in the in vivo CCOL2A1
expression of the transformed strain SL7207/pcDNA-
CCOL2A1, CCOL2A1 was nonetheless detected in the
ileal tissues after intragastric administration. Future
research should endeavor to investigate the in vivo roles
of the orally administered DNA vaccine. For example,
the dynamic profiles and biodistribution of CCOL2A1
should be investigated in peripheral blood and various
tissues from normal animals or RA models (Zhao et al.
2019a). Serum anti-type II collagen (CII) IgG antibodies
and ileum mucosal immune secretory immunoglobu-
lin A (sIgA) should be examined to determine in vivo

Table 5 Stability of the transformed strain SL7207/pcDNA-CCOL2AT during long-term storage

Item Storage time (days)

2 days 7 days 15 days 22 days 36 days 49 days 70 days 77 days 91 days 98 days
CFU/mL (x 10°) 265 259 144 149 1.66 235 1.51 1.1 1.83 1.53
Plasmid stability (%) 96.59 9142 95.36 90.47 102.69 95.02 95.38 101.52 101.86 97.24
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CCOL2A1 expression (Jiang et al. 2017; Song et al. 2019;
Zhao et al. 2019b, 2021).

The stability of the transformed strain SL7207/pcDNA-
CCOL2A1 must be established to ensure the stability
and controllability of the oral DNA vaccine preparation.
This analysis also helps understand the dynamic changes
that occur in the target plasmid within the transformed
strain, clarify the relationship between ODg,, and CFU,
and determine the optimal harvest time and CFU for
the preparation of the oral DNA vaccine. The plasmid
retention rate of SL7207/pcDNA-CCOL2A1 was 100%,
and the plasmid stability was>90% under current cul-
ture conditions. The ODg, reflected the CFU within
a certain culture time. The foregoing findings indicate
that the transformed strain SL7207/pcDNA-CCOL2A1
was stable, and the stock strain could be used to prepare
accurate doses of the oral preparations in LB (Amp+)
solution within a certain time window. The stability of
the strain, the controllability of the CFU, the conveni-
ence of preparation, and other factors can be integrated
to determine the optimal shaking culture time and prep-
aration method for the oral DNA vaccine derived from
the aforementioned transformed strain. In this manner,
subsequent research may be conducted on the clini-
cal efficacy and safety and the molecular mechanism of
the optimized oral DNA vaccine product. Disease inci-
dence and progression, health status, and body weight
have been monitored in intragastrically administered RA
models to evaluate the anti-rheumatic efficacy and safety
of the SL7207/pcDNA-CCOL2A1 oral DNA vaccine.
Serum rheumatoid-associated antibodies (such as anti-
cyclic citrullinated peptide antibodies and rheumatoid
factor), T lymphocyte subsets, and serum cytokines and
chemokines have also been monitored to clarify immune
system changes in our laboratory (data not published)
(Kolarz et al. 2021; Malemud 2018; Kondo et al. 2021).
Key genes and proteins should be screened through the
high-throughput multi-omics joint analysis of the tran-
scriptome, proteome, and metabolome (Chu et al. 2021;
Zeng et al. 2022). The function and pathway mechanisms
related to the prevention and treatment of RA need to
be thoroughly explored in the gene—protein—cell axis to
reveal the mechanism behind immunotolerance regula-
tion of antigen-specific immunotherapy in RA.

In the present study, oral immunotolerance and DNA
vaccination were combined to develop an antigen-
specific, tolerizing oral DNA vaccine comprising the
CII gene harbored by attenuated Salmonella typhimu-
rium SL7207. The product was named SL7207/pcDNA-
CCOL2A1, and its characteristics were closely associated
with the bacterial gene carrier. Based on these results,
a three-level in vitro identification standard for trans-
formed strain SL7207 was established. The attenuated
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SL7207 could serve as a carrier to achieve in vivo DNA
vaccine expression. The transformed strain SL7207/
pcDNA-CCOL2A1 with the “huge” plasmid pcDNA-
CCOL2A1 had good stability and was suitable for use in
an oral preparation with an accurate dosage. Notably,
achieving oral immunotolerance is crucial for treating
autoimmune disease. Immunotolerance induced by allo-
geneic or heterogeneous specific antigens has become a
hotspot in RA research as it does not induce generalized
immunosuppression (Pozsgay et al. 2017; Burmester and
Pope 2017; Abbasi et al. 2019; Mueller et al. 2021). The
oral DNA vaccine developed herein could improve anti-
gen stability and drug compliance, achieve oral immu-
notolerance to antigen-specific gene vaccines, and have
high application value and scientific significance in this
field.
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