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ABSTRACT Minicircle DNA (mcDNA), which contains only the necessary compo-
nents for eukaryotic expression and is thus smaller than traditional plasmids, has
been designed for application in genetic manipulation. In this study, we constructed
a novel plasmid containing both the Cre recombinase under the phosphoglycerate
kinase (PGK) promoter and recombinant lox66 and lox71 sites located outside the cy-
tomegalovirus (CMV) expression cassette. The strictly controlled synthesis of Cre re-
combinase in vivo maintained the complete form of the plasmid in vitro, whereas
the in vivo production of Cre transformed the parental plasmid to mcDNA after
transfection. The newly designed Cre recombinase-mediated in vivo mcDNA plat-
form, named CRIM, significantly increased the nuclear entry of mcDNA, followed by
increased production of mRNA and protein, using enhanced green fluorescent pro-
tein (EGFP) as a model. Similar results were also observed in chickens when the vac-
cine was delivered by the regulated-delayed-lysis Salmonella strain �11218, where
significantly increased production of EGFP was observed in chicken livers. Then, we
used the HN gene of genotype VII Newcastle disease virus as an antigen model to
construct the traditional plasmid pYL43 and the novel mcDNA plasmid pYL47. After
immunization, our CRIM vaccine provided significantly increased protection against
challenge compared with that of the traditional plasmid, providing us with a novel
mcDNA vaccine platform.

IMPORTANCE Minicircle DNA (mcDNA) has been considered an attractive alternative
to DNA vaccines; however, the relatively high cost and complicated process of puri-
fying mcDNA dramatically restricts the application of mcDNA in the veterinary field.
We designed a novel in vivo mcDNA platform in which the complete plasmid could
spontaneously transform into mcDNA in vivo. In combination with the regulated-
delayed-lysis Salmonella strain, the newly designed mcDNA vaccine provides us with
an elegant platform for veterinary vaccine development.
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As a paramyxovirus, the Newcastle disease virus (NDV), with an enveloped mem-
brane and nonsegmented negative-stranded RNA, poses a severe threat for poul-

try production (1). In particular, the dominant strain in China is the genotype VII NDV,
which has resulted in significant economic loss for poultry production (2) since the
most popular vaccine strains in the market belong to other genotypes, such as
genotypes I, II, and III (3). Therefore, the demand for the development of novel NDV
vaccines for genotype VII has received increasing attention recently.

Vaccines against NDV include the traditional inactivated virus, attenuated vaccines,

Citation Jiang Y, Gao X, Xu K, Wang J, Huang H,
Shi C, Yang W, Kang Y, Curtiss R, III, Yang G,
Wang C. 2019. A novel Cre recombinase-
mediated in vivo minicircle DNA (CRIM) vaccine
provides partial protection against Newcastle
disease virus. Appl Environ Microbiol
85:e00407-19. https://doi.org/10.1128/AEM
.00407-19.

Editor Charles M. Dozois, INRS—Institut
Armand-Frappier

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Guilian Yang,
yangguilian@jlau.edu.cn, or Chunfeng Wang,
wangchunfeng@jlau.edu.cn.

Received 19 February 2019
Accepted 29 April 2019

Accepted manuscript posted online 3 May
2019
Published

GENETICS AND MOLECULAR BIOLOGY

crossm

July 2019 Volume 85 Issue 14 e00407-19 aem.asm.org 1Applied and Environmental Microbiology

1 July 2019

 on July 2, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.1128/AEM.00407-19
https://doi.org/10.1128/AEM.00407-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:yangguilian@jlau.edu.cn
mailto:wangchunfeng@jlau.edu.cn
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.00407-19&domain=pdf&date_stamp=2019-5-3
https://aem.asm.org
http://aem.asm.org/


and newly designed genetically engineered vaccines, such as virus-like particles (VLPs)
(4), subunit vaccines (5), DNA vaccines (6), and reverse genetics-based vaccines (3).
Since the first description of the immunogenic property of plasmid DNA in 1990, it has
been used extensively to develop DNA vaccines against various pathogens, such as
influenza virus (7, 8), NDV (9), and Zika virus (10, 11) and cancer (12) and HIV (13).
Although the naked DNA vaccine possesses a number of advantages, such as tolerance
to preexisting antibodies, there remain a number of drawbacks to the application of
DNA vaccines in the field. One of the major problems is the immunization route, which
is dependent on intramuscular or intradermal injection together with electroporation
by a gene gun, limiting the application of these vaccines in the field due to inconve-
nience, especially for animal production. For such cases, bacterial vector DNA vaccine
delivery systems, such as recombinant attenuated Salmonella vector (RASV), have
received increasing attention due to the associated convenience of amplification and
administration. In particular, the regulated-delayed-lysis Salmonella strain, which has
been genetically engineered to lyse gradually in vivo after immunization, provides an
attractive DNA vaccine delivery platform without an antibiotic selection marker (7).
Salmonella lysis is based on the asd and murA genes, which are responsible for
complete bacterial cell wall synthesis. The absence of both genes could result in
Salmonella lysis. In the construct, the production of both Asd and MurA is dependent
on the arabinose-controlled araC PBAD promoter located in the plasmid. After immu-
nization, the absence of arabinose in vivo results in a gradual decrease in the produc-
tion of Asd and MurA, which in turn leads to gradual Salmonella lysis in vivo (14).

Another important factor affecting the immunity of the exogenetic antigen of the
DNA vaccine is plasmid size as a large plasmid could decrease the efficiency of plasmid
translocation from the cytoplasm to the nucleus, where transcription occurs. To over-
come this disadvantage, a newly defined minicircle DNA (mcDNA) containing only the
eukaryotic promoter and gene of interest (15) has attracted attention. The parental
plasmid could be transformed into mcDNA and a miniplasmid by site-specific recom-
binases such as the Cre recombinase (16), ParA resolvase (17), and C31 integrase (18).
Cre recombinase is a 38-kDa tyrosine recombinase enzyme derived from the P1
bacteriophage with 343 amino acids and recognizes a portion of the specific 34-bp
DNA sequence (loxP) and deletes the DNA sequence between two loxP sites (19). The
Cre-loxP system has been employed extensively in genetic engineering (20, 21) as well
as mcDNA production (16). Notably, there are also some other similar loxP-like sites that
could be recognized by Cre recombinase, such as the lox66/lox71 (22) sites and
loxS1/loxS2 sites (23).

Because it is much smaller than the parental plasmid, mcDNA could dramatically
increase the efficiency of translocation into the nucleus, which could therefore result in
high expression levels. In addition, the removal of all bacterial sequences from the
plasmid vector, including any antibiotic resistance genes, makes mcDNA a safer alter-
native than plasmids. The administration of mcDNA also provided prolonged transgene
expression in vivo (24), enhanced serum stability (25) and increased resistance to
shearing forces (26). Since its discovery, mcDNA has been used mainly in the field of
gene therapy for human use. Most recently, the application of mcDNA as a vaccine
delivery tool began in 2013 (27), and it appeared to induce a significantly stronger
immune response than the parental plasmids (25, 28), especially in terms of the CD8�

T cell-mediated cellular immune response (27). However, the application of mcDNA in
vaccine studies has mainly focused on human diseases, such as cancer (29–31) and
hepatitis B virus (HBV) (32) and HIV (33) infections, probably due to the complicated
purification process, low production rate, and high preparation cost of mcDNA, which
dramatically restrict the application of this system in practical veterinary applications.
To date, there is no report on the application of mcDNA technology in veterinary
vaccine studies. Therefore, the idea of using RASV to deliver mcDNA vaccines for
veterinary application has elicited our interest recently. If successful, this mcDNA
delivery system will provide a novel platform for veterinary vaccine application.

One of the key factors necessary to obtain high-purity mcDNA is the strict control of
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recombinase expression in vitro. The plasmid harboring recombinant sites needs to be
present at high copy numbers before recombination occurs, implying that recombinase
must be completely absent. On the other hand, when required, the synthesized
recombinase should efficiently target the recombinant sites, leading to high yields of
mcDNA. To achieve this goal, some inducible promoters, such as the arabinose-
dependent araC PBAD promoter (18) and temperature-sensitive cI857/PR promoter (15),
have been used previously for efficient production of mcDNA in vitro. Another ap-
proach for regulated synthesis of recombinase usually relies on in vivo promoters such
as the cytomegalovirus (CMV) promoter (34–36) and phosphoglycerate kinase (PGK)
promoter (37). Different transcription and translation efficiencies for the CMV and PGK
promoters have been previously reported because the CMV promoter could also
significantly initiate gene transcription in Escherichia coli strains (38), which compro-
mises the application of this promoter for our purpose, i.e., for strict control of the
expression of recombinase in vitro. In contrast, the strict repression of the activity of the
PGK promoter in the E. coli strain makes this promoter a suitable tool for our purpose.

In this study, we built up a novel Cre recombinase-mediated in vivo mcDNA (CRIM)
platform for the production of mcDNA in vivo based on the presence of Cre recombi-
nase driven by the PGK promoter. The plasmid could replicate as a complete parental
plasmid in vitro and then transform into mcDNA in vivo by itself. Then, we used this
CRIM platform to express the HN gene of genotype VII NDV and evaluated the
protective effects of the mcDNA when delivered by regulated-delayed-lysis Salmonella.
The results showed that CRIM-HN significantly improved the host immune response
and provided efficient protection against wild-type NDV challenge, which provides a
novel option for poultry vaccine development.

RESULTS
Construction of a eukaryotic expression vector harboring both lox66/lox71

recombination sites and the PGK-Cre cassette. The eukaryotic expression vector
pYA4545 has been demonstrated to be an effective antigen delivery vector in recom-
binant Salmonella vaccines (7). To further extend the application of this vector, we first
introduced lox66/lox71 sites outside the CMV-EGFP-SV40-poly(A) cassette (where EGFP
is enhanced green fluorescent protein and SV40 is simian virus 40) in the plasmid
pYA4685, yielding pYL19 (Fig. 1A). Then, the PGK-Cre-poly(A) cassette was introduced
into pYL19 to construct pYL46 (Fig. 1B), which would express Cre recombinase from the
PGK promoter once the plasmid entered the cell nucleus. The principle underlying this
novel platform is indicated in Fig. 1C; once pYL46 enters the nucleus after transfection
or is delivered by bacteria to host cells (in vivo, early), the transcribed mRNA of Cre
recombinase from the PGK promoter is transferred to the cytoplasm, followed by
transcription to Cre recombinase. The synthesized Cre could then mediate the recom-
bination between the lox66 and lox71 sites located in other pYL46 plasmids that were
had not yet been translocated into the nucleus, resulting in the formation of mcDNA
harboring EGFP or other genes of interest (GOIs), as well as MP plasmids (in vivo,
middle). Therefore, the newly released mcDNA could be transferred into the nucleus
with ease since it is smaller than the parent plasmid (1,888 bp versus 9,668 bp),
resulting in increased efficiency of transcription and translocation (in vivo, late).

PGK promoter-derived Cre recombinase transformed plasmid into mcDNA in
293T cells. To determine whether Cre recombinase could be produced from the PGK
promoter in pYL46, the plasmid was transfected into 293T cells, and the total proteins
were isolated at 24 h posttransfection and subjected to Western blotting using a
Cre-specific antibody as the primary antibody. The results showed that Cre recombinase
was successfully synthesized in cells transfected with pYL46, while no Cre production
was detected in either empty 293T cells or cells transfected with pYL19 (Fig. 2A). In
addition, the presence of Cre recombinase was also confirmed by indirect immunoflu-
orescence (IIF) analysis, in which red fluorescence indicated the presence of Cre in the
pYL46 group (Fig. 2B).

In Vivo Minicircle DNA Vaccine Applied and Environmental Microbiology

July 2019 Volume 85 Issue 14 e00407-19 aem.asm.org 3

 on July 2, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

https://aem.asm.org
http://aem.asm.org/


FIG 1 Principle of Cre recombinase-mediated in vivo minicircle DNA (CRIM) platform. (A) The eukaryotic expression vector pYA4545 was used as the template
to insert lox66 and lox71 sites, yielding pYL19. (B) The PGK-Cre cassette was inserted into pYL19, yielding pYL46, which contained a Cre recombinase expression
cassette and lox66/lox71 recombination sites. (C) The principle of CRIM technology is as follows: (i) at the stage in vivo early, the transfected pYL46 plasmids
are maintained as a complete parental plasmid; (ii) at the stage in vivo middle, some of the parental plasmids translocate into the nucleus and are transcribed,
leading to the cytoplasmic synthesis of Cre recombinase, which mediates recombination between the lox66 and lox71 sites to produce mcDNA; (iii) at the stage
in vivo late, the smaller, newly formed mcDNA is translocated into the nucleus more efficiently than the parental plasmid, leading to enhanced transcription
of the gene of interest (GOI).
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To evaluate whether the parental plasmid pYL46 could be transformed into mcDNA
after transfection, the plasmids were extracted from 293T cells at 24 h posttransfection.
The attempt to identify mcDNA directly from gel separation failed, probably due to the
low concentration of extracted mcDNA. Therefore, we designed a pair of primers
(CMV-F1/R1) that were located in the CMV promoter region and could simultaneously
amplify both the mcDNA and parental plasmid. As expected, a clear PCR fragment of
approximately 1,800 bp was observed in the extract from pYL46-transfected cells

FIG 2 Production of mcDNA by Cre recombinase under the PGK promoter. The parental plasmid (PP) pYL46 was transfected
to 293T cells, and the total proteins were collected at 24 h posttransfection. The presence of Cre recombinase was confirmed
by both indirect immunofluorescence (A) and Western blotting (B). Blue, 4=,6=-diamidino-2-phenylindole (DAPI)-labeled
nucleus; green, EGFP; red, Cre recombinase. Lane M, molecular size marker. (C) To confirm the presence of mcDNA, the cellular
plasmids were extracted from 293T cells at 24 h posttransfection and subjected to PCR using the primer pair CMV-F1/CMV-R1.
The PCR results indicated the formation of mcDNA in pYL46-transfected cells. (D) Recombination between the lox66 and lox71
sites, yielding lox72, was confirmed by DNA sequence analysis as indicated.
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(Fig. 2C), indicating the production of mcDNA in 293T cells. Additionally, there re-
mained a large PCR product corresponding to the size of the pYL46 plasmid (Fig. 2C),
which was not unexpected, as a number of pYL46 plasmids had not yet been trans-
formed to mcDNA. In other words, the extracts from pYL46-transfected cells contained
a mixture of parental plasmid and mcDNA. The purified PCR band was also sequenced
to confirm the presence of lox72 (Fig. 2D), indicating the occurrence of recombination
between the lox66 and lox71 sites.

Increased nuclear entry of plasmid DNA and production of EGFP in pYL46-
transfected cells. To determine whether the formation of mcDNA could increase
nuclear entry, the DNA components of the cell nuclei were collected 24 h posttrans-
fection. As expected, the PCR results demonstrated the presence of both mcDNA and
parental plasmid in the nuclei of pYL46-transfected cells, whereas only the complete
plasmid could be detected in the pYL19 group (Fig. 3A), indicating that the mixture of
mcDNA and parental plasmid could translocate into the nucleus simultaneously. Con-
sistent with previous results (Fig. 2C), a much weaker band corresponding to the size
of pYL46 was also observed in the nucleus. Real-time PCR was then used to evaluate the
number of plasmid copies in the cell nuclei in both groups. The results showed that
mcDNA production dramatically increased the levels of EGFP/glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) in the pYL46 group (Fig. 3B), indicating that the
small mcDNA could enter the nucleus more efficiently than the parental plasmid, which
is consistent with a previous report in which small plasmids increased uptake efficiency
in a 2-fold range compared with that of large plasmids (39).

Then, quantitative reverse transcription-PCR (qRT-PCR) and Western blotting were
performed to further determine the levels of transcribed mRNA and translated protein
after plasmid translocation. The qRT-PCR results showed that the mRNA levels of EGFP
in pYL46-transfected cells increased steadily from 12 h to 48 h and were approximately
2- to 3-fold higher than those in cells transfected with pYL19 at 24 h and 48 h (Fig. 3C).
Consistent with these results, EGFP production at both 24 h and 48 h increased
substantially, especially at 24 h, exhibiting an approximately 2-fold increase in yield
compared with that of the pYL19 group (Fig. 3D and E). In conclusion, mcDNA
production in cells transfected with pYL46 significantly increased the nuclear entry of
DNA, mRNA transcription, and protein translation, which was ideal for stimulation of
the systemic immune response.

Increased production of EGFP by pYL46 delivered by Salmonella in chickens. To
further determine whether the increased production of EGFP by pYL46 could be
observed in vivo, chickens were orally inoculated with the Salmonella strain �11218
harboring pYA4545, pYL19, or pYL46, and liver samples were collected at day 7
postinoculation and subjected to in vivo imaging. Compared with levels in livers from
the �11218(pYA4545) group (Fig. 4A and B and C) and �11218(pYL19) group (Fig. 4D
and E and F, left), a distinct increase in fluorescence intensity was observed in the
�11218(pYL46) group (Fig. 4D and E and F, right). The average fluorescence intensity in
the �11218(pYL46) group was approximately 8.05 � 109, which was significantly higher
than 4.95 � 109 (P � 0.05) and 3.93 � 109 (P � 0.01), in the livers of the �11218 (pYL19)
and �11218 (pYA4545) groups (Fig. 4G). The mRNA levels of EGFP in the chicken livers
were then analyzed by qRT-PCR (Fig. 4H), and the results showed that the EGFP/chicken
GAPDH (cGAPDH) ratio in the �11218(pYL46) group was significantly higher than that
in the �11218(pYL19) group (mean value, 18.7 versus 7.42) (P � 0.001) (Fig. 4I). All of the
results above demonstrated that the Salmonella strain could deliver the EGFP gene
cassette into chickens more efficiently with our CRIM vector than with a conventional
plasmid.

Construction of the HN expression plasmid. Then, pYL19 and pYL46 were used to
construct the HN expression plasmid pYL43 (Fig. 5A) and minicircle DNA parental
plasmid pYL47, respectively (Fig. 5B). To detect the synthesis of the HN gene, purified
plasmids with similar colony numbers were transfected into 293T cells and subjected to
the IIF assay at 24 h posttransfection. Compared with cells transfected with the empty
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vector pYA4545, distinct green fluorescence was observed in cells transfected with both
pYL43 and pYL47 (Fig. 5C). In particular, the production of Cre recombinase in pYL47-
transfected cells was also observed (Cy3 labeled; red fluorescence), as expected (Fig. 5C,
indicated by arrows).

Increased production of serum IL-4 in both experiments. The concentrations of
both interleukin-4 (IL-4) and gamma interferon (IFN-�) in serum collected from chickens
at 49 days postvaccination (dpv) were determined by enzyme-linked immunosorbent
assay (ELISA) kits. The results showed that the production levels of IFN-� were not
significantly different in experiments 1 and 2 (Exp1 and Exp2, respectively), except for
the those of the vaccine group in Exp1(Fig. 6A and C). On the other hand, the
production of IL-4 in Exp1 showed that chickens immunized with pYL47 induced

FIG 3 Formation of mcDNA increased the nuclear entrance of mcDNA, the transcription of mRNA, and translation of protein. (A) The total DNA components
were isolated from the nuclei of 293T cells transfected with pYL19 or pYL46 at 24 h posttransfection and subjected to PCR using primers CMV-F1/CMV-R1. The
results confirmed the presence of mcDNA and parental plasmid pYL46 in the nucleus. Lane M, molecular marker; PP, parental plasmid. (B) Total DNA was further
analyzed by real-time PCR, and the relative quantities of plasmid copy/GAPDH were determined. (C) The mRNAs were collected at 12 h, 24 h, and 48 h
posttransfection from cells transfected with pYL19 and pYL46, and analyzed by qRT-PCR, and the relative expression levels of EGFP mRNA were calculated using
mRNA of GAPDH as a control. (D) Total protein was collected at 24 h and 48 h and analyzed by Western blotting. (E) Relative band intensities of EGFP/GAPDH
were calculated by ImageJ software. The results are represented as means � SEM (n � 3), and statistical significance was calculated by one-way ANOVA and
a Tukey posttest. **, P � 0.01.
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significantly higher levels of IL-4 than those immunized with pYL43 (P � 0.01)
(mean value, 128.92 versus 104.62 pg/ml) (Fig. 6B). In Exp2, although the levels of
IL-4 in both the pYL43 and pYL47 groups showed increasing trends compared with
those in the saline and empty vector pYA4545 groups, no significant differences
were observed (Fig. 6D).

Increased production of the HI and ELISA antibodies by pYL47. The hemagglu-
tination inhibition (HI) antibody titers from immunized chickens were determined at
2-week intervals. The results showed that at 35 dpv in Exp1, only the inactivated NDV
vaccine stimulated approximately 3 log2 titers of HI antibody. At 49 dpv, the HI titer
count was approximately 7 log2 in the inactivated vaccine group, whereas approxi-

FIG 4 Increased delivery of EGFP to chicken livers by Salmonella harboring pYL46. Chickens were orally inoculated with 1 � 109 CFU of recombinant Salmonella
�11218 carrying pYA4545, pYL19, or pYL46. The livers were collected at day 7 postinoculation from chickens immunized with �11218(pYA4545) (A, B, and C),
�11218(pYL19) (D, E, and F, left), and �11218(pYL46) (D, E, and F, right). Data were analyzed by an in vivo imaging system (Vilber), including the visible view,
EGFP view, and multicolor view, as indicated. (G) Fluorescence intensities were calculated, and the results are represented as means � SEM (n � 3). (H and I)
The liver samples were further analyzed by qRT-PCR targeting EGFP and chicken GAPDH (cGAPDH) genes. The relative abundances of the two mRNAs were
calculated as EGFP/cGAPDH, and results are represented as means � SEM (n � 3). Statistical significance was calculated by one-way ANOVA and a Tukey
posttest. *, P � 0.05；**, P � 0.01；***, P � 0.001.
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mately 3 log2 antibody titers were observed in both pYL43- and pYL47-immunized
chickens (Fig. 7A), indicating that the Salmonella-delivered DNA vaccine was not as
efficient as the inactivated vaccine in terms of stimulation of the humoral immune
response. A similar trend of HI antibody production was also observed in Exp2 (Fig. 7B),
whereas low levels of the HI antibody were detected at 35 dpv, with approximately
2 log2 titers in both the pYL43 and pYL47 groups. Approximately 3 log2 antibody titers
were observed at 49 dpv. Notably, although there was no statistically significant
difference, there was consistently a slight increase in the production of HI antibodies in
the pYL47 group compared with that of the pYL43 group in both Exp1 and Exp2, with
a difference of approximately 1 log2 in HI antibody titer (Fig. 7A and B). Serum NDV-specific
antibodies were also detected by commercial ELISA kits. In Exp1, significantly increased
production of NDV-specific serum IgG in chickens immunized with pYL47 was observed
compared with the level in the pYL43 group (P � 0.05) (Fig. 7C), with an average antibody
concentration of 274.98 pg/ml. A similar trend was also observed in Exp2, in which pYL47
immunization resulted in approximately 126.12 pg/ml NDV-specific IgG, even though no
significant difference was observed (Fig. 7D).

The CRIM plasmid pYL47 increased the survival rate after challenge. In Exp1, all
the chickens in the empty vector and saline groups appeared to be infected at day 3

FIG 5 Construction of a CRIM plasmid expressing HN protein of NDV and animal study protocol. (A and B) The His-tagged HN protein of genotype VII NDV was
amplified and inserted into pYL19 and pYL46, yielding pYL43 and pYL47, respectively. 293T cells were transfected with pYL43 or pYL47. (C) At 24 h
posttransfection, the cells were examined by indirect immunofluorescence, as described in Materials and Methods, to determine the production of HN (green)
and Cre recombinase (red). Blue, 4=,6=-diamidino-2-phenylindole (DAPI); green, FITC-labeled secondary antibody; red, Cy3-labeled secondary antibody. Arrows
indicate the production of both HN and Cre recombinase in pYL47-transfected cells. (D) The animal study was performed twice, using broilers (Exp1) and laying
hens (Exp2) as the animal models.
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postchallenge (dpc), whereas a few chickens began to be infected at day 6 postchal-
lenge among the pYL43- and pYL47-immunized chickens. The chickens started to die
at day 6 postchallenge in the vector control group and saline group, and all the
chickens died at days 8 and 9, respectively. The final protection rate in pYL43-
immunized chickens was 40%, whereas the protection rate was 80% in the pYL47 group
and 100% for the group treated with inactivated vaccine (Fig. 8A). In Exp2, chickens
began to die at 5 or 6 dpc, and the final survival rates were 12.5%, 12.5%, 37.5%, and
50% for the saline, empty vector, pYL43, and pYL47 groups, respectively (Fig. 8B).
The body weight changes in the animals in Exp2 showed that all the chickens began
to lose weight at 4 dpc except those in the vaccine group. Compared with the saline
and empty vector groups, pYL43-immunized chickens showed low body weight
loss, whereas pYL47 immunization provided improved protection against weight
loss (Fig. 8C).

Decreased viral loads in the lungs of chicken challenged with pYL47. The viral
titers in the lungs were determined by viral dilution on DF-1 cells. The results showed
that the titers were highest in groups that had not been vaccinated or had been
vaccinated with the empty vector pYA4545, whereas the replication titers were very low
in other groups and were similar in the groups immunized with pYL47 or the inacti-
vated vaccine (Fig. 8D), especially for the pYL47 group, which showed significantly
decreased titers compared with those of the empty vector group (P � 0.01).

DISCUSSION

In the present report, we describe the spontaneous transformation of a plasmid to
mcDNA in vivo. The purpose of this study was to design a novel in vivo release platform
for mcDNA production delivered by Salmonella for veterinary vaccine studies. For this
purpose, the Cre recombinase has to be strictly repressed in vitro because any leaky

FIG 6 Production of IL-4 and IFN-� in serum. The concentrations of serum IFN-� (A and C) and IL-4 (B and D) in Exp1
and Exp2 were determined by ELISA. The results are indicated as means � SEM (n � 3). Statistical significance was
calculated by one-way ANOVA and a Tukey posttest. *, P � 0.05；**, P � 0.01；***, P � 0.001.
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production of Cre recombinase could result in undesired recombination between the
lox66 and lox71 sites, yielding mcDNA in vitro that would be lost during bacterial
cultivation due to the absence of a selective marker. In fact, we tried a number of
regulated promoters to express Cre recombinase in Salmonella, including the araC-PBAD

promoter (7), the PagC promoter for in vivo regulation (40), and the cI857/PR
temperature-controlled promoter (41). Unfortunately, although all the mentioned pro-
moters could dramatically decrease the production of Cre in vitro, there remained some
leaky synthesis of Cre recombinase, resulting in the undesired presence of Cre, which
in turn transformed the parental plasmid into mcDNA and a miniplasmid.

To achieve our goal, we then explored eukaryotic promoters, such as the CMV
promoter and PGK promoter. According to a previous report, the PGK promoter had no
activity in an E. coli strain, whereas the CMV promoter was a very strong promoter in
E. coli. Using �-galactosidase (�-Gal) as a model, the strength of the PGK promoter-
driven �-Gal activity was 37 in E. coli, which was significantly lower than the �-Gal
activity observed under the CMV promoter, which was 10,600 (38). Therefore, we used
the PGK-Cre-bpA plasmid to insert the PGK-Cre-poly(A) cassette into our construct,
which finally exhibited absolutely no production of Cre recombinase in vitro, yielding
the complete pYL46 parental plasmid harboring both the lox66 and lox71 sites and the
Cre cassette.

The key feature of our novel technology is the transformation of the parental
plasmid into mcDNA after transfection. Therefore, we attempted to extract mcDNA
from 293T cells transfected with the parental plasmid pYL46. Unfortunately, all our
attempts failed even though we tried different approaches, such as increasing the cell
numbers and using different kits for purification of both genomic and plasmid DNA.
However, we never achieved our goal by direct purification and DNA gel purification,
probably due to the low mcDNA yield. Then, we designed a pair of primers located in

FIG 7 Antibody response in both experiments. (A and B) The hemagglutination inhibition (HI) antibody
titers in Exp1 and Exp2 were determined at days 21, 35, and 49 postvaccination (dpv). (C and D) The serum
NDV-specific IgG antibodies at 49 dpv were also determined by ELISA in Exp1 and Exp2. The results are
shown as means � SEM (n � 3). Statistical significance was calculated by one-way ANOVA and a Tukey
posttest. *, P � 0.05.
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the CMV promoter region, and these primers were used to amplify both the complete
parental plasmid and short mcDNA components. As expected, PCR products corre-
sponding to the sizes of the parental plasmid and mcDNA were both detected by
agarose gel electrophoresis (Fig. 2C and 3A), indicating successful production of
mcDNA after transfection.

The regulated-delayed-lysis Salmonella strain has been engineered to lyse in the
cytoplasm of host cells to release DNA vaccines more efficiently than traditional
nonlysis Salmonella strains (7). In this study, the released plasmid DNA transformed to
mcDNA and the miniplasmid after the synthesis of Cre recombinase, so, strictly speak-
ing, our mcDNA vaccine was not a pure collection of mcDNA; instead, this vaccine
included a mixture of mcDNA, the miniplasmid, and the residual parental plasmid. Thus,
this system was different from previous mcDNA constructs for human application,
which required complete absence of materials other than mcDNA. Our main purpose
was to improve the immunological property of our veterinary vaccines, so a mixture of
mcDNA could be acceptable in our study.

The poor immunogenicity of encoded antigens delivered by naked DNA vaccines
has been noted previously (42). In both Exp1 and Exp2, the HI antibody titers increased
much more slowly than those obtained with the inactivated vaccine (Fig. 7A and B),
especially for the broiler chickens in Exp1, in which the HI antibody did not appear until
49 dpv. In fact, to further improve the efficiencies of the DNA vaccine, some studies
used the DNA prime and protein boost strategy to achieve significantly increased
antibody production (43, 44). Therefore, our next step could be the involvement of
subunit vaccine in addition to our CRIM vaccine, which should be able to induce a
better immune response than the DNA vaccine alone. The challenge study in Exp1
demonstrated that pYL47 could provide an 80% protection rate at day 10 postinfection.

FIG 8 Protection against NDV challenge with virulent NA-1 strain. (A and B) After challenge with 106 ELD50 of NDV NA-1 strain, the
chickens were observed for 10 days. Survival curves were calculated for Exp1 and Exp2. (C) Changes in body weight were also
determined (Exp2). (D) At day 3 postchallenge, lung tissues were collected from each group (n � 3), and the virus titers were
determined by dilution on DF-1 cells. The results are expressed as means � SEM (n � 3), and statistical significance was calculated by
one-way ANOVA and a Tukey posttest (**, P � 0.01). TCID50, 50% tissue culture infective dose.
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This result was actually rather impressive considering the relatively low HI antibody
titers. It has been demonstrated that the mcDNA vaccine prefers to prime cytotoxic
T-lymphocyte (CTL) responses and generate memory CD8 T-cell responses (27); there-
fore, one of the possible explanations for our results was that the CRIM vaccine could
efficiently stimulate the cellular immune response in addition to the humoral immune
response even though we did not evaluate this aspect in this study. In addition to the
levels of the HI antibody, we also measured the serum levels of the NDV-specific IgG
antibody using commercial kits. In general, the levels of NDV-specific IgG antibodies in
pYL47-immunized chickens increased compared with the levels in the pYL43 group
(Fig. 7C and D), indicating that some other antibodies could be responsible for the
observed protection.

The survival rates for pYL47-immunized chickens differed between Exp1 and Exp2
(80% versus 50%, respectively). In fact, we noticed that there were some differences
between broilers (Exp1) and laying hens (Exp2). We challenged the chickens in both
studies with the same dose of virus (106 50% embryo-lethal doses [ELD50]), but the
broilers (Exp1) appeared to be more resistant to viral challenge than the laying hens
(Exp2). One of the possible reasons underlying this effect was that the average body
weights at the beginning of the challenge in Exp1 were approximately 2 kg, in contrast
to 1.5 kg in Exp2. Other parameters were also observed to differ, such as the production
of serum cytokines and ELISA antibodies, most likely due to differences in chicken
species. For example, the inactivated vaccine resulted in dramatically increased pro-
duction of IFN-� in broiler chickens in Exp1 (Fig. 5A), with no obvious simultaneous
production of IL-4 (Fig. 5B). On the other hand, the CRIM vector pYL47 significantly
stimulated the production of IL-4 but not IFN-� in Exp1 (Fig. 5A and B). However, the
production trends for IL-4 and IFN-� in Exp2 were not similar to those in Exp1 (Fig. 5C
and D). The increased production of IL-4 in pYL47-immunized broilers in Exp1 was
possibly responsible for the relatively high titers of NDV-specific IgY antibodies (Fig. 7C).

In conclusion, we constructed a novel CRIM platform based on the PGK promoter
and Cre recombinase. In combination with our previous regulated-delayed-lysis Salmo-
nella vector, the novel CRIM vaccine provided significant protection against wild-type
NDV challenge in a chicken model, indicating that our novel Salmonella-CRIM technol-
ogy could provide a novel platform for poultry vaccine development.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are

listed in Table 1. Escherichia coli (E. coli) �6212 cells were used as the host strain during plasmid
construction and grown in Luria-Bertani (LB) medium supplemented with 50 �g/ml diaminopimelic acid
(DAP) (Sigma) at 37°C with shaking. The Salmonella �11218 strain was grown in LB medium supple-
mented with 0.1% arabinose (Sigma) and 50 �g/ml DAP. When necessary, solid medium was prepared
by addition of 1.5% (wt/vol) agar to the broth.

DNA manipulation. The primers used in this study are listed in Table 2. To construct a eukaryotic
expression plasmid for minicircle DNA production, the lox66/lox71 sites were introduced into pYA4685
by PCR as described later and were located outside the CMV promoter and SV40 poly(A) sequences. To

TABLE 1 Bacterial strains and plasmids used in this study

Strain or
plasmid Description Source and/or reference

Strains
�11218 Salmonella host strain for DNA vaccine study Roy Curtiss III (7)
�6212 E. coli host strain for DNA cloning Roy Curtiss III, University of Florida

Plasmids
pYA4545 Eukaryotic expression vector in Salmonella, arabinose dependent Roy Curtiss III (7)
pYA4685 pYA4545 expressing EGFP, eukaryotic expression vector in Salmonella, arabinose dependent Roy Curtiss III (7)
pUC-HNopt Codon-optimized HN gene of genotype VII NDV cloned in pUC57, Kan� Genewiz, China
pYL19 pYA4685 harboring both lox66 and lox71 sites and MRS1/2 sites This study
pYL46 pYL19 harboring PGK-Cre cassette This study
pYL43 pYL19 harboring HN gene, expresses the HN under the CMV promoter This study
pYL47 pYL46 harboring HN gene, expresses HN under the CMV promoter This study
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elaborate, the PCMV-EGFP-SV40 cassette was amplified using the primers lox66-SacII-F/lox71-StuI-R,
whereas the vector fragment was amplified by the primers 4545-SacII-F/4545-StuI-R. The two PCR
fragments were then digested with SacII/StuI and ligated, yielding pYL12. To further expand the
application of our new plasmid, we also introduced two multimer resolution sites (MRS) into pYL12,
which could be recognized by the recombinase ParA. A plasmid harboring MRS1 and -2 (MRS1/2)was
synthesized by Genewiz (Suzhou, China); the MRS1 fragment was removed by XbaI/SacII digestion, and
pYL12 was also digested with XbaI/SacII. The two fragments were then ligated to yield the pYL12-MRS1
plasmid. Then, the primers MRS2-stuI-F/MRS2-speI-R and 4545-stuI-F2/4545-speI-R2 were used to amplify
the MRS2 fragment and the pYL12-MRS1 fragment individually. The two fragments were then digested
with StuI/SpeI and ligated, yielding pYL19, which included both the lox66/lox71 sites and MRS1/2,
although MRS1/2 were not associated with this study.

To introduce a Cre recombinase expression cassette under the PGK promoter into pYL12, the
PGK-Cre-poly(A) gene was amplified using the primers PGK-F2-xmaI/PGK-R2-PacI from the template
plasmid pPGK-Cre-bpA (a gift from Klaus Rajewsky [plasmid 11543; Addgene]), whereas the pYL19
plasmid was used as a template to amplify vector sections using the primers pYL19-F2-xmaI/pYL19-R2-
PacI. After digestion with XmaI/PacI, the fragments were ligated to yield pYL46. The HN gene of genotype
VII of NDV was codon optimized for expression in chicken and cloned into the plasmid pUC-HNopt
(Genewiz). The HN fragment was then amplified using the primers NA-HN-Kpnl-F/NA-HN-Notl-R and
double digested with KpnI/NotI. Then, the plasmids pYL19 and pYL46 were digested with the same
enzymes and ligated with the HN fragments, yielding pYL43 and pYL47, respectively.

Determination of Cre and EGFP expression in 293T cells by Western blotting and IIF. To
evaluate the synthesis of Cre recombinase and detect the recombination between lox66 and lox71 sites
conducted by this recombinase, the plasmid pYL46 was purified by using a GoldHi EndoFree Plasmid
Midi kit (Kangwei Co., China) and transfected into 293T cells using Lipofectamine 3000 (Life Technolo-
gies) according to the manufacturer’s instructions. pYL19 was also included as a control with the same
copy numbers. To elaborate, 2 � 106 cells per well in six-well plates were transfected with 2 �g of
purified plasmid, and after 24 h and 48 h of incubation, whole-cell lysates were collected and subjected
to SDS-PAGE and Western blotting using an anti-Cre antibody (GeneTex) and anti-EGFP antibody (BBI Life
Science) as primary antibodies. After incubation with a horseradish peroxidase (HRP)-conjugated sec-
ondary antibody and probing with a substrate, specific bands were observed using an imaging system,
and the relative levels were calculated using ImageJ software. The production of Cre recombinase was
also determined by an indirect immunofluorescence (IIF) assay as described previously (45) in 24-well
plates using the Cre antibody mentioned above as the primary antibody and Cy3-labeled goat anti-rabbit
IgG(H�L) (Beyotime, China) as the secondary antibody. Fluorescence was observed under a confocal
microscope (LSM710; Zeiss).

Extraction of plasmid and mcDNA from transfected cells. To determine whether the complete
plasmid could be transformed to mcDNA after transfection, the plasmid DNA from 293T cells was
extracted at 24 h posttransfection using a QIAprep Spin Plasmid kit (Qiagen) according to a previously
described method (46). Then, the primers CMV-F1/CMV-R1 were used to amplify either the parental
pYL46 plasmid or mcDNA, and the bands were then purified from the gel and sequenced to confirm
recombination between the lox66 and lox71 sites, yielding a lox72 site.

Quantification of plasmid DNA copies in the nucleus. The cell nuclei were collected from 293T
cells transfected with both the pYL19 and pYL46 plasmids at 12 h posttransfection by using a nuclear
DNA extraction kit (BestBio, China). To remove the associated extranuclear plasmid DNA, the nuclei were
pelleted, rinsed twice in stock nucleus isolation buffer without NP-40, and resuspended in 1 ml of stock
nucleus isolation buffer with 1% paraformaldehyde (PFA) and without NP-40 (47). The nuclear DNA was
then isolated according to a previously described method (48) with minor modifications. To elaborate,
the isolated nuclei were incubated with lysis buffer consisting of 0.5% SDS, 100 �g/ml proteinase K, and

TABLE 2 Primers used in this studya

Primers Sequence

lox66-SacII-F TATGCCGCGGTAATTACCGTTCGTATAATGTATGCTATACGAAGTTATGGGGTCATTAGGGGACTTTC
lox71-StuI-R ACCAGGCCTTACCGTTCGTATAGCATACATTATACGAAGTTATCCACCGCATCCCCACATGCTTTG
4545-SacII-F AATACCGCGGGTAATTGATTACTATTAATA
4545-StuI-R GTAAGGCCTGCTCTATGGCTTCTACTG
PGK-F2-XmaI TCCCCCGGGTCGAGGTCGACGGTATCG
PGK-R2-PacI CCTTAATTAACCAGCTGGTTCTTTCCTCAG
pYL19-F2-xmaI TCCCCCGGGTGTGCCTGTCAAATGGACGAAG
pYL19-R2-PacI CCTTAATTAATTATGCATCGGGGAATTGCG
4545-StuI-F2 TATAGGCCTGGCGGGCTAGATCTTCCAAC
4545-SpeI-R2 ATTACTAGTCGCAATTCCCCGATGCATAATG
MRS2-StuI-F TATAGGCCTGGTCAAATTGGGTATACC
MRS2-SpeI-R ATTACTAGTCATATGTGGGCGTGAGGC
NA-HN-Kpnl-F ATAGGTACCAGGAGCCGCCACCATGGACA
NA-HN-Notl-R GGAGCGGCCGCTCAGTGGTGGTGGTGGTGGTG CACTCTATCGTCCTTCAGGA
CMV-F1 GTACGCCCCCTATTGACG
CMV-R1 TTGGCATATGATACACTTG
aUnderlined nucleotides are restriction sites; italicized nucleotides are the lox66/lox71 sites.
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20 �g/ml DNase-free RNase overnight at 50°C. Then, the total DNA was purified with 1 volume of
Tris-EDTA (TE)-saturated phenol (Life Technology, USA), followed by another extraction in one volume of
phenol-chloroform-isoamyl alcohol (25:24:1). Total DNA was then precipitated with 2 volumes of 100%
ethanol for 30 min at �20°C and centrifuged at 12,000 rpm for 10 min at 4°C. After an additional two
washes with 70% ethanol, the precipitated DNA was stored in double-distilled H2O (ddH2O) at �20°C
until further use. PCR was performed using the primers CMV-F1/R1 to confirm the presence of mcDNA
in the nucleus, and then real-time PCR was performed to determine the relative plasmid (mcDNA) copy
numbers. To elaborate, real-time PCR was performed in an ABI 7500 system (Applied Biosystems) in a
96-well plate. A 25-�l reaction volume with 12.5 �l of SYBR green stain (FastStart Universal SYBR green
Master; Roche), 10 ng of template DNA, and 0.2 mM each primer pair (CMV-F1/CMV-R1 or GAPDH-F/
GAPDH-R) (Table 2) were used for the reactions, targeting the CMV promoter regions of both the parental
plasmid and mcDNA or the GAPDH gene of 293T cells, respectively.

Determination of the number of transcribed mRNA copies of EGFP by real-time qRT-PCR. To
further determine the efficiency of transcription, total RNA was isolated from transfected cells at 12, 24,
and 48 h posttransfection using an RNA Extraction kit (TaKaRa) according to the manufacturer’s instruc-
tions. One hundred nanograms of total RNA from each sample was then reverse transcribed to cDNA
using a reverse transcription system (TaKaRa) according to the manufacturer’s instructions. At the end of
the procedure, cDNA was diluted to a concentration of 10 ng/�l. The nucleotide sequences of the
primers are shown in Table 3. Quantitative reverse transcription-PCR (qRT-PCR) was performed in an ABI
7500 system (Applied Biosystems) in a 96-well plate. A 25-�l reaction volume with 12.5 �l of SYBR green
stain (FastStart Universal SYBR green Master; Roche), 10 ng of cDNA as the template, and 0.2 mM each
primer pair (EGFP-F/EGFP-R or hGAPDH-F/hGAPDH-R) were used for the reactions targeting the EGFP
gene and human GAPDH gene of 293T cells, respectively (n � 3).

Synthesis of EGFP in vivo by pYL19 and pYL46 delivered by the Salmonella vector. To determine
whether our novel CRIM platform works in vivo, we first transformed both the pYL19 and pYL46 plasmids
into competent �11218 cells as described previously (49). Thirty-day-old laying hens (local farm) were
orally inoculated with approximately 1 � 109 CFU of �11218 harboring the empty vector pYA4545,
pYL19, or pYL46 in 100 �l of saline, with three birds per group. At day 7 postinoculation, all the chickens
were necropsied, and the livers were collected and subjected to in vivo imaging (Vilber); then, the
fluorescence intensities of the synthesized EGFP were determined. In addition, the total RNA samples
from the individual livers were collected by using an RNA Extraction kit (TaKaRa) and analyzed by
qRT-PCR as described above using the primers EGFP-F/EGFP-R and cGAPDH-F/cGAPDH-R (Table 3) for
amplification of the EGFP and chicken GAPDH (cGAPDH) genes, respectively; the results are presented as
mRNA levels of EGFP/cGAPDH (n � 3). All experimental procedures and animal management procedures
complied with the requirements of the Animal Care and Ethics Committees of Jilin Agriculture University,
China.

Synthesized HN and Cre recombinase in 293T cells. The plasmids pYL43 and pYL47 constructed
previously were transfected into HEK293T cells with the same copy numbers using Lipofectamine 3000
(Life Technologies) as described above. The empty vector pYA4545 was also included as a negative
control. Synthesis of the HN proteins was determined by an IIF assay at 24 h posttransfection. A mouse
anti-His monoclonal antibody (A02050; Abbkine) was used as the primary antibody at a dilution of
1:1,000 as recommended, followed by a fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG
antibody (Cwbiotech, Beijing, China). Simultaneously, the production of Cre recombinase in cells
transfected with pYL47 was also determined by IIF as described above. The fluorescence was then
detected by confocal microscopy (Zeiss, Germany).

Animal study. Two sets of chicken experiments were performed using broilers (1 day old) and laying
hens (30 days old) (Hongda Animal Technology Co., Ltd., Changchun, China), for experiment one (Exp1)
and experiment two (Exp2), respectively. The basic immunization and challenge protocols were the same
for both experiments, except for a few differences regarding the number of chickens as well as the
challenge study, as shown in Fig. 5D.

To elaborate, 1-day-old broiler chickens (Exp1) or 30-day-old laying hens (Exp1) were divided into
separate isolators, with 5 chicks per group (Exp1) or 11 chicks per group (Exp2). The chickens in Exp2
were fed after arrival until day 30 to exclude the presence of parental hemagglutination inhibition (HI)
antibody. All the birds were orally inoculated with approximately 1 � 109 CFU of �11218 harboring
pYA4545, pYL43, or pYL47 individually as primary vaccinations (indicated as 0 dpv), and chickens
inoculated with saline were also included as negative controls. In addition, chickens intramuscularly
injected with commercial genotype VII NDV vaccine (Jiangsu Nannong Hi-Tech Co., Ltd, China), once at
0 dpv, according to the product instructions were included as positive controls. The chickens were then
subjected to boosting an additional three times with recombinant strains at 14, 28, and 42 dpv, and

TABLE 3 Primers used in real-time PCR

Primer Sequence Product size (bp)

EGFP-F CAGCCACAACGTCTATATCATGG 122
EGFP-R GGGTGTTCTGCTGGTAGTGGT
hGAPDH-F GCACCGTCAAGGCTGAGAAC 138
hGAPDH-R TGGTGAAGACGCCAGTGGA
cGAPDH-F CTCTGGCAAAGTCCAAGTGGTG 132
cGAPDH-R GCCCTTGAAGTGTCCGTGTGTA
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blood samples were collected at 21, 35, and 49 dpv. The HI antibody levels were determined using 1%
chicken red blood cells (RBCs) with 4 hemagglutination (HA) units of the NDV-specific antigen (NA-1; Jilin
University, China) per well as described previously (50). The serum NDV-specific IgG antibody levels and
concentrations of IL-4 and IFN-� in the serum from 49 dpv were determined using a commercial ELISA
kit according to the manufacturer’s instructions (Kete, Inc., Jiangsu, China).

The chickens were then challenged with the genotype VII NDV wild-type strain NA-1 at a dose of 106

ELD50 via nasal drops at 56 dpv, and the clinical signs and survival rates were observed and recorded over
the next 10 days. For Exp2, viral replication in the lungs was also determined as described previously (51)
with minor modifications. To elaborate, three chickens from each group were sacrificed on the 3rd dpc
for quantification of challenge virus replication. Tissue samples, including lung, spleen, and bursa
samples, were collected, homogenized in cell culture medium (0.1 g/ml), and clarified by centrifugation.
The viral titers in the tissue samples were then determined by limiting dilution on chicken DF-1 cells. The
remaining 8 chickens in each group were observed daily for 10 days for changes in body weight, signs
of disease, and mortality.

Statistical analysis. The significance of the data was assessed using GraphPad Prism, version 5,
software. Data are presented as the means � standard errors of the means (SEM) and analyzed by
one-way analysis of variance (ANOVA) (Dunnett’s multiple-comparison test) of at least three independent
experiments.
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