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Abstract

Porcine circovirus type 2 (PCV2) is the main causative agent of porcine circovirus-associated diseases, and it causes
substantial economic losses in the swine industry each year. It is crucial to develop an effective vaccine against the
circulating strain PCV2d, which is prone to substantial degrees of mutation. In this study, a truncated form of flagel-
lin (tFlic: 85-111 aa) was inserted into the C-terminal sequence of 2dCap, and Western blotting results showed that
recombinant Cap-tFlic VLPs were successfully expressed. Transmission electron microscopy (TEM) and dynamic light
scattering (DLS) data indicated that purified recombinant Cap-tFlic fusion proteins existed in the form of polymers
and that tFlic could not affect the formation and internalization of VLPs. Integrated Cap-tFlic VLPs induced the expres-
sion of antigen presentation-related factors (MHC-Il and CD86) by bone marrow-derived dendritic cells (BM-DCs),
and the expression of TLR5-related factors (TNF-a) was dramatically elevated. Mice intramuscularly immunized with
Cap-tFlic VLPs exhibited significantly higher levels of Cap-specific antibodies and neutralizing antibodies than mice
immunized with wild-type Cap VLPs. The data obtained in the current study indicate that Cap-tFlic may be a candi-

date for a subunit vaccine against PCV2 in the future.
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Main text

Flagellin, the main protein component of bacterial fla-
gella, possesses powerful and modifiable adjuvant activ-
ity due to its unique structure. As a pathogen-associated
molecular pattern (PAMP) that activates innate and
adaptive immune responses, flagellin has been widely
used as a potent adjuvant in vaccine design (Khim et al,,
2021; Oh et al., 2014; Wangkahart et al., 2018; Gries et al.,
2019). Flagellin is the only protein component recognized
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by the TLR5 receptor that activates NF-kB and stimulates
tumor necrosis factor-a (TNF-a) production through
a MyD88-dependent pathway (Miao et al., 2007; Ben-
edikz et al,, 2019). The innate immune response to bac-
terial flagellin is mediated by TLR5. Following invasion
by a foreign microbe, DCs undergo a maturation process
characterized by increased surface expression of MHC-II
and costimulatory molecules, and then, effective immune
responses in naive T cells are initiated; these phenomena
have been confirmed with human dendpritic cells (DCs)
(Eaves-Pyles et al., 2001; Gewirtz et al., 2004; Means et al.,
2003). However, it was shown that murine DCs do not
respond to flagellin, and these results may have occurred
because these cells do not express TLR5 (Macpher-
son and Harris, 2004; Uematsu and Akira, 2009). Previ-
ous research conducted recent years used flagellin in
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the development of tumor vaccines, and one such study
demonstrated enhanced tumor-specific CD8" T cell-
mediated immune responses after TLR5 stimulation in a
therapeutic cancer vaccine model (Nguyen et al., 2013).
It has been shown that flagellin exerts strong adjuvant
effects in many vaccine candidates against Yersinia pes-
tis (Honko et al., 2006; Mizel et al., 2009), Plasmodium
falciparum (Bargieri et al., 2008), Clostridium tetani (Lee
et al,, 2006), influenza (Skountzou et al., 2010) and West
Nile virus (McDonald et al., 2007). The truncated form of
flagellin (tFlic, aa 85-111) and eight other flagellin-related
peptides were proven to function as adjuvants and
enhance antigen-specific immunity (Faham and Altin,
2010).

Porcine circovirus type 2 (PCV2) was found to cause
porcine circovirus-associated diseases (PCVADs). The
capsid protein (Cap), encoded by ORF2, is the most
important protective antigen of PCV2 and has been used
as a target for vaccine development (Chae, 2012). Cap
can self-assemble to form virus-like particles (VLPs)
of 60 subunits (Khayat et al., 2011). These VLPs have a
structure similarity to that of virions that elicits strong
B cell-mediated responses and cytotoxic T lymphocyte-
mediated responses, but they lack nucleic acids, which
reduce the risk of viral spread; thus, VLPs are a hot topic
in vaccine development research (Aguilera et al., 2017;
Chae, 2016; Fachinger et al., 2008; Rosano and Ceccarelli,
2014; Yin et al., 2010). Epidemiological findings from
an increasing number of studies revealed that PCV2d
(a PCV2b mutant with reportedly higher virulence) has
emerged and spread rapidly in Chinese swine herds (Xiao
et al., 2015). Commercial vaccines, including whole-virus
inactivated vaccines and recombinant vaccines based on
Cap, are in urgent need of improvement.

The structure of VLPs is similar to that of natural
viruses; these particles are small and can display repeti-
tive and ordered antigens. It has been demonstrated that
VLPs can bind to DCs and be efficiently internalized, pro-
moting stronger MHC-I cross-presentation and T and B
cell-mediated responses than soluble antigens (Wu et al.,
2010). The self-adjuvant nature of VLPs is considered
a prominent advantage, and VLPs are used in vaccine
design (Eaves-Pyles et al., 2001). Previous studies have
shown that recombinant Cap from PCV2 can be assem-
bled into VLPs in E. coli, baculovirus or yeast systems
(Bucarey et al., 2009; Marcekova et al., 2009; Nainys et al.,
2014). PCV2 Cap was used as a foreign epitope carrier
because its C-terminus allows the insertion of small anti-
gen fragments, and the display of small molecules on the
surface does not interfere with particle assembly (Li et al.,
2018c; Ding et al., 2019; Li et al.,, 2018a, b). VLPs formed
by PCV2 Cap have also been successfully used as foreign
epitope vectors to carry other antigens (Zhang et al.,
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2014). When the nuclear localization signal (NLS) of Cap
was replaced with T cell epitopes and B cell epitopes of
classical swine fever virus (CSFV), the VLPs could suc-
cessfully self-assemble and stimulate the production of
antibodies against PCV2 and CSFV (Zhang et al., 2014).
Furthermore, a recombinant form of PCV2b Cap that
includes the VP1 epitope of foot-and-mouth disease virus
(FMDV) can form VLPs and elicit strong humoral immu-
nity against PCV2b and FMDYV in mice and guinea pigs
(Li et al., 2018c). M2e (a conserved protective antigen of
the influenza A virus) was expressed in Escherichia coli
(E. coli) and then inserted into the PCV2 Cap sequence,
the recombinant Cap self-assembled into chimeric Cap-
3M2e VLPs. This bivalent nanovaccine was able to elicit
high levels of M2e-specific antibodies and PCV2-specific
neutralizing antibodies (Ding et al., 2019). To control the
mixed infection of PCV2 and porcine respiratory and
reproductive syndrome virus (PRRSV), PCV2-derived
VLPs were engineered by replacing the decoy epitope
(169-180 aa) of Cap with protective epitopes of PRRSV;
these VLPs stimulated the production of considerable
amounts of neutralizing antibodies against both PCV2
and PRRSV (Jung et al., 2020). These findings empha-
sized that genetic recombination of PCV2-derived VLPs
is a promising strategy.

In the present study, we explored whether the potency
of Cap VLP-based vaccines in a mouse model would be
further elevated via the addition of a truncated form of
flagellin (tFlic) as an adjuvant.

Successful expression of Cap-tFlic and assembly of VLPs

In a previous study, a truncated form of flagellin (tflic,
amino acids 85-111 of mature flagellin), which plays an
auxiliary role in eliciting immune responses mainly by
inducing DC maturation (as shown by MHC-II and CD86
expression) and cytokine production (Liu et al., 2020;
Sanders et al., 2009), was used for the targeted delivery
of liposomal antigen to APCs in vitro and in vivo; this
approach significantly enhanced antigen-specific immu-
nity. To promote the soluble expression of the recombi-
nant protein, amino acids 1-16 of the N-terminus of Cap
were deleted. Then, the amino acid sequence of tFlic was
inserted into the C-terminus of 2dCap to construct the
expression plasmid (Fig. 1A), and Cap-tFlic was trans-
formed into E. coli BL21 (DE3) and purified by nickel-
nitrilotriacetic acid (Ni-NTA). Western blotting results
indicated that the size of the fusion protein was con-
sistent with the expected molecular weight of ~28 kDa;
moreover, the Cap-tFlic proteins showed significant
reactivity with the PCV2 Cap monoclonal antibody 8C3
(Fig. 1A). The purified proteins were processed and ana-
lyzed by transmission electron microscopy (TEM). The
results showed that Cap-tFlic successfully assembled
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Fig. 1 Construction and characterization of Cap-tFlic VLPs. Amino acid sequences corresponding to tFlic were inserted into the C-terminal

sequence of Cap, and recombinant proteins were specifically identified by a mouse anti-Cap mAb (8C3) using Western blotting (A). Morphological
characterization of Cap VLPs by TEM (20,000 x) (B). Determination of Cap-tFlic VLP particle diameter by DLS (C). NC, negative control, protein

Diam (nm )

60T,~60kDa

into regular VLPs with a diameter of ~20 nm (Fig. 1B).
The DLS results indicated that the major particle size of
Cap-tFlic VLPs was 22 nm (Fig. 1C). The observed size of
Cap-tFlic VLPs obtained via both methods was consist-
ent, indicating that the Cap-tFlic VLPs exhibit consider-
able integrity and ordered distribution.

Significantly elevated antigen-presenting molecule
expression via Cap-tFlic VLPs

BM-DCs were prepared from mice and used to deter-
mine whether the incorporation of antigen with the small
molecule adjuvant tFlic influences the uptake of Cap
VLPs by APCs. BM-DCs were incubated with 100 pg/
mL Cap VLPs and Cap-tFlic VLPs for 12 h. As shown in
Fig. 2A, the same green fluorescence signal was observed
in the BM-DCs in the Cap VLPs and Cap-tFlic VLPs
groups. These results indicate that the ability of the cells
to internalize Cap-tFlic VLPs was not enhanced, and
conversely, tFlic does not affect the internalization of Cap
antigens. DC activation is considered a critical step in
initiating adaptive immunity (Banchereau and Steinman,
1998); in fact, upon administration, flagellin induces a
strong upregulation of costimulatory molecule expres-
sion by DCs (Didierlaurent et al., 2004), and DC acti-
vation is usually evaluated by administering potential
stimuli and measuring the expression of MHC-II, CD80,
CDS86 or CD40 (Sanders et al., 2009). To further investi-
gate the initiation of cellular immune responses, relative

expression of MHC-II, TNF-a and CD86 was determined
by quantitative real-time PCR (qPCR) (Fig. 2B). The
results showed that expression levels of MHC-1I, CD86
and especially TNF-a markedly increased upon incuba-
tion with Cap-tFlic. The level of TNF-«a in the Cap-tFlic
VLP group was 13.39-fold higher than that in the native
Cap VLP group. The levels of MHC-II and CD86 in the
Cap-tFlic VLP group were 3.14- and 5.18-fold higher
than those in the native Cap VLP group, respectively.
At present, most of studies related to flagellin that used
mouse models mostly used intestinal or lung-derived
monocytes. Interestingly, when mouse-derived DCs were
stimulated by Cap VLPs carrying flagellin (flagellin was
the only variable) in this study, the expression of TLR5-
related cytokines, such as TNF-a, was increased; how-
ever, the mechanism underlying tFlic-induced changes in
the expression of relevant factors requires further study.
These results suggest that Cap-tFlic VLPs can induce
cytokine production and DC maturation in vitro.

Stimulation of potent humoral immune responses

by Cap-tFlic VLPs

After immunization of a mouse model, it was observed
that the efficient internalization of Cap-tFlic indeed cor-
related with a more effective humoral immune response,
especially with a significant increase in IgG1 and IgG2a
production. IgG2a production suggests a predomi-
nantly T helper cell type 1 (Th1) response, which plays
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an indispensable role in protection against viral infec-
tion (Hannestad and Scott, 2017). Therefore, the levels
of anti-Cap antibodies were tested by enzyme-linked
immunosorbent assay (ELISA). The results are shown
in Fig. 3. As expected, insignificant antibody responses
were observed in the negative control group that was
treated with PBS, and Cap-specific antibody levels were
significantly elevated in the immunized group. At 35
d post immunization (dpi), the level of IgG detected in
the antigen-immunized Cap VLP group was higher than
that in the positive control group, and the Cap-tFlic VLP
group has significantly higher IgG levels than the Cap
VLP group (p <0.001), corresponding to the OD450 value
in the Cap-tFlic VLP group being 1.25-fold higher than
that in the Cap VLP group. The distribution of the IgG
subclasses IgG1 and IgG2a was then assessed. The IgG1
levels of the Cap-tFlic VLP group were significantly
higher than those of the Cap VLP group (P<0.01), corre-
sponding to the OD450 value in the Cap-tFlic VLP group
being 1.25- and 1.22-fold higher than that in the Cap VLP
group. Levels of virus-neutralizing antibodies (NAbs)
against PCV2 correlate well with in vivo protection; they
can bind to antigens on the surface of pathogenic micro-
organisms, preventing adherence to target cell recep-
tors and cell invasion. Therefore, the titer of NAbs in
serum samples was measured (Fig. 3). As expected, no
PCV2-specific NAbs were detected in the negative con-
trol group, and significant increases in the NAb levels
were detected in all the other immunized groups. In the
Cap-tFlic VLP groups, the average NAb titer was 1:20.53,
which was significantly (?<0.01) higher than that in the
native Cap VLP groups (1:10.13). These results suggest
that Cap-tFlic VLPs are more efficient in eliciting a Thl
response and humoral immune responses than conven-
tional Cap VLPs in vivo, verifying that the addition of the
truncated form of flagellin (tFlic) in the PCV2 subunit
vaccine represents an alternative strategy for improving
the immunogenicity of Cap.

Methods

Cells, virus and experimental animals

The GenBank accession number of the Cap gene is
MT376345.1, and the amino acid sequence of the trun-
cated form of flagellin (tFlic: 85-111 aa) is ATCAAC
AACAACCTGCAGCGTGTTCGTGAACTGGCTGTT
CAGTCTGCTAACTCTACCAACTCTCAGTCTGAC
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CTGGACTCT. Porcine kidney epithelial cells (PK-15,
ATCC -33,BNCC, China) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Thermo, USA) sup-
plemented with 10% fetal bovine serum (FBS, Yeasen,
China), 100 IU/mL penicillin (Sangon, China) and
100 mg/L streptomycin (Sangon, China) at 37 °C in a 5%
CO, atmosphere. The PCV2d JH strain (MG_245867.1)
was grown in PK-15 cells and utilized for indirect immu-
nofluorescence assay (IFA) and ELISA. Totally 20 eight-
week-old female SPF BALB/c mice and C576BL male
mice were arbitrarily chosen and purchased from the
Experimental Animal Center of Zhengjiang Univer-
sity. The experimental mice were randomly divided into
four groups, given clean water and food, and allowed to
acclimate to the housing environmental conditions. The
animal experimental procedures were supervised and
approved by the Laboratory Animal Management Com-
mittee, Zhejiang University.

Cloning and expression of Cap-tFlic VLPs

As shown in Fig. 1, the small molecule adjuvant trun-
cated flagellin (tFlic) was fused to the N-terminus of Cap
with a 4 x GGS flexible linker to generate the recombi-
nant plasmid pET28a-2dcap-d16-tFlic, which was then
transformed into E. coli Rosetta (DE3) (Yeasen, China)
competent cells. The sequences of the primers used for
PCR are shown in Table 1. Bacteria were cultured, treated
with 0.06 mM isopropyl thiogalactoside (IPTG, Sangon,
China), collected, suspended and lysed by ultrasonica-
tion. Then, supernatants containing the target proteins
were collected and mixed with agarose resin (Yeasen,
China), and target proteins were eluted with PBS supple-
mented with 500 mM imidazole (Liu et al., 2021). For the
subsequent experiments, the purified proteins were ana-
lyzed by SDS—PAGE and Western blotting.

Characterization of Cap-tFlic particles

Purified Cap-tFlic fusion proteins were filtered and dia-
lyzed at 16 °C overnight as described previously (Liu
et al,, 2021). VLPs were visualized by transmission elec-
tron microscopy (TEM, JEOL, JEM-1010) using 2% phos-
photungstic acid (PTA, Aladdin, China) (pH 6.8) negative
staining. The size distribution and diameter of the VLPs
were then measured by dynamic light scattering (DLS,
PSS, Nicomp, USA.)

(See figure on next page.)

Fig. 2 Assessment of antigen uptake and immunostimulatory effects in BM-DCs. BM-DCs were incubated with Cap-tFlic VLPs. The primary antibody
was mouse 8C3 mAb, and the secondary antibody was FITC-coupled goat anti-mouse IgG. Signals of cell nuclei (blue) and Cap (green) were
detected by CLSM (A). BM-DCs were exposed to 100 pg/mL antigens for 12 h, and TNF-a, MHC-Il and CD86 expression was then measured by qPCR

(B). NC, unprocessed BM-DCs. **P<0.01, ***P<0.001, ****P < 0.0001
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Fig. 3 Measurement of Cap-specific antibody levels and PCV2-specific Nab levels in sera. Levels of specific antibodies, including IgG (A), IgG1 (B)
and IgG2a (C), and neutralizing antibodies against the PCV2 JH strain were measured by ELISA at 35 dpi (day post immunization). NADb titers were
calculated and are expressed as the log 2 of the reciprocal of the highest serum dilution that was able to completely block PCV2 infection in PK-15
cells (D). **, P<0.01, ***, P<0.001

Table 1 The primers used for PCR

Primer Sequence (5'-3')

tFlic-F TCAGTCTGACCTGGACTCTTGAGATCCGGCTGCTAACAAAGCCCG
tFlic-R AACACGCTGCAGGTTGTTGTTGATACCACCCTTAGGGTTAAGTGGGGGGTC
pET28a-2dCap-d16-tFlic-F TGATGAAAGCTTGGCACTGGCCGTCGTTTTACAACGTCG
pET28a-2dCap-d16-tFlic-R CACTTTGTGATTCATATGCTATGGTCCTTGTTGGTGAAG

B-actin-F GGAGGGGGTTGAGGTGTT

B-actin-R GTGTGCAC ATTGGTCTCAA

MHCAII-F CTGTCTGGATGCTTCCTGAGTTT

MHC-II-R TCAGCTATGTTTTGCAGTCCACC

TNF-a-F GCCTCTTCTCATTCCTGCTT

TNF-a-R TGGGAACTTCTCATCCCTTTG

CD86-F GCCGTGCCCATTTACAAAGGCTCAA

CD86-R TGTTACATTCTGAGCCAGTTTTATT
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Culture of murine bone marrow-derived dendritic cells
(BM-DCs)

BM-DCs were isolated and cultured as described previ-
ously (Liu et al,, 2021). Briefly, C576BL male mice were
euthanized and dissected, and bone marrow-derived
dendritic cells were resuspended and seeded in 6-well cell
plates at a density of 10° cells/well. Then, the cells were
cultured for 7 d in complete RPMI-1640 (Thermo,USA)
medium supplemented with 10 ng/mL granulocyte—
macrophage colony-stimulating factor (GM-CSE, San-
gon, China) and 10 ng/mL interleukin-4 (IL-4, Sangon,
China).

Cellular uptake

Internalization of Cap VLPs by BM-DCs was meas-
ured as described previously (Liu et al., 2021). In brief,
100 pg/mL Cap VLPs and Cap-tFlic VLPs were added to
cell cultures and incubated for 12 h. The cells were fixed
with cold acetone, blocked with FBS, incubated with an
anti-Cap monoclonal antibody (8C3), which was previ-
ously identified by this laboratory, for 1 h, and incubated
with a fluorescent secondary antibody. The cells were
stained with 4,6-diamino-2-phenyl indole (DAPI, Abcam,
China) for 10 min, and then, the immunofluorescence
signals of Cap internalization were measured by confo-
cal laser scanning microscopy (CLSM, Japan, Olympus,
IX81-FV1000).

Analysis of cytokine mRNA expression in BM-DCs

The effect of Cap VLPs on BM-DC antigen presentation
was investigated as described previously (Liu et al., 2021).
After exposure to 100 pg/mL Cap VLPs or Cap-tFlic
VLPs for 12 h, total RNA was isolated from BM-DCs with
an Easy RNA Kit (Easydo, China), and mRNA expression
was analyzed by quantitative real-time PCR (qPCR). The
primers used for qPCR are shown in Table 1.

Immunization

Eight-week-old female BALB/c mice (Zhejiang University
Animal Experiment Center) were randomly divided into
four groups with five animals per group, and the mice
were subcutaneously inoculated with 4 pg of Cap VLPs
or Cap-tFlic VLPs. PBS and commercial subunit vaccine
(Pulike, China) were used as negative and positive con-
trols, respectively. Booster immunization was carried
out with the same dose at 14 dpi, and serum samples
were collected to measure the levels of PCV2-specific
antibodies.

Serological assays
Mouse serum samples were collected at 35 dpi and were
subjected to indirect ELISA to measure Cap-specific
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antibody levels as described previously (Liu et al., 2021).
Briefly, 0.5 uM/mL 2dCap was precoated overnight at
4 °C, blocked, incubated with mouse serum samples
(diluted in PBST, 1:500) for 1 h at 37 °C, and incubated
with HRP-conjugated goat anti-mouse 1gG/IgG1/IgG2a
(BBI, Beijing) diluted in PBST by 1:5000, 1:2000 and
1:2000. Then, tetramethylbenzidine (TMB, Invitrogen,
USA) was added, and the absorbance at 450 nm was read
by a microplate reader (Biotek, Epoch, USA).

To determine the titers of neutralizing antibodies
(NAbs) against PCV2, a virus neutralization test (VNT)
was performed as described previously (Lu et al., 2022).
In brief, PK-15 cells were cultured in DMEM a conflu-
ence of 70%, and twofold serially diluted heat-inactivated
serum samples were mixed with the same volume of PCV
JH (200 TCIDj;) and incubated for 1 h at 37 °C. The cells
were incubated with the mixture for 1 h and then incu-
bated under normal conditions for 72 h. Then, IFA was
performed, and the cells were observed under a fluores-
cence microscope.

Statistical analysis

Student’s t test was used to analyze the significance of the
differences between two groups. P values < 0.05 were con-
sidered statistically significant.

Abbreviations

tFlic: Truncated form of flagellin; PCV2: Porcine circovirus type 2; VLPs: Virus-like
particles; DLS: Dynamic light scattering; MHC-I: Major histocompatibility com-
plex class I; MHC-II: Major histocompatibility complex class II; TNF-a: Tumor
necrosis factor-a; PAMP: Pathogen-associated molecular pattern; TLR5: Toll-like
receptor; DCs: Dendritic cells; Cap: Capsid protein; E. coli: Escherichia coli; NLS:
Nuclear localization signal; FMDV: Foot-and-mouth disease virus; CSFV: Clas-
sical swine fever virus; PRRSV: Porcine respiratory and reproductive syndrome
virus; Ni-NTA: Nickel-nitrilotriacetic acid; PBS: Phosphate-buffered saline; PBST:
Phosphate Tween-20 buffer; TEM: Transmission electron microscopy; BM-

DCs: Bone marrow-derived dendritic cells; gPCR: Quantitative real-time PCR;
NAbs: Neutralizing antibodies; PMWS: Postweaning multisystemic wasting
syndrome; NK: Natural killer cells; IL-6: Interleukin-6; IL-10: Interleukin-10; Th1:
T helper cell type 1; PK-15: Porcine kidney epithelial cells; DMEM: Dulbecco’s
Modified Eagle Medium; FBS: Fetal bovine serum; IFA: Indirect immunofluores-
cence assay; ELISA: Enzyme-linked immunosorbent assay; IPTG: Isopropy! thi-
ogalactoside; PTA: Phosphotungstic acid; GM-CSF: Granulocyte-macrophage
colony-stimulating factor; IL-4: Interleukin-4; CLSM: Confocal laser scanning
microscopy; DAPI: 4,6-Diamino-2-phenyl indole; TMB: Tetramethylbenzidine;
VNT: Virus neutralization test.

Acknowledgements

We appreciate the China Animal Husbandry Industry Co,, Ltd. for funding and
technique support. We appreciate the technique support for the microscopy
from the core facilities, College of Animal Science, Zhejiang University.

Authors’ contributions

Ying Lu performed the study and drafted the manuscript. Zehui Liu designed
the study, analyzed the data and drafted the manuscript. Yingxiang Li, Zhuo-
fan Deng contributed to the study. Weihuan Fang provided key experimental
materials and technical advice. Fang He designed the study, analyzed the data
and proofread the manuscript. All the authors have read and approved the
final version of the manuscript.



Lu et al. Animal Diseases (2022) 2:11

Funding

This work was supported by the Key Laboratory of Veterinary Biological Prod-
ucts and Chemicals, Ministry of Agriculture, China Animal Husbandry Industry
Co,, Ltd. Project name: Novel Adjuvanted Chimeric Porcine Circovirus Type 2
CAP Virus-Like Particle Vaccine and project number: 20201612 (2020-2024).

Availability of data and materials
The data will be shared upon request by readers.

Declarations

Ethics approval and consent to participate

Animal experimental procedures were supervised and approved by the Labo-
ratory Animal Care and Use Committee, Zhejiang University. The correspond-
ing ethical application code is No. 17243.

Competing interests

The author declares that he or she has no competing interests. Author
Fang He was not involved in the journal’s review or decisions related to this
manuscript.

Received: 26 March 2022 Accepted: 3 May 2022
Published online: 02 June 2022

References

Aguilera, B.E., G. Chavez-Calvillo, D. Elizondo-Quiroga, M.N. Jimenez-Garcia, M.
Carrillo-Tripp, L. Silva-Rosales, R. Hernandez-Gutierrez, and A. Gutierrez-
Ortega. 2017. Porcine circovirus type 2 protective epitope densely carried
by chimeric papaya ringspot virus-like particles expressed in Escherichia
coli as a cost-effective vaccine manufacture alternative. Biotechnol Appl
Biochem 64: 406-414. https://doi.org/10.1002/bab.1491.

Banchereau, J,, and R.M. Steinman. 1998. Dendritic cells and the control of
immunity. Nature 392: 245-252. https://doi.org/10.1038/32588.

Bargieri, D.Y, D.S. Rosa, C.J. Braga, B.O. Carvalho, FT. Costa, N.M. Espindola,
AJ.Vaz, |.S. Soares, L.C. Ferreira, and M.M. Rodrigues. 2008. New malaria
vaccine candidates based on the Plasmodium vivax Merozoite Surface
Protein-1 and the TLR-5 agonist Salmonella Typhimurium FliC flagellin.
VACCINE 26: 6132-6142. https://doi.org/10.1016/j.vaccine.2008.08.070.

Benedikz, EK, D. Bailey, C. Cook, D. Goncalves-Carneiro, M. Buckner, J. Blair,

T.J. Wells, N.F. Fletcher, M. Goodall, A. Flores-Langarica, R.A. Kingsley, J.
Madsen, J. Teeling, S.L. Johnston, CA. MacLennan, P. Balfe, I.R. Henderson,
L. Piddock, A.F. Cunningham, and J.A. McKeating. 2019. Bacterial flagellin
promotes viral entry via an NF-kB and Toll Like Receptor 5 dependent
pathway. Sci Rep 9: 7903. https://doi.org/10.1038/541598-019-44263-7.

Bucarey, S.A, J. Noriega, P. Reyes, C. Tapia, L. Saenz, A. Zuniga, and J.A. Tobar.
2009. The optimized capsid gene of porcine circovirus type 2 expressed
in yeast forms virus-like particles and elicits antibody responses in mice
fed with recombinant yeast extracts. VACCINE 27: 5781-5790. https://doi.
org/10.1016/j.vaccine.2009.07.061.

Chae, C. 2012. Commercial porcine circovirus type 2 vaccines: Efficacy and
clinical application. Vet J 194: 151-157. https://doi.org/10.1016/j.tvjl.2012.
06.031.

Chae, C. 2016. Porcine respiratory disease complex: Interaction of vaccina-
tion and porcine circovirus type 2, porcine reproductive and respiratory
syndrome virus, and Mycoplasma hyopneumoniae. Vet J 212: 1-6. https://
doi.org/10.1016/j.tvjl.2015.10.030.

Didierlaurent, A, I. Ferrero, LA. Otten, B. Dubois, M. Reinhardt, H. Carlsen,

R. Blomhoff, S. Akira, J.P. Kraehenbuhl, and J.C. Sirard. 2004. Flagellin
promotes myeloid differentiation factor 88-dependent development of
Th2-type response. J Immunol 172: 6922-6930. https://doi.org/10.4049/
jimmunol.172.11.6922.

Ding, P, Q. Jin, X. Chen, S. Yang, J. Guo, G. Xing, R. Deng, A. Wang, and G. Zhang.
2019. Nanovaccine Confers Dual Protection Against Influenza A Virus And
Porcine Circovirus Type 2. Int J Nanomedicine 14: 7533-7548. https://doi.
org/10.2147/1IN.5218057.

Eaves-Pyles, T, K. Murthy, L. Liaudet, L. Virag, G. Ross, F.G. Soriano, C. Szabo,
and A L. Salzman. 2001. Flagellin, a novel mediator of Salmonella-
induced epithelial activation and systemic inflammation: | kappa B alpha

Page 8 of 9

degradation, induction of nitric oxide synthase, induction of proinflam-
matory mediators, and cardiovascular dysfunction. JImmunol 166:
1248-1260. https://doi.org/10.4049/jimmunol.166.2.1248.

Fachinger, V., R. Bischoff, S.B. Jedidia, A. Saalmuller, and K. Elbers. 2008. The
effect of vaccination against porcine circovirus type 2 in pigs suffer-
ing from porcine respiratory disease complex. VACCINE 26: 1488-1499.
https://doi.org/10.1016/j.vaccine.2007.11.053.

Faham, A, and J.G. Altin. 2010. Antigen-containing liposomes engrafted with
flagellin-related peptides are effective vaccines that can induce potent
antitumor immunity and immunotherapeutic effect. JImmunol 185:
1744-1754. https://doi.org/10.4049/jimmunol.1000027.

Gewirtz, AT, Y. Yu, US. Krishna, D.A. Israel, S.L. Lyons, and RJ. Peek. 2004.
Helicobacter pylori flagellin evades toll-like receptor 5-mediated innate
immunity. J Infect Dis 189: 1914-1920. https://doi.org/10.1086/386289.

Gries, CM,, RR. Mohan, D. Morikis, and D.D. Lo. 2019. Crosslinked flagella as a
stabilized vaccine adjuvant scaffold. BMC Biotechnol 19: 48. https://doi.
org/10.1186/512896-019-0545-3.

Hannestad, K, and H. Scott. 2017. A Nonadjuvanted IgG2a Monoclonal
Antibody against Nucleosomes Elicits Potent T Cell-Dependent, Idiotype-
Specific IgG1 Responses and Glomerular IgG1/IgG2a Deposits in Normal
Mice. JImmunol 199: 489-500. https://doi.org/10.4049/jimmunol.16007
18.

Honko, ANN., N. Sriranganathan, C.J. Lees, and S.B. Mizel. 2006. Flagellin is an
effective adjuvant for immunization against lethal respiratory challenge
with Yersinia pestis. Infection and Immunity 74: 1113-1120. https://doi.
org/10.1128/1A1.74.2.1113-1120.2006.

Jung, BK,, HR. Kim, H. Jang, and K.S. Chang. 2020. Replacing the decoy epitope
of PCV2 capsid protein with epitopes of GP3 and/or GP5 of PRRSV
enhances the immunogenicity of bivalent vaccines in mice. J Virol Meth-
ods 284: 113928. https://doi.org/10.1016/jjviromet.2020.113928.

Khayat, R, N. Brunn, J.A. Speir, JM. Hardham, R.G. Ankenbauer, A. Schneemann,
and J.E. Johnson. 2011. The 2.3-angstrom structure of porcine circovirus 2.
JVirol 85: 7856-7862. https://doi.org/10.1128/JVI1.00737-11.

Khim, K., Y.J. Bang, S. Puth, Y. Choi, YS. Lee, K. Jeong, S.E. Lee, and J.H. Rhee.
2021. Deimmunization of flagellin for repeated administration as
a vaccine adjuvant. NPJ VACCINES 6: 116. https://doi.org/10.1038/
s41541-021-00379-4.

Lee, S.E, S.Y.Kim, B.C. Jeong, Y.R. Kim, S.J. Bae, O.S. Ahn, JJ. Lee, H.C. Song, JM.
Kim, H.E. Choy, S.S. Chung, M.N. Kweon, and J.H. Rhee. 2006. A bacterial
flagellin, Vibrio vulnificus FlaB, has a strong mucosal adjuvant activity to
induce protective immunity. Infection and Immunity 74: 694-702. https://
doi.org/10.1128/1A1.74.1.694-702.2006.

Li, X, X. Meng, S.Wang, Z. L, L. Yang, L. Tu, W. Diao, C. Yu, Y. Yu, C. Yan, and L.
Wang. 2018. Virus-like particles of recombinant PCV2b carrying FMDV-
VP1 epitopes induce both anti-PCV and anti-FMDV antibody responses.
Appl Microbiol Biotechnol 102: 10541-10550. https://doi.org/10.1007/
s00253-018-9361-2.

Liu, X, Y. Liu, Y. Zhang, F. Zhang, and E. Du. 2020. Incorporation of a truncated
form of flagellin (TFlg) into porcine circovirus type 2 virus-like particles
enhances immune responses in mice. BMC Vet Res 16: 45. https://doi.org/
10.1186/512917-020-2253-6.

Liu, ZH., H.L. Xu, GW. Han, LN.Tao, Y. Lu, S.Y. Zheng, WH. Fang, and F. He. 2021.
A self-assembling nanoparticle: Implications for the development of ther-
mostable vaccine candidates. Int J Biol Macromol 183:2162-2173. https://
doi.org/10.1016/j.ijbiomac.2021.06.024.

Ly, Y., ZH. Liy, Y.X. Li, H.L. Xu, WH. Fang, and F. He. 2022. Targeted Delivery of
Nanovaccine to Dendritic Cells via DC-Binding Peptides Induces Potent
Antiviral Immunity in vivo. Int J Nanomedicine 17: 1593-1608. https://doi.
org/10.2147/1IN.S357462.

Macpherson, A.J,, and N.L. Harris. 2004. Interactions between commensal
intestinal bacteria and the immune system. Nat Rev Immunol 4: 478-485.
https://doi.org/10.1038/nri1373.

Marcekova, Z, 1. Psikal, E. Kosinova, O. Benada, P. Sebo, and L. Bumba. 2009.
Heterologous expression of full-length capsid protein of porcine circovi-
rus 2 in Escherichia coli and its potential use for detection of antibodies.
JVirol Methods 162: 133-141. https://doi.org/10.1016/jjviromet.2009.07.
028.

McDonald, W.F, JW. Huleatt, H.G. Foellmer, D. Hewitt, J. Tang, P. Desai, A. Price,
A. Jacobs, V.N. Takahashi, Y. Huang, V. Nakaar, L. Alexopoulou, E. Fikrig,
and T.J. Powell. 2007. A West Nile virus recombinant protein vaccine that


https://doi.org/10.1002/bab.1491
https://doi.org/10.1038/32588
https://doi.org/10.1016/j.vaccine.2008.08.070
https://doi.org/10.1038/s41598-019-44263-7
https://doi.org/10.1016/j.vaccine.2009.07.061
https://doi.org/10.1016/j.vaccine.2009.07.061
https://doi.org/10.1016/j.tvjl.2012.06.031
https://doi.org/10.1016/j.tvjl.2012.06.031
https://doi.org/10.1016/j.tvjl.2015.10.030
https://doi.org/10.1016/j.tvjl.2015.10.030
https://doi.org/10.4049/jimmunol.172.11.6922
https://doi.org/10.4049/jimmunol.172.11.6922
https://doi.org/10.2147/IJN.S218057
https://doi.org/10.2147/IJN.S218057
https://doi.org/10.4049/jimmunol.166.2.1248
https://doi.org/10.1016/j.vaccine.2007.11.053
https://doi.org/10.4049/jimmunol.1000027
https://doi.org/10.1086/386289
https://doi.org/10.1186/s12896-019-0545-3
https://doi.org/10.1186/s12896-019-0545-3
https://doi.org/10.4049/jimmunol.1600718
https://doi.org/10.4049/jimmunol.1600718
https://doi.org/10.1128/IAI.74.2.1113-1120.2006
https://doi.org/10.1128/IAI.74.2.1113-1120.2006
https://doi.org/10.1016/j.jviromet.2020.113928
https://doi.org/10.1128/JVI.00737-11
https://doi.org/10.1038/s41541-021-00379-4
https://doi.org/10.1038/s41541-021-00379-4
https://doi.org/10.1128/IAI.74.1.694-702.2006
https://doi.org/10.1128/IAI.74.1.694-702.2006
https://doi.org/10.1007/s00253-018-9361-2
https://doi.org/10.1007/s00253-018-9361-2
https://doi.org/10.1186/s12917-020-2253-6
https://doi.org/10.1186/s12917-020-2253-6
https://doi.org/10.1016/j.ijbiomac.2021.06.024
https://doi.org/10.1016/j.ijbiomac.2021.06.024
https://doi.org/10.2147/IJN.S357462
https://doi.org/10.2147/IJN.S357462
https://doi.org/10.1038/nri1373
https://doi.org/10.1016/j.jviromet.2009.07.028
https://doi.org/10.1016/j.jviromet.2009.07.028

Lu et al. Animal Diseases (2022) 2:11

coactivates innate and adaptive immunity. J Infect Dis 195: 1607-1617.
https://doi.org/10.1086/517613.

Means, TK,, F. Hayashi, K.D. Smith, A. Aderem, and A.D. Luster. 2003. The Toll-like
receptor 5 stimulus bacterial flagellin induces maturation and chemokine
production in human dendritic cells. JImmunol 170: 5165-5175. https://
doi.org/10.4049/jimmunol.170.10.5165.

Miao, EA, E. Andersen-Nissen, S.E. Warren, and A. Aderem. 2007. TLR5 and
Ipaf: Dual sensors of bacterial flagellin in the innate immune sys-
tem. SEMIN IMMUNOPATHOL 29: 275-288. https://doi.org/10.1007/
500281-007-0078-z.

Mizel, S.B., AH. Graff, N. Sriranganathan, S. Ervin, CJ. Lees, M.O. Lively, RR. Hant-
gan, M.J. Thomas, J. Wood, and B. Bell. 2009. Flagellin-F1-V fusion protein
is an effective plague vaccine in mice and two species of nonhuman
primates. CV/ 16: 21-28. https://doi.org/10.1128/CV1.00333-08.

Nainys, J, R. Lasickiene, R. Petraityte-Burneikiene, J. Dabrisius, R. Lelesius, V.
Sereika, A. Zvirbliene, K. Sasnauskas, and A. Gedvilaite. 2014. Generation
in yeast of recombinant virus-like particles of porcine circovirus type 2
capsid protein and their use for a serologic assay and development of
monoclonal antibodies. BMIC Biotechnology 14: 100. https://doi.org/10.
1186/512896-014-0100-1.

Nguyen, C.T, SH. Hong, JI. Sin, HV. Vu, K. Jeong, K.O. Cho, S. Uematsu, S. Akira,
SE. Lee, and JH. Rhee. 2013. Flagellin enhances tumor-specific CD8(+) T
cellimmune responses through TLR5 stimulation in a therapeutic cancer
vaccine model. VACCINE 31: 3879-3887. https://doi.org/10.1016/j.vaccine.
2013.06.054.

Oh, DR, HW. Kang, JR. Kim, S. Kim, LK. Park, J.H. Rhee, WK. Oh, and Y.R. Kim.
2014. PMA induces vaccine adjuvant activity by the modulation of TLR
signaling pathway. Mediators of Inflammation 2014: 406514. https://doi.
org/10.1155/2014/406514.

Rosano, G.L, and E.A. Ceccarelli. 2014. Recombinant protein expression in
Escherichia coli: Advances and challenges. Frontiers in Microbiology 5:172.
https://doi.org/10.3389/fmicb.2014.00172.

Sanders, C.J,, L. Franchi, F. Yarovinsky, S. Uematsu, S. Akira, G. Nunez, and AT.
Gewirtz. 2009. Induction of adaptive immunity by flagellin does not
require robust activation of innate immunity. Eur JImmunol 39: 359-371.
https://doi.org/10.1002/eji. 200838804

Skountzou, I, M.P. Martin, B. Wang, L. Ye, D. Koutsonanos, W. Weldon, J. Jacob,
and RW. Compans. 2010. Salmonella flagellins are potent adjuvants for
intranasally administered whole inactivated influenza vaccine. VACCINE
28:4103-4112. https://doi.org/10.1016/j.vaccine.2009.07.058.

Uematsu, S., and S. Akira. 2009. Immune responses of TLR5(+4) lamina propria
dendritic cells in enterobacterial infection. J Gastroenterology 44: 803-811.
https://doi.org/10.1007/500535-009-0094-y.

Wangkahart, E,, CJ. Secombes, and T. Wang. 2018. Studies on the Use of Flagel-
lin as an Immunostimulant and Vaccine Adjuvant in Fish Aquaculture.
Front Immunol 9: 3054. https://doi.org/10.3389/fimmu.2018.03054.

Wu, C.Y, A. Monie, X. Pang, C.F. Hung, and T.C. Wu. 2010. Improving therapeutic
HPV peptide-based vaccine potency by enhancing CD4+ T help and
dendritic cell activation. J Biomed Sci 17: 88. https://doi.org/10.1186/
1423-0127-17-88.

Xiao, C.T,, PG. Halbur, and T. Opriessnig. 2015. Global molecular genetic analy-
sis of porcine circovirus type 2 (PCV2) sequences confirms the presence
of four main PCV2 genotypes and reveals a rapid increase of PCV2d. J Gen
Virol 96: 1830-1841. https://doi.org/10.1099/vir.0.000100.

Yin, S, S.Sun, S.Yang, Y. Shang, X. Cai, and X. Liu. 2010. Self-assembly of virus-
like particles of porcine circovirus type 2 capsid protein expressed from
Escherichia coli. VIROL J 7: 166. https://doi.org/10.1186/1743-422X-7-166.

Zhang, H,, P. Qian, L. Liu, S. Qian, H. Chen, and X. Li. 2014. Virus-like particles
of chimeric recombinant porcine circovirus type 2 as antigen vehicle
carrying foreign epitopes. Viruses 6: 4839-4855. https://doi.org/10.3390/
v6124839.

Zhu, S., C. Zhang, J. Wang, L. Wei, R. Quan, J. Yang, X.Yan, Z. Li, R. She, F. Hu,
and J. Liu. 2016. Immunity Elicited by an Experimental Vaccine Based
on Recombinant Flagellin-Porcine Circovirus Type 2 Cap Fusion Protein
in Piglets. PLoS ONE 11: e147432. https://doi.org/10.1371/journal.pone.
0147432.

Page 9 of 9

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1086/517613
https://doi.org/10.4049/jimmunol.170.10.5165
https://doi.org/10.4049/jimmunol.170.10.5165
https://doi.org/10.1007/s00281-007-0078-z
https://doi.org/10.1007/s00281-007-0078-z
https://doi.org/10.1128/CVI.00333-08
https://doi.org/10.1186/s12896-014-0100-1
https://doi.org/10.1186/s12896-014-0100-1
https://doi.org/10.1016/j.vaccine.2013.06.054
https://doi.org/10.1016/j.vaccine.2013.06.054
https://doi.org/10.1155/2014/406514
https://doi.org/10.1155/2014/406514
https://doi.org/10.3389/fmicb.2014.00172
https://doi.org/10.1002/eji.200838804
https://doi.org/10.1016/j.vaccine.2009.07.058
https://doi.org/10.1007/s00535-009-0094-y
https://doi.org/10.3389/fimmu.2018.03054
https://doi.org/10.1186/1423-0127-17-88
https://doi.org/10.1186/1423-0127-17-88
https://doi.org/10.1099/vir.0.000100
https://doi.org/10.1186/1743-422X-7-166
https://doi.org/10.3390/v6124839
https://doi.org/10.3390/v6124839
https://doi.org/10.1371/journal.pone.0147432
https://doi.org/10.1371/journal.pone.0147432

	The truncated form of flagellin (tFlic) provides the 2dCap subunit vaccine with better immunogenicity and protective effects in mice
	Abstract 
	Main text
	Successful expression of Cap-tFlic and assembly of VLPs
	Significantly elevated antigen-presenting molecule expression via Cap-tFlic VLPs
	Stimulation of potent humoral immune responses by Cap-tFlic VLPs

	Methods
	Cells, virus and experimental animals
	Cloning and expression of Cap-tFlic VLPs
	Characterization of Cap-tFlic particles
	Culture of murine bone marrow-derived dendritic cells (BM-DCs)
	Cellular uptake
	Analysis of cytokine mRNA expression in BM-DCs
	Immunization
	Serological assays
	Statistical analysis

	Acknowledgements
	References


