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Human dendritic cell targeting
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porcine dendritic cells to
Improve antigen capture
efficiency to stimulate stronger
immune response

Tian Xia®, Huizhu Yang®, Yuyao Guo*, Tiantian Guo",
Lingxiang Xin?, Yanping Jiang™®, Wen Cui?, Han Zhou'?,
Xinyuan Qiao™*, Xiaona Wang'?, Jiaxuan Li*?, Zhifu Shan*?,
Lijie Tang™®, Li Wang™** and Yijing Li***

1College of Veterinary Medicine, Northeast Agricultural University, Harbin, China, ?Division of Bacterial Biologics
Testing (I) China Institute of Veterinary Drug Control (IVDC), Beijing, China, *China Ministry of Agriculture
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Dendritic cells (DCs) play a key role in the natural recognition of pathogens and
subsequent activation of adaptive immune responses due to their potent antigen-
presenting ability. Dendritic cell-targeting peptide (DCpep) is strongly targeted to
DCs, which often express antigens, to enhance the efficacy of vaccines. Our
previous study showed that recombinant Lactobacillus expressing human DCpep
could significantly induce stronger immune responses than recombinant
Lactobacillus without DCpep, but the mechanism remains unclear. In this study,
the mechanism by which DCpep enhances the immune response against
recombinant Lactobacillus was explored. Fluorescence-labeled human DCpep
was synthesized to evaluate the binding ability of human DCpep to porcine
monocyte-derived dendritic cells (Mo-DCs) and DCs of the small intestine. The
effects of Mo-DC function induced by recombinant Lactobacillus expressing
human DCpep fused with the porcine epidemic diarrhea virus (PEDV) core
neutralizing epitope (COE) antigen were also investigated. The results showed
that human DCpep bind to porcine DCs, but not to porcine small intestinal epithelial
cells. Human DCpep can also improve the capture efficiency of recombinant
Lactobacillus by Mo-DCs, promote the maturation of dendritic cells, secrete
more cytokines, and enhance the ability of porcine DCs to activate T-cell
proliferation. Taken together, these results promote advanced understanding of
the mechanism by which DCpep enhances immune responses. We found that
some DCpeps are conserved between humans and pigs, which provides a
theoretical basis for the development of a DC-targeted vaccine.
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Introduction

Common porcine enteroviruses include porcine epidemic
diarrhea virus (PEDV), transmissible gastroenteritis virus,
porcine rotavirus, the newly discovered porcine delta corona
virus, porcine kobuvirus, and the newly discovered swine acute
diarrhea syndrome coronavirus. These enteroviruses can cause
vomiting, diarrhea, and dehydration in infected piglets, resulting
in many piglets dying and huge economic losses to the pig
industry (1). The porcine intestinal mucosa is the main entry
route for porcine enteroviruses to invade the organism.
Therefore, the development of oral vaccines that can effectively
induce mucosal immunity represents a crucial strategy for the
prevention of enterovirus infection in piglets. (2).

The most common and important antigen-presenting cells
involved in gastrointestinal immunity are dendritic cells (DCs)
(3). The majority of DCs reside in the subepithelial dome (SED)
region below the follicle-associated epithelium (FAE) and can
take up antigens directly from M cells. Therefore, DCs act as the
strongest antigen-presenting cells and when the virus enters the
organism it is first recognized by DCs (4-6). Most DCs are in an
immature state; immature DCs exhibit extremely strong antigen
phagocytosis and differentiate into mature DCs upon uptake of
antigens (including in vitro preparations) or stimulation by
certain factors. If pattern recognition receptors (PRRs) detect
pathogen-associated molecular patterns (PAMP) or damage-
associated molecular patterns (DAMP), they activate DCs or
develop maturation (7). Upon arrival at a draining lymph node,
immature DCs can complete their development into mature
DCs (7-9). DCs can modulate adaptive immunity (10). After
maturation, they upregulate mechanisms of antigen
presentation, including major histocompatibility complex
(MHC)-II, costimulatory molecules and pro-inflammatory
cytokines, which then migrate to the T-cell area of secondary
lymphoid tissue where they stimulate antigen-specific T cells.
(11, 12).

Targeting molecules that mediate antigen binding to DCs
can improve the efficiency of DCs in recognizing and ingesting
antigens, thus enhancing the immune response (13). Therefore,
DC-targeted molecules are of great significance in the
development of DC-targeted drugs and vaccines. At present,
two principal strategies to explore DC-targeted molecules are:
selection from known antibodies and ligands that interact with
DC, such as CD154, CTLA4, heat shock protein (HSP), and
DEC-205 (14-17), and the use of phage display technology to
screen unknown DC-targeted molecules (18). A previous study
described a vaccine strategy that utilized Lactobacillus
acidophilus to deliver Bacillus anthracis protective antigen
(PA) to human DCs via specific 12-mer DC peptides (DCpep)
(19). The human-derived DCpep also recognized conserved
regions of its ligand on birds, horses, dogs, and the cat family
(13). Currently, a promising strategy is to utilize Lactobacillus to
express DCpep conjugated with immunogenic antigens to elicit
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robust immune responses; however, the mechanism by which
they promote immunity remains unclear (20-24).

In the present study, we used recombinant Lactobacillus
pPG-COE-DCpep/L393 expressing DCpep and the core
neutralizing epitope (COE), a protective antigen of PEDV, as
experimental models to explore the mechanism by which human
DCpep enhances the immune effect of antigens on the capture
efficiency, differentiation, and presentation of DCs. Our study
may promote research on DC-targeting strategies and provide a
new theoretical mechanism for the development of DC-
targeted vaccines.

Materials and methods
Bacterial strains

The recombinant Lactobacillus strains (pPG/L393, pPG-
COE /L393, pPG-COE-DCpep/L393) used in this study were
prepared and constructed as previously described (25). The
recombinant lactobacilli were cultured in Man, Rogosa, and
Sharpe broth (MRS; Hopebol, Qingdao, China) at 37 °C for 15 h
without shaking. Subsequently, while the recombinant
Lactobacillus and cells were co-cultured, each Lactobacillus was
inoculated in fresh MRS and incubated at 37 °C for 7 h until the
mid-log phase. Lactobacillus precipitates were obtained by
centrifugation, washed with Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco, Grand Island, NY, USA), and
added to monocyte-derived dendritic cells (Mo-DCs).

Synthesis of peptides

Human DC-binding peptides (FYPSYHSTPQRP) and a
control peptide (EPIHPETTFTNN) were synthesized using 9-
fluorenylmethyoxycarbonyl chemistry and purified using high-
pressure liquid chromatography to 95% purity by GenScript
(Nanjing, Jiangsu) (26). The C-terminal was labeled with
fluorescein isothiocyanate (FITC).

Isolation and validation of Mo-DCs

Peripheral blood mononuclear cells (PBMC) were isolated
from the blood of healthy pigs by Ficoll gradient centrifugation
as previously described (27). PBMC (10”/well) were cultured in
complete RPMI 1640 medium with 10% fetal calf serum (Gibco,
Grand Island, NY, USA) in six-well plates at 37 °C for 6 h. Non-
adherent cells were removed by multiple washes in RPMI 1640
medium and frozen for autologous mixed lymphocyte reaction
(MLR) experiments. Adherent monocytes were washed thrice in
RPMI 1640 medium and cultured with 20 ng/mL recombinant
porcine granulocyte-macrophage colony stimulating factor
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(GM-CSF) and interleukin-4 (IL-4) (R&D Systems, Wiesbaden,
Germany) in complete RPMI for 6 d. Maturation of immature
(im)Mo-DCs was stimulated by supplementation with 2 pg/mL
lipopolysaccharide (LPS, Sigma-Aldrich, St. Louis, MO, USA)
for 24 h. Surface expression of the marker molecules CD172a
and MHC-II (Abcam, Cambridge, UK) was analyzed by
fluorescence microscopy (Bio-Rad, CA, USA) on 5th day.
CD172a, MHC-II, and CD80/CD86 (Abcam, Cambridge, UK)
expressed on the surface of immature (im) or mature (m)Mo-
DCs were analyzed using flow cytometry.

Determination of binding ability
of human DCpep to porcine DCs
with fluorescence microscopy and
flow cytometry

Fluorescence microscopy

To evaluate the binding of human DCpep to porcine DCs,
Mo-DCs and intestinal epithelial cells (IPEC), after discarding
the culture medium, were washed thrice with PBS and incubated
with FITC-conjugated human DCpep or control peptide for 30
min at 4 °C. After washing thrice with PBS, the cells were
observed under a ZOE fluorescence microscope (Bio-Rad,
Hercules, CA, USA).

To verify that human DCpep binds to small intestinal-DCs
of piglets, frozen sections of piglet small intestine Fc receptors
were blocked in 10% goat serum in PBS for 30 min at 37 °C.
Anti-pig CD172a-PE and FITC-conjugated peptides were added
to the frozen sections for 30 min at 37 °C. The cell nuclei were
then stained with 4,6-diamidino-2-phenylindole (DAPI)
solution (Invitrogen, USA) for 5 min at 37 °C and washed
thrice for 5 min with fresh changes of TBS-Tween. The slides
were imaged using a ZOE fluorescence microscope (Bio-Rad,
CA, USA).

Flow cytometry

FITC-human DCpep was incubated with 10° Mo-DCs for 30
min at 4 °C. After three final washes with PBS, the cells were
subjected to flow cytometry (BD Biosciences, San Jose, CA,
USA). The experiment was repeated thrice.

Determination of the capture ability of
porcine DCs to recombinant
Lactobacillus with scanning electron
microscope and flow cytometry

Scanning electron microscope

Porcine Mo-DCs cultured for 6 d and recombinant
Lactobacillus were incubated on coverslips for 10, 30, 60, and
120 min. The cells were washed thrice with PBS to remove excess
recombinant Lactobacillus that did not adhere. Mo-DCs were
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then fixed with 2% glutaraldehyde at 4 °C and washed thrice
with PBS. The samples were freeze-dried after dehydration and
dealcoholization, and photographed and analyzed using an
SU820 SEM (Hitachi, Tokyo, Japan).

Flow cytometry

Carboxyfluorescein succinimidyl ester (CFSE)-labeled
(AbMole, Houston, USA) recombinant Lactobacillus was
incubated with 10° Mo-DCs at 37 °C for 30, 60, and 120 min
and washed thrice with PBS; the cells were then subjected to
flow cytometry.

Analysis of marker genes and cytokine
expression by Mo-DCs assessed by
relative gRT-PCR

Mo-DCs (10°/mL) incubated with recombinant
Lactobacillus at 37 °C for 6, 12, and 24 h were determined by
Quantitative real-time RT-PCR (qPCR) using a CFX96"™ Real-
Time PCR Detection System (Bio-Rad, USA). qPCR was used to
quantify the messenger RNA (mRNA) of CD40, CD80, CD86,
TLR-2, TLR-4, TLR-6, TLR-9, IL-4, IFN-v, IL-12, IL-10, and IL-
17 in the total RNA, isolated from non-stimulated Mo-DCs and
Mo-DCs incubated with recombinant Lactobacillus using an
RNA Extraction kit according to the manufacturer's instructions
(Omega Bio-Tek, Norcross, GA, USA). Reverse-transcription of
the total RNA was performed using the PrimeScript' RT
Reagent kit with gDNA Eraser (Takara, Dalian, China)
according to the manufacturer’s instructions. Quantitative
real-time PCR was performed using the SYBR™ Green PCR
Master Mix (Roche, Shanghai, China). The specific primer
sequences are listed in Table 1. Finally, the 224" method was
used to calculate relative gene expression values compared with
the B-actin gene control (28).

Evaluation of mixed leukocyte reaction
in Mo-DCs

MLR was evaluated using an automated ELISA reader (Bio-
Tech Instruments, USA) and a CCK-8 cell counting kit (Beyotime,
China). PBMC as reaction cells were obtained from piglet
peripheral blood by Ficoll gradient centrifugation, resuspended
using RPMI 1640 basal culture medium, and washed thrice.
ImMo-DCs were co-cultured with LPS or recombinant
Lactobacillus, treated with mitomycin C (25 ug/mL) at 37 °C for
1h. The cells were counted and resuspended in complete RPMI
1640 medium, at which point the cells were obtained as stimulated
cells. In a 96-well plate, lymphocytes were first added to each well,
and Mo-DCs were added at ratios of 1:1, 1:10, and 1:100 for
stimulated cells: reactor cells, respectively. Negative control wells

frontiersin.org


https://doi.org/10.3389/fimmu.2022.950597
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xia et al.

TABLE 1 Details of the specific primer sequences used for qPCR
experiments.

Gene Primer sequence (5" -3') Accession number

B-actin  F-GGTGGGTATGGGTCAGAAAG AF054837
R-TCCATGTCGTCCCAGTTGGT

CD40  F-CGTGCGGGGACTAACAAGA AF248545
R-CCAACAGGACGGCAAACA

CD80  F-GAGTCCGAATATACTGGCAAAAGG  AF455811
R-AGGTGCGGTTCTCATACTTGG

CD86  F-GTGTGGGATGGTGTCCTTTGT NM_214222.1
R-TTTGTTCACTCGCCTTCCTGT

TLR-2  F-ACCATTCCCCAGCGTTTCT NM_213761
R-GAGTCAGCAAGTCACCCTTTATGTT

TLR-4 F-ACCAGACTTTCTTGCAGTGGGTCA  NM_001113039
R-AATGACGGCCTCGCTTATCTGACA

TLR-6 F-TCCCAGAATAGGATGCAGTGCCTT  NM_213760
R-ACTCCTTACATATGGGCAGGGCTT

TLR-9  F- ACCAGGGACAACCACCACTT XM_005669564.3
R- CAGGCAGAGAGGCAAATCC

INF-y  F-CGAAAAGCTGATTAAAATTCCGGTA NM_213948.1
R-TCTTAGGTTAGATCTTGGTGACAGA

IL-12  F- TGGACCTCAGACCAGAGCAG U08317
R- GCAGGAGTGACTGGCTCAGA

IL-10  F- GGAAGACGTAATGCCGAAGG NM_214041
R- GGCACTCTTCACCTCCTCCA

IL-17  F-CGGCTGGAGAAAGTGATGGT AB102693

R-CAGAAATGGGGCTGGGTCT

were set for Mo-DCs and T cells, and blank control wells were set
for RPMI 1640 culture solution. Three replicates per well were
incubated at 37 °C in a 5% CO, incubator for 72 h. Finally, CCK-8
was added to the 96-well plates and OD450 values were read on an
ELISA reader. The stimulation index (SI) was calculated following
the formula: SI = (OD gmple well = OD plank wel) / (OD negative well =
OD plank wel)-

Detection of cytokines in Mo-DCs
by ELISA

To detect the secretion of cytokines, the levels of IL-10, IL-
12, IFN-v, and IL-17 were detected in cultures of LPS (2 pug/mL)
or recombinant Lactobacillus-stimulated Mo-DCs for 24 h using
ELISA Kkits, according to the manufacturer’s instructions and
calculated from the curves generated using cytokine standards.

Statistical analysis

Data are presented as the mean + standard deviation (SD).
Data were analyzed using two-way ANOVA with multiple
comparison (LSD) tests in SPSS. Different letters (a vs. b, a vs.
¢, and b vs. ¢) indicate significant differences (p < 0.01) at the
same time point.
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Results

Cultured Mo-DCs have the typical
morphology and molecular phenotype
of DCs

To obtain Mo-DCs, adherent PBMCs were induced in
culture medium containing cytokines for 5 d, followed by LPS
stimulation for 1 d. Observation of cell morphology at different
time periods under a microscope showed that on Day 1, the cells
were round, small, and mostly singular, with smooth surfaces
without projections; on Day 5, the cells were semi-suspended or
suspended, with a round appearance with dendritic processes;
and on Day 6, the cells stimulated by LPS were larger and
irregularly shaped, occurred as single cells or clusters, and
formed long pseudopodia, all of which are characteristic of DC
morphology (Figure 1A). To further identify the typical
molecular phenotype of Mo-DCs, the expression of surface
marker molecules in DCs was detected using fluorescence
microscopy and flow cytometry. As expected, both imMo-DCs
and mMo-DCs expressed CD172a, MHC-II, CD80, and CD86,
and the expression levels of CD80 and CD86 in mMo-DCs were
significantly higher than those in imMo-DCs (Figures 1B, C).
These results indicate that Mo-DCs can be obtained using the
above method.

Human DCpep can target and bind to
porcine DCs

To verify whether human DCpep could target porcine DCs,
DCpep-FITC and NC-FITC were incubated with imMo-DCs
and mMo-DCs. The binding of human DCpep to Mo-DCs was
detected using fluorescence microscopy and flow cytometry. The
results showed that DCpep-FITC can bind to imMo-DCs and
mMo-DCs, but not to IPEC (Figures 2A, B). To detect the
binding ability of human DCpep to DCs in tissue, frozen
sections were prepared from the small intestine of healthy
piglets. DCpep-FITC was incubated with the frozen sections,
and DCs were labeled with anti-pig CD172a-PE (29). The results
of fluorescence microscopy (Figure 2C) showed that human
DCpep binds to DCs in the small intestine of piglets but not to
other cells in the tissue. In summary, human DCpep binds to
porcine DCs.

Human DCpep improves the efficiency of
antigen capture of porcine DCs

To determine the effect of human DCpep on antigen

recognition and capture efficiency of porcine DCs,
recombinant Lactobacillus was incubated with Mo-DCs.
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FIGURE 1

Typical morphology and molecular phenotype of pig monocyte-derived dendritic cells (Mo-DCs). (A) Images showing the morphology of
immature Mo-DCs (imMo-DCs) (Day 5) and mature Mo-DCs (mMo-DCs) (Day 6, imMo-DCs were treated with LPS for 24 h for maturation)
using optical microscopy. Scale bars represent 100 um. (B) ImMo-DCs and mMo-DCs stained with antibodies show the expression of MHC-II
(green), CD172a (red), and nuclei stained with DAPI (blue). Scale bars represent 50 um. (C) Representative images of flow cytometry gating for
pig Mo-DCs. Surface marker abundance was expressed by % abundance for CD172a, MHC-II, CD80, and CD86 positive populations. Changes to
the brightness, contrast, or color balance were applied to every pixel in the image by microscopy

Theability of Mo-DCs to recognize and phagocytize
recombinant Lactobacillus was observed using scanning
electron microscopy. Figure 3A shows that Mo-DCs recognize
and phagocytize pPG-COE/L393 and pPG-COE-DCpep/L393;
the efficiency of Mo-DCs to capture pPG-COE-DCpep/L393 was
significantly higher than that of pPG-COE/L393. For a more
accurate quantitative analysis, the amount of Mo-DCs that
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successfully captured recombinant Lactobacillus was detected
by flow cytometry; the results showed that the number of Mo-
DCs that captured pPG-COE-DCpep/L393 was significantly
higher than that for pPG-COE/L393. At 120 min, almost all
Mo-DCs captured pPG-COE-DCpep/L393 (Figure 3B). These
results show that human DCpep can improve the efficiency of
antigen recognition and capture of porcine DCs.
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A NC-FITC DCpep-FITC
i -
B
c CD172a-PE DCpep-FITC MERGE
CD172a-PE NC-FITC MERGE
FIGURE 2

The ability of FITC-labeled human DCpep to bind to pig Mo-DCs was analyzed using fluorescence microscopy and flow cytometry
Fluorescence (A) and flow cytometry (B) analyses of human DCpep binding to pig Mo-DCs. The human DCpep binding to DCs of the small
intestine of healthy piglets was analyzed using fluorescence microscopy (C). The pig DCs expressing CD172a are shown in red. FITC-labeled
peptides are shown in green. The nuclei stained with DAPI are shown in blue. Scale bars represent 100 um. Changes to brightness, contrast, or

color balance were applied to every pixel in the image by microscopy
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FIGURE 3

The ability of Mo-DCs to recognize and capture recombinant Lactobacillus was evaluated using scanning electron microscopy and flow
cytometry. (A) Scanning electron microscopy images showing the morphology of Mo-DCs capturing recombinant Lactobacillus at 10, 30, 60,
120 min. (B) Mo-DCs capturing recombinant Lactobacillus detected by flow cytometry. Mo-DC surface recombinant Lactobacillus abundance
was expressed by % abundance for pPG/L393, pPG-COE/L393, and pPG-COE-DCpep/L393 positive populations.

Fusion of human DCpep with antigens
increases the expression levels of
markers of porcine DCs

We tested the marker expression of Mo-DCs stimulated by
recombinant Lactobacillus expressing human DCpep or the
control peptide using real-time RT-PCR. Upregulation of Mo-
DC marker genes, such as CD40, CD80, and CD86, indicates DC
maturation. The results of real-time RT-PCR (Figure 4) showed
that CD40, CD80, and CD86 expression in pPG-COE-DCpep/
L393-stimulated Mo-DCs was significantly higher than that in
the pPG-COE/L393 group at 12 h (p <0.01). These results
indicate that fusion of human DCpep with antigens can
promote DC maturation.
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Fusion of human DCpep with antigens
improves the antigen presentation
efficiency of porcine DCs

Toll-like receptors (TLRs) that are expressed and cytokines
that are released by DCs are important indicators of immune
responses. The mRNA levels of TLRs and cytokines expressed by
recombinant Lactobacillus-stimulated Mo-DCs were detected at 6
h using real-time RT-PCR. TLRs on the surface of DCs play a
central role in receiving external stimulation signals and inducing
an immune response. The results of real-time RT-PCR (Figure 5A)
showed that TLR-2, TLR-6, and TLR-9 expression in Mo-DCs was
higher in the pPG-COE-DCpep/L393 group than in the other
groups compared to the pPG-COE/L393 group (p <0.01).
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FIGURE 4

Marker expression of Mo-DCs (10° cells/ mL) stimulated by pPG/L393, pPG-COE/L393, pPG-COE-DCpep/L393, and LPS (2 pug/mL) assessed by
relative qRT-PCR, recombinant Lactobacillus-incubated DCs at a ratio of 1:10 (DCs:recombinant Lactobacillus). Different letters (a vs. b, avs. ¢, b

vs. ¢) indicate significant differences (p < 0.01) at the same time point.

Cytokines released by DCs are involved in immune
responses and have a critical effect on the differentiation of
naive T cells into Th1 and Th2 cells. The results of real-time RT-
PCR (Figure 5B) showed that the mRNA levels of Thl-
associated cytokines (IFN-y and IL-12) and Thl7-associated
cytokines (IL-17) were significantly higher in the pPG-COE-
DCpep/L393 groups than in the pPG-COE /L393 groups at 12 h.
IFN-v has antiviral activity and can upregulate the expression of
MHC antigens. IL-12 plays an important role in the activities of
natural killer cells and T lymphocytes. In addition, changes in
the expression of anti-inflammatory cytokines (IL-10) in Mo-
DCs with pPG-COE-DCpep/L393 gradually increased over time.
Based on these results, we conclude that human DCpep can
direct more antigens to porcine DCs.

Fusion of human DCpep with antigens
promotes porcine DC-mediated T cell
differentiation into Thl cells

We further assessed whether the fusion of human DCpep
with antigens affects the type of mediated immune response. We
prepared a single-cell suspension of lymphocytes from piglets
and performed cell proliferation tests. The results showed that
pPG-COE-DCpep/L393 resulted in significantly higher levels of
T cell proliferative responses than pPG-COE /L393 (P < 0.05)
(Figure 6A). This result implies that the fusion of human DCpep
with antigens enhanced the ability of porcine DCs to activate T-
cell proliferation.

To further determine the type of T-cell differentiation
mediated by Mo-DCs stimulated by recombinant Lactobacillus,
we measured the levels of IFN-y, IL-12, IL-10, and IL-17 using
ELISA Kkits. Figure 6B shows that recombinant Lactobacillus
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pPG-COE-DCpep/L393 induced the secretion of a significant
number of cytokines (IFN-y, IL-12, IL-10, and IL-17) by DCs
and T cells. In addition, the secretion of IFN-y and IL-12 was
higher than that of IL-10 and IL-17 by Mo-DCs induced by
recombinant Lactobacillus. From the above results, it can be
concluded that, with the participation of human DCpep,
recombinant Lactobacillus stimulates Mo-DCs to mediate the
differentiation of more T cells into Th1 cells.

Discussion

In recent years, DC-targeting strategies have become a
research hotspot, reflecting the important role of DCs in
inducing and regulating the immune response. Significant
progress has been made in the development of human DC-
targeted vaccines. This strategy can increase the number of
antigens targeted by DCs. As a result, the vaccine dose can be
appropriately reduced and a strong and rapid immune response
can be induced simultaneously (30-32). Since oral vaccines for
pigs have the advantage of not only reducing production costs,
but also reducing animal stress, DC-targeting vaccines have
become a desirable choice (33). Our laboratory has previously
studied the effects of recombinant Lactobacillus expressing target
antigens; human DCpep can induce stronger mucosal and
humoral immune responses in pigs than recombinant
Lactobacillus without DCpep (34, 35); however, the immune
mechanism is not clear. Hence, we explored the mechanism by
which human DCpep enhances the immune effects of antigens
on porcine DCs.

Researchers found that human DCpep could be targeted
to rhesus monkey and chimpanzee bone marrow derved
dendritic cells, but not to T cells, B cells, or monocytes (26).
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vs. b, avs. ¢, b vs. ¢) indicate significant differences (p < 0.01) at the same time point.

Pigs, as mammals very similar to humans, are anatomically
and genetically close to humans, and the mechanisms of
dendritic cell-induced immune reactions should be similar
in mechanism. (36). In recent years, some studies have
attempted to apply human DCpep to porcine vaccines to
enhance the immune response through oral administration of
recombinant Lactobacillus expressing human DCpep (24, 37,
38). Our previous study showed that recombinant
Lactobacillus expressing human DCpep induced
significantly enhanced immune responses than recombinant
Lactobacillus without DCpep (34).
revealed that human DCpep could targeted to porcine DC.

The present results

This suggest porcine and human DCs are, to some degree,
homologous and have the same ligands for human DCpep. It
has been shown that the ligands of DCpep are involved in the
endocytic pathway of cells, allowing more efficient transport
of immunogenic substances into the cells without impairing
DC function (19).
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DC-targeting strategies for delivering protective antigens to
DCs and stimulating stronger and longer lasting immune
responses have received increasing attention (23, 39). DCs, as
attractive targets for vaccine design, have many features, such as
the ability to induce T cell activation and differentiation through
the presentation of antigenic peptides by MHC molecules to
initiate adaptive responses (40). In this study, we observed, using
scanning electron microscopy, that recombinant Lactobacillus
pPG-COE-DCpep/L393 effectively stimulated Mo-DCs to
generate synapses and capture more recombinant
Lactobacillus. As DCs mature, they upregulate mechanisms of
antigen presentation, including MHC-II, costimulatory
molecules, and pro-inflammatory cytokines, and subsequently
migrate to the T-cell zone of secondary lymphoid tissue where
they stimulate antigen-specific T cells. (41). The recombinant
Lactobacillus and pPG-COE-DCpep/L393 may act by promoting
Mo-DC maturation, because they significantly upregulate the
expression of MHC-II, CD80, and CD86 on imMo-DCs.
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profiles. (A) Mo-DCs treated with recombinant Lactobacillus and LPS stimulate the proliferation of T lymphocytes in mixed lymphocyte
reaction (MLR). Responder cells were added at ratios of 1:1, 1:10, or 1:100 and co-cultured with the stimulated cells for 72 h. Proliferation is
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(p < 0.01) at the same time point.
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A previous study showed that TLRs bridge the gap between non-
specific and specific immunity and play an irreplaceable role in the
activation of DCs using recombinant Lactobacillus. TLR-9 recognizes
bacterial CpG-DNA and activates the immunostimulatory properties
of B cells and APCs (21). In this study, we evaluated the expression of
TLRs (TLR-2, TLR-4, TLR-6, and TLR-9) in Mo-DCs stimulated
with recombinant Lactobacillus by real-time RT-PCR analysis; we
found that recombinant Lactobacillus pPG-COE-DCpep/L393
increased the expression of TLR-2, TLR-6, and TLR-9 in Mo-DCs
to stimulate the host mucosal immune system. However, there was
no change in TLR-4 expression. This may be due to the fact that
TLR2 forms a heterodimer with TLR1 or TLR6 and recognizes a
wide variety of microbial ligands, while TLR4 is the main receptor
that mediates the endotoxin/LPS response, so its expression is not
affected by gram-positive bacteria (42).

The cytokine response induced by recombinant
Lactobacillus-stimulated Mo-DCs is another critical process
that results in antigen presentation to activate T cells. IFN-y, a
cytokine produced by natural killer cells and T lymphocytes, can
enhance the phagocytic activity to efficiently kill pathogens.
Reportedly, Thl cells mainly secrete IFN-y and TNF-f. IFN-y
activates macrophages and inhibits the proliferation of Th2
lymphocytes. It also stimulates B cells to produce receptors
that enhance the microbial attachment to phagocytes (43). IL-
12 is the most important cytokine in Thl differentiation,
promoting the survival and growth of Thl cells and
maintenance of sufficient numbers of memory/effector Thl
cells. In addition, IL-12 can suppress Th2 cell formation (44).
IL-10 is a major Th2-type cytokine that promotes Th2 cell
proliferation and inhibits Thl cell proliferation, while
supporting the activation of B cells and playing a role in
humoral immunity (45). In this study, we evaluated the
expression of cytokines (IL-12, IFN-y, and IL-10) in Mo-DCs
stimulated with recombinant Lactobacillus by real-time RT-PCR
analysis and found that recombinant Lactobacillus expressing
DCpep increased the expression of IL-12, IFN-y, and IL-10 in
Mo-DCs. The results showed that recombinant Lactobacillus
pPG-COE-DCpep/L393 can significantly promote the
maturation of Mo-DCs and secretion of cytokines. The results
also suggest that recombinant Lactobacillus expressing DCpep
triggers a stronger immune response in Th1 and Th2 type cells.

Several studies have shown that antigens conjugated with
DC-targeting antibodies can more rapidly activate and promote
the proliferation of CD4"T cells (46-48). In line with previous
reports, our results showed that recombinant Lactobacillus pPG-
COE-DCpep/L393 significantly induced Mo-DCs to stimulate
T-cell proliferation at a DC/T ratio of 1:1. From these results, we
observed that the greater the number of Mo-DCs, the stronger is
the ability to activate T cell proliferation. Thus, there is a minor
but significant difference between the recombinant Lactobacillus
pPG-COE-DCpep/L393 stimulated Mo-DCs at a 1:1 DC/T ratio,
but not at the other ratios. There are different subpopulations of
Th cells, including Th1, Th2, Th17, and regulatory T cells, each
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activated by a specific set of cytokines and transcription factors,
and characterized by the cytokines they secrete and the effector
functions (49, 50). In this study, the levels of secreted IL-12 and
IFN-vy by the recombinant Lactobacillus pPG-COE-DCpep/L393
stimulated Mo-DCs were higher than those of IL-10 and IL-17,
suggesting that DCpep is beneficial to recombinant Lactobacillus
to stimulate DCs to mediate the cellular immune response and
the differentiation of T cells into Th1 type cells.

In conclusion, our results demonstrate that human-derived
DCpep could not only be targeted to porcine DCs but also be
combined with porcine monocytes and lymphocytes; these
findings suggest that human-derived DCpep can significantly
promote antigen presentation in porcine DCs and improve the
efficiency of recombinant Lactobacillus to deliver antigens to
porcine DC. Furthermore, human-derived DCpep can activate
porcine DCs and play a key role in the cellular immune response.
In summary, our study provides a robust theoretical basis for the
development of porcine DC-targeted vaccines.

Data availability statement

The original contributions presented in the study are
included in the article/supplementary material. Further
inquiries can be directed to the corresponding authors.

Ethics statement

This study was reviewed and approved by the Animal
Experiment Ethics Committee of Northeast Agricultural
University, China.

Author contributions

YL and LW conceived and designed the study. TX, HY, YG,
TG, LX, Y], WC, HZ, and XQ performed the experiments. XW,
JL, ZS, and LT interpreted and analyzed the data. TX wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China (31972718).

Conflict of interest

The research was conducted in the absence of any
commercial or financial relationships that could be construed
as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.950597
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xia et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Prodélalova J. The survey of porcine teschoviruses, sapeloviruses and
enteroviruses b infecting domestic pigs and wild boars in the Czech republic
between 2005 and 2011. Infect Genet Evol (2012) 12:1447-51. doi: 10.1016/
j.meegid.2012.04.025

2. Alotaibi BS, Buabeid M, Ibrahim NA, Kharaba ZJ, [jaz M, Murtaza G. Recent
strategies driving oral biologic administration. Expert Rev Vaccines (2021) 20:1587-
601. doi: 10.1080/14760584.2021.1990044

3. Banchereau J, Steinman RM. Dendritic cells and the control of immunity.
Nature (1998) 392:245-52. doi: 10.1038/32588

4. Brayden DJ, Jepson MA, Baird AW. Keynote review: intestinal peyer’s patch
m cells and oral vaccine targeting. Drug Discovery Today (2005) 10:1145-57.
doi: 10.1016/s1359-6446(05)03536-1

5. Kunisawa J, Kurashima Y, Kiyono H. Gut-associated lymphoid tissues for the
development of oral vaccines. Adv Drug Delivery Rev (2012) 64:523-30.
doi: 10.1016/j.addr.2011.07.003

6. Li M, Wang Y, Sun Y, Cui H, Zhu §J, Qiu HJ. Mucosal vaccines: Strategies
and challenges. Immunol Lett (2020) 217:116-25. doi: 10.1016/j.imlet.2019.10.013

7. Colonna M, Pulendran B, Iwasaki A. Dendritic cells at the host-pathogen
interface. Nat Immunol (2006) 7:117-20. doi: 10.1038/ni0206-117

8. Kim HJ, Kim HO, Lee K, Baek EJ, Kim HS. Two-step maturation of immature
DCs with proinflammatory cytokine cocktail and poly(I:C) enhances migratory
and T cell stimulatory capacity. Vaccine (2010) 28:2877-86. doi: 10.1016/
j-vaccine.2010.01.061

9. Milling S, Yrlid U, Cerovic V, Macpherson G. Subsets of migrating intestinal
dendritic cells. Immunol Rev (2010) 234:259-67. doi: 10.1111/j.0105-2896.2009.00866.x

10. Tian J, Ma J, Ma K, Ma B, Tang X, Baidoo SE, et al. Up-regulation of GITRL
on dendritic cells by WGP improves anti-tumor immunity in murine Lewis lung
carcinoma. PloS One (2012) 7:¢46936. doi: 10.1371/journal.pone.0046936

11. Kurle S, Thakar M, Shete A, Paranjape R.). In vitro sensitization of T cells
with DC-associated/delivered HIV constructs can induce a polyfunctional CTL
response, memory T-cell response, and virus suppression. Viral Immunol (2012)
25:45-54. doi: 10.1089/vim.2011.0055

12. Shimizu K, Asakura M, Shinga J, Sato Y, Kitahara S, Hoshino K, et al.
Invariant NKT cells induce plasmacytoid dendritic cell (DC) cross-talk with
conventional DCs for efficient memory CD8+ T cell induction. J Immunol
(2013) 190:5609-19. doi: 10.4049/jimmunol.1300033

13. Owen JL, Sahay B, Mohamadzadeh M. New generation of oral mucosal
vaccines targeting dendritic cells. Curr Opin Chem Biol (2013) 17:918-24.
doi: 10.1016/j.cbpa.2013.06.013

14. Suzue K, Young RA. Adjuvant-free hsp70 fusion protein system elicits
humoral and cellular immune responses to HIV-1 p24. J Immunol (1996) 156:873-9.

15. Basu S, Binder RJ, Ramalingam T, Srivastava PK. CD91 is a common
receptor for heat shock proteins gp96, hsp90, hsp70, and calreticulin. Immunity
(2001) 14:303-13. doi: 10.1016/s1074-7613(01)00111-x

16. Manoj S, Griebel PJ, Babiuk LA, Van Drunen Littel-Van Den Hurk S. Targeting
with bovine CD154 enhances humoral immune responses induced by a DNA vaccine
in sheep. J Immunol (2003) 170:989-96. doi: 10.4049/jimmunol.170.2.989

17. Birkholz K, Schwenkert M, Kellner C, Gross S, Fey G, Schuler-Thurner B,
et al. Targeting of DEC-205 on human dendritic cells results in efficient MHC class
II-restricted antigen presentation. Blood (2010) 116:2277-85. doi: 10.1182/blood-
2010-02-268425

18. Smith GP. Filamentous fusion phage: novel expression vectors that display
cloned antigens on the virion surface. Science (1985) 228:1315-7. doi: 10.1126/
science.4001944

19. Mohamadzadeh M, Duong T, Hoover T, Klaenhammer TR. Targeting
mucosal dendritic cells with microbial antigens from probiotic lactic acid
bacteria. Expert Rev Vaccines (2008) 7:163-74. doi: 10.1586/14760584.7.2.163

20. Mohamadzadeh M, Duong T, Sandwick SJ, Hoover T, Klaenhammer TR.
Dendritic cell targeting of bacillus anthracis protective antigen expressed by

Frontiers in Immunology

12

10.3389/fimmu.2022.950597

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

lactobacillus acidophilus protects mice from lethal challenge. Proc Natl Acad Sci
U.S.A. (2009) 106:4331-6. doi: 10.1073/pnas.0900029106

21. Kathania M, Zadeh M, Lightfoot YL, Roman RM, Sahay B, Abbott JR, et al.
Colonic immune stimulation by targeted oral vaccine. PloS One (2013) 8:255143.
doi: 10.1371/journal.pone.0055143

22. Yang WT, Shi SH, Yang GL, Jiang YL, Zhao L, Li Y, et al. Cross-protective
efficacy of dendritic cells targeting conserved influenza virus antigen expressed by
lactobacillus plantarum. Sci Rep (2016) 6:39665. doi: 10.1038/srep39665

23. Yang WT, Yang GL, Shi SH, Liu YY, Huang HB, Jiang YL, et al. Protection
of chickens against HIN2 avian influenza virus challenge with recombinant
lactobacillus plantarum expressing conserved antigens. Appl Microbiol Biotechnol
(2017) 101:4593-603. doi: 10.1007/500253-017-8230-8

24. Jin YB, Yang WT, Shi CW, Feng B, Huang KY, Zhao GX, et al. Immune
responses induced by recombinant lactobacillus plantarum expressing the spike
protein derived from transmissible gastroenteritis virus in piglets. Appl Microbiol
Biotechnol (2018) 102:8403-17. doi: 10.1007/s00253-018-9205-0

25. Jinghui F, Yijing L. Cloning and sequence analysis of the m gene of porcine
epidemic diarrhea virus LJB/03. Virus Genes (2005) 30:69-73. doi: 10.1007/s11262-
004-4583-z

26. Curiel TJ, Morris C, Brumlik M, Landry SJ, Finstad K, Nelson A, et al.
Peptides identified through phage display direct immunogenic antigen to dendritic
cells. J Immunol (2004) 172:7425-31. doi: 10.4049/jimmunol.172.12.7425

27. Carrasco CP, Rigden RC, Schaffner R, Gerber H, Neuhaus V, Inumaru S,
et al. Porcine dendritic cells generated in vitro: morphological, phenotypic and
functional properties. Immunology (2001) 104:175-84. doi: 10.1046/j.1365-
2567.2001.01299.x

28. Livak K. J., Schmittgen T. D. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (2001)
25, 402-8. doi: 10.1006/meth.2001.1262

29. Haverson K, Singha S, Stokes CR, Bailey M. Professional and non-
professional antigen-presenting cells in the porcine small intestine. Immunology
(2000) 101:492-500. doi: 10.1046/j.1365-2567.2000.00128.x

30. Reddy ST, Swartz MA, Hubbell JA. Targeting dendritic cells with
biomaterials: developing the next generation of vaccines. Trends Immunol (2006)
27:573-9. doi: 10.1016/.it.2006.10.005

31. Caminschi I, Lahoud MH, Shortman K. Enhancing immune responses by
targeting antigen to DC. Eur ] Immunol (2009) 39:931-8. doi: 10.1002/
€ji.200839035

32. Tacken PJ, Figdor CG. Targeted antigen delivery and activation of dendritic
cells in vivo: steps towards cost effective vaccines. Semin Immunol (2011) 23:12-20.
doi: 10.1016/j.smim.2011.01.001

33. Shrestha A, Sadeyen JR, Igbal M. Enhancing protective efficacy of poultry
vaccines through targeted delivery of antigens to antigen-presenting cells. Vaccines
(Basel) (2018) 6, 75-4. doi: 10.3390/vaccines6040075

34. Wang X, Wang L, Huang X, Ma S, Yu M, Shi W, et al. Oral delivery of
probiotics expressing dendritic cell-targeting peptide fused with porcine epidemic
diarrhea virus coe antigen: a promising vaccine strategy against pedv. Viruses
(2017) 9, 312-11. doi: 10.3390/v9110312

35. Wang XN, Wang L, Zheng DZ, Chen S, Shi W, Qiao XY, et al. Oral
immunization with a lactobacillus casei-based anti-porcine epidemic diarrhoea
virus (PEDV) vaccine expressing microfold cell-targeting peptide Col fused with
the COE antigen of PEDV. J Appl Microbiol (2018) 124:368-78. doi: 10.1111/
jam.13652

36. Schook L, Beattie C, Beever ], Donovan S, Jamison R, Zuckermann F, et al.
Swine in biomedical research: creating the building blocks of animal models. Anim
Biotechnol (2005) 16:183-90. doi: 10.1080/10495390500265034

37. Hou X, Jiang X, Jiang Y, Tang L, Xu Y, Qiao X, et al. Oral immunization
against PEDV with recombinant lactobacillus casei expressing dendritic cell-
targeting peptide fusing coe protein of pedv in piglets. Viruses (2018) 10, 106-3.
doi: 10.3390/v10030106

frontiersin.org


https://doi.org/10.1016/j.meegid.2012.04.025
https://doi.org/10.1016/j.meegid.2012.04.025
https://doi.org/10.1080/14760584.2021.1990044
https://doi.org/10.1038/32588
https://doi.org/10.1016/s1359-6446(05)03536-1
https://doi.org/10.1016/j.addr.2011.07.003
https://doi.org/10.1016/j.imlet.2019.10.013
https://doi.org/10.1038/ni0206-117
https://doi.org/10.1016/j.vaccine.2010.01.061
https://doi.org/10.1016/j.vaccine.2010.01.061
https://doi.org/10.1111/j.0105-2896.2009.00866.x
https://doi.org/10.1371/journal.pone.0046936
https://doi.org/10.1089/vim.2011.0055
https://doi.org/10.4049/jimmunol.1300033
https://doi.org/10.1016/j.cbpa.2013.06.013
https://doi.org/10.1016/s1074-7613(01)00111-x
https://doi.org/10.4049/jimmunol.170.2.989
https://doi.org/10.1182/blood-2010-02-268425
https://doi.org/10.1182/blood-2010-02-268425
https://doi.org/10.1126/science.4001944
https://doi.org/10.1126/science.4001944
https://doi.org/10.1586/14760584.7.2.163
https://doi.org/10.1073/pnas.0900029106
https://doi.org/10.1371/journal.pone.0055143
https://doi.org/10.1038/srep39665
https://doi.org/10.1007/s00253-017-8230-8
https://doi.org/10.1007/s00253-018-9205-0
https://doi.org/10.1007/s11262-004-4583-z
https://doi.org/10.1007/s11262-004-4583-z
https://doi.org/10.4049/jimmunol.172.12.7425
https://doi.org/10.1046/j.1365-2567.2001.01299.x
https://doi.org/10.1046/j.1365-2567.2001.01299.x
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1046/j.1365-2567.2000.00128.x
https://doi.org/10.1016/j.it.2006.10.005
https://doi.org/10.1002/eji.200839035
https://doi.org/10.1002/eji.200839035
https://doi.org/10.1016/j.smim.2011.01.001
https://doi.org/10.3390/vaccines6040075
https://doi.org/10.3390/v9110312
https://doi.org/10.1111/jam.13652
https://doi.org/10.1111/jam.13652
https://doi.org/10.1080/10495390500265034
https://doi.org/10.3390/v10030106
https://doi.org/10.3389/fimmu.2022.950597
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xia et al.

38. Wang J, Jiang H, Yang R, Zhang S, Zhao W, Hu J, et al. Construction and
evaluation of recombinant lactobacillus plantarum NC8 delivering one single or
two copies of G protein fused with a DC-targeting peptide (DCpep) as novel oral
rabies vaccine. Vet Microbiol (2020) 251:108906. doi: 10.1016/j.vetmic.2020.108906

39. Ma S, Qiao X, Xu Y, Wang L, Zhou H, Jiang Y, et al. Screening and
identification of a chicken dendritic cell binding peptide by using a phage display
library. Front Immunol (2019) 10:1853. doi: 10.3389/fimmu.2019.01853

40. Steinman RM, Idoyaga J. Features of the dendritic cell lineage. Immunol Rev
(2010) 234:5-17. doi: 10.1111/j.0105-2896.2009.00888.x

41. Zhou W, Peng Q, Li K, Sacks SH. Role of dendritic cell synthesis of
complement in the allospecific T cell response. Mol Immunol (2007) 44:57-63.
doi: 10.1016/j.molimm.2006.06.012

42. Noreen M, Arshad M. Association of TLR1, TLR2, TLR4, TLR6, and TIRAP
polymorphisms with disease susceptibility. Immunol Res (2015) 62:234-52.
doi: 10.1007/s12026-015-8640-6

43. Schroder K, Hertzog PJ, Ravasi T, Hume DA. Interferon-gamma: an

overview of signals, mechanisms and functions. J Leukoc Biol (2004) 75:163-89.
doi: 10.1189/j1b.0603252

44. Barchet W, Price JD, Cella M, Colonna M, Macmillan SK, Cobb JP, et al.
Complement-induced regulatory T cells suppress T-cell responses but allow for
dendritic-cell maturation. Blood (2006) 107:1497-504. doi: 10.1182/blood-2005-
07-2951

Frontiers in Immunology

13

10.3389/fimmu.2022.950597

45. Yang ZF, Ho DW, Ngai P, Lau CK, Zhao Y, Poon RT, et al.
Antiinflammatory properties of IL-10 rescue small-for-size liver grafts. Liver
Transpl (2007) 13:558-65. doi: 10.1002/1t.21094

46. Carter RW, Thompson C, Reid DM, Wong SY, Tough DF. Preferential
induction of CD4+ T cell responses through in vivo targeting of antigen to
dendritic cell-associated c-type lectin-1. J Immunol (2006) 177:2276-84.
doi: 10.4049/jimmunol.177.4.2276

47. Charalambous A, Oks M, Nchinda G, Yamazaki S, Steinman RM. Dendritic
cell targeting of survivin protein in a xenogeneic form elicits strong CD4+ T cell
immunity to mouse survivin. J Immunol (2006) 177:8410-21. doi: 10.4049/
jimmunol.177.12.8410

48. Lahoud MH, Ahmet F, Kitsoulis S, Wan SS, Vremec D, Lee CN, et al.
Targeting antigen to mouse dendritic cells via Clec9A induces potent CD4 T cell
responses biased toward a follicular helper phenotype. J Immunol (2011) 187:842—
50. doi: 10.4049/jimmunol.1101176

49. Chen CY, Liu HJ, Tsai CP, Chung CY, Shih YS, Chang PC, et al. Baculovirus
as an avian influenza vaccine vector: differential immune responses elicited by
different vector forms. Vaccine (2010) 28:7644-51. doi: 10.1016/
j.vaccine.2010.09.048

50. Bertram EM, Dawicki W, Watts TH. Role of T cell costimulation in anti-
viral immunity. Semin Immunol (2004) 16:185-96. doi: 10.1016/
j.smim.2004.02.006

frontiersin.org


https://doi.org/10.1016/j.vetmic.2020.108906
https://doi.org/10.3389/fimmu.2019.01853
https://doi.org/10.1111/j.0105-2896.2009.00888.x
https://doi.org/10.1016/j.molimm.2006.06.012
https://doi.org/10.1007/s12026-015-8640-6
https://doi.org/10.1189/jlb.0603252
https://doi.org/10.1182/blood-2005-07-2951
https://doi.org/10.1182/blood-2005-07-2951
https://doi.org/10.1002/lt.21094
https://doi.org/10.4049/jimmunol.177.4.2276
https://doi.org/10.4049/jimmunol.177.12.8410
https://doi.org/10.4049/jimmunol.177.12.8410
https://doi.org/10.4049/jimmunol.1101176
https://doi.org/10.1016/j.vaccine.2010.09.048
https://doi.org/10.1016/j.vaccine.2010.09.048
https://doi.org/10.1016/j.smim.2004.02.006
https://doi.org/10.1016/j.smim.2004.02.006
https://doi.org/10.3389/fimmu.2022.950597
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Human dendritic cell targeting peptide can be targeted to porcine dendritic cells to improve antigen capture efficiency to stimulate stronger immune response
	Introduction
	Materials and methods
	Bacterial strains
	Synthesis of peptides
	Isolation and validation of Mo-DCs
	Determination of binding ability of human DCpep to porcine DCs with fluorescence microscopy and flow cytometry
	Fluorescence microscopy
	Flow cytometry

	Determination of the capture ability of porcine DCs to recombinant Lactobacillus with scanning electron microscope and flow cytometry
	Scanning electron microscope
	Flow cytometry

	Analysis of marker genes and cytokine expression by Mo-DCs assessed by relative qRT-PCR
	Evaluation of mixed leukocyte reaction in Mo-DCs
	Detection of cytokines in Mo-DCs by ELISA
	Statistical analysis

	Results
	Cultured Mo-DCs have the typical morphology and molecular phenotype of DCs
	Human DCpep can target and bind to porcine DCs
	Human DCpep improves the efficiency of antigen capture of porcine DCs
	Fusion of human DCpep with antigens increases the expression levels of markers of porcine DCs
	Fusion of human DCpep with antigens improves the antigen presentation efficiency of porcine DCs
	Fusion of human DCpep with antigens promotes porcine DC-mediated T cell differentiation into Th1 cells

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


