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The adjuvant CVC1302 was previously shown to efficiently enhance the immunogenicity of killed foot-
and-mouth disease virus (FMDV) in mice and piglets. However, the underlining mechanism of action
of CVC1302 remains unclear, especially at local injection sites and draining lymph nodes. Since the
FMDV vaccine is administrated intramuscularly in field settings, we studied local immune responses to
FMDV following intramuscular injection in mice, and found that CVC1302-adjuvanted killed FMDV
(KV-CVC1302) induced secretion of several chemokines in murine muscle tissues, including MCP-1,
MIP-1a, and MIP-1b. The number of monocytes recruited to the site of injection was significantly higher
in mice immunized with KV-CVC1302 compared with mice immunized with killed FMDV alone (KV).
iTAQ-based quantitative proteomic assays were additionally employed to explore the molecular mecha-
nisms of CVC1302 action in the draining lymph nodes. A total of 35 proteins were identified as being dif-
ferentially expressed among the control group, KV-immunized group and KV-CVC1302-immunized
group at 10 days post immunization (dpi). Proteins exhibiting differential expression were mainly
involved in signal transduction, apoptosis, endocytosis and innate immune responses. Pathway analysis
demonstrated that AMPK, phospholipase D, cAMP, Rap1, and MAPK signaling pathways were potentially
induced by the immunopotentiator CVC1302. Understanding the local mechanism of CVC1302 action at
injection sites and draining lymph nodes will provide new insights into the development of FMDV
vaccines.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Foot-and-mouth disease (FMD), caused by foot-and-mouth dis-
ease virus (FMDV), is an economically devastating infection of wild
and domestic cloven-hoofed animals [23]. FMDV belongs to the
family Picornaviridae and has a single-stranded, positive-sense
RNA genome [21]. In China, FMDV serotype O is currently preva-
lent, and disease control relies mainly on vaccination with killed
vaccines [13]. However, the inherent disadvantages of killed FMDV
vaccines, such as a short duration of immunity, the need for repet-
itive vaccination, and partial immune protection, limit their appli-
cation and use [2].

In our previous study, a complex of muramyl dipeptide (MDP),
monophosphoryl lipid A (MPL) and b-glucan called CVC1302 was
used to improve the efficacy of a killed FMDV serotype O vaccine
[9]. Significantly higher titers of liquid-phase blocking (LPB) anti-
bodies were induced in pigs immunized with CVC1302-
adjuvanted killed FMDV (KV-CVC1302) compared with KV alone.
Long-lasting humoral immunity was confirmed as efficient LPB
antibody titers in pigs were elicited after only a single dose of
KV-CVC1302. Moreover, we showed through challenge experi-
ments that KV-CVC1302 vaccine could provide efficient protective
immunity in pigs against FMDV infection. Therefore, deciphering
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the mechanism of CVC1302 adjuvant in improving responses
against killed FMDV vaccines represents an urgent priority. As local
events at injection sites represent critical steps towards mounting
a robust immune response, we sought to elucidate the molecular
mechanisms of CVC1302 action at murine injection sites.

Prior studies have demonstrated that long-term humoral
immunity induced by CVC1302-adjuvanted serotype O FMDV
killed vaccine correlates with promoted T follicular helper cells,
and thus germinal center responses in mice. This is in agreement
with studies in the literature which have reported that exposure
of murine B cells to TLR4, TLR7, and TLR9 agonists increases the
expression of B cell costimulatory factors and induces B cells to
proliferate, produce cytokines, differentiate into APCs, switch Ig
classes, and secrete Igs [18,33]. As CVC1302 is comprised of MDP,
MPL and b-glucan, which are TLR agonists, we utilized iTAQ-
based quantitative proteomic assays to explore whether CVC1302
adjuvant improves serotype O FMDV killed vaccine through B
cell-intrinsic MyD88 signaling. Our findings support the need for
further study of local host responses elicited by KV-CVC1302 at
injection sites in pigs to fully understand the mechanism of action
of killed FMDV vaccines.

2. Materials and Methods

2.1. Mice

Seventy-eight six-week-old female pathogen-free BALB/c mice
purchased from the Yang Zhou University were divided into three
experimental groups. The study and protocol were both approved
by the Science and Technology Agency of Jiangsu Province (the
approval number is NKYVET 2015-0066) and by the Jiangsu Acad-
emy of Agricultural Sciences Experimental Animal Ethics Commit-
tee. All efforts were made to minimize animal suffering. All animal
studies were performed in strict accordance with the guidelines of
Jiangsu Province Animal Regulations (Government Decree No. 45).

2.2. Antigen, adjuvants, and immunizations

Killed FMDV serotype O was a kind gift from China Agricultural
Vet. Bio. Science and Technology Co. Ltd. (CAVI, Lanzhou, China).
CVC1302 was prepared by dissolving MDP, MPL, and b-glucan in
sterile water. These adjuvants were prepared as described in the
Chinese patent license (registered number 201310042983.0, see
Supplemental data). One volume of adjuvant was thoroughly
mixed with nine volumes of killed FMDV, and then combined with
an equal volume of a Montanide IMS 1313TM N VG (Seppic, France)
prior to injection. The killed FMDV vaccine mixed with CVC1302
and Montanide IMS 1313TM N VG was called KV-CVC1302. The
killed FMDV vaccine mixed with Montanide IMS 1313TM N VG alone
was called KV.

All groups of mice were injected intramuscularly (i.m.) with
50 lL of antigen-adjuvant mixture in the quadriceps muscle of
each hind leg (100 lL/mouse). Group 1 mice (n = 26) were injected
once with Montanide IMS 1313TM N VG alone as a negative control.
Group 2 mice (n = 26) were injected once with KV (0.3 lg killed
FMDV per animal). Group 3 mice (n = 26) were injected once with
KV-CVC1302 (0.3 lg killed FMDV per animal).

Samples from injection sites (hind leg quadriceps) and draining
lymph nodes were collected at 0, 1, 3, 5, 7 and 14 dpi from immu-
nized mice to analyze antigen presenting cells (APCs). Three mice
in each group were sacrificed at each time point. At 1 dpi, the sera
and muscles of three mice from each group were collected to ana-
lyze cytokine expression. For confocal microscopy, the muscles of
three mice from each group were collected at 6 h (h) after immu-
nization. For iTRAQ-based quantitative proteomic assays, inguinal
lymph nodes of individual mice (two mice in each group) were col-
lected at 10 dpi and stored at �80 �C until use.

2.3. Cytokine analysis

Cytokine concentrations in muscle samples were measured at 1
dpi with KV, KV-CVC1302 or vehicle control vaccinated mice. Mus-
cles were homogenized in native lysis buffer (Solarbio, Beijing)
containing 10 lM phenylmethanesulfonyl fluoride (PMSF) (Solar-
bio, Beijing) with an Ultra-Turrax T25 instrument. Homogenates
were centrifuged at 10,000g for 10 min at 4 �C and total protein
concentrations in the supernatants were determined using a bicin-
choninic assay kit (Solarbio, Beijing). Muscle tissue homogenates
were diluted with buffer to a protein concentration of 500 lg/mL
and cytokine concentrations were measured using commercial
ELISA kits (Miltenyi, Germany).

Additionally, the concentrations of IFNs and MCP-1, MIP-1a,
MIP-1b in sera were also measured by using commercial ELISA kits
(Miltenyi, Germany) according to manufacturer’s instructions. The
cytokine concentrations in the samples were determined based on
the standard curves.

2.4. Quantitative real-time PCR (qPCR)

Total RNA was extracted frommuscle tissues using Trizol (Invit-
rogen, USA) and reverse transcribed in a 20 lL volume using a
Prime Script TM II Strand cDNA Synthesis kit (Takara, Dalian,
China), according to the manufacturer’s protocol. The cDNA
product (2 lL) was amplified in a 20 lL qPCR reaction mixture
containing Bright Green 2� qPCR Master Mix (abm, Canada) and
0.2 lM of each of the forward and reverse gene-specific primers.
Each cDNA amplification was performed in triplicate. PCR
amplifications were performed using a Roche Light Cycler�480
instrument. The thermal cycling conditions were as follows:
10 min at 94 �C, 40 cycles of 15 s at 94 �C and 1 min at 60 �C. Gene
expression was measured by relative quantity as described
previously [14]. The primers used in this study are listed in
supplemental Table 1.

2.5. Preparation of single-cell suspensions from injection sites and
draining lymph nodes

Quadriceps muscles were harvested and placed in tissue culture
dishes containing Hank’s Balanced Salt Solution (HBSS; Gibco) on
ice [7]. The muscles were cut into small pieces and digested with
0.05% (w/v) type II collagenase (Sigma) in HBSS for 30 min at
37 �C with constant agitation. The cell suspension was centrifuged
at 400g for 5 min, resuspended in Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco), filtered through a 70 lm nylon mesh
(BD Falcon, USA) and stained with fluorescent labeled antibodies
for flow cytometric analysis.

Draining lymph nodes were harvested and cut into small frag-
ments. Single lymphocytes were prepared using a Medimachine
system with a Medicon (50 lm) disaggregator (BD, USA) and
stained with fluorescent-labeled antibodies for flow cytometric
analysis.

2.6. Flow cytometric analysis

Cells were stained with combinations of the following
antibodies: anti-CD11b PE-Cy7 (clone M1/70; BD Biosciences,
USA), anti-CD11c FITC (clone N418; Miltenyi Biotec, USA), anti-
Ly6G PE (clone 1A8; BD Biosciences, USA), anti-Ly6C APC (clone
HK1.4; Invitrogen, USA), anti-F4/80 PE (clone REA126; Miltenyi
Biotec, USA), anti-MHC class II APC (clone REA610; Miltenyi Biotec,
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USA), anti-CD80 APC (clone 16-10A; Mitenyi Biotec, USA), anti-
CD86 APC (clone PO3.3; Mitenyi Biotec, USA) and anti-CD40 APC
(clone FGK45.5; Miltenyi Biotec, USA).

Cells were analyzed with a BD Accuri C6 instrument (BD Bio-
sciences, USA). Data analyses were performed using FlowJo version
7.6.1 software.
Fig. 1. Expression of cytokines and chemokines measured by ELISA in sera and at injectio
protocol is described in the Materials and Methods. Serum and muscle samples from the i
(MCP-1, MIP-1a and MIP-1b) (B, D). Data are presented as the mean ± SEMs.

Fig. 2. Abundance of mRNA transcripts encoding cytokines and chemokines at injection
protocol is described in the Materials and Methods. Injected muscle samples were collecte
(B). Data are presented as the mean ± SEMs.
2.7. Confocal microscopy

Tissue samples from injection sites (quadriceps muscles) of
three different mice were collected 6 h after immunization and
immediately frozen using liquid nitrogen according to the proce-
dure described by Kasturi et al. with somemodifications [24]. Opti-
n sites after immunization with vehicle alone, KV or KV-CVC1302. The immunization
njection sites were collected at 1 dpi to quantitate type I IFNs (A, C) and chemokines

sites after immunization with vehicle alone, KV or KV-CVC1302. The immunization
d at 1 dpi to quantitate type I IFNs (A) and chemokines (MCP-1, MIP-1a and MIP-1b)
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mal cutting temperature compound (OCT) (Leica Microsystems,
Wetzlar, Germany)-embedded muscle tissue was sectioned trans-
versely at 6 lm by using a CM1950 cryostat (Leica Microsystems,
Wetzlar, Germany). Tissue samples were captured on Superfrost
plus microscope slides (Thermo Scientific, USA) and washed with
phosphate-buffered saline (PBS) three times to remove any resid-
ual OCT. The cryosections were fixed using PBS containing 3%
formaldehyde for 10 min at room temperature, washed twice with
PBS, and permeabilized with PBS containing 3% bovine serum albu-
min (BSA) and 1% saponin (permeabilization buffer) for 30 min at
room temperature. Tissue sections were stained with anti-CD11c
FITC and 40,60-diamidino-2-phenylindole (DAPI) for 1 h at room
temperature in the dark. Sections were visualized and pho-
tographed with a Zeiss LSM700 confocal microscope (objective,
320 nm) at room temperature and images were acquired with
Fig. 3. Kinetics of cell recruitment to sites of injection in muscle tissue following
KV-CVC1302-injection. The immunization protocol is described in the Materials
and Methods. The cell composition at injection sites in muscles was assessed at the
indicated time points by flow cytometry. Values show mean ± SEMs of 4–6 muscles
from 2 to 3 mice per treatment group.

Fig. 4. (A) Confocal microscopy of muscle cryosections 6 h after immunization. CD11c+ c
from mice immunized with control, KV or KV-CVC1302. Magnification, 200�. (B) Th
interpretation of the references to color in this figure legend, the reader is referred to t
Zeiss LSM image browser software (Zeiss). The images were then
examined with image analysis software Image-Pro Plus 6.0.
2.8. iTRAQ-based quantitative proteomic assays

2.8.1. Protein extraction, digestion and iTRAQ labeling
Frozen samples were transferred into low protein binding tubes

(1.5 mL) and lysed with 500 lL digestion buffer supplemented
with 1 mM PMSF. Then, the tissue samples were homogenized on
ice and further lysed with sonication. After sonication, the samples
were centrifuged at 15,000 g for 15 min at 4 �C to remove insoluble
particles, and repeated once to further exclude insoluble particles.
Protein digestion was conducted according to the FASP procedure
described by Wisniewski et al. [43]. For iTRAQ labeling, the result-
ing peptide mixture was then labeled with iTRAQ reagent (Applied
Biosystems, Carlsbad, CA, USA), according to the manufacturer’s
instructions. Two hundred microliters of isopropanol was added
to each room-temperature iTRAQ reagent vial. Then, 100 lL of
the iTRAQ labeled reagent was added to each sample for mixing.
The tubes were incubated at room temperature for 2 h. Finally,
200 lL of HPLC water was added to each sample and incubated
for 30 min to terminate the reaction. The samples were lyophilized
and stored at �80 �C.
2.8.2. Reverse phase fractionation and Nano LC-MS/MS analysis by Q
Exactive

Reverse phase (RP) separation and Nano LC-MS/MS analysis
were performed according to protocols described in Xu et al. [44]
2.8.3. Database search
Proteome Discoverer (v.2.2) was used to search all of the Q

Exactive raw data thoroughly against the sample protein database.
Database searches were performed with Trypsin digestion speci-
ficity. Alkylation on cysteine was considered a fixed modification
in the database search. For protein quantification method, iTRAQ
8 plex was selected. A global false discovery rate (FDR) was set
ells are shown in green and nuclei (DAPI) are shown in blue. Muscle tissues sampled
e integral optical density (IOD) analysis of injected muscles on FITC signal. (For
he web version of this article.)
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to 0.01 and protein groups considered for quantification required
at least 2 peptides.

2.9. Statistical analysis

Statistical analysis was performed using GraphPad Prism ver-
sion 5 (GraphPad Software, San Diego, CA, USA). Differences among
groups were assessed using one-way analysis of variance (ANOVA)
with post-hoc Tukey’s and Student’s t-tests. P values less than 0.05
were considered as statistically significant. All data were expressed
as means ± standard error of the means (SEMs).
Fig. 5. Kinetics of cell recruitment into the draining lymph nodes in response to
immunization with KV-CVC1302. The immunization protocol isdescribed in the
Materials and Methods. The cell composition in the lymph nodes of all mice was
assessed at the indicated time points by flow cytometry. Values show mean ± SEMs
of 4–6 lymph nodes from 2 to 3 mice per treatment group.

Fig. 6. Activation of recruited DCs (CD11b+, CD11c+) at sites of injection in muscle
tissues of mice immunized with KV or KV-CVC1302. The immunization protocol is
described in the Materials and Methods. The cell-surface expression of CD40, CD80,
CD86 and MHCII on DCs was assessed by flow cytometry.
3. Results

3.1. Efficient induction of cytokines and chemokines by CVC1302

As CVC1302 is a complex of several Toll-like receptor (TLR) ago-
nists, which mainly induces type I interferons (IFNs), we first
assessed cytokine levels in the sera of mice at 1 dpi with either
vehicle alone, KV or KV-CVC1302, using commercial ELISA kits.
As shown in Fig. 1A, immunization with KV-CVC1302 induced sig-
nificantly higher levels of IFNa and IFNb than immunization with
KV alone.

Levels of IFNs were also measured locally using commercial
ELISA kits and qPCR. As shown in Fig. 1C, enhanced expression of
IFNa and IFNb at injection sites was observed in mice immunized
with KV-CVC1302. Consistent with ELISA results, there was a sig-
nificant difference between mice immunized with KV alone or
KV-CVC1302 with regard to IFNa and IFNbmRNA expression levels
at injection sites (Fig. 2A).

Previous studies have shown that adjuvants, such as MF59 and
Alum, primarily improve vaccine efficacy by inducing chemokine
secretion to recruit immune cells, especially APCs, to sites of
immunization [7]. Accordingly, we investigated chemokine levels
induced in both injection sites and sera of KV- and KV-CVC1302-
immunized mice to determine whether CVC1302 functioned simi-
larly to improve the efficacy of FMDV vaccines. We found that ele-
vated levels of the monocyte chemoattractant protein-1 (MCP-1 or
CCL2), macrophage inflammatory protein-1a (MIP-1a or CCL3) and
macrophage inflammatory protein-1b (MIP-1b or CCL4) could be
detected in sera and at injection sites of mice immunized with
KV-CVC1302 (Fig. 1(B and D)), with the elevated levels of MCP-1,
MIP-1a and MIP-1b mRNA additionally detected at injection sites
(Fig. 2B). In contrast, compared with mice immunized with KV-
CVC1302, mice from control or KV groups only possessed low
levels of MCP-1, MIP-1a and MIP-1b. The primary roles of MIP-
1a and MIP-1b are to recruit MPh, which capture injected antigens
in order to activate immune responses [6,8,17]. MCP mainly
attracts Mo, which can differentiate into DCs and play a crucial role
in antigen uptake and subsequent stimulation of adaptive immu-
nity [4,16,36]. In our study, significantly elevated levels of DCs
were observed in mice 3 dpi with KV-CVC1302 compared with
KV. For these reasons, we speculate that CVC1302 might induce
Mo differentiation into DCs, although further studies will be
required to explore this possibility.

Collectively, we found that CVC1302 induced not only elevated
levels of type I IFNs to improve the efficacy of killed FMDV vaccine,
but also elevated chemokine secretion in order to recruit APCs to
capture and present antigens.

3.2. Recruitment of cells to the injection site in quadriceps muscles

Given the chemokine profile in KV-CVC1302-immunized mice,
we next analyzed cellular recruitment (specifically APCs) to the
injection site using flow cytometry. Single-cell suspensions were
obtained by enzymatic digestion of muscle tissue. Using specific
antibodies recognizing cell type-specific markers, we detected
cDC (CD11b+, CD11c+), macrophages (MPh) (CD11b+, CD11c-,
F4/80high), and monocytes (Mo) (CD11b+, CD11c�, Ly6C+, Ly6G-).
As shown in Fig. 3, significantly higher numbers of dendritic cells
(DCs) were observed at sites of injection in mice immunized with
KV-CVC1302 compared with mice immunized with KV alone, most
notably at 3 dpi. Peak numbers of recruited DCs at injection sites
were observed at 3 dpi in both mice immunized with KV-
CVC1302 or KV alone, as MPh and Mo were at 1 dpi. No significant
difference in the number of MPh and Mo recruited to injection sites
was observed at 7 dpi, or Mo at 1 and 14 dpi; however, enhanced
numbers of Mo were recruited to the injection sites of KV-
CVC1302-immunized mice at 3 dpi, which may in part explain
the enhanced numbers of DCs detected on subsequent days.
Recruited Mo may have, in turn, recruited DCs or differentiated
into DCs themselves. Statistical analysis supporting these conclu-
sions are shown in the supplemental Table 2.

Injection sites in quadriceps muscles of KV-CVC1302- and KV-
immunized mice were observed by confocal microscopy at 6 h post
immunization to further analyze the recruitment of DCs. As shown
in Fig. 4A and B, significantly more CD11c+ DCs (green fluores-
cence) were observed in the muscle tissue samples from



Fig. 7. Heat map of differentially expressed proteins (DEPs) in inguinal lymph
nodes from KV or KV-CVC1302-treated and control mice at 10 dpi. Each column
represents an experiment sample. Color legend is on the right, the color scale ranges
from saturated green for log ratios �1.5 and above to saturated red for log ratios 1.3
and above. Red indicates increased protein expression levels; green indicates
decreased levels compared with control samples. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)
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KV-CVC1302-immunized mice compared with mice immunized
with KV alone.

Concurrently, the numbers of APCs in draining inguinal lymph
nodes were analyzed by using flow cytometry. Similar to the injec-
tion site, DCs had the highest frequency among all APCs in both
groups of mice immunized with KV-CVC1302 and KV alone
(Fig. 5). The highest numbers of APCs among all types were
detected at 5 dpi in the inguinal lymph nodes from both groups
immunized with KV-CVC1302 and KV alone (statistical analysis
is shown in the supplemental Table 3).

Collectively, these data show that, as elevated chemokine secre-
tion was induced by CVC1302, higher numbers of APCs, including
DC, MPh and Mo, were recruited to the site of injection to capture
more antigens and transfer them to inguinal lymph nodes in order
to activate efficient germinal center reactions.

3.3. Activation of DCs recruited to sites of injection

DC recruitment to the injection site is a critical first step in the
activation of immune responses following vaccination. Further-
more, efficient activation of recruited DCs is important for antigen
processing and presentation [39,35]. TLRs have been shown to play
an essential role in activation of DCs [1,34,26], CVC1302 is a com-
plex of TLR ligands. As such, we next analyzed DC activation via
flow cytometry. As shown in Fig. 6, significantly higher levels of
CD40, CD80, CD86 and MHCII expression were observed on DCs
from mice immunized with KV-CVC1302 compared with mice
immunized with KV alone. Enhanced expression levels of CD80,
CD86 and MHCII among DCs may have promoted their ability to
process and present antigen to T or B cells.

3.4. GO and KEGG pathway analysis of DEPs

To more comprehensively explore complex host responses fol-
lowing immunization, we employed iTRAQ technology to analyze
the proteomics of mice inoculated with vaccine vehicle, KV or
KV-CVC1302. Based on the database of Mus musculus. fasta, 1942
proteins (�one or more unique peptides with an FDR less than
1%) were identified.

Thirty-five differentially expressed proteins (DEPs) (upregu-
lated � 1.2-fold or downregulated� 0.84-fold; P � 0.05) were
selected in inguinal lymph nodes from groups of mice immunized
with vaccine vehicle, KV or KV-CVC1302, respectively. A hierarchi-
cal clustering heat map of the DEPs is shown in Fig. 7.

The DEPs identified above were classified according to their bio-
logical processes, cellular components and molecular functions
using the OmicsBean database; their relative classifications are
listed in Fig. 8. According to this comprehensive analysis, we found
that most of the DEPs were associated with apoptosis, autophagy,
germinal center processes, and regulation of immune responses
(Table 1), which might be associated with the adjuvanticity of
the immunopotentiator CVC1302.

Among the DEPs, we found that Nmi, which was responsible for
negative regulation of type I IFNs [41,12,22], was down-regulated
in the groups of mice immunized with KV-CVC1302 or KV com-
pared with mice immunized with PBS. Furthermore, the abun-
dance of Nmi in KV-CVC1302–immunized mice was statistically
lower than in mice immunized with KV, which was related to
the components of CVC1302, a complex of several Toll-like recep-
tor (TLR) agonists. These results were consistent with our afore-
mentioned observation that the levels of type I IFNs at injection
sites and in the sera of mice in the KV-CVC1302 group were higher
than levels detected in the KV group. Moreover, we found that the
levels of Clec2d and Gbf1 in lymph nodes sampled from mice
immunized with KV-CVC1302 were significantly higher than mice
immunized with KV (both p < 0.05); this is in agreement with prior
studies which have demonstrated known roles for these proteins in
the regulation of immune responses [19,25,27,5]. Briefly, Gbf1 was
identified to play an important role in cell activation involved in
immune responses, and it was demonstrated that Clec2d triggering
may play a key role in germinal center (GC) reactions promoting B
cell activation and downregulating CXCR4, thus helping to pro-
mote an LZ phenotype and facilitating both FDC and Tfh interac-
tions. Considering this past work, we speculate that CVC1302
may induce high levels of Gbf1 and Clec2d to improve the immune
responses induced by killed FMDV vaccine.

Based on the results of iTAQ-based quantitative proteomic
assays, we found that Pik3c3 [46], Colla2 [45], Rab1a [42], Rps6ka1
[38], Tbc1d1 [40], Vapa [47], Vamp3 [29,15], Marck3 [32] and
Cpne2 [10] were down-regulated in inguinal lymph nodes sampled
from mice immunized with KV-CVC1302 compared with mice
receiving KV alone.

Furthermore, as shown in Fig. 9, the AMPK signaling pathway
plays several important roles in cell proliferation, apoptosis and
autophagy [28]. In GC reactions, following proliferative expansion



Fig. 8. Gene ontology (GO) annotation of DEPs in inguinal lymph nodes from KV or KV-CVC1302-treated and control mice at 10 dpi. Functional analysis of the proteins
included three categories: cellular component (A), molecular function (B) and biological process (C).

Table 1
The GO and KEGG analysis of the main DEPs.

Protein ID Gene Abundance References GO and KEGG analysis

Group1 Group2 Group3 PMID/PMCID

Q6PF93 Pik3c3 102.4 112.5 124.3 102.2 83.1 85.3 24013218 Phagosome
Q01149 Colla2 132 121.1 102.5 90.6 77 91.3 30123364 PI3K-Akt signaling pathway
Q0PD67 Rabla 109.8 108.2 109.3 104.8 83.5 85.7 27334615 Autophagosome organization
Q810V8 Rps6kal 117.3 128 98.9 107.7 91.5 87.8 21035469 Apoptosis
Q60949 Tbc1d1 116.7 122.4 92.6 98.9 76.9 86 30135087 AMPK signaling pathway
Q9WV55 Vapa 109.5 112.1 107.5 92.9 92.4 91.8 29628370 Autophagosome
P63024 Vamp3 111.9 111.9 102.2 103.2 91.6 86.5 25046144 Phagosome
A0A0A1HAM8 Marcks 107.9 108.5 98.4 99.4 88.7 90.3 26470024 Phagosome
P59108 Cpne2 109.9 111 104.2 100.9 85.8 91.7 PMC6227306 Autophagosome clearance
Q3UD53 CARHSP1 108.4 107.8 103.8 106 85 84.1 21078874 TNF-a protein production
O88712 Ctbp1 89.6 106.9 114.5 120.4 89.4 91.7 18212045 Transcription of Bcl-6
O35309 Nmi 122.9 121.3 96.9 99.6 91.4 86.7 26342464 Negative regulation of I type IFN expression
Q6DFZ1 Gbf1 104.1 98 88.3 92.2 107.2 111.2 28702273 Cell activation involved in immune response
Q91V08 Clec2d 81.8 91.9 99.2 97.1 111.8 110 27626681 Regulation of immune response
Q06138 Cab39 90.3 78.8 93.2 93.5 115.6 114.4 28628644 AMPK signaling pathway
E9PZW8 Myo9b 86.9 76.1 104.9 102.4 116 108.9 24646736 Endocytosis
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and somatic hypermutation (SHM) in the dark zone, B cells move
to the light zone where those that have high affinity for the antigen
are selected for survival, re-enter the dark zone or differentiate to
memory B cells and plasma cells. However, low-affinity GC B cells
are selected for apoptosis [3].The finding may partially explain
that CVC1302 enhances murine IgG responses against FMDV by
promoting the magnitude of GC B cell responses [13]. Significant
differences in phagosome and regulation of autophagy were dis-
covered among the groups of mice immunized with vaccine vehi-
cle, KV or KV-CVC1302.

As the germinal center response peaks between day 10 and day
14 after immunization and then diminishes [37], we sampled



Fig. 9. KEGG pathway associated with the DEPs in inguinal lymph nodes from KV or KV-CVC1302-treated and control mice at 10 dpi. Top 10 enrichment in KEGG pathway
maps of the DEPs.
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inguinal lymph nodes frommice immunized with vehicle, KV or KV-
CVC1302 at 10 dpi, to analyze the ability of CVC1302 to improve
immune responses induced by FMDV killed vaccine. iTRAQ analysis
not only identified elevated levels of type I IFNs in mice immunized
with KV-CVC1302, but also demonstrated that CVC1302 plays
important roles in the regulation of the magnitude of GC reactions
through promoting B cell activation, facilitating both FDC and Tfh
interactions and regulating the GC reaction process.

4. Discussion

FMD, one of the most contagious viral diseases of livestock,
causes substantial economic losses worldwide [21]. In China,
immunization with killed FMDV vaccine represents the primary
method for FMD control and prevention [31]. Currently, the
commercially-used killed FMDV vaccine usually requires 7–
10 days to elicit protective immunity and does not confer long-
lasting immunity [20,11,30]. Typically, multiple vaccinations with
conventional killed FMDV vaccine are required to induce adequate
immunity; therefore, a single adjuvanted FMDV vaccination
approach would provide a substantial advantage. In our previous
study, we found that CVC1302 adjuvant could improve the efficacy
of a killed FMDV vaccine in pigs, inducing elevated LBP-antibody
levels and neutralizing antibodies titers [9]. LBP-ELISA has many
advantages in evaluating vaccine-induced immunity and serologi-
cal diagnosis, and has become a standard method for detecting
serum antibody of FMDV in China. While LBP-ELISA titer is a com-
mon detection method available for the evaluation of FMD vaccine,
detection of neutralizing antibodies must be performed by the des-
ignated laboratories in China due to safety regulations, so only LBP
antibody titers induced by KV-CVC1302 were evaluated here. In
this study, we sought to understand the mechanism of CVC1302
adjuvant functionality at injection sites with a killed FMDV sero-
type O vaccine in the mouse model, as mice serve well as an
in vivo model for vaccine efficacy studies due to an abundance of
species-specific immunological reagents, a well-studied genomic
background, and low cost. By using flow cytometry and iTRAQ
approaches, we demonstrated that CVC1302 could not only induce
elevated type I IFNs and chemokines (MCP-1, MIP-1a and MIP-1b)
at injection sites and in sera to activate immune response against
FMDV, but could also improve GC reactions to produce higher
levels of FMDV-specific LBP antibody through promoting B cell
activation, facilitating both FDC and Tfh interactions and regulating
the GC reaction process. The results from our investigation of
CVC1302 efficacy in the mouse model warrant further examination
of this adjuvant in pigs.

CVC1302 is a complex of MDP, MPL, and b-glucan; in this study,
we explored the mechanism of action of this adjuvant as a com-
plex, but did not examine the individual components in isolation.
However, based on the results of this study, further studies to
explore the contribution of the individual components of
CVC1302 in improving the efficacy of KV are planned.

Montanide IMS 1313TM N VG, an oil-in-water formulation, was
used in this study to encapsulate killed FMDV either alone or in
combination with CVC1302. The vehicle alone group was immu-
nized with Montanide IMS 1313TM N VG diluted in PBS, to control
for any effects of Montanide IMS 1313TM N VG, as all of the immu-
nized animals received Montanide IMS 1313TM N VG.

In summary, our study identified that the mechanism of
CVC1302 mainly relies on enhancing the expression of chemokines
(MCP, MIP-1a and MIP-1b) to improve the recruitment of DCs, Mo
and MPh to the sites of KV injection. The overall effect involves
increased capture, processing and presentation of injected antigen
to T or B cells to activate immune responses. Furthermore, iTAQ-
based quantitative proteomic assays showed that CVC1302 not
only modulates the expression of I type IFNs, but also promotes
the magnitude of GC reactions in inguinal lymph nodes. Collec-
tively, these findings provide novel insights towards the develop-
ment of a new generation of immunopotentiators compatible
with FMDV vaccine.
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