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ABSTRACT

Background: New-generation adjuvants for foot-and-mouth disease virus (FMDV) vaccines 
can improve the efficacy of existing vaccines. Chinese medicinal herb polysaccharide 
possesses better promoting effects.
Objectives: In this study, the aqueous extract from Artemisia rupestris L. (AEAR), an 
immunoregulatory crude polysaccharide, was utilized as the adjuvant of inactivated FMDV 
vaccine to explore their immune regulation roles.
Methods: The mice in each group were subcutaneously injected with different vaccine 
formulations containing inactivated FMDV antigen adjuvanted with three doses (low, 
medium, and high) of AEAR or AEAR with ISA-206 adjuvant for 2 times respectively in 1 and 
14 days. The variations of antibody level, lymphocyte count, and cytokine secretion in 14 to 42 
days after first vaccination were monitored. Then cytotoxic T lymphocyte (CTL) response and 
antibody duration were measured after the second vaccination.
Results: AEAR significantly induced FMDV-specific antibody titers and lymphocyte 
activation. AEAR at a medium dose stimulated Th1/Th2-type response through interleukin-4 
and interferon-γ secreted by CD4+ T cells. Effective T lymphocyte counts were significantly 
elevated by AEAR. Importantly, the efficient CTL response was remarkably provoked by 
AEAR. Furthermore, AEAR at a low dose and ISA-206 adjuvant also synergistically promoted 
immune responses more significantly in immunized mice than those injected with only ISA-
206 adjuvant and the stable antibody duration without body weight loss was 6 months.
Conclusions: These findings suggested that AEAR had potential utility as a polysaccharide 
adjuvant for FMDV vaccines.

Keywords: Polysaccharides; adjuvants; foot-and-mouth disease virus; vaccines;  
immune response

J Vet Sci. 2021 May;22(3):e30
https://doi.org/10.4142/jvs.2021.22.e30
pISSN 1229-845X·eISSN 1976-555X

Original Article

Received: Jul 21, 2020
Revised: Nov 23, 2020
Accepted: Feb 15, 2021

*Corresponding author:
Ailian Zhang
Xinjiang Key Laboratory of Biological 
Resources and Genetic Engineering, College 
of Life Science and Technology, Xinjiang 
University, No.666 14 Shengli Road, Urumqi 
830046, China.
E-mail: xjzal@163.com

†Danyang Wang and Jinyu Li contributed 
equally to this work.

© 2021 The Korean Society of Veterinary 
Science
This is an Open Access article distributed 
under the terms of the Creative Commons 
Attribution Non-Commercial License (https://
creativecommons.org/licenses/by-nc/4.0) 
which permits unrestricted non-commercial 
use, distribution, and reproduction in any 
medium, provided the original work is properly 
cited.

ORCID iDs
Danyang Wang 
https://orcid.org/0000-0001-8768-8423
Yu Yang 
https://orcid.org/0000-0002-8802-2567

Danyang Wang  1,†, Yu Yang ,1 Jinyu Li  2,†, Bin Wang  3, Ailian Zhang  1,*

1 Xinjiang Key Laboratory of Biological Resources and Genetic Engineering, College of Life Science and 
Technology, Xinjiang University, Urumqi 830046, China

2 Laboratory of Plant Stress Biology in Arid Land, College of Life Sciences, Xinjiang Normal University, 
Urumqi 830054, China

3 Key Lab of Medical Molecular Virology, School of Basic Medical Science, Shanghai Medical College, Fudan 
University, Shanghai 200032, China

Enhancing immune responses to 
inactivated foot-and-mouth virus 
vaccine by a polysaccharide adjuvant 
of aqueous extracts from Artemisia 
rupestris L.

Immunology

https://creativecommons.org/licenses/by-nc/4.0
https://creativecommons.org/licenses/by-nc/4.0
https://orcid.org/0000-0001-8768-8423
https://orcid.org/0000-0001-8768-8423
https://orcid.org/0000-0002-8802-2567
https://orcid.org/0000-0002-8802-2567
https://orcid.org/0000-0001-8768-8423
https://orcid.org/0000-0002-8802-2567
https://orcid.org/0000-0002-9757-6596
https://orcid.org/0000-0002-9945-1818
https://orcid.org/0000-0002-4429-8609
http://crossmark.crossref.org/dialog/?doi=10.4142/jvs.2021.22.e30&domain=pdf&date_stamp=2021-03-16


Jinyu Li 
https://orcid.org/0000-0002-9757-6596
Bin Wang 
https://orcid.org/0000-0002-9945-1818
Ailian Zhang 
https://orcid.org/0000-0002-4429-8609

Funding
This work was supported by the National 
Natural Science Foundation of China (grant 
numbers 31660259, 31960164 and 31360224).

Conflict of Interest
The authors declare no conflicts of interest.

Author Contributions
Conceptualization: Zhang A; Data curation: 
Wang D, Yang Y, Li J; Formal analysis: 
Wang D, Li J; Funding acquisition: Zhang A; 
Investigation: Zhang A; Methodology: Zhang 
A, Wang B; Project administration: Zhang 
A; Resources: Zhang A; Software: Wang D; 
Supervision: Zhang A; Validation: Zhang A; 
Visualization: Zhang A; Writing - original draft: 
Zhang A; Writing - review & editing: Zhang A.

INTRODUCTION

Foot-and-mouth disease (FMD) is a highly infectious and rapidly spreading viral disease of 
cloven-hoofed animals. Inactivated FMD virus (FMDV) vaccines can largely control FMD 
in endemic regions [1,2]. However, FMDV vaccines have some defects, such as instable 
antigens, low immunogenicity, short antibody duration, and repetitive vaccination [3]. 
FMDV vaccines can be optimized with appropriate adjuvants to some degree. Adjuvants 
of FMDV vaccine formulations largely affect both strong humoral and cellular immunity, 
especially cytotoxic T lymphocyte (CTL) and long-lasting immunity. Vaccine adjuvants, such 
as saponins, mineral oil, liposomes, and cytokines, can enhance immune responses to FMDV 
vaccines [4,5]. Common FMDV vaccines are inactivated whole-virus preparations formulated 
with adjuvants, which often lead to carcinogenesis [6]. New-generation of adjuvants with low 
toxicity, high efficiency, and wide resource have been extensively explored and efficacious 
adjuvants might be a breakthrough in the development of FMDV vaccines.

Chinese medicinal herbs have been used as an immunopotentiator for thousands of years 
in China. Chinese medicinal herbs and their ingredients can boost immune responses. 
Many animal trials and clinical trials demonstrated that some natural polysaccharides could 
promote the better immune effects [7,8]. Many researchers utilized the polysaccharides from 
Chinese medicinal herbs as potent adjuvants for many vaccines of infectious diseases, such 
as Advax™ in influenza vaccine, West Nile virus vaccine and hepatitis B virus (HBV) vaccine, 
Astragalus polysaccharide in influenza vaccine, FMDV vaccine and HBV vaccine, Angelica 
polysaccharide in Newcastle disease virus vaccine, and panax ginseng polysaccharide in avian 
influenza vaccine [9-12]. Artemisia rupestris L. is one of the widely used Chinese medicinal 
herbs due to its anti-inflammatory, anti-virus and antioxidant activities [13,14]. A crude 
polysaccharide, the aqueous extract from Artemisia rupestris L. (AEAR) can work as the adjuvant 
to increase serum antibody titers, enhance secretion of cytokines, and stimulate T-cell-
mediated immune responses to ovalbumin antigen and influenza vaccine, and the safety 
of AEAR has been tested in mice [15,16]. AEAR may be developed as a valuable adjuvant to 
improve the efficacy of FMDV vaccines.

Due to the high costs of large experimental animals such as swine, the immunologic 
analysis of AEAR combined FMDV vaccines is generally performed in mice to explore the 
immunological responses in natural hosts. Our previous study showed the immunogenicity 
of an FMD vaccine formulated with AEAR involved intra-muscular immunization [17]. The 
aim of the study focused on the vaccination subcutaneous route. The study attempted to 
experimentally investigate whether inactivated FMDV antigen adjuvanted with AEAR or 
AEAR and ISA-206 adjuvant after subcutaneous injection in mice could induce the better 
FMDV-specific antibodies and T-cell response. In addition, the antibody duration of AEAR 
combined FMDV vaccines was longer than FMDV vaccine with ISA-206 adjuvant. The study 
provides the basis for improving polysaccharide adjuvants for FMDV vaccines.

MATERIALS AND METHODS

Mice
Female Institute of Cancer Research (ICR) mice (5–6 weeks old; body weight of 18–22 g) 
from Xinjiang Medical University Animal Center (China) were maintained in polypropylene 
cages (24 ± 1°C, a light cycle of 12 h) and fed with pathogen-free foods and water. Animal 
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experiments had been approved by the Committee on the Ethics of Animal Experiments of 
Xinjiang Key Laboratory of Biological Resources and Genetic Engineering (BRGE-AE001) in 
Xinjiang University.

Preparations of AEAR
AEAR was obtained according to the previously described method [18]. Briefly, after colored 
ingredients and lipids were extracted with petroleum ether from dried powder of Artemisia 
rupestris L., which was then extracted with boiling water. Then the filtrates were precipitated 
together with 95% ethanol. The obtained fractions were dissolved in distilled water and 
then proteins were removed with the Sevag method [19]. Then, the total sugar content was 
calculated as 32.39% based on the phenol-sulfuric acid analysis with glucose as a standard. 
Finally, the extracts were freeze-dried and stored until use.

Preparation of experimental vaccine and vaccination
FMDV OHM/02 strain, BHK-21 cell line, FMDV O-serotype inactivated 146S antigen and 
ISA-206 adjuvant were provided by Tecon Biology Co., Ltd. (China). According to the 
previously reported steps [17], the vaccine was prepared. Briefly, 0.3 µg (1 dose) of FMDV 
O-serotype inactivated 146S antigen for the induction of strong immunity was thoroughly 
mixed with three doses of aqueous AEAR (low, medium, and high) respectively or oil-based 
ISA-206 adjuvant according to the volumetric ratio of 1:1.1. All groups of mice were injected 
subcutaneously (S.C.) twice at 0 and 14 days with 125 µL of the antigen-adjuvant mixture at 
two sites. In a random way, ICR mice were divided into 7 groups (n = 5) and injected with 
different agents: control group (0.9% NaCl), FMDV group (FMDV O-serotype inactivated 
antigen), FMDV + AEAR-L group (FMDV O-serotype inactivated antigen and low dose of 
AEAR 13.3 mg/kg), FMDV + AEAR-M group (FMDV O-serotype inactivated antigen and 
medium dose of AEAR 26.6 mg/kg), FMDV + AEAR-H group (FMDV O-serotype inactivated 
antigen and high dose of AEAR 53.3 mg/kg), FMDV + oil emulsion group (FMDV O-serotype 
inactivated antigen and ISA-206 adjuvant), and FMDV + oil emulsion + AEAR-L group (FMDV 
O-serotype inactivated antigen, ISA-206 adjuvant and 13.3 mg/kg AEAR). Blood samples 
were obtained from immunized mice at 14, 28, 35, and 42 days after vaccination to analyze 
the antibodies. The same immunization strategy (n = 5) was performed to detect splenocyte 
proliferation, T-cell response, cytokine levels, CTL response, antibody duration.

Antibody test after immunization with the vaccine
To determine the effect of AEAR on antibody levels using enzyme-linked immunosorbent 
assay (ELISA), five serum samples obtained after the vaccination were pooled and serially 
diluted for analyzing FMDV-specific immunoglobulin G (IgG) titers, each serum samples 
were diluted 1:500 for detecting isotypes respectively. Briefly, mouse serum diluted was 
added to 96-well plates coated with FMDV antigen (0.75 μg/mL) for 12 h at 4°C in the 
carbonate-bicarbonate buffer for 60-min incubation at 37°C. Subsequently, goat anti-mouse 
IgG, IgG1 or IgG2a (Southern Biotech, USA) conjugated to horseradish peroxidase was added 
to each well for 60-min incubation. Then, TMB solution (Sangon Biotech, China) was added 
to develop the colorimetric detection reaction, which was terminated by the addition of 2M 
H2SO4 stop solution. The absorbance value of each well was analyzed in an ELISA reader (Bio-
Rad, USA) at 450/655 nm.

Analysis of splenocyte proliferation
Mouse splenocyte proliferation in response to mitogen was evaluated by MTT method. 
Single-cell suspensions were obtained from the spleen of the immunized mice and the 
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erythrocytes were lysed. After trypan blue exclusion staining, cell viability was measured. 
Cells (5 × 106 cells/mL) were transferred into a 96-well plate (Nunc) in RPMI-1640 
complete medium (Gibco, USA) and then Concanavalin A (Con A 5 μg/mL; Sigma, USA), 
lipopolysaccharide (LPS 10 μg/mL; Sigma) or RPMI-1640 medium was added to obtain a 
volume of 200 µL for 48 h at 37°C. All experiments were performed in triplicate. MTT (5 mg/
mL; Sigma) solution was added into every well and incubated for another 4 h, then and the 
color development was stopped by adding dimethyl sulfoxide into each well. The optical 
density (OD) was determined in a microtiter plate reader at 570 nm. Stimulation index (SI) 
was calculated as: SI = (OD570nm of stimulated cells − OD570nm of the medium) divided by (OD570 

nm of non-stimulated cells − OD570nm of the medium).

On day 21 after the primary vaccination, Flow cytometry was used to analyze T cell 
activation. Cell suspensions (5 × 106 cells) of spleen from immunized mice were stained with 
phycoerythrin (PE)-CD3, allophycocyanin (APC)-CD4 or fluorescein isothiocyanate (FITC)-
CD8 (BD Bioscience). Cells were blocked with Mouse BD FcBlock (BD Bioscience) before the 
addition of specific monoclonal antibodies for 30 min at 4°C. Non-labeled and single-labeled 
controls were used. After cells were washed and re-suspended in cold phosphate-buffered 
saline, the treated cells were detected with a FACS Calibur system (BD Bioscience). The 
results were analyzed in FlowJo (Treestar, USA) software.

Flow cytometry analysis of intracellular cytokine
For intracellular cytokine analysis, on day 7 after the second injection, splenocytes from the 
immunized mice were incubated with FMDV antigen (4.5 μg/mL) for 4 h in 96-well plates, 
followed by the addition of Golgi stop (BD Biosciences) for 12 h. After the collected cells (1 
× 106) were washed three times, cells were blocked for 30 min and stained with cell surface 
molecules for the analysis of APC-CD4 or FITC-CD8. After surface marker staining, the cells 
were fixed and permeabilized with Cytofix/Cytoperm (BD Bioscience) and stained with PE-
interleukin (IL)-4 or PE-interferon (IFN)-γ (BD Bioscience) for 30 min at 4°C. The cells were 
detected with FACS system and the detection results were analyzed in FlowJo software.

Determination of FMDV-specific CTL response
To evaluate the antigen-specific CTL response, ICR mice were firstly divided into 6 groups 
(n = 5) and the same immunization strategy was performed as described above. Splenocytes 
of immunized mice on day 7 after the second immunization were used as the effector cells. 
Then, the splenocytes of naive mouse were used as the target cells and seeded in a 6-well 
plate in two aliquots according to the cell concentration of 1 × 107 cells/mL. The first aliquot 
was stimulated with 50 μg FMDV antigen and the second aliquot was incubated in the 
medium. After 4-h incubation, pelleted cells from the first aliquot were washed with PBS for 
three times, resuspended in the complete medium as Ag-stimulated target cells according 
to the cell concentration of 1 × 107 cells/mL, and incubated with 10 μM carboxyfluorescein 
succinimidyl ester (CFSE; CFSEhigh cells). The second aliquot was used as Ag-unstimulated 
target cells and incubated with 1 μM CFSE (CFSElow cells) at 1×107 cells/mL. The two aliquots 
were mixed in the complete medium to realize the cell ratio of 1:1 (CFSEhigh/CFSElow) and 
then injected into the above immunized mice in 7 days after boost immunization. In 4 h 
after the injection, the splenocytes from the mice were isolated and effector cells and target 
cells were collected on FACS. The ratio of killed target cells was calculated as: Killing ratio 
= the percentage of CFSElow divided by the percentage of CFSEhigh; % lysis = [1 − (killing ratio 
unprimed/killing ratio primed) × 100].
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Serum neutralization assay
On day 28 after the primary immunization, serum samples from mice were collected. 
and determined for neutralizing assay on BHK-21 cells. Briefly, after serum samples were 
inactivated, serum were serially diluted and mixed in a 96-well plates with a 100 TCID50 dose of 
FMDV OHM/02 at 37°C with 5% CO2 for 60 min. Next, BHK-21 cells (1.5 × 106/mL) was added to 
each well of the microtiter plate and incubated at 37°C for 48 h. Neutralizing antibody titers of 
the sera were expressed as the highest dilutions that neutralized 100 TCID50 of FMDV in 50% of 
the wells. Results were calculated and analyzed using GraphPad Prism 5.0 software.

Statistical analysis
Experimental data are expressed as mean ± SE. The experimental data were analyzed with analysis 
of variance and Tukey's test. The p < 0.05 indicated the statistically significant differences.

RESULTS

Determination of specific humoral immune responses after vaccination
To explore the effect of AEAR on the induction of humoral immunity against FMDV, the mice 
were S.C. immunized twice with different vaccine formulations. Blood samples of mice (n = 
5) were collected after the vaccination to determine FMDV-specific IgG titers and IgG isotypes 
levels by indirect ELISA. In two weeks after the first injection, a homogenous immunity was 
generated. FMDV-specific IgG titers in AEAR of medium-dose group were determined as 
1:40,000. In four weeks after the second injection, IgG titers were determined as 1:90,000. IgG 
titers in AEAR of medium-dose group were almost 10 times higher than that in FMDV group 
and 3 times higher than that in FMDV + oil emulsion group. After the first injection, antibody 
titers in FMDV + oil emulsion + AEAR-L group were high (1:4,500–1:110,000) (Fig. 1A). In three 
weeks after the second injection, IgG1 level was significantly improved and IgG2a level was 
slightly induced, but no significant difference was observed between FMDV + AEAR group 
and FMDV + oil emulsion + AEAR-L group (Fig. 1B). The results revealed that the AEAR or the 
AEAR mixture with oil emulsion increased specific antibody levels in the FMDV-immunized 
ICR mice.

Evaluation of cellular immune response
The immune control of FMDV involves a combination of cellular and humoral responses. 
T-cell responses largely affect the vaccination effect of FMDV vaccines. The cellular immune 
status could be roughly assessed with CD4+ helper and CD8+ CTLs. To evaluate the effect of 
AEAR on the cellular immunity, the counts of CD4+ and CD8+ T splenocytes of mice (n = 5) 
in 7 days after boost immunization were measured using surface marker staining. AEAR at 
a medium dose induced the more significant proliferative response than that in the mice 
immunized with FMDV alone or FMDV + oil emulsion in the population of CD4+ lymphocytes 
(Fig. 2A-D) and the proliferative response of CD8+ lymphocytes were the highest in the AEAR 
and ISA-206 adjuvant co-immunization group.

Splenocyte proliferation was assessed by MTT assay. After splenocytes isolated of mice 
above (n = 5) were stimulated with ConA or LPS for 48 h, the effects of AEAR on splenocyte 
proliferation in the mice were explored (Fig. 2E), Con A- and LPS-stimulated splenocyte 
proliferation in the mice immunized with AEAR at a medium dose was higher than that in 
FMDV group and FMDV + oil emulsion group (p < 0.05). The differences between the FMDV 
+ AEAR-L group and FMDV + oil emulsion + AEAR-L group were significant. These data 
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indicated that cell-mediated immunity was strongly induced in the group vaccinated with 
various vaccines including AEAR or the mixture of AEAR and oil emulsion.

Effects of AEAR on cytokine levels in T cells
The cytokine profile of immune responses can indicate the T-helper-biased response. To 
explore the effects of AEAR on FMDV-specific Th cell response, the cytokines levels of IFN-γ 
and IL-4 in CD4+ T cells were explored after intracellular staining. Single splenocytes of mice 
(n = 5) were obtained in 7 days after final immunization and co-cultured with inactivated 
FMDV antigen. The expression of cytokines was detected by the FACS system with a gate set 
on CD4+ T cells (Fig. 3). The data showed that AEAR at a medium dose and AEAR with oil 
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emulsion induced the highest IL-4 level in the antigen-specific CD4+ T cells. AEAR at medium 
dose induced the moderate IFN-γ level, whereas the mixture of AEAR and oil emulsion 
induced the highest IFN-γ level. Therefore, AEAR enhanced Th2 and Th1 immune responses. 
Especially, the mixture of AEAR and oil emulsion could promote IFN-γ level through 
activated T cells.

Effect of AEAR on effector T cells
Effector T-cell-mediated responses may have important implications of vaccination against 
FMDV. To further evaluate T lymphocyte counts in spleen, the mice were immunized two 
times according to an interval of 2 weeks with FMDV antigen in different doses of AEAR or 
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the mixture of AEAR and oil emulsion (Fig. 4). Splenocytes from individual mice (n = 5) were 
removed in 7 days after final immunization. The percentages of CD4+CD44+ and CD8+CD44+ 
of spleen cells were then measured. The percentages of CD4+CD44+ and CD8+CD44+ from 
the mice treated with the AEAR at medium dose were significantly higher than those in 
FMDV group. No significant difference in the percentages was observed between FMDV + 
AEAR group and FMDV + oil emulsion + AEAR-L group. The data indicated that AEAR could 
promote the activation of CD4+CD44+ and CD8+CD44+ T-lymphocyte subpopulations. AEAR 
and oil emulsion could synergistically promote the activation of T cells.

Evaluation of CTL activity
The effects of AEAR on CTL activity in the FMDV-immunized mice (n = 5) in 21 days after 
prime immunization were explored (Fig. 5). The lower CTL activity was induced in the mice 
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immunized with FMDV alone. The addition of oil emulsion to FMDV antigen did not result 
in the further increase in FMDV-specific CTL activity above that in FMDV group. In contrast, 
AEAR at a medium dose mixed with FMDV significantly enhanced the killing activity of CTL 
in immunized mice, but no significant difference was observed between FMDV + AEAR-M 
group and FMDV + oil emulsion + AEAR-L group. Therefore, AEAR increased the specific 
CTL activity and AEAR and oil emulsion could synergistically elevate CTL response.

Neutralizing antibodies response
To further assess AEAR effects on FMDV, neutralizing antibody responses were performed 
at day 28 post immunization. The immunization schedule included a prime and a boost. 
As shown in Fig. 6, FMDV + AEAR-M group and FMDV + oil emulsion + AEAR-L group 
exhibited significantly higher FMDV-neutralizing activity than those for other groups. No 
significant difference in the titers was observed between FMDV + AEAR-L group and FMDV + 
oil emulsion group. The date showed AEAR or with oil emulsion promoted the induction of 
FMDV neutralizing antibodies.

Determination of the antibody duration and body weight
For the purpose of determining antibody duration, the serum from immunized mice (n = 
5) was collected in 21, 35, 49, 90 and 146 days after primary immunization to determine 
the presence of FMDV antibodies (Fig. 7A). After the second vaccination, specific-FMDV 
antibodies were generated. After five weeks, the determined antibody levels in the mice 
immunized with AEAR at medium dose or with AEAR mixed oil emulsion were high and the 
high levels were kept for up to six months.

Mice (n = 5) were monitored to observe adverse post-vaccination reactions to obtain critical 
information regarding AEAR safety. Weight loss, abnormal behaviors and vaccination site 
reactions were monitored after the vaccination (Fig. 7B). No weight loss or severe adverse 
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reactions after the vaccination with different vaccine formulations were observed during the 
experimental period.

DISCUSSION

It is important to optimize the vaccination effect of FMDV vaccine with a potent adjuvant 
[20,21]. Since the formation of granulomas at vaccination sites is problematic, the volume 
of FMDV vaccine is reduced under the premise that the same effect as existing vaccines 
is maintained for the purpose of improving the safety of vaccines [22,23]. Therefore, an 
adjuvant should be selected to establish all antibody levels while maintaining the efficacy of 
vaccines. Currently, only several vaccine adjuvants are commercially applied.

Polysaccharide adjuvants from Chinese medicinal herbs have attracted wide attention due to 
the characteristics of intrinsic immunomodulating, ease of availability and biocompatibility 
as well as lower toxicity in most of the cases. Adjuvants may contain various components with 
different functions and activities and crude extracts and isolated phytochemicals from Chinese 
medicinal herbs may be developed as promising adjuvants [24,25]. In recent years, we have 
explored AEAR (a complex of crude extracts) polysaccharide adjuvants enhancing adaptive 
immunity by screening new adjuvant formulations for different vaccines. Based on the results, 
it is necessary further to explore the contribution of AEAR to the efficacy of FMDV vaccines.

The vaccination responses of FMDV vaccine may be affected by the vaccination regime, 
including immune frequency, the optimal route, timing of administration as well as adjuvant 
vaccine-matching dose [26]. We previously demonstrated the adjuvant effects of the mixture 
of oil emulsion and AEAR in FMDV vaccine by intramuscular inoculation in mice [17]. Due to 
the limitation of using large experimental animals, in this study, we choose ICR mice mouse 
model for FMDV, we found that AEAR could induce elevated FMDV-specific antibodies and 
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cytokine secretion to activate immune responses, improve CTL response through promoting 
T cell activation, and maintain a long-lasting antibody via subcutaneous routes. Our 
investigation of AEAR efficacy in the mouse model provided a theoretical basis for expanding 
its application in host animals.

In order to shed light on the determination of adjuvant vaccine-matching dose, the optimal 
combination of FMDV vaccine formulation and AEAR should be explored. Firstly, we realized 
an enhanced humoral response by AEAR at a medium dose with the increased IgG, and 
an enhanced immunity level in the AEAR at a low dose in the AEAR-oil emulsion group, 
indicating that AEAR maybe enhance the efficacy of the adjuvanted FMDV vaccine. IgG1 
reached a similar level as that in the immunized group and AEAR and oil emulsion could 
synergistically promote humoral immune response.

A humoral immune response is the key factor in the protection against FMDV, but cell-
mediated responses induced by FMDV vaccination are also important for viral clearance and 
recovery from infection [27,28]. In our previous results, AEAR enhanced Th1/ Th2 immune 
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response, which was crucial for stimulating antiviral immune responses [15,16,19]. In line 
with the previous studies, AEAR or the mixture of AEAR and oil emulsion significantly 
enhanced splenocyte proliferation and promoted the proliferation of CD4+ and CD8+ T cells 
compared with FMDV group and adjuvanted FMDV vaccine group. Increasing evidences 
proved that effective T cells and CTL response to FMDV were important in virus resolution 
during natural infection of FMDV [29,30]. Some studies showed that the animals with low 
total antibody levels but high IgG1 or strong IFN-γ responses were well protected. New 
adjuvants together with FMDV vaccines contributed to the induction of stronger T-cell 
responses [31]. We confirmed that AEAR increased the levels of CD4+CD44+ and CD8+CD44+ 
effective T cells. AEAR could promote the activation of CD4+ IFN-γ cells. Besides, AEAR 
significantly increased CTLs response from splenocytes in the FMDV-immunized mice. AEAR 
and oil emulsion could synergistically improve cellular immune response.

As a hallmark of FMDV vaccine’s efficacy, the neutralizing antibody against the virus is very 
important and prevent it to enter the host cell. In this study, neutralizing antibody responses 
were assayed at day 28 post vaccination. The addition of AEAR elicited the production of 
FMDV-neutralizing antibody in serum in mice, which could show that a protective Th2 type 
immune response was induced. AEAR and oil emulsion had a synergistic effect.

In vivo results clearly showed that AEAR promoted antibody responses and T cell responses. 
It is necessary to explore the long-lasting immunity and safety in experimental animals for 
the development of new FMDV adjuvanted vaccines [32]. The long-lasting immunity may be 
developed after two rounds of vaccination. We confirmed that also AEAR prolonged the humoral 
response compared with a period of 5 months after the vaccination without a loss of body 
weight, abnormal behaviors and reactions in the experimental period. These data suggested that 
the AEAR-adjuvanted FMDV vaccine had the potential to induce a durable antibody response 
without adverse reactions. The durable humoral immunity might be related to T helper cells.

In summary, AEAR combined with FMDV vaccines significantly increased not only humoral 
immune response, but also the cellular immune response. Low dose of AEAR appeared 
to act synergistically with ISA-206 oil adjuvant to increase the immune response and 
stimulated long lasting immunity without severe adverse reactions. The results may help us 
for answering the immunological enhancement characteristics of AEAR for FMDV vaccines 
and provide foundation for new adjuvant discovery. In the future experiment, it should be 
conducted step by step to further confirmed whether the enhancing immune responses of 
AEAR to inactivated foot-and-mouth virus vaccine are available in host animals for improving 
the prevention and control of FMD.
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