Mulberry leaf polysaccharide supplementation contributes to
enhancing the respiratory mucosal barrier immune response in
Newcastle disease virus—vaccinated chicks
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ABSTRACT Despite high global vaccination
coverage, Newcastle disease (ND) remains a constant
threat to poultry producers owing to low antibody levels.
Given the respiratory mucosa is the important site for
Newcastle disease virus (NDV) vaccination, enhancing
respiratory mucosal immunity may help control ND. Our
previous study showed that mulberry leaf polysaccharide
(MLP) is very promising in delivering a robust balanced
immune response, but the effects of it on respiratory
immunity in chicks are unknown. In this study, we
evaluated the potential of MLP to activate respiratory
mucosal immunity and revealed the possible mechanism
of MLP as an immunopotentiator for ND vaccines.
Chicks were randomly divided into 5 groups: blank

control, vaccination control (VC), and low-, middle-, and
high-dose MLP (MLP-L, MLP-M, and MLP-H) (n =
30). The serum results of humoral and cell-mediated
immune responses showed significant increases in NDV
hemagglutination inhibition antibody titer, IgG and IgA
antibody levels, and the T-lymphocyte population in the
MLP-M group compared with the VC group. Validation
of results also indicated remarkable increases in tracheal
antibody-mediated immunity and a mucosal immune
response in the MLP-M group. Furthermore, the upre-
gulation of TLR7 revealed a possible mechanism. Our
findings provided evidence to consider MLP as a poten-
tial mucosal vaccine adjuvant candidate against ND in
chickens.

Key words: Newcastle disease, mulberry leaf polysaccharide, respiratory mucosal immune, TLR7

INTRODUCTION

Newcastle disease virus (NDV) is a single-stranded,
negative-sense RNA virus. It also known as avian para-
myxovirus type-1 virus, a member of the genus Avulavi-
rus in the Paramyxoviridae family (Ganar et al., 2014;
Gogoi et al., 2017; Su et al., 2019). Newcastle disease
(ND), caused by the virulent NDV| is a highly conta-
gious and fatal viral infectious disease in birds, causing
devastating economic losses to global poultry production
(Alexander, 1995; Brown and Bevins, 2017; Gogoi et al.,
2017). Because of its enormous socioeconomic impor-
tance and potential to rapidly spread to naive birds in
the vicinity, ND has been listed by the World Organiza-
tion for Animal Health as a vitally important pathogen
for avian species and products. Lower virulence viruses
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produce subclinical infection, occasionally respiratory
disease; however, more virulent forms cause dyspnea,
neurological disorders, mucosal and serous hemorrhage,
and high mortality in poultry (Kapczynski et al., 2013;
Dimitrov et al., 2017).

The mucosal immune system, as an important part of
the body defense system and the first barrier against
pathogen invasion, contains a large number of immune
cells and shows systemic immunity (Frisan, 2020). And
the mucosa is a candidate site for vaccination as most
harmful pathogens enter the body through mucosal sur-
faces (Lamichhane et al., 2014). Immunohistochemical
results confirmed the presence of NDV in respiratory
epithelial cells of infected chickens (Levy et al., 1975;
Dimitrov et al., 2017), which further implied that the
chicken respiratory mucosa can be the invasion and
replication location of NDV. Therefore, almost all com-
mercial NDV vaccines are immunized through the respi-
ratory mucosa. Nonetheless, the recurrent outbreaks of
fatal ND in commercial poultry flocks in many parts of
the world indicated that routine vaccinations, including
mucosal vaccination, failed to induce high levels of im-
munity required to control ND (Dimitrov et al., 2017).
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It is urgent to seek a new effective, nontoxic, and stable
mucosal immune enhancer to significantly improve the
immune effect of the NDV mucosal vaccine.

Polysaccharides from traditional Chinese medicine
(TCM) have been paid more and more attention owing
to their biological activities (Chen et al., 2016; Liu
et al., 2018a.,b; Zeng et al., 2019). As biological response
modifiers, polysaccharides can improve the overall and
local immunity by promoting the generation of cytokines
(Habijanic et al., 2015; Liu et al., 2018a,b) and the
activation of T or B lymphocytes (Yan et al., 2014;
Wang et al., 2018). As immune adjuvants, they exhibit
good biological responses, while the side effects are min-
imal and unlikely to develop immune tolerance (Li et al.,
2011). Mulberry leaf polysaccharide (MLP), a major
active component of mulberry leaves, can act as an anti-
oxidant, antibacterial agent, and immunoactivator.
Mulberry leaf polysaccharide can modulate the matura-
tion of murine bone marrow—derived dendritic cells (Xue
et al., 2015). Incorporating MLP into the diets of weaned
piglets can improve the animals’ metabolisms and im-
mune functions (Zhao et al., 2019). Our previous
research has shown that oral administration of MLP
could significantly increase serum ND antibody titers
and cause significant weight gain in NDV-vaccinated
chickens (Chen et al., 2019). However, little is known
about the effects of MLLP on chicken respiratory mucosal
immunity.

The purpose of this study was to evaluate the effec-
tiveness of oral immunization with MLP in eliciting res-
piratory mucosal and systemic antibody responses in
NDV-vaccinated chicks. This study provides a theoret-
ical basis for the development of new animal
immunopotentiators.

MATERIALS AND METHODS

Chickens

One-day-old specific pathogen free white egg chicks
(male) were provided by the laboratory animal center
of Anhui Science and Technology University. All birds
were raised in an air-conditioned room at 37 C, fed
with standard feed purchased from Taizhou Zhengda
Feed Co., Ltd. (Zhengda, Taizhou, China), and had
free access to drinking water. All animal experiments
were conducted in strict accordance with the Animal
Research Committee guidelines of Jiangsu Agri-Animal
Husbandry Vocational College.

Newcastle Disease Vaccine and
Vaccination

The ND vaccine (clone 30, n0.190210201) was pro-
vided by YEBIO (Qingdao, China). Newcastle disease
virus (F48E9 strain) was supplied by the China Institute
of Veterinary Drug Control (China Institute of Veteri-
nary Drug, Beijing, China) and was used for the hemag-
glutination inhibition (HI) test. Nose- and eye-drop
vaccination of groups 2-5 was performed using a sterile

dropper containing 10 mL of the corresponding vaccine
dilution. Each bird received a drop of 0.1 mL into each
nostril and cornea.

Mulberry Leaf Polysaccharide

A MLP (purity>95%) was prepared and character-
ized in our laboratory as previously described by Chen
et al., 2019. The molecular weight of MLP was 2.22 X
10° Da, and its monosaccharide constituents were
mannose, rhamnose, glucose, galactose, and arabinose
in a molar ratio of 1.31:8.45:6.94:1.00:11.96. Infrared
spectroscopy showed that MLP had a typical absorption
peak characteristic of sugars.

Experimental Design

The experimental design is outlined in Figure 1. One-
day-old chicks (male) were raised for 10 d and then
randomly divided into 5 groups, each consisting of 30
chicks. Groups 2 up to and including 5 were vaccinated
against ND by nose and eye dropping on day 4 and
day 18 at the beginning of the trial. Groups 3 up to
and including 5 were given MLP at doses of 8 mg
(MLP-H), 4 mg (MLP-M), and 2 mg (MLP-L) 3 d before
each vaccination and continuously for 7 d. Group 1
without vaccination and MLP were regarded as the
blank control group. Group 2 with vaccination only
was regarded as the vaccination control (VC) group.
Sampling was carried out on day 7, day 14, day 21,
and day 28 after the first vaccination.

Measurement of NDV Antibody Titer in
Serum

The extracted supernatant from blood was stored at
—70°C. The HI test was performed to measure the
NDYV antibody titer in serum. In the HI test, 25 pL of
serum was added to per well of the first column of
96-well “V”-shaped reaction plate with 25 uL. PBS per
well. The serum was then diluted in gradient. There-
after, 25 uL containing 4 hemagglutinating units were
added to per well and incubated at 4°C for 1 h, followed
by a 1-h incubation with 25 pL of a 1% suspension of
chicken erythrocytes at 4°C. Each assay included the
positive and negative standard sera. Positive agglutina-
tion was scored in the wells where agglutination first
started. The results of an HI assay were considered valid
when the HI titer of the positive serum and the standard
antigen control was within one dilution range from the
known titer.

ELISA

The extracted supernatant from blood was stored at
—70°C. The levels of IgG and IgA in the serum of chicks
were determined by ELISA as per the instructions of
commercial assay kits (Lengton, Shanghai, China).

The extracted supernatant from the trachea and bron-
choalveolar lavage fluid was stored at —70°C. The levels
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Animals were euthanized and samples were collected.

Figure 1. Schematic diagram of the experimental design. Abbreviations: MLP, mulberry leaf polysaccharide; ND, Newcastle disease.

of secretory immunoglobulin A (sIgA), IL-2, and inter-
feron gamma were determined by ELISA as per the in-
structions of commercial assay kits (Lengton,
Shanghai, China).

Staining of Goblet Cells

The tracheal tissue samples were collected and fixed in
10% neutral buffered formalin, sectioned at a thickness
of 4 um, and processed for paraffin embedding. Alcian
blue—periodic acid—Schiff staining was performed to
detect the density of goblet cells. The number of goblet
cells was assessed by using Image-Pro Plus 6.0 view soft-
ware (Media Cybernetics, Rockville, MD).

Immunophenotyping Analysis

Anticoagulant blood and lymphocyte separation fluid
(Solarbio, Beijing, China) were mixed in a ratio of 1:1. Af-
ter centrifugation and stratification, lymphocytes were ob-
tained and resuspended with 10 mL of PBS. After washing
3 times, the harvested cells were dark incubated with spe-
cific CD4 and CD8 antibodies (eBioscience; BD Biosci-
ences, New York, NY) for 30 min at room temperature
(RT). After washing with PBS, the cells were analyzed us-
ing the FACS Calibur flow cytometer (BD Biosciences,
New York, NY). The results were analyzed using FlowJo
software (Franklin Lakes, NJ) .

RNA Isolation and Analysis

Trachea, bronchus, and lung tissue samples are collected
for quantitative reverse transcription (RT-qPCR) to assess
the mRNA expressions of immune-related genes as previ-
ously described with minor modifications (Liu et al.,
2020). RT-qPCR, was performed using the StepOnePlus
Real-Time PCR System (Applied Biosciences, New York,
NY). Total RNA was extracted from samples using Trizol
reagent (Life technologies, New York, NY) and reversed
transcribed into ¢DNA wusing the PrimeScript RT
Master Mix Kit (Takara, Dalian, China) according to the
manufacturer’s guidelines and using Oligo dT primers
and MMLYV reverse transcriptase (Takara, Dalian, China).
The relative expressions of target genes are calculated using
the 2722°T method, with B-actin serving as a reference
gene. The PCR primers designed and synthesized by
Invitrogen (Invitrogen, New York, NY) are listed in
Table 1.

Western Blotting Analysis

Tracheal tissue samples were collected to determine
Toll-like receptor protein expression levels by Western
blotting as previously described with minor modifica-
tions (Liu et al., 2018a.b). In brief, total proteins are
extracted and determined using a BCA kit (Beyotime,
Shanghai, China). Equal amounts of protein were
submitted to SDS-PAGE and transferred onto polyviny-
lidene fluoride membranes (Millipore, Burlington, MA).
The membranes were incubated overnight with primary
anti-B-actin (CST, Fall River, MA), anti-TLR3, and
anti-TLR7 (Invitrogen, New York, NY) antibodies at
4°C after blocking with 5% BSA for 2 h. After 1-hour in-
cubation with secondary antibodies (CST, Fall River,
MA) at RT, the expected protein bands were detected
using Image Quant LAS 4000 (GE Healthcare Life Sci-
ences, New York, NY).

Statistical Analysis

Statistical analysis was performed using GraphPad
Prism 7.0 (San Dieg, CA) by one-way ANOVA. Each
experiment was performed at least 3 times, and data are
shown as mean = SD (n > 3). P < 0.05 was considered sta-
tistically significant, and P < 0.01 was considered strongly
significant.

Table 1. Gene-specific primer sequences used for gene transcrip-
tion analyses of chickens.

Gene Primer sequences
B-actin F: CAACACAGTGCTGTCTGGTGGTA

R: ATCGTACTCCTGCTTGCTGATCC
Claudin-1 F: GGTGTACGACTCGCTGCTTA

R: CGAGCCACTCTGTTGCCATA
IgA F: ACCACGGCTCTGACTGTACC

R: CGATGGTCTCCTTCACATCA
MUC5AC F: AAGACGGCATTTATTTCTCCAC

R: TCATTACCAACAAGCCAGTGA
MUC2 F: CAGCACCAACTTCTCAGTTCC

R: TCTGCAGCCACACATTCTTT
Occludin F: GCGGTTACTACTACAGCCCC

R: TCTTCTGGGCGAAGAAGCAG
PIgR F: GGATCTGGAAGCCAGCAAT

R: GAGCCAGAGCTTTGCTCAGA
TLR3 F: GGTCTGAAAAACCTGAAATATCTAAGTC

R: GTCCCAAGGAGGAAAATGCC
TLR7 F: GGCTGTGAATGAATGGGTGATG

R: CTGAATGCTCTGGGAAAGGTTG
TLR21 F: ATGATGGAGACAGCGGAGAAGG

R: GGATGCAGCGGAAGTACAAAGG
Z0O-1 F: CCAAAGACAGCAGGAGGAGA

R: TGGCTAGTTTCTCTCGTGCA

Abbreviation: TLR, Toll-like receptor.
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Figure 2. Effects of MLP supplementation on the (A) titer of NDV antibody and (B) IgA and (C) IgG concentration in serum of NDV-vaccinated
chicks. Data are presented as means = SD (n = 10); * P < 0.05, ** P < 0.01. Abbreviations: BC, blank control; HI, hemagglutination inhibition; MLP,
mulberry leaf polysaccharide; MLP-L, MLP at a dose of 2 mg; MLP-M, MLP at a dose of 4 mg; MLP-H, MLP at a dose of 8 mg; NDV, Newcastle disease

virus; VC, vaccine control.

RESULTS

Mulberry Leaf Polysaccharide
Supplementation Induced a Higher
Systemic Antibody-Mediated Immunity in
NDV-Vaccinated Chicks

Asshown in Figure 2A, MLP supplementation quickly
increased the NDV antibody titers of chicks at the sec-
ond week after immunization. The titers in the MLP-L
(2 mg), MLP-M (4 mg), and MLP-H (8 mg) groups
were significantly higher than those in the VC group
(P < 0.05) on day 18 to 25, day 18 to 32, and day 18
to 32, respectively. Moreover, MLP supplementation
also induced significant antibody responses in immu-
nized chicks. All vaccination schedules induced secre-
tions of NDV-specific IgG (Figure 2B) and IgA
(Figure 2C) at the second week after immunization in
chicks. When compared with the VC group, the NDV-
specific IgG and IgA levels were significantly increased

on day 18 to 25, day 18 to 32, and day 18 to 25 in the
MLP-L, MLP-M, and MLP-H groups, respectively.
These data indicated that MLP supplementation could
elicit immune responses of chicks and MLP-M can main-
tain higher antibody levels for a long time.

Mulberry Leaf Polysaccharide
Supplementation Induced a Higher Cellular
Immunity in NDV-Vaccinated Chicks

Next, populations of T-lymphocyte subsets were
detected by flow cytometry. As shown in Table 2, the
percentages of the CD4" T-lymphocyte population in
the MLP-L, MLP-M, and MLP-H groups were higher
than that in the VC group at the second week after im-
munization in chicks, and only MLP-M could maintain
the population for a long time (P < 0.05). Regarding
CD8" T lymphocytes, the percentages in the MLP-M
and MLP-H groups were higher (P < 0.05) than those
in the VC group at each time point, whereas the MLP-
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Table 2. Flow cytometric analysis of CD4" and CD8" T cells (%).

T lymphocyte  Groups D11 D18 D25 D32
CD4
BC 68.53 = 0.50°  64.83 = 0.58%  66.00 = 0.70°  64.80 * 0.61"
vC 72.67 = 1.16°  68.70 £ 0.78°  69.93 = 0.78"  67.03 + 2.11°
MLP-L  75.37 = 0.79®  72.70 + 1.08*  69.30 = 1.48"  66.43 = 2.84"
MLP-M  75.67 = 0.52*  74.33 = 1.05®” 74.50 = 1.31*  72.87 = 1.24"
MLP-H 7440 = 1.43*  75.83 £ 0.26>  73.90  0.67*  70.63 = 0.74>"
CDS8
BC 65.33 = 0.88°  64.50 = 1.18>  71.60 = 1.49>° 63.40 + 1.49°
VC 68.60 = 1.35"¢ 66.23 = 1.10">  70.20 = 1.00°  66.03 = 2.26"¢
MLP-L 7147 +0.71> 7213 + 027"  75.40 = 1.86"  68.43 = 2.60"
MLP-M  79.93 = 1.59*  72.50 ® 0.35*  77.80 = 1.17°  80.40 *+ 2.83*
MLP-H 77.97 =1.07* 7117 * 0.50  83.53 * 0.87"  73.90 + 1.65™"

*dData in the same column without the same superscript differ significantly (P < 0.05).

Abbreviations: BC, blank control; D11, day 7; D18, day 14; D25, day 21; D32, day 28; MLP,
mulberry leaf polysaccharide; MLP-L, MLP at a dose of 2 mg; MLP-M, MLP at a dose of 4 mg;
MLP-H, MLP at a dose of 8 mg; VC, vaccine control.

L group showed higher levels (P < 0.05) only on day 18
to 25. These data demonstrated that MLP could pro-
mote the expansion of T-lymphocyte subsets in NDV-
vaccinated chicks and MLP-M has a better effect.

Mulberry Leaf Polysaccharide
Supplementation Induced a Higher Local
Antibody-Mediated Immunity in NDV-
Vaccinated Chicks

Compared with the VC group, MLP-L, MLP-M, and
MLP-H induced significant increases in sIgA secretion
in tracheal lavage fluid at the second week after immuni-
zation in chicks, and only MLP-M could maintain the in-
crease for a long time (Figure 3A). Meanwhile, the MLP-
L and MLP-M groups showed increased higher levels of
slgA secretion than the VC group in bronchoalveolar
lavage fluid on day 18 to 25 and day 25, respectively
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(Figure 3B). In addition, on day 18, the IgA mRNA level
in tracheas and bronchi of NDV-vaccinated chicks in
each MLP group was higher than that in the VC group
(P < 0.05). On day 25, the IgA mRNA levels in tracheas,
bronchi, and lungs of NDV-vaccinated chicks in the
MLP-L and MLP-M groups were higher than those in
the VC group (P < 0.05). On day 28, the IgA mRNA
levels in tracheas, bronchi, and lungs of NDV-
vaccinated chicks in the MLP-M group were signifi-
cantly higher than those in the VC group (P < 0.05).
The ELISA results showed that MLP-M supple-
mentation induced significant increases in IL-2
(Figures 4A and 4B) and interferon gamma
(Figures 4C and 4D) concentrations of the trachea
or bronchoalveolar lavage fluids at the second or third
week after immunization in chicks compared with
that of the VC groups, and it only maintains higher
levels in the trachea for a long time. These data sug-
gested that MLP-M induced a higher respiratory
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Figure 3. Effects of MLP supplementation on the IgA concentration in (A) trachea and (B) bronchoalveolar lavage fluid on the mRNA expression
levels in (C) tracheas, (D) bronchi, and (E) lungs of NDV-vaccinated chicks. Data are presented as means = SD (n > 6); *P < 0.05, **P < 0.01. Ab-

breviations: BC, blank control; MLP, mulberry leaf polysaccharide; MLP-L, MLP at a dose of 2 mg; MLP-M, MLP at a dose of 4 mg; MLP-H, MLP at a

dose of 8 mg; NDV, Newcastle disease virus; VC, vaccine control.
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Figure 4. Effects of the MLP supplementation on the (A, B) IL-2 and (C, D) interferon gamma concentrations in the trachea and bronchoalveolar
lavage fluid of NDV-vaccinated chicks. Data are presented as means = SD (n = 10); a, b, c: means with different letters differ significantly (P < 0.05).
Abbreviations: BC, blank control; MLP, mulberry leaf polysaccharide; MLP-L, MLP at a dose of 2 mg; MLP-M, MLP at a dose of 4 mg; MLP-H, MLP

at a dose of 8 mg; NDV, Newcastle disease virus; VC, vaccine control.

mucosal immune response of NDV-vaccinated chicks,
especially in the trachea.

Mulberry Leaf Polysaccharide
Supplementation Improved Goblet Cell
Production and Mucin Expression in the
Trachea of NDV-Vaccinated Chicks

To evaluate the effects of MLP-M on the mucosal bar-
rier of tracheas in NDV-immunized chicks, the morpho-
logical observation of goblet cells and mRNA level
detection of mucins (MUC5AC and MUC5B) in the tra-
chea were performed by periodic acid—Schiff staining and
RT-PCR, respectively. The results showed that the
number of goblet cells (Figure 5) and the mRNA levels
of MUC5AC (Figure 6A) and MUC5B (Figure 6B) in
the MLP-M group were higher than those in the VC
group from the second week after immunization in chicks
(P < 0.05), which could be maintained for a long time.
These data suggested that MLP-M could be involved
in the regulation of mucin gene transcription in the tra-
chea of NDV-vaccinated chicks.

Mulberry Leaf Polysaccharide
Supplementation Promoted Tight Junction
Protein Expression in the Trachea of
NDV-Vaccinated Chicks

To evaluate the effects of MLP-M on the mechanical
barrier of tracheas in NDV-immunized chicks, the
mRNA levels of tight junction proteins (ZO-1, occludin,
and claudinl) were detected by RT-qPCR. As shown in
Figure 7, MLP-M supplementation could induce signifi-
cant increases in the mRNA levels of ZO-1 (Figure 7A),
occludin (Figure 7B), and claudinl (Figure 7C) in chick
tracheas at the second week after immunization
compared with those in the VC groups, and they could
be maintained at higher levels in the trachea for a long
time.

Mulberry Leaf Polysaccharide
Supplementation Upregulated the
Expression of Toll-Like Receptors

To explore the mechanism by which MLP-M
enhanced mucosal immunity of the trachea in NDV-
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Figure 5. Effect of MLP supplementation on the production of goblet cells in the tracheal tissue of NDV-vaccinated chicks (black arrows) (PAS;
microscope magnification: 200X ). Abbreviations: BC, blank control; MLP, mulberry leaf polysaccharide; MLP-L, MLP at a dose of 2 mg; MLP-M,
MLP at a dose of 4 mg; MLP-H, MLP at a dose of 8 mg; NDV, Newcastle disease virus; PAS, periodic acid—Schiff; VC, vaccine control.

immunized chicks, the mRNA and protein expressions of
Toll-like receptors (TLR3, TLR7, and TLR21) were
examined. The RT-qPCR results showed that the
mRNA levels of TLR7 (Figure 8A) were significantly
increased by MLP-M on day 18 to 32 compared with
those in the VC group, but there were no differences in
the mRNA levels of TLR3 (Figure 8B) and TLR21
(Figure 8C). The Western blotting results further
confirmed that MLP-M induced a significant increase
in the protein levels of TLR7 (Figure 8E) in NDV-
vaccinated chicks. These data suggested that TLRY
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might be responsible for the MLP-M-enhanced tracheal
mucosal immunity in NDV-vaccinated chicks.

DISCUSSION

Although the ND vaccine has been available globally
since the 1950s, ND still is a major threat to the poultry
industry. The main reason may be that the vaccines fail
to induce the high levels of immunity required to control
ND. In the present study, we found that MLP, an
active ingredient of a TCM, could significantly improve
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Figure 6. Effects of MLP supplementation on the (A) MUC5AC and (B) MUC5B mRNA expression levels in the tracheal tissue of NDV-vaccinated
chicks. Data are presented as means = SD (n = 6); a, b, c: means with different letters differ significantly (P < 0.05). Abbreviations: BC, blank control;
MLP, mulberry leaf polysaccharide; MLP-L, MLP at a dose of 2 mg; MLP-M, MLP at a dose of 4 mg; MLP-H, MLP at a dose of 8 mg; NDV, Newcastle

disease virus; VC, vaccine control.
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berry leaf polysaccharide; MLP-M, MLP at a dose of 4 mg; NDV, New-
castle disease virus; VC, vaccine control.

the immune effects of the NDV mucosal vaccine and be
expected to be an immunopotentiator used in combina-
tion with the ND vaccine.

The respiratory tract is the passage of air into the
body and constantly stimulated by various pathogens,
including NDV (Dimitrov et al., 2017). The respiratory
mucosa is an important immune system of defense

against the invasion of foreign pathogens by the respira-
tory tract (Perdijk et al., 2018). Therefore, it has long
been a candidate site for NDV vaccination
(Lamichhane et al., 2014). Nonetheless, vaccines still
require repeat booster doses to induce high levels of im-
munity to control ND. In view of recent reports of vac-
cine failure on the ability to prevent the spread of
NDV, the present study aimed at finding an effective im-
mune adjuvant, especially a respiratory mucosa immu-
nopotentiator, to further control the disease.

As immune adjuvants, polysaccharides from TCM
show good biological responses such as improving signif-
icantly humoral immunity and cellular immunity (Kong
et al., 2006; Bo et al., 2017; Li et al., 2018). Taishan Rob-
inia pseudoacacia polysaccharides (Yang et al., 2017),
Astragalus polysaccharides (Shan et al., 2019), and
Codonopsis pilosula polysaccharides (Fu et al., 2018)
all displayed significant immunity-enhancing activity
in the mucosal immune system in vivo experiment com-
bined with vaccine. Based on our previous results that
MLP can improve the immune functions of NDV-
vaccinated chickens (Chen et al., 2019), we further
explored the effects of different concentrations of MLP
on respiratory mucosal immune functions of NDV-
vaccinated chickens and the underlying mechanism to
develop a new effective immune enhancer to control
ND. High-quality MLP was obtained as per previous
methods, and its composition was confirmed to be a
mixture of multiple monosaccharides, including rham-
nose, arabinose, mannose, glucose, or galactose (Chen
et al., 2019). Experiments were performed to examine
whether MLP could enhance the protective effects of
the NDV-attenuated vaccine against the target virus
in immunized chicks. The significant increases in ND
antibody titer as well as IgG and IgA concentrations in
serum showed that MLP-M supplementation induces a
higher systemic antibody-mediated immunity in NDV-
vaccinated chicks, which is consistent with previous re-
sults (Chen et al., 2019). In addition, we also observed
a higher local antibody-mediated immunity in NDV-
vaccinated chicks administered with MLP-M than in
the VC group. Compared with the bronchus or lung,
MLP-M has a more significant effect on immune
enhancement of the trachea. It may be related to the
structural characteristic of the chicken trachea, which
is very long. The long trachea makes it easier for patho-
genic microorganisms mixed in the air to adhere to the
tracheal mucous membrane, which causes respiratory
diseases and infections. Therefore, blocking of patho-
genic microorganisms from the tracheal mucosa is of
great significance for prevention of respiratory infectious
diseases.

The respiratory epithelium is the first barrier of de-
fense against pathogens and allergens (Denney and Ho,
2018; Gon and Hashimoto, 2018). The structural and
functional integrity of tracheal mucosal epithelial cells
depends on the cooperative regulation of the mucus
layer, the tight junctions between cells, and the host’s
acquired immune response (Barjesteh et al., 2019;
Cingolani et al., 2019). Acanthopanaz senticosus
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Figure 8. Effects of MLP supplementation on the TLR3, TLR7, and TLR21 (A-C) mRNA and (D-E) protein expression levels in the tracheal
tissue of NDV-vaccinated chicks. Data are presented as means = SD (n = 3); * P < 0.05, ** P < 0.01. Abbreviations: BC, blank control; MLP, mulberry
leaf polysaccharide; MLP-M, MLP at a dose of 4 mg; NDV, Newcastle disease virus; TLR, Toll-like receptor; VC, vaccine control.

polysaccharides could alleviate intestinal tight junction
injury in a mouse endotoxemia model (Han et al.,
2017). In the present study, we observed that MLP-M
supplementation significantly upregulated the mRNA
levels of tight junction proteins (ZO-1, occludin, and
claudinl) and mucin (MUC5AC and MUC5B) of tra-
cheas. The mucus layer is secreted mainly by goblet cells
and acts as a physical and chemical trap to pathogens.
IL-2, interferon gamma, sIgA, and mucins are the impor-
tant factors in the mucosal adaptive immune system
(Paliard et al., 1988; Lagoo et al., 1994; Liu et al.,
2019). They can protect against the incursion of harmful
pathogens by forming a protective layer on the tracheal
mucosal surface. In the present study, we showed that
MLP-M could significantly increase the number of goblet
cells in the trachea and the concentrations of IL-2, inter-
feron gamma, and sIgA in tracheal lavage fluid. Thus,
MLP could be developed as an effective mucosa immu-
nopotentiator used in combination with the ND vaccine.
Additional advantages of using MLP as a vaccine adju-
vant included its easy availability from plants, which
can effectively lower the production cost of the vaccine,
its relative innocuity, and its efficient absorption by the
host.

Then, we explored the potential molecular mechanism
that underlain MLP role as an immunopotentiator
administrated with the NDV vaccine. Toll-like receptors
expressed in the lamina propria and epithelial cells, the
type-I transmembrane receptors, have the ability to
distinguish between the pathogen and commensal

microbes (Jiménez-Dalmaroni et al., 2016; Arias et al.,
2018). In birds, there are a total of 10 different Toll-
like receptors (named TLR1 TLR1La, TLRI1Lb,
TLR2a, TLR2b, TLR3, TLR4, TLR5, TLR7, TLR15,
and TLR21) (Grueber et al., 2014). As pattern recogni-
tion receptors, Toll-like receptors are the first line of host
defense to pathogens, once stimulated, and activate
intracellular signal transduction pathways mediated by
pathogen-associated molecular patterns, ultimately trig-
gering an immune response against the invasion of path-
ogenic microorganisms (Satoh and Akira, 2016;
Paraskeuas and Mountzouris, 2019). TLR3, TLRY7,
and TLR21 play an important role in initiating and
modulating host responses to antivirus immunity. In
the present study, we revealed the role of TLR7 in
enhancing the immune effects of MLP-M used in combi-
nation with the ND vaccine. A report has shown the
interaction between Toll-like receptors and polysaccha-
rides was associated with molecular structures of poly-
saccharides (Zhang et al., 2016). Although the
molecular characteristics of MLP have been identified
in our previous study (Chen et al., 2019), whether the
specific molecular binding mechanism of TLRY is related
to its structure and bioactivity needs future study.

In conclusion, the MLP is the effective adjuvant that
enhances the respiratory mucin expression and mucosal
immune response in NDV-vaccinated chicks, and its
mechanism is related to the upregulation of the TLR7
level. Therefore, MLP is expected to be an immunopo-
tentiator against ND in vaccinated chicks.
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