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ABSTRACT Intestinal mucosa is the largest immune
organ in animals, and its immune function is directly
related to the resistance against various diseases.
Taishan Pinus massoniana pollen polysaccharides
(TPPPS) have been recognized as an effective vaccine
adjuvant and potential immune enhancer against viral
infections. However, little is known about their direct
immune-enhancing activity on intestinal mucosa. In this
study, we extracted the polysaccharides from Taishan
masson pine pollen to investigate its promotive effect on
intestinal mucosal immunity. A total of 120 1-day-old
chickens were divided into 4 groups and inoculated with
PBS or 3 different doses of TPPPS (10 mg/mL, 20 mg/
mL, and 40 mg/mL), respectively. Feces, intestinal
specimens, and serum samples were collected from the

chickens at 7, 14, and 21 d after inoculation. The anti-
bodies in serum, mucosal secretion of IgA, structure of
intestinal villi, and expressions of cytokine genes and
mucosal immune-related genes in the chickens were all
significantly improved by TPPPS treatments. At 21
d after inoculation following the challenge of Newcastle
disease virus, the chickens inoculated with 20 and 40 mg/
mL TPPPS exhibited decreased weight loss and reduced
intestinal pathologic damage and viral loads in the in-
testine. In summary, our results demonstrate that
TPPPS can enhance mucosal immunity and promote
intestinal villi development. This study has established
the foundation for the development of novel immune-
enhancing agent with immune-regulatory effects on in-
testinal mucosa.
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INTRODUCTION

Pollen has been used as a dietary supplement in tradi-
tional medicine for hundreds of years. Pinus massoniana
pollen, as a traditional Chinese food supplement and
traditional Chinese medicine, has a wide range of health
benefits, particularly in relieving fatigue and treating
diseases (Yang et al., 2015). These beneficial effects are
attributed to the wvarious chemical constituents,
including nucleic acids, enzymes and coenzymes,
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proteins, fats acids, phospholipids, monosaccharides,
polysaccharides, flavonoids, vitamins, and so on. (He
et al., 2007). Plant-derived compounds (e.g., polysaccha-
rides and flavonoids) are effective in regulating and
enhancing immunity (Fan et al., 2010; Licciardi and
Underwood, 2011), whereas polysaccharides extracted
from herbal medicine are widely used for vaccine devel-
opment, owing to their excellent advantages in stable ef-
ficacy, minimum side effects, and no known toxicity
(Kong et al., 2004, 2006; Ung et al., 2007). The interna-
tional scientific community has proposed that the 21st
century is a century of polysaccharides, one of the crucial
biological macromolecules with a highly complex chemi-
cal structure and species specificity. Moreover, polysac-
charides are also key factors for cell surface signal
recognition, cell-to-cell signal transmission, and
immune-related responses. Various polysaccharides iso-
lated from plants and microorganisms have been used
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as effective biological response modifiers against cancer,
immunodeficiency, and chronic infections (Ling et al.,
2011; Feng et al., 2015).

The mucosal immune system is well known as one of
the important parts of the entire immune network in an-
imals, especially poultry. It is an independent immune
system with unique structure—function features and
plays critical roles in fighting against infections (Nochi
et al., 2018). Intestinal mucosa is not only the crucial
site for food digestion and nutrient absorption but also
an immune organ with the largest surface area in animal
bodies, where the largest number of immune cells are
present and collectively form a strict defense system
(Zhou et al., 2019). Moreover, mucosal surface also
serves as the first line of defense against infections by
directly contacting foreign antigens. Therefore,
improving intestinal mucosal immunity can enhance
the comprehensive immune functions, promote the resis-
tance against various pathogenic invasions, and prevent
intestinal damage or injuries (Zhao et al., 2020). Mean-
while, a growing number of relevant studies have shown
that a variety of polysaccharides have a positive effect on
enhancing mucosal immunity. For example, the uptake
of litchi pulp polysaccharides was found to improve in-
testinal mucosal immune functions by stimulating cell
proliferation and serum IgA secretion in mesenteric
lymph nodes (Huang et al., 2016). In addition, the treat-
ment of Hericium erinaceus polysaccharides in Muscovy
ducks effectively and remarkably improved the
morphology and relevant parameters of intestinal mu-
cosa, increased the number of immune cells and the
amount of secretory IgA (SIgA) and cytokines secreted
by the intestinal mucosal immune system, as well as
reversed the damage on intestine mucosal immune bar-
rier (Wu et al., 2017). Similarly, yupingfeng polysaccha-
rides were demonstrated to possess the aforementioned
benefits by markedly enhancing the activation of the in-
duction site on intestinal mucosa, stimulating the secre-
tion of SIgA, and regulating both local and systemic
immune responses (Deng et al., 2018). It was also shown
that y-irradiated Astragalus polysaccharides could pre-
vent the negative morphologic changes of intestinal mu-
cosa and at the same time, increase the number of
immunocompetent cells in jejunal mucosa and upregu-
lated the mRNA expression of certain intestinal cyto-
kines (Li et al., 2019). In summary, the benefits of
polysaccharides have attracted more attention for scien-
tific research, and the identification of polysaccharides
from new sources would certainly facilitate in-depth
studies on the immunomodulatory effects of polysaccha-
rides. Previous studies of Taishan Pinus massoniana pol-
len polysaccharides (TPPPS) mostly focused on their
role as a natural adjuvant for vaccines against several
viral infections. But, little is known about their
immune-promotive effects on intestinal mucosa.

In the present study, we first detected the level of lipo-
polysaccharides (LPS) as an endotoxin in TPPPS to
ensure that TPPPS itself affected the mucosal immunity
of chickens in subsequent experiments and evaluated the
promoting effect of TPPPS on the intestinal mucosa by

measuring various immunologic indicators of the intesti-
nal mucosa and villi. Furthermore, Newcastle disease vi-
rus (NDV) infection was induced on chickens to observe
their intestinal villi structural changes and identify the
efficacy of polysaccharides on enhancing intestinal
mucosal resistance against viral pathogens. This study
aimed to establish the foundation for developing a novel
agent that has regulatory and immune-enhancing effects
on intestinal mucosa.

MATERIALS AND METHODS

Ethics Statement

The animal experiments were approved by the Animal
Protection and Utilization Committee of Shandong
Agricultural University (Permit number: 20010510)
and executed in accordance with Guide to Animal Ex-
periments of Ministry of Science and Technology (Bei-
jing, China). This study did not involve any
endangered or protected species.

Reagents, Strains, and TPPPS

The following kits were used in this study: End-Point
Chromogenic Endotoxin Test Kit (Xiamen Bioendo
Technology Co., Ltd., China.) was used to detect LPS
in polysaccharides, Chicken SIgA ELISA Kit and
Chicken IgG ELISA Kit (Lengton Bioscience Co., Ltd.,
Shanghai, China) were used to detect the levels of
SIgA in feces and IgG in serum, respectively, Ultrapure
RNA kit (Beijing ComWin Biotech Co., Ltd., China)
was used to extract RNA from intestinal tissue, HiScript
II Q RT SuperMix and ChamQ Universal SYBR qPCR
Master Mix (Nanjing Vazyme Biotech Co., Ltd., China)
were used for Quantitative real-time PCR. Newcastle
disease virus as a field strain was isolated in 2019 from
a chicken in Shandong Province (A/Chicken/Shan-
dong/06/2019) and was stored in our laboratory.
Taishan Pinus massoniana pine pollen polysaccharides
was extracted by the method of optimized water extrac-
tion and ethanol precipitation (Wei et al., 2011), and
polysaccharide content was determined by the phenol-
sulfuric acid method (Yang et al., 2015). All primers
were synthesized by TSINGKE (Beijing TSINGKE
Biotech Co., Ltd., China).

Endotoxin Test for TPPPS

The extracted TPPPS was tested for LPS content by
the End-Point Chromogenic Endotoxin Test Kit as per
the manufacturer’s protocol, using LPS as the positive
control.

Animal Experiment

A total of 120 1-day-old specific pathogen—free
chickens were randomly divided into 4 groups (30
chickens per group). The chickens in the 3 treatment
groups were orally administered with 10, 20, and
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40 mg/mL TPPPS (0.2 mL/chicken), respectively. The
chickens in the control group were orally administered
with PBS (0.2 mL/chicken). After daily once administra-
tion for 21 consecutive days, all the chickens were intrana-
sally challenged by 10° median tissue culture infective
dose of NDV (A/Chicken/Shandong/06/2019). The
design and procedures of the study are shown in Figure 1.

Mucosal SIgA and Serum IgG Antibodies
Detection

Fresh feces from the intestines of chickens in each
group were taken at 7, 14, and 21 d postinoculation
(dpi), which were dissolved in PBS at 1 mL/g, and the
samples were shaken on ice for 15 min and then centri-
fuged at 10,000 X g at 4°C for 5 min. The supernatant
was based on the operation instructions of the Chicken
SIgA ELISA Kit to detect SIgA levels. Fresh blood
from chickens in each group was collected at 7, 14, and
21 dpi and coagulated for 20 min at room temperature.
The samples were centrifuged at 3,000 rpm for 20 min;
the collected serum was based on the operation instruc-
tions of the Chicken IgG ELISA Kit to detect IgG levels.

Real-Time PCR Assays for Detection of
Intestinal Mucosal Cytokines and Mucosal
Immune-Related Factor

Intestinal mucosal cytokines IL 2 (IL-2),11. 4 (IL-4), and
interferon gamma were detected by real-time PCR.
Immune-related factor CD80, CD86, MHC class I
(MHC-I) genes (BF1 and BF2), and class II (MHC-II)
genes (BLA, BLBI1, and BLB2) were also detected by
the same method. Real-time PCR was performed as per
the method described by Liu et al. (Liu et al., 2019). The
experimental primers are listed in Table 1. The 27 24¢T
method was used to normalize the data (Pfaffl, 2001).

Measurement of CD4" and CD8" T
Lymphocyte Counts in Peripheral Blood

The percentage of CD4" and CD8" T lymphocytes in
peripheral blood was measured by flow cytometry,
following the method described in a previously published
literature from our laboratory (Sha et al., 2020).

TPPPS/200uL/chicken NDV challenge
A A X
Days 1 7 14 21 ?

Serum, Intestine and Feces Intestine

Figure 1. Animal experiment design. Chickens were grouped as
described in the “Materials and Methods” and orally administered with
TPPPS for 21 d. Multiple samples were collected at 7, 14, and 21 d after
inoculation for detecting SIgA, IgG, cytokines, and mucosal immune-
related factors, as well as measurement of intestinal villi conditions.
Seven day after the final administration, tissue samples from intestine
were collected for pathologic evaluation. Abbreviations: NDV, Newcas-
tle disease virus; SIgA, secretory IgA; TPPPS, Taishan Pinus massoni-
ana pollen polysaccharides.

Table 1. The primers used in this study.

Primer name Sequence (5'-3")

CD80-F CACTGCATGAAGATGGGGTG
CD80-R GGAAACCTGCAAAAGTGATC
CD86-F AAAGAAAGCATCATGGAGGT
CD86-R CTGGATATCTTTTAGACTGC
BF1-F GCACAGCCCCATCCTCT

BF1-R TGGCCCATCATTTTATTTCA
BF2-F CCATCCGGGGGTATTATCA
BF2-R TGGTGGGAACTGCCTCTG
BLA-F TTCCGCAAGTTCTCCTATCTG
BLA-R ACTTCCGGCTCCCACATC
BLB1-F ACCGGCTGGCTTGCTAC

BLBI-R GCGCTCTGTCTCCTCCTG
BLB2-F TCGGCGTTCTTCTTCTACGG
BLB2-R TGCCGGTTGTAGATTTGCCT
IL-2-F CTCGGAGCTCTGCAGCGTGT
IL-2-R TCCACCACAGTTGCTGGCTCATC
IL-4-F CCACGGAGAACGAGCTCATC
IL-4-R GAGAACCCCAGACTTGTTCTTCA
IFN-y-F ACAACCCACAGATCCAGC
IFN-v-R TCAGCACCGACTCCTTTT

Measurements of Villi Length and Width,
Crypt Depth and Length, and Villus/
Intestinal Crypt Value

The intact intestinal villi (n = 6-8 per group) were
randomly selected to examine the length, width of villi,
and the depth of crypts by using Digimizer Image Anal-
ysis software (Wang et al., 2020). Villi length was
defined as the distance from the midpoint of the top villi
point to the midpoint of mucosal fold point at both ends.
Villi width was defined as the average value of the base,
middle, and apex sections of intestinal villi. Crypt depth
was defined as the distance between the midpoint of the
mucosal reentry point at both ends and the inner surface
of submucosa. The V/C value was defined as the ratio of
the villi length to the crypt depth (Wang et al., 2019a).

Analysis of Protective Inmune Responses

Fifteen randomly selected chickens from each group
were challenged intranasally with NDV (A /Chicken/
Shandong/06,/2019), the same numbers of nonchallenge
chickens served as negative controls in the mock group.
The deaths of each group were recorded in the next
7 d. Five chickens were randomly selected to collect in-
testinal tissue on the seventh day. Villus mucosal inflam-
mation and integrity were visualized by hematoxylin
and eosin staining, and changes in BW of each chicken
after challenge were recorded. And, quantitative real-
time PCR was performed to detect intestinal mucosal
viral loads, referring to the previous study (Zhang
et al., 2010).

Statistical Analysis

The data from 3 independent experiments were
expressed as means * SD and analyzed using SPSS
23.0 software (SPSS Incorporated, Chicago, IL). A
one-way ANOVA followed by an least significant differ-
ence mean separation was used to determine the
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significance of differences. Values at P < 0.05 were
considered statistically significant.

RESULTS
Endotoxin Content (LPS) in TPPPS

To exclude the effect of confounding factors, we
measured LPS of pine pollen polysaccharides. The re-
sults showed that the LPS content of TPPPS
(1,000 pg/mL) was 1.153 EU/mL, while 0.01 pg/mL of
LPS was 1.562 EU/mL, which was 1.35-fold higher
than that of TPPPS. However, the concentration of
TPPPS is 10° times higher than that of LPS, so it shows
that there is minimum LPS contamination in TPPPS,
and its various effects come from itself.

Detection of Mucosal SIgA and Serum IgG

Overall, the SIgA contents in all the chickens were
continuously increased. At 21 dpi, the intestinal levels
of SIgA in the 20 and 40 mg/mL TPPPS groups reached
4.29, and 4.54 pg/mL respectively, which were 1.64- and
1.73-fold (P < 0.01) higher than that in the PBS group
respectively. No significant (P > 0.05) difference was
observed between these 2 TPPPS groups (Figure 2A),
while their intestinal SIgA levels were significantly
(P < 0.01) higher than that in the 10 mg/mL TPPPS
group. Similarly, at 21 dpi, the serum levels of IgG in
the 20 and 40 mg/mL TPPPS groups were significantly
(P < 0.01) higher than that in the PBS or 10 mg/mL
TPPPS group, respectively (Figure 2B).

Detection of Intestinal Mucosal Cytokines

At 7 dpi, the levels of IL-2, IL-4, and interferon
gamma in the 40 mg/mL TPPPS group were signifi-
cantly (P < 0.01) higher than those in the PBS group,
whereas the IL-2 and IL-4 levels were not significantly
(P> 0.05) different from those in the 20 mg/mL TPPPS
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groups. At 14 dpi, the levels of IL-4 and interferon
gamma in the TPPPS treatment groups were higher
than that in the PBS control group. At 21 dpi, the levels
of these 3 cytokines were significantly (P < 0.01)
elevated by TPPPS treatment in a dose-dependent
manner (Figures 3A-C).

Detection of Mucosal Immune-Related
Factors

Mucosal immune factors can directly reflect the over-
all intestinal mucosal immune functions in animals. The
statistical analysis outcomes of CD80, CD86, MHC-I
(BF1 and BF2), and MHC-IT (BLA, BLB1, and BLB2)
are shown in Figures 4A—G, respectively. The CD80 level
was significantly (P < 0.01) elevated by TPPPS treat-
ment in a dose-dependent manner at 7 dpi. Although
no significant (P > 0.05) difference in the CD86 levels
was observed among the 3 TPPPS treatment groups,
they were significantly (P < 0.01) higher than that in
the PBS control group. At 21 dpi, the levels of CD80
and CD86 in the 20 and 40 mg/mL TPPPS groups
were statistically (P > 0.05) similar. Meanwhile, the
levels of BF1 and BF2 in all the TPPPS treatment
groups were significantly (P < 0.01) higher than those
in the PBS control group at 14 dpi and that in the
40 mg/mL TPPPS group was higher (P < 0.05) than
that in the 20 mg/mL TPPPS, whereas, no significant
(P > 0.05) difference between these 2 groups was found
at 21 dpi. In addition, the TPPPS treatments signifi-
cantly (P < 0.01) upregulated the BLA, BLBI1, and
BLB2 levels in the chickens at 7 dpi. At 14 dpi, the
chickens treated by 20 and 40 mg/mL TPPPS exhibited
significantly higher levels of these 3 immune factors,
than those treated with 10 mg/mL TPPPS. Specifically,
the BLA and BLBI levels in the 40 mg/mL TPPPS
group were significantly (P < 0.01) higher than those
in the 20 mg/mL TPPPS group, whereas no significant
(P > 0.05) difference was observed between these 2
groups at 21 dpi.
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Figure 2. Mucosal levels of antibodies at different time points. (A) Total SIgA (n = 5/group) in feces at 7, 14, and 21 d after inoculation was
assessed by ELISA. (B) Total IgG in serum was measured by ELISA. Bars represent the means = SD for individual group (n = 5). “*Represents
the comparison with the PBS group; A and m represent the comparisons with the 10 mg/mL TPPPS group and 20 mg/mL TPPPS group, respec-
tively. One significance symbol represents P < 0.05, and double symbols represent P < 0.01. All values are shown as means * SD. Abbreviations:
SIgA, secretory IgA; TPPPS, Taishan Pinus massoniana pollen polysaccharides.
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Figure 3. Changes of cytokines in chickens. Chickens were orally administered with 10 mg/mL TPPPS, 20 mg/mL TPPPS, 40 mg/mL TPPPS,
and PBS in individual group. Intestinal tissues were collected at 7, 14, and 21 d after inoculation. IL-2 (A), IL-4 (B), and IFN-y (C) levels were quan-
tified by real-time PCR. ‘“*Represents the comparison with the PBS group; A and m represent the comparisons with the 10 mg/mL TPPPS group and
20 mg/mL TPPPS group, respectively. One significance symbol represents statistical significant at P < 0.05, and double symbols represent P < 0.01.
All values are shown as means *= SD. Abbreviations: IFN-vy, interferon gamma; TPPPS, Taishan Pinus massoniana pollen polysaccharides.

Cell-Mediated Immune Response

The percentage of CD4 " and CD8" T cells directly re-
flects the entire immune functions of animals (Torti
et al., 2012). The statistical analysis results of CD4"
and CD8" T lymphocytes in peripheral blood are shown
in Tables 2 and 3, respectively. The levels of CD4" and
CD8" in the 20 and 40 mg/mL TPPPS groups were
significantly higher than those in the PBS and 10 mg/
mL TPPPS groups at 7 dpi (P < 0.05). Furthermore,
the percentages of CD8™ in the 40 mg/mL TPPPS group
were significantly higher than those in other groups at 14
dpi (P < 0.05); however, the percentages of CD4 ™" in the
40 mg/mL TPPPS group were higher than those in the
20 mg/mL TPPPS group, and the difference was insig-
nificant (P > 0.05). Similarly, the percentages of
CD4" and CD8" T lymphocytes in the 20 and 40 mg/
mL TPPPS groups did not show a difference at 21dpi,
which were higher than those in other 2 groups
(P < 0.05).

Measurement of Villi Length, Width, Crypt
Depth, and VIC Value

To verify the benefits of polysaccharides on intestinal
villi, we measured the length, width, crypt depth, and
V/C value of the duodenum, jejunum, and ileum. At
21 dpi, the villi length of the chickens in the 20 and
40 mg/mL  TPPPS groups were significantly
(P < 0.01) higher than those in the other 2 groups,
whereas 10 mg/mL TPPPS treatment failed

(P > 0.05) to stimulate the villi length. The duodenal
and ileal crypt depths of the chickens in the 40 mg/mL
TPPPS group were significantly (P < 0.05 and
P < 0.01, respectively) higher than those in the PBS
group. The villi width of the chickens in the 40 mg/mL
TPPPS group was significantly (P < 0.01) higher than
that in the 10 mg/mL TPPPS or PBS group. Moreover,
the width of jejunal and ileal villi in the 20 mg/mL
TPPPS group was also significantly (P < 0.01) higher
than that in the 10 mg/mL TPPPS group (Figures 5).
In addition, the V/C values across different groups are
shown in Table 4. The V/C values of the chickens in
the 20 and 40 mg/mL TPPPS groups were significantly
(P < 0.01) higher than those in the other 2 groups,
whereas no significant (P > 0.05) difference was
observed between jejunal and ileal V/C values.

Protective Effects of TPPPS Treatment on
NDV

To evaluate the anti-NDV effect of TPPPS, the
changes in chicken BW and percent survival of the
chickens in each group after NDV challenge were statis-
tically analyzed. We found that the BW of all the
chickens was continuously decreased. Although no sig-
nificant difference was observed between the 20 and
40 mg/mL TPPPS groups, the chicken BW in these 2
groups was significantly (P < 0.01) higher than that in
the other 2 groups (Figure 6A). In addition, we also
detected that the percent survival rates of the chickens
in both the PBS and 10 mg/mL TPPPS groups were



512 SHA ET AL.

*kA A
**AA *hA H PBS
A

*A ANN mm 10mg/mL
8 *ehA
A 1.21 E 20mgimL
(§]
40mg/mL
1.0+
0.8-
7 14 21 7 14 21
Days post-inoculation Days post-inoculation
C 15 D 14
*xh A **H**“
*%h A
1.6+ s 1.6 I
*AANN
*xAA I
- 1.4+ shinn § 1.41
wAdn MM T
m **h A m
1.24
1.0
0.8-
7 14 2 7 14 2
Days post-inoculation Days post-inoculation
F 1.8- **AA
**AA
*xAANN
1.6 wxhd I
L o 1.4'
1]
-l
0 494
1.0
0.8- }
7 14 21 7 14 21 7 14 2
Days post-inoculation Days post-inoculation Days post-inoculation

Figure 4. Changes of mucosal immune-related factor in chickens. Chickens were orally administered with 10 mg/mL TPPPS, 20 mg/mL TPPPS,
40 mg/mL TPPPS, and PBS in individual group. Intestinal tissues were collected at 7, 14 and 21 d after inoculation. CD80 (A), CD86 (B), BF1 (C),
BF2 (D), BLA (E), BLB1 (F), and BLB2 (G) were quantified by real-time PCR. ‘*Represents the comparison with the PBS group; A and m represent
the comparisons with the 10 mg/mL TPPPS group and 20 mg/mL TPPPS group, respectively. One significance symbol represents statistical signif-
icant at P < 0.05, and double symbols represent P < 0.01. All values are shown as means * SD. Abbreviation: TPPPS, Taishan Pinus massoniana
pollen polysaccharides.

0 at seventh day after challenge (Figure 6B). Viral copies  and 10 mg/mL TPPPS groups were higher (P < 0.01)
detected from intestinal tissues of each group after chal-  than those of the 20 and 40 mg/mL TPPPS groups.
lenge were shown in Figure 6C. Viral loads of the PBS ~ However, there was no significant difference between

Table 2. Changes of CD4" T lymphocyte counts in the peripheral blood.

Days after inoculation'
Group 0 7 14 21

PBS 1838 + 047 1895+ 0417  20.28 + 0.44°  22.67 + 0.52°
TPPPS (10 mg/mL)  17.87 = 0.31  19.87 = 045"  21.80 = 0.91°  24.73 + 0.75"
TPPPS (20 mg/mL)  17.77 = 0.30  22.73 + 0.67°  25.58 + 0.36°  29.37 *+ 0.44°
TPPPS (40 mg/mL)  17.82+0.82 2278 +0.75°  26.20 + 0.38"  29.14 = 0.25"

Abbreviation: TPPPS, Taishan Pinus massoniana pollen polysaccharides.
!Different lowercase letters in the same column represent significant differences at the same
dpi (P < 0.05). Data are expressed as percentage * SD.
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Table 3. Changes of CD8" T lymphocyte counts in the peripheral blood.

Days after inoculation'

Group 0 7 14 21

PBS 11.51 * 0.22 12.60 * 0.15" 12.83 * 0.17¢ 13.19 * 0.20°
TPPPS (10 mg/mL) 11.58 = 0.41 12.91 + 0.53”  13.64 = 0.35° 14.65 = 0.34"
TPPPS (20 mg/mL) 12.01 = 0.13  13.68 = 0.27* 14.25 + 0.22"  15.79 + 0.29°
TPPPS (40 mg/mL) 11.71 = 0.21 13.64 = 0.14* 15.02 = 0.40* 15.93 + 0.27°

Abbreviation: TPPPS, Taishan Pinus massoniana pollen polysaccharides.
!Different lowercase letters in the same column represent significant differences at the same
dpi (P < 0.05). Data are expressed as percentage = SD.

the first 2 groups and so did the latter 2 groups
(P> 0.05).

Histopathologic Observation of Intestines

To further confirm the antiviral effect of TPPPS, we
evaluated and compared the pathologic changes of the
intestinal sections in all chicken groups (Figures 7A-
0O). We observed no obvious intestinal lesion or severe
change of individual villi structure in the 20 and
40 mg/mL TPPPS groups and the mock group, whereas
the uniformity and integrity of intestinal villi of the
chickens in the other 2 groups were compromised,
showing both sparse villi and swollen mucosa. In com-
parison with the severely damaged jejunal villi of the
chickens in the PBS group, the intestinal villi of the
chickens in the 10 mg/mL TPPPS group were moder-
ately damaged or shortened, and the mucosa and sub-
mucosa were also mildly affected.

DISCUSSION

Recently, biomedicinal studies have been carried out
on various polysaccharides isolated from plant sources.
These polysaccharides possess unlimited medical poten-
tial owing to their various biological activities. The iden-
tification of more plant-source polysaccharides has a

1500 = PBS
1250 _— = 10mg/mL
wsd]
1000 s m— 20mg/mL.
E 750 T - 40mg/mL
500
§

Figure 5. Measurements of villi length, width, crypt depth, and villi
length /crypt depth (V/C) value. Intestinal tissues were collected at 21 d
after inoculationfor the measurement of villi length, width, crypt depth,
and V/C value of the duodenum, jejunum, and ileum . “*Represents the
comparison with the PBS group; A and m represent the comparisons
with the 10 mg/mL TPPPS group and 20 mg/mL TPPPS group, respec-
tively. One significance symbol represents statistical significant at
P < 0.05, and double symbols represent P < 0.01. All values are
expressed as means * SD. Abbreviation: TPPPS, Taishan Pinus mas-
somiana pollen polysaccharides.

great significance for the improvement of animal immu-
nity. Masson pine pollen was recognized thousands of
years ago in China and being as an excellent bioactive
substance for immune function improvement. Currently,
masson pine pollen is being produced at an industry scale
(in China). Taishan Pinus massoniana pine pollen poly-
saccharides extracted from masson pine pollen might
have a broad application prospect as a high-
performance immune enhancer. Previously, we have
demonstrated that TPPPS is composed of 3 polysaccha-
rides (i.e., TPPPS 1-3) and that each polysaccharide
component is composed of different monosaccharides,
serving as both antioxidants and antiviral agents. Mean-
while, TPPPS has a synergistic effect in promoting im-
mune functions in animals (Yang et al., 2015). In this
study, we further verified the bioactive roles of TPPPS
in promoting intestinal immune functions.

Intestinal mucosa, as an integral and essential part of
the animal body, constitutes an independent immune
system and a unique structure and function. It actively
participates in combating viral infections and preventing
the gastrointestinal tract of animals from invasion by
pathogenic microbes. Physical barriers and mucosal im-
munity are at the first line of defense against microbial
infections. The Ig SIgA is an important component of
mucosal immunity (Wang et al., 2012), which can form
a protective barrier by adhering to the epithelial cells
or interfere with the assembly of viral particles by
adhering to the newly synthesized viral proteins in the
infected cells. The protective potential of SIgA is attrib-
uted to its polymerization properties, which results in a
higher affinity with viruses and prevents their adhesion
onto the epithelial cells. Our results indicate that the
extracted TPPPS can induce large amounts of SIgA.
Moreover, TPPPS promoted cellular response and we
also detected an upregulation of IL-2, IL-4, and

Table 4. Effects of TPPPS on the V/C values of intestinal villi.

v/C'
Group Duodenum Jejunum Tleum
PBS 3.87 = 0.06° 4.94 +0.14° 3.48 + 0.20°
TPPPS (10 mg/mL)  4.05+0.25° 498 +0.11"  3.54 + 0.13"
TPPPS (20 mg/mL) 4.28 + 0.04" 5.30 £ 0.12% 3.77 = 0.04*
TPPPS (40 mg/mL) 4.44 + 0.34* 5.15 £ 0.15% 3.78 £ 0.27"

Abbreviations: TPPPS, Taishan Pinus massoniana pollen poly-
saccharides; V/C, villi length /crypt depth.

'Different lowercase letters in the same column represent significant
differences at 21 dpi (P < 0.05). Data are expressed as percentage * SD.
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Figure 6. Effect of TPPPS against NDV challenge. Chickens in groups were orally administered for 21 d with 10 mg/mL TPPPS, 20 mg/mL
TPPPS, 40 mg/mL TPPPS, and PBS (0.2 mL/chicken) in individual group. And, the chickens were infected with 10° TCIDs, of NDV through nasal
inoculation. Noninfected chickens treated with PBS served as a mock group. (A) Chicken weight loss (%) after challenged with NDV. (B) The percent
survival of chickens in each individual group within 7 d after challenge (n = 15). (C) Normalized NDV copies (Ig) per 1 pg total RNA in the intestinal
issues of experimentally infected chickens collected after 7-d challenge. Bars represent means = SD for individual groups. “*Represents the comparison
with the PBS group; A represent the comparisons with the 10 mg/mL TPPPS group, and double symbols represent P < 0.01. All values are expressed
as means = SD. Abbreviations: NDV, Newcastle disease virus; TCIDso, 10° median tissue culture infective dose; TPPPS, Taishan Pinus massoniana

pollen polysaccharides.

interferon gamma cytokines, which is consistent with the
results that Astragalus polysaccharides can activate im-
mune cells and increase the secretion of cytokines (Jiang
et al., 2010). Another recent finding is that IL are the key
molecules involved in MHC pathways in chickens and
indicate the importance of MHC in immune function
(Truong et al., 2020). Therefore, we also evaluated the
effects of different doses of TPPPS on MHC-I genes
(BF1 and BF2) and MHC-II genes (BLA, BLBI, and
BLB2). Our results revealed that the gene expression
levels of MHC increased with the increase of polysaccha-
ride concentration, but finally at 21 dpi, there was no sig-
nificant difference between the 20 mg/mL and 40 mg/
mL groups. It showed that the effects of TPPPS on
MHC-I and MHC-II gene expression did not increase in
a dose-dependent manner. And, molecules called activa-
tion markers induced by cell stimulation are closely
related to immune function (Feng et al., 2008), such as
the gene levels of CD80 and CD86 molecules in this
study which presented the same trend as MHC genes.
In addition, the aforementioned upregulation of MHC-
II can promote the presentation of foreign antigen to
CD4" T cells by antigen-presenting cells to drive the
activation of naive T cells. The present study demon-
strated that TPPPS significantly promote the

conversion rate of the CD4" and CD8" T lymphocytes.
Together, our results of immunologic indicators clarified
the positive effect of TPPPS on mucosal immunity.
The gastrointestinal tract, especially the small intes-
tine, is the main site of chemical digestion in the poultry
gut. It is also an important site for various nutrient ab-
sorption and transportation to the bloodstream. The
structure and condition of intestinal villi reflect the over-
all health condition of the intestine. The length, width,
crypt depth, and V/C value of intestinal villi are impor-
tant indicators reflecting their growth, development,
and the resistance to bacterial infections (Lu et al.,
2016). The length and width of intestinal villi, which in-
crease along with the development of the villi, directly
determine their contact area with pathogens. Villi crypt
depth reflects the formation rate of intestinal epithelial
cells. The decreased depth and the shallow crypt of the
villi indicate an increasing maturation rate of the small
intestinal cells, and the cells continue to migrate and
differentiate from the base of the crypt toward the end
of the villi, thereby enhancing nutrient absorption. The
V/C value can fully reflect the overall condition of intes-
tinal villi and indicate changes in intestinal functions
that affect the growth and development of animal
bodies. The results of this study showed that TPPPS
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Figure 7. Effect of TPPPS against intestinal injury induced by NDV infection. (A-C) PBS, (D-F) 10 mg/mL TPPPS, (G-I) 20 mg/mL TPPPS,
(J-L) 40 mg/mL TPPPS, (M-O) mock. Intestinal tissues were collected from each individual group 7 d after NDV challenge for H&E staining and
histopathologic analysis. Abbreviations: H&E, hematoxylin and eosin; NDV, Newcastle disease virus; TCIDsg, 10° median tissue culture infective

dose; TPPPS, Taishan Pinus massoniana pollen polysaccharides.

intervention with different doses from 10 to 40 mg/mL
can effectively promote the healthy development and
growth of chicken intestinal villi. However, only few
significant differences were found between 20 and
40 mg/mL TPPPS treatments, indicating that the
immune-stimulatory effect of TPPPS does not always
increase in a dose-dependent manner.

Our previous research has shown that TPPPS can
effectively inhibit the infections of several animal vi-
ruses, including the infectious bursal disease virus
(Wang et al., 2018), avian leukosis virus subgroup B
(Yang et al., 2015), and avian leukosis virus subgroup
J (Wang et al., 2019b; Yu et al., 2017). In this study,
we selected the NDV that has a greater impact on the in-
testinal mucosa as the infectious agent to examine the
protective effect of TPPPS on the mucosa. Taishan
Pinus massoniana pine pollen polysaccharides can
significantly reduce the weight loss and histopathologic
damage, as well as improve the immune functions in
the chickens with NDV challenge. One of the possible
antiviral mechanisms of TPPPS is through activating
innate immunity of the chickens to protect them from
potential NDV infection, similar to the mechanism by
which Astragalus polysaccharides exhibit antiviral activ-
ities (Kallon et al., 2013). Another potential mechanism
is through enhancing the capability of intestinal mucosa
in resisting viral invasion and strengthening the intesti-
nal mucosal barrier. Our findings on TPPPS establish
the foundation for future development of this novel

effective immune enhancer, which possesses regulatory
and stimulatory effects on intestinal mucosa, for
improving intestinal mucosal immunity and preventing
or treating immunosuppressive diseases.

In summary, the ingestion of TPPPS by animals can
promote their intestinal epithelial cell renewal, improve
the intestinal mucosal barrier, activate intestinal
mucosal immune system, and enhance the overall im-
mune functions. Based on its regulatory effects on gut in-
testinal health, TPPPS may possess a substantial value
to be applied in animal husbandry and production.
Considering the current trend of antibiotic-free farming,
the application of TPPPS can provide an alternative
and effective strategy to improve the intestinal immune
functions of poultry.
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