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Bacillus amyloliquefaciens SQR9
Induces dendritic cell maturation
and enhances the immune response
s against inactivated avian influenza
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. The objective of this study was to evaluate the stimulatory effects of Bacillus amyloliquefaciens
SQR9 on dendritic cells (DCs) and to verify its ability to enhance the immune response by modulating
DC maturation. The results demonstrated that B. amyloliquefaciens SQR9 can adhere to the nasal
epithelium and be taken up by DCs in the nasal mucosa, thereby inducing DC maturation and resulting
in increased CD80, CD86, CD40 and MHCII expression and cytokine secretion. The frequencies of CD4 "

: and CD8* T cells and CD69" memory T cells were increased in spleens after nasal immunization with

. virus plus B. amyloliquefaciens SQR9 compared to immunization with inactivated HIN2 AlV alone.

. Moreover, the levels of sigA in the nasal cavity, the trachea, and the lung and the levels of IgG, 1gG1,
and IgG2a in serum were significantly increased in mice administered WIV plus SQR9 compared to mice
administered HIN2 WIV alone. The results of this study demonstrated that B. amyloliquefaciens SQR9
can stimulate DC maturation to effectively induce an immune response. In conclusion, an effective
immune response may result from the uptake of HIN2 by DCs in the nasal mucosa, thereby stimulating
DC maturation and migration to cervical lymph nodes to initiate immune response.

. Probiotics have repeatedly been shown to have many beneficial effects within the gut, such as maintaining
. the microbiota balance, defending against enteropathogen invasion, and enhancing immune responses™?.
: Gram-positive bacteria of the genus Bacillus are not only widely applied to plants as biocontrol agents® but are
. also used in human and animal feed products and as live organisms for human consumption*. Killed Bacillus
. subtilis spores and surfactin lipopeptide fungin from Bacillus amyloliquefaciens have been chosen as mucosal
: adjuvants to elicit strong immune responses™®. Recombinant Bacillus subtilis expressing heterologous antigens has
: been demonstrated to be effective as an antigen delivery system by inducing effective immune protection against
Clostridium perfringens’ and rotavirus®.
Bacillus amyloliquefaciens SQR9, which was isolated from soil, displays high similarity to Bacillus subtilis. This
. bacterial strain exhibits good biocontrol characteristics in the cucumber rhizosphere and protects the host plant
from pathogen invasion via efficient root colonization®. Previous data demonstrated that B. amyloliquefaciens
© SQRO displays excellent properties for further uses. Bacillus can survive in the mucosal tract and directly interact
. with the mucosal epithelium. However, the details of how Bacillus modulates the mucosal environment (i.e., den-
© dritic cells (DCs)) to affect the immune response are unknown.

DCs are ubiquitous cells underlying the mucosa that act as sentinels by monitoring for pathogenic microbes,
allergens and pollutants. DCs can recognize microbes via multiple pattern recognition receptors (PRRs), which
can activate divergent and polarized adaptive responses'®. DCs in peripheral tissues are immature and have the
capacity to efficiently stimulate T cells. After challenge with antigens, DCs enter the process of maturation and
migrate to lymphoid organs!!. Immature DCs are specialized for antigen capture and processing but weakly stim-
ulate T cells. Only mature DCs displaying high levels of surface expression of major histocompatibility complex
class II (MHCII) and costimulatory molecules can efficiently stimulate T cell activation'%
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Figure 1. Adhesion of SQR9 to nasal epithelial cells in vivo. Mice were intranasally administered PBS or
SQR9-GFP (107 CFU). After 1, 2, 4, 6 or 24 h, the nasal cavities were collected. For FACS analyses, nasal-
associated lymphoid tissue was removed from the nasal cavity. The individual cells isolated from the nasal
passages were gated for CD45~ (A) to select non-hematopoietic cells. To evaluate the adhesion or uptake of
B. amyloliquefaciens SQR9 by epithelial cells, the gated cells were further selected based on GFP* via FACS
(B,C) or the standard plate counting method, which consists of diluting a sample with sterile saline or
phosphate buffer diluent until the bacteria are sufficiently diluted to enable accurate counting (D). Frozen
sections of nasal mucosa treated with SQR9-GFP (E,F) or PBS (G,H) were stained with 4/, 6-diamidino-2-
phenylindole (DAPI). Error bars mean standard deviation (SD). Bars: 30 pm (E,G); 10 um (F,H).

In these experiments, mouse bone marrow-derived DCs were isolated and co-cultured with B. amyloliquefa-
ciens SQRI. The aim of this study was to investigate the stimulatory activity of B. amyloliquefaciens SQR9 on DCs
and to detect the immune adjuvant effect of B. amyloliquefaciens SQR9 upon intranasal vaccination with inacti-
vated HIN2 avian influenza virus. We hypothesized that Bacillus could adhere to the nasal mucosa and influences
the maturation of DC, thereby stimulating the mucosal immune response against inactivated virus.

Results

SQR9 adhesion to nasal epithelial cells in vivo. The adhesion of bacteria to mucosal epithelial cells
is crucial for their subsequent uptake by submucosal DCs. Therefore, we performed FACS analysis to explore
whether SQRY can attach to nasal epithelial cells (Fig. 1A,B). The number of CFUs was enumerated using the
conventional plate counting technique (Fig. 1D). The number of bacteria that adhered to the epithelium peaked at
1h and remained detectable at 24 h based on FACS analysis. The numbers of bacteria were verified by CFU count-
ing among CD45 GFP" epithelial cells. The adhesion of SQR9 to nasal mucosal epithelial cells was also verified
in vivo based on confocal microscopy (Fig. 1E,F).
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Figure 2. Cellular uptake of SQR9 by dendritic cells (DCs) in vitro. DCs were incubated in GFP-labeled

B. amyloliquefaciens SQR9 (SQR9-GFP) for 10 min or 30 min (A,B) and washed twice with PBS, followed by
FACS analysis. Confocal microscopy was used to detect DCs (C), DCs+SQR9 (D) or DCs+SL1344 (E). Frozen
sections were stained with CD11c¢ (red) and DAPI (blue). The experiments were repeated for three independent
experiments. The data are presented as the means &= SD. N = 3. Error bars mean standard deviation (SD).

*P < 0.05;**P < 0.01.

Uptake of SQR9 by DCs.  DC maturation is crucial for the initiation of downstream immune responses. To
identify the impact of SQR9 on innate immune cell activation, we evaluated whether SQRY affects the uptake of
bacteria by DCs. DCs were incubated in the presence or absence of GFP-labeled SQR9 (SQR9-GFP; 107 CFU) for
30 min. Then, the internalized SQR9-GFP was detected by FACS and confocal laser scanning microscopy. Our
FACS data showed that SQRY efficiently enhanced the ability of DCs to take up bacteria (Fig. 2).

SQR9 promotes DC maturation in vitro. The expression of co-stimulatory molecules by DCs after SQR9
uptake was detected by flow cytometric analysis. DCs play a crucial role in the effective induction of adaptive
immune responses by increasing their expression of MHC molecules. Therefore, we analyzed the expression of
surface markers and cytokines. We confirmed that DCs showed significant upregulation of CD80 (Fig. 3B,F),
CD86 (Fig. 3C,G), CD40 (Fig. 3A,E) and MHC class IT (MHCII) (Fig. 3D,H) in response to treatment with anti-
gen together with SQR9 compared to treatment with antigen alone. Additionally, cytokines play an important role
in T cell differentiation and in cell-mediated and humoral immunity. In this study, the levels of IL-10 (Fig. 3I),
IL-12p70 (Fig. 3]), IL-6 (Fig. 3K) and TNF-« (Fig. 3F) were measured in the culture supernatants. As shown in
Fig. 3, IL-6, IL-12 and TNF-a production was significantly increased in a dose-dependent manner (P < 0.01),
leading to an enhanced response to the co-administered antigen. Thus, it is conceivable that SQR9 can activate
antigen-presenting cells. Furthermore, our results showed that SQR9 was capable of inducing cytokine produc-
tion. These findings suggested that SQR9 was capable of enhancing the phenotypic maturation of DCs.

SQRO9 facilitates the HOIN2 WIV-induced recruitment of submucosal DCs and antigen capture
in cervical lymph nodes (CLNs). The use of inactivated influenza viruses as vaccine antigens is much
less dangerous to nasal epithelial cells than the use of live viruses. We hypothesized that SQR9 enhances virus
uptake by submucosal DCs, possibly providing an advantage in terms of vaccination efficiency. We collected CLN
cells after nasal instillation of PBS, HON2 WIV alone, or HIN2 WIV together with SQRY or cholera toxin (CT).
FACS analyses indicated that SQR9 or CT significantly increased the number of HIN2 WIV-loaded DCs in the
CLN (Fig. 4C,D). These data combined with the data presented in Fig. 2 suggested that prolonged adhesion of
B. amyloliquefaciens SQR9 to the nasal mucosa enhanced the activation of innate immunity. Thus, SQR9 admin-
istration recruited DCs to submucosal regions (Fig. 4A,B), such as the nasal mucosa, and induced virus uptake,
thereby enabling virus-loaded DCs to rapidly migrate to CLNs for antigen presentation. This phenomenon was
confirmed via immunofluorescence staining of the nasal mucosa and CLNs followed by confocal microscopy.
After treatment with SQR9 or CT, the number of DCs in the nasal mucosa was increased, and the abundance of
H9N2 WIV in CLNs was elevated (Figure S2). Moreover, the CCL20 mRNA expression level in the nasal mucosa
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Figure 3. SQR9 enhances DC maturation. DCs were incubated in B. amyloliquefaciens SQR9 (10° CFU, 107
CFU or 10® CFU) or cholera toxin (CT, 2 pg/mL). After 24 h, DCs and supernatants were collected to detect DCs
phenotypes (A-H) and DC-mediated cytokine secretion (I-L). The expression of CD40 (A,E), CD80 (B,F),
CD86 (C,G) and MHC-II (D,H) by DCs was analyzed by FACS. The secretion of IL-10 (I), IL-12p70 (J), IL-6
(K) and TNF-a (L) in culture supernatants was measured by ELISA. The experiments were repeated for three
independent experiments. The data are presented as the means &= SD. N = 3. Error bars mean standard deviation
(SD). *P< 0.05; **P< 0.01.

of group treated with HON2 WIV plus SQRY increased 6.2 fold than that of HON2 WIV alone, while the CCL20
mRNA expression level in CLNs increased 3.4 fold (Fig. 4E,F). The increased number of DCs in the nasal mucosa
and in CLNs may be attributed to the elevated mRNA expression of CCL20 in the nasal mucosa and in CLNs
upon treatment with SQR9 or CT.

Specific slgA levels in the respiratory tract. To determine whether immunization enhanced mucosal
cell-mediated immune responses, the induction of the local anti-HIN2 WIV-specific sIgA expression levels in
the nasal cavity, the trachea and the lungs were measured 28 days after the first immunization. The specific sIgA
antibody levels were determined via ELISA (Fig. 5). The mucosal sIgA levels in the nasal cavity (Fig. 5A), tracheal
(Fig. 5B) and lung washes (Fig. 5C) were significantly enhanced after intranasal immunization with HON2 WIV
combined with either SQR9 or CT (P < 0.01) compared to immunization with HIN2 WIV antigen alone.

Specific IgG levels in serum. To determine whether immunization enhanced the systemic immune
response, the specific anti-HIN2 avian influenza virus (AIV) IgG expression levels in serum were detected
28 days after the first immunization. The specific IgG levels were determined by ELISA (Fig. 6). To establish the
antibody subtypes, we measured the IgG2a and IgG1 antibody levels in each group!® and found that the serum
antigen-specific IgG (Fig. 6A), IgG1 (Fig. 6B) and IgG2a antibody titers (Fig. 6C) were enhanced by SQR9 or CT
when administered together with HON2 WIV. The levels of these systemic antibodies were substantially higher
following induction with HON2 WIV antigen and either SQR9 or CT than following induction with HON2 WIV
antigen alone (P < 0.01). Moreover, the IgG1 subtype was dominant in all immunized mice, and lower titers of the
IgG2a subtype were detected in sera from the immunized mice. The addition of SQR9 did not alter the IgG1/IgG2
ratio, which exceeded 1 in both the WIV group and the WIV and SQR9 group. These results suggested that the IgG1
subtypes may play a major role in the efficiency of the immunization of mice with an AIV vaccine together with
SQRY. Additionally, we analyzed the hemagglutination inhibition (HI) titer in serum. HIN2 WIV combined with
SQRY also increased the HI titer compared to HON2 WIV alone (Fig. 6D). Taken together, these results indicated
that HON2 WIV together with SQR9 effectively induced systemic immune responses after intranasal immunization.
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Figure 4. SQR9 recruits DCs and increases the number of HIN2 WIV-loaded DCs in CLNs.

(A-D) C57BL/6 mice were intranasally administered PBS or DyLight 633-labeled HON2 WIV (10 g HA) with
or without B. amyloliquefaciens SQR9 (107 CFU) or cholera toxin (CT, 2 pg) for 90 min. Epithelial cells from the
nasal mucosa and cervical lymph node (CLN) cells were isolated and analyzed by FACS. (A,B) FACS analysis of
FITC-CD11c* cells from nasal mucosal epithelial cells. (C,D) FACS analysis of DyLight 633 virus-loaded DCs
based on gating for FITC-CD11c* cells from CLNS. (E,F) C57BL/6 mice were intranasally administered PBS

or HIN2 WIV (10ug HA) with or without B. amyloliquefaciens SQR9 (107 CFU) or cholera toxin (CT, 2 ug)

for 12h. (E,F) Chemokine (C-C Motif) Ligand 20 (CCL20) expression in the nasal mucosa and in CLNs was
detected by real-time quantitative PCR. The experiments were repeated for three independent experiments. The
data are presented as the means £ SD. N= 3. Error bars mean standard deviation (SD). *P < 0.05; **P < 0.01.

Positive proliferation of spleen lymphocytes after immunization in vitro. Splenocytes were
isolated from immunized mice and re-stimulated with HON2 WIV in vitro. We found that CD69 expression
(Fig. 7A,B) and the proliferative index (Fig. 7C) were markedly increased in the groups immunized with HIN2
WIV and either SQR9 or CT compared with the group immunized with HIN2 WIV alone. To investigate the
mechanism underlying the adjuvant effect of SQR9, we investigated cell proliferation. B. amyloliquefaciens SQR9
together with the antigen induced a significant increase in the percentages of CD37CD4" T cells (Fig. 8A,C) and
CD3*CD8* T cells (Fig. 8B,D) compared to the antigen alone. These results indicated that nasal immunization
with HON2 WIV together with SQR9 effectively induced systemic and local immune responses in mice.

Discussion
The respiratory tract is the main gateway for AIV invasion and infection. Intranasal immunization can induce
efficient local immune responses in the mucosa of the respiratory tract that can prevent respiratory tract infection
with AIV. However, the natural mucosal barrier is the key impediment to the capture and delivery of inactivated
AIV by DCs; therefore, this barrier affects the absorption efficiency of intranasal inoculation. In this study, we
found that B. amyloliquefaciens SQR9 adheres to the mouse nasal epithelium, as indicated by the detection of
CD45~GFP™ cells during the first 24 h after treatment; this adhesion enhanced the frequency of DCs underneath
the nasal mucosa and contributed to antigen capture. We found that bone marrow-derived DCs can capture
B. amyloliquefaciens SQR9 and that antigen uptake by DCs increased with increasing culture time and tempera-
ture. This phenomenon was verified in vitro via confocal microscopy. After phagocytosis of B. amyloliquefaciens
SQRY, the DCs matured and exhibited increased expression of CD40, CD80, CD86 and MHCII.

Cytokines induce varying biological effects on different cell types during immune processes. IL-10 promotes
the differentiation of naive CD4" T cells into Th2 cells', and IL-12 enhances both CD87 T cell-mediated and
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Figure 5. SQRY assisted HON2 WIV in enhancing the local immune response after nasal immunization in
mice. The antigen-specific mucosal IgA titers in nasal washes (A), tracheal washes (B), and lung washes

(C) of immunized mice were detected 2 weeks after the final vaccination. The experiments were repeated for
three independent experiments. The data are presented as the means & SD. N = 3. Error bars mean standard
deviation (SD). *P < 0.05; **P < 0.01.

non-specific cell-mediated immune responses!®. The stimulatory effect of B. amyloliquefaciens SQR9 on DC mat-
uration was confirmed by the increase in the DC-mediated secretion of cytokines, including IL-6, TNF-c, IL-10
and IL-12p70. TNF-« is a rapid proinflammatory cytokine that can stimulate DC maturation'®'”. Therefore, we
propose that B. amyloliquefaciens SQR9 might induce cell-mediated immune responses.

The data from our in vitro assay showed that B. amyloliquefaciens SQR9 stimulated the maturation of DCs,
which play vital roles in innate immune responses and subsequent adaptive immunity'®. To investigate whether
B. amyloliquefaciens SQR9 can stimulate DCs in the nasal mucosa and effectively induce an immune response
against an inactivated AIV, we intranasally administered mouse HON2 WIV together with B. amyloliquefaciens
SQRY. The stimulatory effect of this treatment on T cells was observed in splenic lymphocytes isolated from mice
28 days after primary nasal vaccination with HON2 WIV and B. amyloliquefaciens SQR9. The stimulation of T
cell proliferation by B. amyloliquefaciens SQR9 was consistent with that by CT based on CCK-8 assays. CT has
widely been used as an effective adjuvant and has been shown to induce both mucosal and systemic immune
responses'®. Furthermore, as an adjuvant, B. amyloliquefaciens SQR9 increased the number of CD37CD8' T
cells and CD37CD4" T cells in the spleen compared to CT. We also found that primary immunization with
HI9N2 WIV together with B. amyloliquefaciens SQR9 increased the number of CD697 cells in the spleen after
re-stimulation with HON2 WIV compared to primary immunization with HON2 WIV alone. These results indi-
cated that nasal immunization with HON2 WIV effectively induced not only CD37*CD4" and CD37CD8* T cell
proliferation but also immunological memory in the spleen to prevent the next AIV attack.

In addition to the cellular immune response, humoral immunity also plays key roles in defending against
pathogen invasion and infection. Other researchers have confirmed that mucosal sIgA is the major mediator
of protection from nasal challenge with influenza virus that has invaded the mucosa®. In this study, high IgA
antibody levels in respiratory tract tissues (nasal, trachea and lung) were detected after intranasal immunization
with HON2 WIV together with B. amyloliquefaciens SQR9. This increased expression of sIgA in the respiratory
tract was consistent with the enhanced secretion of IL-6, which is capable of inducing B cell proliferation and
promoting IgA secretion?!. The serum antibody IgG is also important for protecting against pathogen invasion.
Nasal immunization with HON2 WIV and B. amyloliquefaciens SQR9 significantly increased the IgG levels, and
this observation is consistent with the increased expression of neutralizing antibodies, as represented by the HI
titer. Moreover, IgG subtypes (IgG2a and IgG1) were investigated to address the influence of B. amyloliquefaciens
SQRY on the balance between Th1- and Th2-type immune responses. IgG1 has been reported to be an indica-
tor of a Th2-type immune response, whereas production of IgG2a-type antibodies reflects a Th1-type immune
response?. The expression levels of [gG1 and IgG2a in serum were significantly increased, and the IgG1 titer
was greater than the IgG2a titer in serum. However, the addition of SQR9 did not alter the IgG1/IgG2 ratio. The
IgG1/IgG2a ratio was >1 in the HIN2 WIV group and the HON2 WIV and SQR9 group; this result indicated that
HON2 WIV alone or together with B. amyloliquefaciens SQR9 induces a primarily Th2-type antibody response?.
Thus, B. amyloliquefaciens SQR9 was capable of enhancing the humoral immune response at the both local nasal
mucosal and the systemic levels.

Antigen uptake by nasal submucosal DCs is the first critical step for subsequent adaptive immunity. HON2
WIV can be taken up by DCs in the nasal mucosa, and these cells can migrate to a CLN. These events were
enhanced by the nasal administration of HON2 WIV together with B. amyloliquefaciens SQR9, implying that
B. amyloliquefaciens SQR9 can induce a more effective immune response against AIV. C-C ligand chemokines
(such as CCL20) are key factors in DC migration. The continuous binding of B. amyloliquefaciens SQR9 to the
nasal epithelium could stimulate the epithelium to secrete more chemokines, which, in turn, provide DCs with
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Figure 6. SQR9 assisted HON2 WIV in enhancing systemic immune responses after nasal immunization

in mice. The antigen-specific serum IgG titers (A), IgGl titers (B), IgG2a titers (C), and hemagglutination
inhibition (HI) titers (D) in immunized mice were detected 2 weeks after the final vaccination. The experiments
were repeated for three independent experiments. The data are presented as the means + SD. N = 3. Error bars
mean standard deviation (SD). *P < 0.05; **P < 0.01.
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Figure 7. SQR9 assisted HON2 WIV in enhancing CD69 expression by lymphocytes isolated from the
spleen after vaccination. At 28 days after primary immunization, splenic lymphocytes were isolated from
immunized mice and re-stimulated with HON2 WIV in vitro. Splenocyte activation was assessed based on CD69
expression via FACS analysis. The proliferative index of the spleen was analyzed using the Cell Counting Kit-8
(CCK-8) assay. The experiments were repeated for three independent experiments. The data are presented as the
means + SD. N = 3. Error bars mean standard deviation (SD). *P < 0.05; **P < 0.01.

more opportunities to take up luminal ATV and deliver the virus to T cells. High levels of CCL20 mRNA expres-
sion in the nasal mucosa and in CLNs were detected in the HON2 WIV and SQR9 group. This finding could
explain how B. amyloliquefaciens SQRY effectively induced mucosal and systemic immune responses.

In conclusion, B. amyloliquefaciens SQR9 can bind to the epithelium and stimulate DC-mediated transepithe-
lial antigen uptake and DC maturation. Moreover, B. amyloliquefaciens SQRY elicited robust local mucosal and
systemic immune responses after intranasal immunization, and these enhanced effects could be beneficial for
the prevention of an HIN2 influenza pandemic. Bacillus has been used in food fermentation for centuries®, and
B. amyloliquefaciens SQR9 did not affect the mouse body weight (Figure S1). Therefore, B. amyloliquefaciens
SQRY is a promising adjuvant for modulating DC maturation and DC-mediated antigen uptake to induce strong
immune responses against an invading AIV.

Methods

Ethics statement. This study was approved by the Ethics Committee for Animal Experimentation of
Nanjing Agricultural University. All animal care and use procedures were conducted in strict accordance with the
Animal Research Committee guidelines of the College of Veterinary Medicine at Nanjing Agricultural University.

Vaccine preparation. The influenza A/Duck/NanJing/01/1999 HIN2 virus was generously provided by the
Jiangsu Academy of Agricultural Sciences®. The virus was purified using a discontinuous sucrose density gradi-
ent. Heat-inactivated viruses were prepared via incubation at 56 °C for 0.5h to achieve a complete loss of infec-
tivity. The purified virus concentrations were measured using the BCA protein assay kit (Thermo Fisher, MA,
USA; the HA concentration was approximately 35% of the total protein concentration)?. The B. amyloliquefaciens
SQRS strain was kindly supplied by Professor Ruifu Zhang of Nanjing Agricultural University®?.

SQR9 adherence assay. BALB/c mice were intranasally administered 10 uL of SQR9-GFP (107 CFU) or
0.01 M PBS into each nostril. After 1, 2, 4, 6 or 24 h, the mice were anesthetized and sacrificed. The noses were
collected after removing the lower jaw together with other excess tissues. For FACS analysis, epithelial cells were
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Figure 8. SQRY assisted HON2 WIV in enhancing the percentages of CD3tCD4* and CD31tCD8* T cells.

At 28 days after primary immunization, the percentages of CD3*CD4" (A,C) and CD3"CD8™" (B,D) splenic T
cells from the immunized mice were analyzed by FACS. The experiments were repeated for three independent
experiments. The data are presented as the means & SD. N = 3. Error bars mean standard deviation (SD).

*P < 0.05;**P < 0.01.

isolated from the nasal passage?” and stained with CD45-PerCP. The number of CFUs was estimated using the
conventional plate counting technique. The nasal mucosa and CLNs were collected for the detection of SQR9
adhesion via confocal microscopy.

Uptake activity, phenotype and cytokine secretion of DCs upon stimulation by B. amyloliquefa-
ciens SQRY. DCs were isolated and cultured using our previously described method?:. Briefly, bone marrow
was obtained from femurs and tibias of wild-type C57BL/6 mice and treated with red blood cell lysing buffer
(Beyotime, China). The bone marrow cells were differentiated into DCs by resuspending the cells in complete
medium (RPMI 1640 medium supplemented with 10% FBS, 1% penicillin/streptomycin, 10 ng/mL GM-CSF and
10 ng/mL IL-4; PeproTech, USA) and plated at a density of 1 x 10°cells/ml in six-well culture plates (Corning,
USA). Non-adherent granulocytes were removed by discarding the culture medium after 60h in culture. After
6 days in culture, non-adherent and loosely adherent cells were harvested and centrifuged to remove debris and
dead cells. Then, the cells were transferred to 6-well plates and cultured overnight in complete medium.

Next, to explore the uptake of SQR9 by DCs, DCs (5 x 10°cells) were cultured in serum-free medium and
incubated in SQR9-GFP (107 CFU) for 10 or 30 min at 37 °C. Then, the DCs were washed twice with PBS at 4°C
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and analyzed via FACS. Additionally, DCs were stimulated with CT (2pg/mL) and 1, 10, or 100 MOI of SQR9
for 24 h. The cells were stained with FITC-CD80, PE-CD86, PE-CD40 or FITC-MHCII (eBioscience, USA) for
30 min at 4°C. The stained cells were analyzed via FACS (FACSCalibur, BD, USA).

The concentrations of IL-10, IL-12p70, IL-6 and TNF-« in the culture supernatants were measured via ELISA
using commercial immunoassay kits (eBioscience, CA, USA) according to the manufacturer’ instructions.

Nasal cavity perfusion experiment and tissue collection. C57BL/6 mice were intranasally adminis-
tered DyLight 633-labeled HON2 WIV (10 g HA) with or without 10 uL of B. amyloliquefaciens SQR9 (107 CFU)
or PBS into each nostril. After 90 min, nasal mucosal tissue and CLNs were collected for the detection of CCL20
mRNA expression and immunofluorescence to determine the distribution of DCs. Moreover, individual cells
were obtained from the nasal epithelial cells and CLNs by filtering the samples through a 100-jum cell strainer.
Then, the isolated cells were stained with FITC-CD11c (1:500, eBioscience, USA) and analyzed via FACS.

Mice and immunization schedule.  Six-week-old BALB/c mice were housed in a specific pathogen-free
environment in our animal facility for at least 1 week prior to use. Mice were randomly divided into 4 groups of
40 mice in each group. The groups of mice were intranasally immunized at 0, 7 and 14 days with PBS, HON2 WIV
(containing 10 pg of HA), HON2 WIV together with SQR9 (107 CFU), or HON2 WIV together with CT (2 pg).

Sample collection. Two weeks after the final immunization, blood samples were collected from 10
mice in each group. Serum was collected after centrifugation and was stored at —70 °C until the detection of
anti-AIV-specific total IgG, IgG1 and IgG2a. Then, the mice were euthanized, and their spleens were extracted
from the abdominal cavities. Nasal cavity, trachea and lung lavage fluid were washed with 0.5mL, 0.2mL or
0.5mL of sterile PBS, respectively, to collect mucosal suspensions. The suspensions were centrifuged at 5,000 x g
for 10 min, and the supernatant was collected and stored at —70°C.

ELISA for IgA and IgG. The levels of antigen-specific serum antibodies (total IgG, IgG1 and IgG2a) and
of sIgA antibodies in mucosal washes (nasal, tracheal and lung washes) were measured via indirect ELISA as
described previously. The ELISA plates were coated overnight at 4 °C with HON2 WIV and then blocked by
incubation in 1% (w/v) BSA in PBS containing 0.05% Tween (PBST) for 1h at 37 °C. Thereafter, the plates were
washed 5 times with PBST (0.01 M, pH 7.4). Two-fold serial dilutions of serum or lavage fluid samples from mice
were applied to the plates and incubated for 1.5h at 37 °C. After washing 5 times with PBST (0.01 M, pH 7.4), the
plates were incubated in HRP-conjugated anti-mouse IgG (total IgG, IgG1 or IgG2a) (Santa Cruz, CA) or IgA
antibodies (Southern Biotech, Birmingham, AL, USA) for 1 h. The plates were washed 5 times and incubated in
3,3', 5,5’ - tetramethylbenzidine (TMB). After 20 min, the reaction was stopped using sulfuric acid, and the
absorbance was measured at 450 nm using a microplate reader. The results were expressed as the ratio of OD,5,
produced by the serum or mucosal wash samples relative to the produced by the negative control serum or
mucosal wash sample (P/N). Samples with an OD,; ratio higher than 2.1 were considered to be positive. The titer
was expressed as the highest dilution of antibody that produced a P/N ratio >2.1.

P/N = (OD,s, of sample — OD,;, of blank control)/
(OD,5, of negative control — OD,, of blank control).

Hl assay. The HI titer for antibodies against the HIN2 strain was determined according to a previously
described procedure?. The neutralization activity of serum antibodies against the HON2 strain was measured via
the HI assay®. Briefly, 50 L of PBS was added to each well of 96-well plates; then, 50 LL of serum was transferred
in and serially diluted 2-fold in PBS. Four hemagglutination units of influenza A/Duck/NanJing/01/1999 were
added, and the mixture was incubated for 30 min at room temperature. After the addition of 50 pL of 1% chicken
erythrocyte suspension, the plates were incubated for 30 min at room temperature. The highest dilution capable
of preventing hemagglutination was scored as the HI titer.

Stimulation of splenic lymphocytes. Splenic lymphocytes were isolated from immunized mice and
stained with APC-CD3, FITC-CD4 and PE-CD8 (eBioscience, USA) at 4°C for 30 min to identify T cell sub-
types via FACS (FACSCalibur, BD, USA). Alternatively, splenic lymphocytes were cultured at a density of
5 x 10°cells/500 pL and re-stimulated with HOIN2 WIV (10 pg/mL) in vitro at 37 °C for 72 h.

CD69 activation was assessed via FACS. Lymphocytes were cultured in 96-well culture plates at a density of
10°cells/100 pL and re-stimulated with HON2 WIV (10 ug/mL) in vitro at 37 °C for 72 h. Proliferative responses were
detected using the CCK-8 assay kit according to the manufacturer’s instructions (Beyotime, China). Cells in 96-well
plates were incubated in 11 pL of CCK-8 solution for 2h at 37 °C. The absorbance of each well at 450 nm was quanti-
fied using an automated ELISA plate reader. The stimulation index (SI) was calculated using the following formula:

SI = (ODsample well ODblank well)/(ODnegative well ODblank well)'

Statistical analysis. The results were expressed as the means + standard deviation (SD). Statistical signifi-
cance was determined using Student’s t test; a value of P < 0.05 was considered statistically significant.

References
1. Kechagia, M. et al. Health benefits of probiotics: a review. ISRN Nutr 2013, 481651 (2013).
2. van Baarlen, P, Wells, J. M. & Kleerebezem, M. Regulation of intestinal homeostasis and immunity with probiotic lactobacilli.
Trends Immunol 34, 208-215 (2013).

SCIENTIFICREPORTS | 6:21363 | DOI: 10.1038/srep21363 10



www.nature.com/scientificreports/

3. Shao, J. H,, Xu, Z. H,, Zhang, N., Shen, Q. R. & Zhang, R. E. Contribution of indole-3-acetic acid in the plant growth promotion by
the rhizospheric strain Bacillus amyloliquefaciens SQR9 (vol 51, pg 321, 2015). Biol Fert Soils 51, 331-331 (2015).
4. Overland, M., Tauson, A. H., Shearer, K. & Skrede, A. Evaluation of methane-utilising bacteria products as feed ingredients for
monogastric animals. Arch Anim Nutr 64, 171-189 (2010).
5. Gao, Z. Q. et al. WH1fungin a surfactin cyclic lipopeptide is a novel oral immunoadjuvant. Vaccine 31, 2796-2803 (2013).
6. Song, M. et al. Killed Bacillus subtilis spores as a mucosal adjuvant for an H5N1 vaccine. Vaccine 30, 3266-3277 (2012).
7. Hoang, T. H., Hong, H. A,, Clark, G. C,, Titball, R. W. & Cutting, S. M. Recombinant Bacillus subtilis Expressing the Clostridium
perfringens Alpha Toxoid Is a Candidate Orally Delivered Vaccine against Necrotic Enteritis. Infect Immun 76, 5257-5265 (2008).
8. Lee, S. et al. Development of a Bacillus subtilis-Based Rotavirus Vaccine. Clin Vaccine Immunol 17, 1647-1655 (2010).
9. Xu, Z. H. et al. Enhanced Control of Cucumber Wilt Disease by Bacillus amyloliquefaciens SQR9 by Altering the Regulation of Its
DegU Phosphorylation. Appl Environ Microb 80, 2941-2950 (2014).
10. Schiavi, E., Smolinska, S. & O’Mahony, L. Intestinal dendritic cells. Curr Opin Gastroen 31, 98-103 (2015).
11. Banchereau, J. & Steinman, R. M. Dendritic cells and the control of immunity. Nature 392, 245-252 (1998).
12. Michelsen, K. S. et al. The role of toll-like receptors (TLRs) in bacteria-induced maturation of murine dendritic cells (DCs) -
Peptidoglycan and lipoteichoic acid are inducers of DC maturation and require TLR2. ] Biol Chem 276, 2568025686 (2001).
13. Feng, X. L. et al. Isolation and potential immunological characterization of TPSGLVY, a novel bursal septpeptide isolated from the
bursa of Fabricius. Peptides 31, 1562-1568 (2010).
14. Seder, R. A, Paul, W. E,, Davis, M. M. & Fazekas De St Groth, B. The Presence of Interleukin-4 during In vitro Priming Determines
the Lymphokine-Producing Potential of Cd4+ T-Cells from T-Cell Receptor Transgenic Mice. ] Exp Med 176, 1091-1098 (1992).
15. Ghanem, E. N. B., Nelson, C. C. & D’Orazio, S. E. E. T Cell-Intrinsic Factors Contribute to the Differential Ability of CD8(+) T Cells
To Rapidly Secrete IFN-gamma in the Absence of Antigen. J Immunol 186, 1703-1712 (2011).
16. Ding, X. L. et al. TNF Receptor 1 Mediates Dendritic Cell Maturation and CD8 T Cell Response through Two Distinct Mechanisms.
J Immunol 187, 1184-1191 (2011).
17. Trevejo, J. M. et al. TNF-alpha-dependent maturation of local dendritic cells is critical for activating the adaptive immune response
to virus infection. P Natl Acad Sci USA 98, 12162-12167 (2001).
18. Chang, S. Y., Ko, H. J. & Kweon, M. N. Mucosal dendritic cells shape mucosal immunity. Exp Mol Med 46, doi: 10.1038/emm.2014.16
(2014).
19. Sanchez, J. & Holmgren, J. Cholera toxin - a foe & a friend. Indian ] Med Res 133, 153-163 (2011).
20. Plante, M. et al. Nasal immunization with subunit proteosome influenza vaccines induces serum HAI, mucosal IgA and protection
against influenza challenge. Vaccine 20, 218-225 (2001).
21. Ladjemi, M. Z. et al. Increased IgA production by B-cells in COPD via lung epithelial interleukin-6 and TACI pathways. Eur Respir
J 45, 980-993 (2015).
22. Bungener, L. et al. Alum boosts TH2-type antibody responses to whole-inactivated virus influenza vaccine in mice but does not
confer superior protection. Vaccine 26, 2350-2359 (2008).
23. Cribbs, D. H. et al. Adjuvant-dependent modulation of Th1 and Th2 responses to immunization with beta-amyloid. Int Immunol 15,
505-514 (2003).
24. Qin, T, Yin, Y., Huang, L., Yu, Q. & Yang, Q. HON2 influenza whole inactivated virus combined with polyethyleneimine strongly
enhances mucosal and systemic immunity after intranasal immunization in mice. Clin Vaccine Immunol 22, 421-429 (2015).
25. Kang, H., Yan, M., Yu, Q. & Yang, Q. Characteristics of nasal-associated lymphoid tissue (NALT) and nasal absorption capacity in
chicken. PLoS One 8, €84097 (2013).
26. Qiu, M. et al. Comparative proteomics analysis of Bacillus amyloliquefaciens SQR9 revealed the key proteins involved in in situ root
colonization. ] Proteome Res 13, 5581-5591 (2014).
27. Steele, V. E. & Arnold, J. T. Isolation and long-term culture of rat, rabbit, and human nasal turbinate epithelial cells. In Vitro Cell Dev
Biol 21, 681-687 (1985).
28. Yin, Y, Qin, T., Yu, Q. & Yang, Q. Bursopentin (BP5) from chicken bursa of fabricius attenuates the immune function of dendritic
cells. Amino Acids 46, 1763-1774 (2014).
29. Geeraedts, . et al. Superior immunogenicity of inactivated whole virus H5N1 influenza vaccine is primarily controlled by Toll-like
receptor signalling. Plos Pathog 4, doi: 10.1371/journal.ppat.1000138 (2008).
30. Liang, J. F. et al. Comparison of 3 kinds of Toll-like receptor ligands for inactivated avian H5N1 influenza virus intranasal
immunization in chicken. Poultry Sci 92, 2651-2660 (2013).

Acknowledgements

This work was supported by the National Natural Science Foundation of China (31172302), the Agricultural
Science & Technology Independent Innovation Fund of Jiangsu Province (CX[15]1066), and Priority Academic
Program Development of Jiangsu Higher Education Institutions (PAPD).

Author Contributions

L.H. study conception and design, performance of the experiments, data analysis and interpretation, manuscript
writing. T.Q. and Y.Y.Y. data analysis and interpretation. X.G. and J.L. cell isolation and culture. Q.Y. study
conception and design, financial support. Q.Y. study conception and design, financial support, administrative
support, data analysis and interpretation, manuscript writing, final approval of the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Huang, L. et al. Bacillus amyloliquefaciens SQR9 induces dendritic cell maturation
and enhances the immune response against inactivated avian influenza virus. Sci. Rep. 6, 21363; doi: 10.1038/
srep21363 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
o o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:21363 | DOI: 10.1038/srep21363 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Bacillus amyloliquefaciens SQR9 induces dendritic cell maturation and enhances the immune response against inactivated avia ...
	Results

	SQR9 adhesion to nasal epithelial cells in vivo. 
	Uptake of SQR9 by DCs. 
	SQR9 promotes DC maturation in vitro. 
	SQR9 facilitates the H9N2 WIV-induced recruitment of submucosal DCs and antigen capture in cervical lymph nodes (CLNs). 
	Specific sIgA levels in the respiratory tract. 
	Specific IgG levels in serum. 
	Positive proliferation of spleen lymphocytes after immunization in vitro. 

	Discussion

	Methods

	Ethics statement. 
	Vaccine preparation. 
	SQR9 adherence assay. 
	Uptake activity, phenotype and cytokine secretion of DCs upon stimulation by B. amyloliquefaciens SQR9. 
	Nasal cavity perfusion experiment and tissue collection. 
	Mice and immunization schedule. 
	Sample collection. 
	ELISA for IgA and IgG. 
	HI assay. 
	Stimulation of splenic lymphocytes. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Adhesion of SQR9 to nasal epithelial cells in vivo.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Cellular uptake of SQR9 by dendritic cells (DCs) in vitro.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ SQR9 enhances DC maturation.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ SQR9 recruits DCs and increases the number of H9N2 WIV-loaded DCs in CLNs.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ SQR9 assisted H9N2 WIV in enhancing the local immune response after nasal immunization in mice.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ SQR9 assisted H9N2 WIV in enhancing systemic immune responses after nasal immunization in mice.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ SQR9 assisted H9N2 WIV in enhancing CD69 expression by lymphocytes isolated from the spleen after vaccination.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ SQR9 assisted H9N2 WIV in enhancing the percentages of CD3+CD4+ and CD3+CD8+ T cells.



 
    
       
          application/pdf
          
             
                Bacillus amyloliquefaciens SQR9 induces dendritic cell maturation and enhances the immune response against inactivated avian influenza virus
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21363
            
         
          
             
                Lulu Huang
                Tao Qin
                YinYan Yin
                Xue Gao
                Jian Lin
                Qian Yang
                Qinghua Yu
            
         
          doi:10.1038/srep21363
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep21363
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep21363
            
         
      
       
          
          
          
             
                doi:10.1038/srep21363
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21363
            
         
          
          
      
       
       
          True
      
   




