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Introduction
Salmonella Enteritidis is one of the most harmful Sal-
monella serotypes and is estimated to cause 1.35 million 
infections, 26 500 hospitalizations, and 420 deaths each 
year in the USA, posing a serious threat to public safety 
[1, 2]. Antibiotics are usually used for treating bacterial 
infections, and β-lactam antibiotics, including third-gen-
eration cephalosporins, as well as aminoglycosides and 
fluoroquinolones, are commonly used for the treatment 
of Salmonella infections. However, the development of 
antibiotic resistance together with other issues poses sig-
nificant challenges to clinical treatment [3, 4]. A recent 
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Abstract
Salmonella Enteritidis is a major foodborne pathogen throughout the world and the increase in antibiotic 
resistance of Salmonella poses a significant threat to public safety. Natural nanobodies exhibit high affinity, thermal 
stability, ease of production, and notably higher diversity, making them widely applicable for the treatment of 
viral and bacterial infections. Recombinant expression using Lactococcus lactis leverages both acid resistance and 
mucosal colonization properties of these bacteria, allowing the effective expression of exogenous proteins for 
therapeutic effects. In this study, nine specific nanobodies against the flagellar protein FliC were identified and 
expressed. In vitro experiments demonstrated that FliC-Nb-76 effectively inhibited the motility of S. Enteritidis and 
inhibited its adhesion to and invasion of HIEC-6, RAW264.7, and chicken intestinal epithelial cells. Additionally, a 
recombinant L. lactis strain secreting the nanobody, L. lactis-Nb76, was obtained. Animal experiments confirmed 
that it could significantly reduce the mortality rates of chickens infected with S. Enteritidis, together with alleviating 
the inflammatory response caused by the pathogen. These results provide a novel strategy for the treatment of 
antibiotic-resistant S. Enteritidis infection in the intestinal tract.
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study found that 36,822 Salmonella isolates showed resis-
tance to 15 commonly used antibiotics, with 7.2% of the 
strains resistant to only one antibiotic and 66.5% exhib-
iting multidrug resistance, a high degree of resistance 
(73.4%) to ampicillin was observed among the isolated 
strains [5]. Therefore, the timely development and explo-
ration of alternatives to antibiotics and other therapeutic 
strategies are important directions for the future treat-
ment of Salmonella infections [6–8].

Nanobodies (Nbs) are genetically engineered antibod-
ies that contain only the heavy chain variable region 

(VHH). Compared with conventional IgG antibody mol-
ecules (150 kDa), nanobodies are characterized by having 
low molecular weight, no Fc terminal, intact antigen-
recognition ability, high solubility and penetration, and 
are relatively easy to produce, express, and modify [9]. 
In addition, nanobodies, like traditional antibodies, are 
able to neutralize both viruses [10–12] and pathogenic 
bacteria infecting host cells [13–16]. Specific nanobod-
ies developed against the Shigella invasion plasmid 
antigen D (IpaD) were found to reduce Shigella infec-
tion, and modified VHH heterodimers could reduce 
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hemolysis induced by Shigella by 80% [17]. Nanobodies 
against Vibrio cholerae lipopolysaccharides were effec-
tive in neutralizing V. cholerae infection in vitro, while 
oral administration of the nanobodies effectively reduced 
cholera symptoms in mice [18]. Specific nanobodies tar-
geting conserved regions of the outer membrane proteins 
of Campylobacter jejuni and C. coli were able to control 
C. jejuni colonization in the chicken gastrointestinal 
tract [19]. These studies suggest that the development of 
nanobodies against surface components and virulence 
proteins of specific pathogens can prevent pathogen 
infection, and this form of nanobody therapy may be a 
new alternative to antibiotic treatment.

The Salmonella FliC protein functions as a virulence 
factor and constitutes the major protein component of 
the flagellar apparatus, an assembly of flagellate-like fila-
ments responsible for Salmonella motility [20, 21]. At 
the same time, the flagellar locomotor apparatus of Sal-
monella contributes to the attachment of the bacterium 
to host cells, facilitating the invasion process [22, 23]. A 
study by Riazi et al. [24] used C. jejuni flagellin to immu-
nize llamas to obtain a 5 × 107 PFU phage display library 
followed by transformation of selected nanobodies into 
pentamers by genetic engineering; it was found that the 
pentameric nanobodies reduced motility and coloniza-
tion of C. jejuni in the chicken intestine.

While the use of nanobodies has significant poten-
tial in the treatment of infection, they also have several 
drawbacks. Their small size and low molecular weight 
(approximately 15  kDa) contribute to a short half-life 
with rapid clearance by the kidneys when used in vivo; in 
addition, the maintenance of therapeutic drug concentra-
tions over extended periods is challenging [25]. In most 
cases, additional modifications are required before use. 
Lactococcus lactis is commonly used in the preparation 
of cheese, drinks, and meat and is a safe microorganism 
[26], it produces lactic acid through fermentation and is 
resistant to the harsh environment of the gastrointestinal 
tract, maintaining the activity of its enzymes. L. lactis is 
also used as a probiotic and can colonize the intestinal 
mucosa, competing with pathogenic microorganisms for 
its ecological niche and thus reducing pathogen coloni-
zation. In addition, L. lactis can express foreign proteins 
by means of the Nisin-induced gene expression (NICE) 
system. Thus, recombinant expression of L. lactis can not 
only resist the acid intestinal environment and prevent 
pathogen colonization but can also express foreign pro-
teins [27, 28] and can be used as an oral delivery carrier 
for biological drugs [29].

As shown in Scheme 1 in this study, the effects of FliC-
Nb76 on the neutralization of S. Enteritidis were assessed 
at the cellular level. The nanobodies not only neutralized 
antibiotic-sensitive S. Enteritidis, but also neutralized 
multidrug-resistant S. Enteritidis. This is the first report 

of the use of L. lactis for the expression and delivery of 
neutralizing nanobodies against the FliC protein. The 
inhibitory effects of anti-FliC-expressing L. lactis on the 
colonization of S. Enteritidis in chick intestinal tracts 
were evaluated and a strategy for the delivery of nano-
bodies to the intestinal tract was proposed, providing a 
novel treatment for S. Enteritidis infection in the intesti-
nal tract of chicks.

Materials and methods
Materials and reagents
Freund’s adjuvant (complete and incomplete) was pur-
chased from Sigma Aldrich (St Louis, MO, USA). All 
restriction enzymes used in the study were from New 
England Biolabs (Ipswich, MA, USA). The double blood 
bags used for blood collection were purchased from 
Suzhou Leishi Blood Transfusion Equipment Co., Ltd. 
(Suzhou, China) and 96-well microplates were obtained 
from Corning (Corning, NY, USA). Kits, including kits 
for PCR purification, gel extraction, and the TIAN-
prep Mini Plasmid Kit for plasmid preparation were 
purchased from Tiangen (Beijing, China). Chloram-
phenicol (Chl), ampicillin, kanamycin, isopropyl-β-d-
thiogalactoside (IPTG), the Ni-IDA 6FF His tag protein 
purification kit, Ni-IDA/Ni-NTA elution buffer, and Ni-
IDA/Ni-NTA binding/wash buffer were purchased from 
Sangon Biotech (Shanghai, China). Unless otherwise 
noted, all reagents used in the study were of analytical 
grade. Details of the primers used in the study are pro-
vided in the supporting information.

Cells, strains, and vectors
The RAW264.7 cell line was cultured in Dulbecco’s 
Modified Eagle Medium (DMEM, Life Technologies, 
Carlsbad, CA, USA) supplemented with 10% fetal bovine 
serum (FBS, Gibco, Waltham, MA, USA). The HIEC-6 
cell line was cultured in HIEC-6 complete culture 
medium (MeisenCTCC, China). All the bacterial strains 
used had been preserved in our laboratory (Animal Dis-
ease Prevention and Food Safety Key Laboratory of Sich-
uan Province, Chengdu, China) including E. coli TG1, 
S. Enteritidis FY-04, S. Enteritidis ATCC 13,076 (Gen-
Bank accession JAKIRO000000000) and Clinical isolates 
S. Enteritidis ZZ64, S. Enteritidis ZZ77, S. Enteritidis 
ZZ80, S. Enteritidis ZZ82. The S. Enteritidis FliC protein 
was expressed in an E. coli system using pET-28a vector 
(Novagen, USA). Recombinant nanobody fusions against 
the FliC protein were expressed in an E. coli system using 
the pET-25b vector (Novagen, USA). The pMECS vector 
and M13KO7 helper phage were preserved in our labora-
tory and were used to construct the VHH library.
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Preparation of FliC protein
The full-length gene primers were designed based on the 
reference sequence of the FliC protein (1518  bp) (Gen-
Bank: Z15068.1) and its theoretical molecular weight is 
about 60  kDa (including the tag sequence on the plas-
mid). The FliC protein gene was cloned into the PET28a 
vector and transformed into BL21 (DE3) competent 
cells. Positive transformants were induced using IPTG 
at a final concentration of 0.5 mM for 8  h at 16℃. The 
recombinant FliC protein was analyzed by SDS-PAGE 
and Western blotting, and performed grayscale scanning 
on imageJ to determine its purity.

Screening and identification of specific anti-FliC protein 
nanobodies
The VHH library used in this study was derived from 
previously constructed and stored sources [30]. Nano-
bodies specifically recognizing the FliC protein were 
selected in three rounds of bio-panning, as described 
previously [24, 27]. The 200 µL VHH library was cultured 
in 2 × TY medium until growth reached the logarithmic 
phase and was infected with M13KO7 helper phage to 
obtain the rescue phage. The FliC protein was used to 
coat 96-well plates (20, 10, and 5  µg/well from the first 
to the third rounds of panning) at 4℃ overnight. The 
coated wells were washed three times with PBS contain-
ing 2% (v/v) Tween-20 (PBST), and then blocked with 3% 
skimmed milk (w/v) for 1 h. Rescue phages (5 × 1011 PFU) 
were then added and incubated at 37℃ for 1 h. Each well 
was then washed 15 times with PBST, before the addition 
of 100 µL of 100 mM triethylamine, pH = 11.0 (TEA), and 
incubation for 10 min at room temperature, after which 
the specific phage particles were eluted and immediately 
neutralized with 100 µL 1.0 mM Tris/HCl (pH = 7.4). 
Subsequently, for the next round of selection, the eluted 
phage particles were used to infect TG1 cells for the 
evaluation of titration and amplification. The infected 
TG1 cells were counted to quantify the input and out-
put of the phages, and the enriched phage particles were 
detected using indirect ELISA (iELISA) with an anti-M13 
antibody (Hangzhou Hua’an Biotechnology Co., Ltd., 
Hangzhou, China). After three rounds of screening, 96 
clones were randomly selected from the phage eluted in 
the third round. After induction with 1 mM IPTG after 
growth to the logarithmic phase in TB medium, the sol-
uble nanobodies were expressed in the periplasm of E. 
coli in 96-well plates. Multiple freeze-thaw cycles were 
used to yield the periplasmic extract (PE), consisting of 
nanobodies with hemagglutinin (HA) and His tags. In 
addition, the presence of specific anti-FliC nanobodies 
was determined using an iELISA with a mouse anti-HA 
monoclonal antibody (Beijing Zhonghua Biotechnology 
Co. Ltd., China). Finally, the positive colonies (P/N > 3.0) 
were identified and classified by sequencing and of the 

amino acid sequences of complementary determining 
regions (CDRs).

Expression, purification, and characterization of the FliC-
Nbs
The prokaryotic expression system was designed accord-
ing to the VHH sequences of the FliC protein. The FliC-
Nb genes were cloned into the PET25b vector to yield the 
PET25b-FliC-Nb recombinant plasmid. The expression 
and purification of the FliC-Nbs were analyzed by SDS-
PAGE. The binding and specificities of the purified nano-
bodies against the FliC protein and S. Enteritidis were 
confirmed by iELISA using an anti-HSV tag monoclonal 
antibody for detection. The concentration of FliC protein 
is 4  µg/mL, the concentration of S. Enteriditis is 1 × 108 
CFU/mL, the concentration of nanobodies is 1  µg/mL, 
the dilution ratio of mouse anti HSV monoclonal anti-
body is 1:3000, and the dilution ratio of HRP goat anti 
mouse IgG antibody is 1:4000.

Prediction and analysis of the binding sites between the 
FliC protein and FliC-Nbs
The reference sequence of the S. Enteriditis FliC protein 
(Z15068.1) was downloaded from GenBank and con-
verted into an amino acid sequence. Based on the amino 
acid sequence of FliC-Nbs, the corresponding.pdb file 
was downloaded from the Protein Data Bank database 
or analyzed using the SWISS-MODEL online software 
to search for templates that were then used for structure 
modeling. ClusPro was used for docking FliC-Nbs and 
the FliC protein, with the top-ranked docking pose con-
sidered the binding conformation. The docked structures 
were visualized in PyMol and binding affinities were 
analyzed using PDBePISA online software. Ligplot 2.2.4 
was employed to analyze the binding mode (interactions) 
between the antigen and the antibody.

Expression and characterization of EGFP-FliC-Nbs and the 
binding between S. Enteritidis and EGFP-FliC-Nbs
The FliC-Nbs were cloned into the PET22b-EGFP vec-
tor with EGFP protein expression at the C-terminus of 
nanobodies and their expression and purity were ana-
lyzed using SDS-PAGE and Western blotting. Binding 
of the EGFP-FliC-Nbs to mCherry S. Enteritidis in the 
logarithmic growth phase was observed using confocal 
laser scanning microscopy with different excitation light 
sources.

FliC-Nbs inhibit the motility of S. Enteritidis
Flagella are the motor organs of bacteria, controlling 
their motility as well as facilitating bacterial adhesion 
and invasion [31]. During the initial phase of gastroin-
testinal colonization, Salmonella utilizes flagella-medi-
ated locomotion to reach its preferred site of infection 
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[32]. The effects of the FliC-Nbs on S. Enteritidis motil-
ity were, therefore, examined. S. Enteritidis was cultured 
until reaching logarithmic growth, after which a suspen-
sion containing 5 × 106 CFU was mixed with 0.5 mg/mL 
of FliC-Nbs (using BSA as the control). After incubation 
for 30 min at 37℃, 1 µL of the S. Enteritidis suspension 
was dropped vertically into the center of a 0.4% solid 
agar-LB plate and incubated at 37℃ for 6 h. The diameter 
of the diffusion circle was measured and the area of dif-
fusion was calculated. S. Enteritidis was incubated with 
FliC-Nbs for 30 min at 37 °C, with BSA used as a control, 
and morphological changes in the flagella of S. Enteriti-
dis were observed under transmission electron micros-
copy. To verify whether the FliC-Nbs could inhibit the 
motility of other clinical S. Enteritidis isolates, the same 
procedure was followed with S. Enteritidis, to determine 
the inhibitory effects of FliC-Nbs on the motility of four 
clinical isolates of S. Enteritidis (ZZ64, ZZ77, ZZ80, and 
ZZ82). To explore the concentration of FliC-Nbs most 
effective for inhibiting S. Enteritidis motility, S. Enter-
itidis was pretreated with 0.4, 0.2, 0.1, and 0.05  mg/mL 
FliC-Nbs, and the same method was used to observe and 
record the movements of S. Enteritidis. The lowest effec-
tive concentration was defined as that which produced 
significant inhibition of the circling movements of S. 
Enteritidis relative to the control group. The effects of the 
minimum effective concentration of FliC-Nbs (using BSA 
as the control) on the motility of mCherry S. Enteritidis 
was observed under confocal laser scanning microscopy 
and the inhibitory effects of the FliC-Nbs was deter-
mined by observing the distance traveled within a speci-
fied time frame.

Inhibition of S. Enteritidis infection of HIEC-6 and 
RAW264.7 cells by FliC-Nbs
Invasion of intestinal epithelial cells by S. Enteritidis is 
the precondition of intestinal infection, and the abil-
ity of the bacteria to replicate in macrophages is key to 
the establishment of systemic infection. Therefore, we 
selected normal human intestinal epithelial cells (HIEC-
6) and mouse macrophage leukemia cells (RAW264.7) 
for further experiments. The infection of both HIEC-6 
and RAW264.7 cells by S. Enteritidis can be divided into 
two stages, namely, adhesion and invasion. mCherry 
S. Enteritidis (ATCC13076) in the logarithmic growth 
phase were mixed with 0.5 mg/mL FliC-Nbs for 30 min. 
Both cell lines were incubated using a multiplicity of 
infection (MOI) of 50. After treatment for 1  h, unab-
sorbed S. Enteritidis were discarded and the cells were 
washed three times with PBS to evaluate the effects of 
FliC-Nbs on S. Enteritidis adhesion to the cells. Five wells 
of HIEC-6 cells were treated with 1% Triton X-100 for 
10  min to induce lysis, with the lysates recorded as “S. 
Enteritidis adhesion”, while cells in the remaining wells 

were fixed with 0.4% paraformaldehyde for 15  min and 
evaluated under fluorescence microscopy (Leica Micro-
systems, Germany). The adhesion of mCherry S. Enteriti-
dis to the cells was assessed by integrated optical density 
analysis with ImageJ software. Five wells of infected cells 
were cultured in medium containing 100 µg/mL of gen-
tamicin (a non-membrane-permeable antibiotic that kills 
non-internalizing bacteria) for 1 h, after which the cells 
were washed three times with PBS. Then the wells were 
treated with 1% Triton X-100 for 10  min and the lysate 
was collected and labeled “S. Enteritidis invasion”. The 
collected lysates were then serially diluted and the num-
bers of S. Enteritidis were counted. Camel serum after 
five immunizations was used as the PS (positive serum) 
group, while the NS (negative serum) group consisted of 
serum without specific antibodies, all serum were used 
after being diluted at a 1:1000 ratio. The rates of adhe-
sion and invasion inhibition were calculated as: (bacte-
rial count in the infected group ‒ the bacterial count in 
the other experimental treatment groups/bacterial count 
in the infected group) × 100%. Additionally, to confirm 
the inhibitory effects of FliC-Nb7s on other clinically 
isolated multidrug-resistant strains of S. Enteritidis, the 
mCherry-ZZ64 and mCherry-ZZ77 strains were used as 
test strains. The same procedure was used to verify the 
neutralizing effects of FliC-Nbs, focusing on its impact 
on these strains.

Inhibition of S. Enteritidis infection of chick intestinal 
epithelial cells by FliC-Nbs
Five healthy chicks of uniform size and weight were sac-
rificed. The jejunum was removed, washed three times 
with PBS containing 50  µg/mL of gentamicin (PBS-G), 
and cut into 1.5 cm segments. Each segment was placed 
in a well of a 24-well cell culture plate containing 1 mL 
DMEM (with 50  µg/mL gentamicin) and incubated at 
37℃ for 1 h. S. Enteritidis FY-04 grown to the logarith-
mic phase (OD600 = 0.5) were mixed with 0.5  mg/mL of 
FliC-Nb76. The negative control group comprised PBS 
and BSA. The mixture was incubated at 37℃ for 30 min. 
The treated S. Enteritidis FY-04 were then inoculated 
into each well, with a seeding amount of 1 × 108 CFU per 
well and 500 µL of DMEM and incubated for 1 h. After 
a 15-minute static incubation with PBS-G, non-adherent 
S. Enteritidis were removed. The jejunal segments were 
then washed three times with PBS and 1 mL of DMEM 
was added for another 1-h incubation, then washed three 
times with PBS, and total DNA was extracted from each 
segment. qPCR reactions were performed using the 
primers qPCR-SE-F and qPCR-SE-R on a 10-fold diluted 
PMD18-T-HilA plasmid template. A standard curve for 
qPCR detection was constructed using the logarithmic 
copy number of the PMD18-T-HilA plasmid to evaluate 
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the targeted inhibitory effect of FliC-Nb76 on S. Enteriti-
dis infection in chick intestinal epithelial cells.

Preparation, induced expression, and identification of 
recombinant L. lactis- secreting nanobodies
The signal peptide sequence of the L. lactis secretion pep-
tide USP45 (MKKKIISAILMSTVILSAAAPLSGVYA), 
the secretion peptide enhancement sequence (LEIS-
STCDA), FliC-Nbs and the 6×His tag sequences were 
sequentially linked and sent to Sangon Biotech (Shang-
hai) for synthesis, after which they were constructed 
into the PUC57 plasmid to yield the recombinant plas-
mid PUC57-USP45-LEISSTCDA-FliC-Nbs. A homolo-
gous recombination method was used to construct the 
fusion gene sequence of the nanobody into the PNZ8148 
plasmid, which was then transformed into MC1061F-
competent cells to yield the recombinant plasmid 
PNZ8148-USP45-LEISSTCDA-FliC-Nbs. The recombi-
nant plasmid was electroporated into L. lactis NZ9000 
competent cells to obtain PNZ8148-USP45-LEISSTCDA-
FliC-Nbs-L. lactis NZ9000 (FliC-Nbs-NZ9000), referred 
to hereafter as L. lactis-VHH. An overnight culture of 
the recombinant L. lactis-VHH was transferred to 20 mL 
of M17B/Chl medium at a ratio of 1:50. After addition 
of Nisin at a final concentration of 20 ng/mL to induce 
expression, the supernatant was collected. The fusion 
His-tagged protein secreted in the supernatant was iden-
tified using western blotting. The bacterial pellet was 
washed twice with PBS, and the bacterial cells were used 
for whole-cell ELISA to detect the fusion His-tagged 
antibody [33]. The recombinant L. lactis-VHH cultured 
overnight was transferred to 20 mL M17B/Chl medium 
at the ratio of 1:50 and grown until reaching the logarith-
mic growth stage (OD600 = 0.6). At the same time, 1 mL 
samples of culture supernatant were collected at 2, 4, 6, 8, 
10, and 12-h time points to detect the fusion His-tagged 
nanobody using western blotting, to determine the opti-
mal induction time. Additionally, the expression level of 
the secreted nanobody in the culture supernatant was 
accurately measured using a His tag ELISA kit. Follow-
ing the protocol of previous studies [34], one hour after 
Nisin induction, the pellet was resuspended in 20 mL of 
M17B/Chl medium and culture was continued for a fur-
ther 12 h, together with an uninduced bacterial culture as 
a control. Samples of the culture supernatants were col-
lected every 2  h and centrifuged, and the expression of 
the fusion His-tagged nanobody was determined using 

western blotting. The concentration of recombinant 
nanobodies expressed by FliC-Nb76-NZ9000 strain was 
determined using His Tag competitive ELISA kit. The 
aim was to explore the effect on the expression of remov-
ing the inducer. The ability of the nanobody secreted by 
L. lactis-VHH to recognize S. Enteritidis was determined 
using iELISA.

Detection of targeted inhibition of S. Enteritidis in the 
intestinal tracts of chicks by L. lactis-secreting nanobodies
Sixty-week-old chicks were divided into four groups 
with 15 chicks per group. The groups were the SE, 
PBS, PNZ8148-NZ9000, and FliC-Nbs-NZ9000 groups 
(Table  1). For the preparation of the S. Enteritidis mix-
ture, S. Enteritidis FY-04, S. Enteritidis SE (ZZ64), and 
S. Enteritidis (ZZ76) were cultured to the logarithmic 
stage, with adjustments of the concentrations of the bac-
terial solutions to 2 × 109CFU/mL. The same volume of 
the concentration of S. Enteritidis was mixed and con-
figured into 2 × 109 CFU/mL of three kinds of S. Enter-
itidis mixture. For the preparation of the L. lactis-VHH 
mixture, the concentration of PNZ8148-NZ9000 and 
FliC-Nbs-NZ9000 after removal of Nisin was adjusted to 
1 × 1010 CFU/mL. All groups were fed samples for three 
days and apart from the PBS group, the remaining groups 
were given 1 mL of a mixture of S. Enteritidis on day 3 
of feeding. Feces were collected on days 3 and 7 of the 
challenge and were weighed and resuspended in PBS 
at a mass: volume ratio of 1:10, and the colonies were 
counted on XLT4 Agar- ampicillin-resistant plates fol-
lowing gradient dilution. Total DNA was extracted from 
the duodenum, jejunum, and ileum of the chicks on days 
3 and 7, and the copy numbers of specific S. Enteritidis 
genomes in the intestine were determined by qPCR using 
the method described above. On day 7, the intestines of 
chicks from the different groups were excised and exam-
ined by live imaging, while ileal samples were collected 
and fixed with 4% paraformaldehyde for the preparation 
of tissue sections. The sections were stained with HE, and 
the tissue structure and cell morphology were observed 
under the microscope (Leica Microsystems, Germany). 
Additional duodenal, jejunal, and ileal samples collected 
on day 7 were ground with liquid nitrogen and total 
RNA was extracted using TRIzol. The mRNA expres-
sion levels of the inflammatory cytokines TNF-α, IL-8, 
IL-17 A, IL-10, and IL-1β were determined by qPCR with 
GAPDH used as an internal reference and the relative 
mRNA expression levels were calculated by the 2^(△△CT) 
method. The reaction conditions and reaction system 
were as described above.

Statistical analysis
All the assays were independently repeated at least three 
times. Data were analyzed using GraphPad Prism version 

Table 1 Classification of S. Enteritidis challenge
Group Samples Dosage
PBS PBS 1mL
SE PBS 1mL
PNZ8148-NZ9000 1 × 1010 CFU/mL PNZ8148-NZ9000 1mL
FilC-Nb76-NZ9000 1 × 1010 CFU/mL FilC-Nb76-NZ9000 1mL
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9.0 (GraphPad Software, San Diego, CA, USA) using a 
one-way analysis of variance (one-way ANOVA) followed 
by Tukey’s post hoc tests, comparing all pairs of columns. 
P-values < 0.05 were considered statistically significant.

Results
Expression and purification of the FliC protein, and 
screening and characterization of anti-FliC nanobodies
The scheme of the screening process is shown in Fig. 1A. 
The FliC gene (1518 bp) was successfully ligated into the 
pET-28a (+) vector (Fig.  1B). Analysis of the protein on 
SDS-PAGE showed that compared to the empty vector 
control strain, the FliC protein-expressing strain showed 
an additional protein band at ~ 60  kDa (Fig.  1C), cor-
responding to the expected molecular weight of FliC. 

After ultrasonic disruption and purification using a 
nickel column, performing grayscale scanning on imageJ 
to determine its purity, a single purified protein band 
was obtained with a purity exceeding 95% (Fig.  1D). 
The presence of the recombinant protein with a His tag 
was confirmed by Western blotting using a monoclonal 
antibody specific for the His tag (Fig.  1E). A noticeable 
upward trend in the titer of the phage particles against 
FliC protein-specific nanobodies was observed after 
three consecutive rounds of bio-panning, with the out-
put increasing from 6.8 × 104 PFU in the first round to 
7.5 × 107 PFU in the third round. Concurrently, the pro-
portion of specific phage also rose from 12.6 to 5.35 × 102 
(Table  2). The overall findings suggested the effective 
enrichment of specific phages against the FliC protein 

Fig. 1 Expression, purification of FliC protein, screening, expression, and characterization of nanobodies against FliC protein. A Scheme of screening 
for nanobodies against FliC protein. B Graphical representation of pET-28a (+)-FliC protein construction. C Comparison of FliC protein expression to the 
empty vector by SDS-PAGE. D Analysis of FliC protein purification by SDS-PAGE. E Determination FliC protein by Western blot. F Identification the periplas-
mic extract of 96 clones to specifically bound with the FliC protein, with positive rate of 94.8% (91/96), and the PBS protein is employed as the negative 
control. G Alignment and classification of the amino acid sequences of 9 screened nanobodies based on CDRs. H Construction of prokaryotic expression 
plasmid of FliC-Nbs. I Expression of FliC-Nbs were induced by IPTG. Purification of FliC-Nbs with Ni-IDA 6FF. J ELISA identification of FliC-Nbs with FliC 
protein. K ELISA identification of FliC-Nbs with S. Enteritidis FY-04. L EC50 curve for FliC protein binding by FliC-Nb76. M EC50 curve for FliC S. Enteritidis 
binding by FliC-Nb76
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during the screening process. Ninety-six clones selected 
from the elution titer-determination plates in the third 
round of bio-panning were analyzed by ELISA using the 
induced bacterial periplasmic extracts, which showed 
that 91 clones were positive (P/N ≥ 3.0), yielding a posi-
tivity rate of 94.8% (91/96) (Fig. 1F). Classification based 
on the CDRs of the VHH amino acid sequences identi-
fied nine distinct nanobodies, designated as FliC-Nb1, 
FliC-Nb3, FliC-Nb9, FliC-Nb12, FliC-Nb13, FliC-Nb16, 
FliC-Nb18, FliC-Nb76, and FliC-Nb84 (Fig.  1G). These 
findings demonstrated the successful screening of nine 
nanobody sequences against the FliC protein. The 
selected nanobody genes were ligated into the PET25-b 
vector (Fig. 1H). Successful expression of the VHH anti-
bodies was observed after 16 h of induction with 0.2 mM 
IPTG. All the target proteins had molecular weights of 
approximately 20 kDa (nanobodies and tag protein) and 
were all soluble, SDS-PAGE showed a single protein 
band with a purity of over 95% (Fig. 1I). The ability of the 
recombinant nanobodies expressed in the prokaryotic 
expression system to recognize FliC protein was veri-
fied by ELISA, with the ELISA results showing that nine 
strains of FliC-Nbs could recognize FliC protein (Fig. 1J) 
and S. Enteritidis (Fig.  1K). Preliminary plate migration 
experiments showed that FliC-Nb-76 had the most sig-
nificant inhibitory effect on S. Enteritidis motility, so this 
antibody was chosen for subsequent experiments (Fig. 
S1). The EC50 values were determined under coating con-
ditions where the concentration of FliC protein was 4 µg/
mL and the concentration of S. Enteritidis was 1 × 108 
CFU/mL. The EC50 of Nb76 against FliC was determined 
to be 1.373 × 10− 6 µM (Fig. 1L), while against S. Enteriti-
dis, the EC50 was found to be 4.648 × 10− 4 µM (Fig. 1M).

FliC-Nb76 binding to S. Enteritidis and inhibition of its 
motility
Searched and downloaded the protein structure PDB file 
for the S. Enteritidis FliC protein from the official PDB 
database website (PDB ID: Q06972). The amino acid 
sequence comparison revealed no discrepancies between 
the sequence and the target amino acid sequence. Using 
SWISS-MODEL online software to perform homology 
modeling based on the FliC-Nb76 amino acid sequence, 
the template with the highest score was obtained for 
modeling (Figure S2), and the protein PDB file with the 

highest score was selected for download; Using CLUS-
PRO with FliC-Nb76 nanobody as the receptor and FliC 
protein as the ligand, docking is performed in antibody 
mode, and the highest ranked docking conformation 
output is considered the binding conformation. The 
docking results were visualized using PyMol, with the 
binding region shown in yellow (Fig.  2A). Ligplot 2.2.4 
was utilized to analyze the binding mode (interactions) 
between FliC-Nb76 and the FliC protein (Fig.  2B). In 
the structure, chain A represents the FliC protein, while 
chain B represents FliC-Nb76. The primary interac-
tions involved in the binding were found to be hydrogen 
bonds and hydrophobic interactions, which revealed the 
potential molecular binding mechanism and provides a 
model for the subsequent design of related drugs. Suc-
cessful expression of EGFP-FliC-Nb76 (Fig. 2C) was con-
firmed using SDS-PAGE (Fig. 2D) and Western blotting 
(Fig.  2E). The pFPV-mCherry plasmid was successfully 
transformed into S. Enteritidis (Figure S3), and binding 
between the mCherry S. Enteritidis and green fluores-
cent-labeled EGFP-FliC-Nb76 was observed under con-
focal laser scanning microscopy (Fig.  2F). Compared to 
the BSA control group, FliC-Nb76 was found to signifi-
cantly reduce the motility area of S. Enteritidis FY-04 on 
0.4% agar plates (Fig. 2G). Electron microscopy observa-
tions showed that the flagellar morphology of S. Enter-
itidis FY-04 was normal after treatment with BSA but 
was altered after treatment with FliC-Nb76, with some 
flagella showing clustering and entanglement (Fig.  2H). 
To explore the inhibitory effects on clinical isolates of 
drug-resistant S. Enteritidis using the same method, and 
the results showed that FliC-Nb76 significantly reduced 
movement of the S. Enteritidis strains ZZ64, ZZ77, ZZ80, 
and ZZ82 on 0.4% agar plates. Investigation of the mini-
mum inhibitory concentration of FliC-Nb76 (Fig.  2I) 
showed that when the concentration of FliC-Nb76 was 
0.1  mg/mL, there was no significant difference relative 
to the group treated with BSA. When the concentration 
of FliC-Nb76 was 0.2  mg/mL, the area of movement of 
S. Enteritidis was significantly less than that in bacteria 
treated with BSA (P < 0.05) (Fig.  2J), indicating that the 
minimum inhibitory concentration of FliC-Nb76 was 
0.2  mg/mL. Under confocal laser scanning microscopy, 
S. Enteritidis FY-04 treated with BSA exhibited normal 
motility with rapid movement, whereas the motility of 
S. Enteritidis FY-04 treated with FliC-Nb76 was signifi-
cantly inhibited, with almost no movement (Fig. 2K). The 
distance traveled by S. Enteritidis FY-04 after treatment 
with BSA was much greater than that of S. Enteritidis 
FY-04 treated with FliC-Nb76 (Fig. 2L).

Table 2 Enrichment of phage particles against FilC protein 
specific nanobodies during three rounds of panning
Round of 
screening

Input 
(PFU/well)

P output 
(PFU/
well)

N 
output 
(PFU/
well)

Recovery
(P/Input)

P/N

1st Round 5 × 1011 6.8 × 104 5.4 × 103 1.36 × 10− 8 12.6
2nd Round 5 × 1011 8.8 × 105 2.8 × 104 1.76 × 10− 6 31.4
3rd Round 5 × 1011 7.5 × 107 1.4 × 105 1.5 × 10− 4 5.35 × 102
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FliC nanobody inhibition of S. Enteritidis adhesion to 
and invasion of HIEC-6, RAW264.7, and chick intestinal 
epithelial cells
The effects of selected FliC-Nbs on S. Enteritidis adhe-
sion to and invasion of HIEC-6 and RAW264.7 cells were 
investigated. Both the PS (positive serum) group and the 
FliC-Nb76 group showed significantly reduced adhesion 
and invasion relative to the NS (negative serum) group 
after challenge of mCherry S. Enteritidis adhering to 

HIEC-6 cells (Fig.  3A, B) and RAW264.7 cells (Fig.  3C, 
D). Fluorescence microscopy showed that pre-treat-
ment with FliC-Nb76 significantly reduced the adhesion 
of mCherry S. Enteritidis to both HIEC-6 (Fig.  3E) and 
RAW264.7 (Fig.  3F) cells. As analyzed by ImageJ soft-
ware, the integrated optical density of the FliC-Nb76 
group was significantly lower than that of the negative 
control group (Fig. 3G, H). The number of the mCherry-
ZZ64 and mCherry-ZZ77 strains adhering to HIEC-6 

Fig. 2 FliC-76 binding to S. Enteritidis and inhibition of its motility. A Binding conformation between FliC-Nb76 with FliC protein and the yellow areas are 
the Binding regions. B Two-dimensional graphics of FliC-Nb76 (B) interacts with FliC protein (A). C Analysis of EGFP- FliC-Nb76 protein purification by SDS-
PAGE. D Determination EGFP- FliC-Nb76 by Western blot. E Observation of S. Enteritidis and EGFP-FliC-Nb-76 Binding under Laser Confocal Microscopy. F 
Motility analysis of S. Enteritidis on 0.4% agar LB plate by treatment with BSA and FliC-Nb76. G Observation of S. Enteritidis flagella treated with BSA and 
FliC-Nb76 under electron microscopy. H Statistical analysis of the movement areas of clinical resistant S. Enteritidis strains by treatment with FliC-Nb76. I 
Determination of minimum effective concentration of FliC-Nbs to inhibit the motility of S. Enteritidis FY-04. J Motility analysis of S. Enteritidis treated with 
BSA and FliC-Nb76 under Laser Confocal Microscopy. K Movement distance of S. Enteritidis treated with BSA and FliC-Nb76
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and RAW264.7 cells after pretreatment with FliC-Nb76 
also decreased significantly. (Fig. S4). The results indi-
cated that FliC-Nb76 could specifically block both adhe-
sion to and invasion of HIEC-6 and RAW264.7 cells by S. 
Enteritidis. This inhibitory effect was also observed in the 
clinical isolates of drug-resistant S. Enteritidis (Fig. S5, 6). 
The PMD18-T-HilA plasmid (3100 bp) was diluted using 
a 10-fold dilution gradient. A linear standard curve was 
established using the logarithm of the copy number of 
the PMD18-T-HilA plasmid as the X axis and the Cycler 
value as the Y axis (Fig. S6) The target-gene copy number 
of S. Enteritidis infecting the chick jejunal epithelial cells 
was determined by qPCR to assess whether FliC-Nb76 
could block infection of the cells by S. Enteritidis. Con-
version of the CT value to the copy number determined 
by qPCR showed that compared with the PBS and BSA 
groups the number of target-gene copies of S. Enteritidis 
in jejunal epithelial cells of FliC-Nb76-pretreated groups 
decreased significantly, indicating a significant reduction 
in the numbers of S. Enteritidis infecting the cells after 
pretreatment with FliC-Nb76 (Fig. 3I).

Preparation, induced expression, and identification of 
recombinant L. lactis carrying nanobodies
The construction of NZ8148-USP45-LEISSTCDA-FliC-
Nb76 was successful (Fig.  4A). The whole-cell ELISA 
showed that the fusion protein with a His tag could be 
anchored and expressed in the recombinant NZ9000 
strain (Fig.  4B, C). Western blotting also showed that 
the fusion protein containing the His tag in the induced 
culture supernatant could react with the anti-His mono-
clonal antibody (Fig.  4D), indicating the successful 
expression and secretion of FliC-Nb76 in the recombi-
nant NZ9000 strain. L. lactis-VHH were induced by 20 
ng/mL Nisin for 4, 6, 8, and 12 h, and the culture superna-
tants were collected and analyzed using His-tag competi-
tive ELISA. This showed that the absorbance at 450 nm 
increased significantly in the culture supernatants after 
FliC-Nb76-NZ9000 induction relative to supernatant 
with no load, accompanied by greater accumulation of 
nanobodies as the time of induction, seen in increased 
absorbances at 450 nm (Fig. 4E). The FliC-Nb76-NZ9000 
strain was induced with 20 ng/mL Nisin, and samples 
were collected at 2, 4, 6, 8, 10, and 12 h for Western blot-
ting. This showed that the His-tagged nanobodies could 
be observed after 2  h of induction, with the expression 
increasing gradually after 4 h of induction, and reaching 

Fig. 3 Recombinant nanobodies inhibit HIEC-6, RAW264.7 cells and chick intestinal epithelial cells infection by the mCherry S. Enteritidis (ATCC13076). A, 
B Assessment of HIEC-6 cells adhesion and invasion by S. Enteritidis. C, D Assessment of RAW264.7 cell adhesion and invasion by S. Enteritidis. E, F mCher-
ry-S. Enteritidis (ATCC13076) adheres to HIEC-6 cells and RAW264.7 cells which is inhibited by FliC-Nb76 through fluorescence microscopy observation. 
G, H the integrated optical density of mCherry-S. Enteritidis (ATCC13076) adheres to HIEC-6 cells and RAW264.7 cells. I The inhibitory effect of FliC-Nb76 
in chicken intestinal epithelial cells was evaluated using qPCR
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a maximum yield at 8 h, after which it remained essen-
tially unchanged. After the removal of Nisin after 1  h 
of induction, the culture supernatants were collected 
and analyzed by Western blotting. The concentration of 
recombinant nanobodies expressed in the FliC-Nb76-
NZ9000 strain was determined using His Tag competi-
tive ELISA kit. A four-parameter logistic fitting standard 
curve was performed based on the His Tag standard pro-
tein concentration and the measured OD450nm value 
(Figure S8). According to the fitting curve, the concentra-
tions of nanobodies secreted by the FliC-Nb76-NZ9000 
strain after continuous induction with Nisin for 8 h and 
cultivation remove Nisin for 8  h were determined as 
follows: FliC-Nb76-NZ9000 (1.61  µg/mL), FliC-Nb76-
NZ9000 (2.39  µg/mL, remove Nisin). This showed that 
neither Nisin-free culture nor continuous induction 
using Nisin significantly affected the expression and 
secretion of the nanobodies (Fig. 4F).

Targeted inhibition of S. Enteritidis by L. lactis carrying 
nanobodies in the chick intestine
The scheme of the animal experimental process is shown 
in Fig. 5A. As shown by PCR, FliC-Nb76-NZ9000 could 
colonize the intestinal tract (Fig. S7D). Comparison of 
duodenal, jejunal, and ileal tissue showed that FliC-Nb76-
NZ9000 colonized all intestinal segments, with the degree 
of colonization reducing significantly over time in all seg-
ments (Fig.  5B). In the first three days after challenge 
with S. Enteritidis, the mortality rate in the SE group was 
26.7% and that in the PNZ8148-NZ9000 group was13.3%, 
while no death was observed in the FliC-Nb76-NZ9000 
group (Table  3). At the same time, no deaths occurred 
in any of the experimental groups after the third day of 

challenge. The feces collected from each experimental 
group on days 3 and 7 were analyzed using smear plates. 
The number of S. Enteritidis excreted by the PNZ8148-
NZ9000 group was slightly reduced compared to the SE 
group, but the numbers were significantly decreased in 
the FliC-Nb76-NZ9000 group (Fig.  5C). On days 3 and 
7, duodenal, jejunal, and ileal tissues were collected from 
each experimental group for qPCR analysis. Compared to 
the SE group, the copy numbers of S. Enteritidis in the 
different intestinal segments did not change significantly 
in the PNZ8148-NZ9000 group on either day 3 or day 7. 
However, in the FliC-Nb76-NZ9000 group, there was a 
significant decrease in the S. Enteritidis copy numbers in 
all intestinal segments at these time points (Fig.  5D, E). 
Live imaging of the intestines revealed that, compared to 
the SE group, the fluorescence intensity of S. Enteritidis 
in the PNZ8148-NZ9000 group was slightly reduced but 
was significantly decreased in the FliC-Nb76-NZ9000 
group (Fig.  5F). Ileal tissue collected from the different 
experimental groups on day 7 was sectioned and stained 
with HE. The results showed that FliC-Nb76-NZ9000 
effectively inhibited the pathological damage to the ileal 
epithelial cells caused by S. Enteritidis infection (Fig. 5G).

On day 7, RNA was extracted from the intestinal seg-
ments of the different experimental groups, and the 
levels of the cytokines IL-1 β, IL-10, IL-8, TNF-α, and 
IL-17  A were determined by qPCR (Fig.  6A-E). The 
results showed that S. Enteritidis infection up-regulated 
the mRNA expression of the pro-inflammatory cytokines 
IL-1 β, IL-8, TNF-α, and IL-17 A, but there was no sig-
nificant change in the level of anti-inflammatory cytokine 
IL-10. Pretreatment with FliC-Nb76-NZ9000 was found 
to reduce the expression of pro-inflammatory cytokines 

Fig. 4 Preparation, induced expression, identification of recombinant L. lactis carrying nanobodies. A Schematic diagram of pNZ8148-VHH plasmid. B 
Color change in Whole cell ELISA after adding TMB; darker colors indicate more His-tag fusion proteins. C The Whole cell ELISA results were analyzed by 
OD450nm. D The expression of His label fusion protein was identified by Western blot. E ELISA identification of the induced FliC-Nb76-NZ9000 superna-
tant. F Analysis of L. lactis-VHH expression by the Nisin induction and remove Nisin induction way at different times
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and promote the up-regulation of the anti-inflammatory 
IL-10. FliC-Nb76-NZ9000 can thus effectively allevi-
ate the inflammatory response caused by S. Enteritidis, 
thereby reducing the impact and harm of S. Enteritidis 
infection-induced enteritis.

Discussion
According to the data of the World Health Organiza-
tion (WHO), approximately 1.9  billion people suffer 
from diarrhea each year, resulting in 715 000 deaths [35]. 

Table 3 Mortality statistics of chicks after feeding S. Enteritidis in 
each experimental treatment group (3 d)
Group Lethal dose Chicks Dead 

chicks
Mor-
tality 
rate

PBS 0 15 0 0
SE 2 × 109CFU 15 4 26.7%
PNZ8148-NZ9000 2 × 109CFU 15 2 13.3%
FilC-Nb76-NZ9000 2 × 109CFU 15 0 0

Fig. 5 Determination of targeted inhibition of S. Enteritidis by L. lactis carrying nanobodies in Chicken intestine. A Scheme of animal experiment process 
B Plate counting of FliC-Nb76-NZ9000 in duodenum, jejunum, and ileum C Count analysis of S. Enteritidis in feces on the 3rd and 7th days after S. Enteriti-
dis challenged. D E The gene copy number of S. Enteritidis was detected by qPCR after 3 days and 7 days of challenge with S. Enteritidis f Analysis of ileal 
histopathology at the 7th day after challenge by S. Enteritidis. F Living image of the intestine at the 7th day after challenge by S. Enteritidis. G Analysis of 
ileal histopathology at the 7th day after challenge by S. Enteritidis
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One-third of these cases are attributed to foodborne ill-
nesses. Among various foodborne pathogens, Salmonella 
is one of the most common causative agents. Research 
has shown that Salmonella contamination of poultry 
products accounts for 50% [2] of Salmonella outbreak 
incidents, and consumption of Salmonella-contaminated 
eggs may be one of the main causes of human foodborne 
Salmonella gastrointestinal disease. The Centers for Dis-
ease Control and Prevention (CDC) in the USA consider 
antibiotic-resistant Salmonella a serious public health 
threat [36]. In developed countries, Salmonella resistance 
is primarily caused by the use of antibiotics in animal hus-
bandry [37]. Based on available statistics from the USA, 
Salmonella shows the highest resistance to streptomycin 
(11.2%), tetracycline (10.4%), sulfamethoxazole (9.4%), 
and ampicillin (9.1%), followed by chloramphenicol 

(4.0%), nalidixic acid (3.5%), ceftriaxone (2.4%), cefoxitin 
(2.2%), amoxicillin-clavulanate (2.1%), gentamicin (1.4%), 
trimethoprim-sulfamethoxazole (1.3%), ciprofloxacin 
(0.4%), and azithromycin (0.1%) [38]. Therefore, there is 
an urgent need to develop alternatives to these antibiot-
ics or identify effective treatment strategies to address 
the issue of antibiotic resistance in Salmonella.

Nanobodies, with their high sensitivity and speci-
ficity, are important members of the antibody family 
and have widespread applications in both neutralizing 
and treating bacterial infections [39]. L. lactis is able to 
express exogenous proteins as delivery vectors, as well 
as having the probiotic ability to colonize the intestine, 
and is widely utilized in biomedical research, animal 
husbandry, and disease prevention and control [40]. In 
one study, the pNZ8112 plasmid was used to construct 

Fig. 6 Differential expression of intestinal inflammatory related cytokines. In the duodenal, jejunal, and ileal segments, compared to the SE group, both 
PNZ8148-NZ9000 group and FliC-Nb76-NZ9000 group showed A a significant decrease in the relative expression levels of IL-1β. B a significant decrease 
in the relative expression levels of IL-10, C a significant decrease in the relative expression levels of IL-8. D a significant decrease in the relative expression 
levels of TNFα in the duodenal, jejunal, and ileal tissues, E a significant decrease in the relative expression levels of IL-17 in the duodenal, jejunal tissues 
and a significant decrease in the relative expression in FliC-Nb76-NZ9000group ileal tissues but a slight increase in PNZ8148-NZ9000 group ileal tissues
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LNZ9000-rTGEV-SN, a recombinant L. lactis express-
ing the N-terminal domain of the S protein of transmis-
sible gastrointestinal virus (TGEV). This recombinant L. 
lactis was used for oral immunization of BALB/c mice, 
resulting in a localized mucosal immune response against 
TGEV. The induced antibodies were also able to prevent 
TGEV infection, indicating that recombinant L. lactis 
could be a valuable tool for the future development of 
vaccines against TGEV [41]. Additionally, a vaccine based 
on mucosal injection of recombinant L. lactis secreting 
Brucella copper-zinc superoxide dismutase (SOD) was 
found to contribute to the control of brucellosis [42]. L. 
lactis is able to colonize the intestine. The effectiveness of 
L. lactis carrying neutralizing nanobodies depends both 
on the colonization efficiency and the numbers of nano-
bodies secreted. The present study conducted a prelimi-
nary exploration of the effects of FliC-Nb76-NZ9000 in 
the chick intestine. It was found that FliC-Nb76-NZ9000 
colonized the duodenum, jejunum, and ileum to different 
extents. It was also found that FliC-Nb76-NZ9000 could 
regulate the inflammatory response caused by S. Enteriti-
dis. Fecal excretion of S. Enteritidis was reduced, together 
with damage to the intestinal villous epithelium. It may 
also contribute to the recovery from damage caused by 
this self-limiting pathogen, S. Enteritidis. Meanwhile, 
studies have shown that oral administration of enrofloxa-
cin to chicks can disrupt the normal barrier function of 
the intestine, thereby promoting the infection and colo-
nization of S. Enteritidis in the intestine [43]. The feed-
ing of enrofloxacin can also have adverse effects on the 
gut microbiota and metabolic profile, hindering recovery 
from S. Enteritidis infection [44]. However, using pro-
biotics as the carrier system for FliC-Nb76 nanobod-
ies eliminates concerns about such issues. L. lactis is a 
microbial factory bacterium that has been widely used in 
both scientific research and fermentation engineering. It 
is anticipated that in the near future, it will be applied in 
more industries, effectively promoting the development 
of biomedical research, animal husbandry, and disease 
prevention and control.

This study proposes a strategy for the delivery of nano-
bodies to the intestinal tract, and showed that nanobod-
ies can effectively inhibit S. Enteritidis colonization of 
the intestine, reduce inflammation caused by S. Enteriti-
dis, and minimize its damage to the intestinal tract. The 
findings provide a new approach for the treatment of S. 
Enteritidis infection in chicks and offers new insights for 
the prevention and treatment of drug-resistant bacterial 
infections. However, this study pays less attention to the 
homology of FliC [45], and further research and explo-
ration into the cross-protective efficacy against other 
types of Salmonella invasion is warranted. Additionally, 
the nanobodies carried by L. lactis can be reasonably 

modified, such as being engineered into bivalent or mul-
tivalent antibodies to enhance their efficacy [46].

Conclusion
This study found that FliC-Nb76 inhibited the motility 
of S. Enteritidis and effectively blocked both S. Enteriti-
dis adhesion to and invasion of HIEC-6 and RAW264.7 
cells. On this basis, L. lactis was used for carrying S. 
Enteritidis-neutralizing nanobodies. The L. actis-VHH 
was found to inhibit the colonization of S. Enteritidis and 
reduce inflammation and minimize intestinal damage in 
the chick intestines. These results provide a new strategy 
for the treatment of drug-resistant S. Enteritidis infection 
in the intestinal tracts of chicks.
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