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Abstract

Salmonella enterica serovar Gallinarum biovar Pullorum (S. Pullorum) is responsible for the systemic salmonellosis in
different breeds of chickens. Macrophages, as host cells, play a key role in the innate immune response following infection
with S. Pullorum. In this study, we first generated macrophages from two breeds of chicken (White Leghorn (WL) and
Tibetan Chickens (TC)) peripheral blood monocytes in vitro. Then, we showed that the production of interleukin- I3
(IL-1B), macrophage inflammatory protein-1f3 (MIP-183) and interleukin-10 (IL-10) in lipopolysaccharide (LPS)-treated
macrophages was significantly higher compared with the unstimulated cells in TC. LPS triggered only more expression
of IL-10 in WL macrophages. Furthermore, macrophages from TC eliminated intracellular bacteria more efficiently
than those from WL after S. Pullorum infection at a multiplicity of infection (MOI) I. In addition, the variation between

individuals and sex had the crucial effect on the immune response to LPS and S. Pullorum invasion.
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Introduction

Salmonella Pullorum is a kind of common poultry
pathogen which causes severe systemic infection
leading to a high mortality of young birds. A range
of symptoms such as the decrease in egg-laying
rate, the loss of weight, and the infection of repro-
ductive tract result in vertical transmission to prog-
eny.? Pullorum disease had been frequently
reported in developing countries.? The measures to
control S. Pullorum disease are based on the use of
vaccines and antibiotics or the detection and
slaughter of infected breeder flocks. However, the
massive use of vaccines and antibiotics in poultry
results in residues of chemicals in meat food, which
is harmful to our health and enhances strains anti-
biotic resistance. Moreover, the persistent infec-
tion in convalescent chickens is undetectable.
Therefore, the breeding of chickens with strong

natural resistance to bacteria is an effective
strategy.

Macrophages were important effector cells in the
progression of avian systemic infection.* Those cells
are equipped with numbers of pathogen-recognition

receptors that make them respond to bacterial
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infection and induce the massive production of
inflammatory cytokines, oxygen-dependent antimi-
crobial reactive oxygen species (ROS), and reactive
nitrogen species including H,O, and NO to kill
intracellular Salmonella.>8 Although the mecha-
nism of S. Pullorum persisting in chickens was still
unrevealed, the role of macrophages was obviously
recognized in persistent infection through patho-
genicity island 2 type III secretion system.’
Researchers also suggested that macrophages from
Salmonella-resistant chickens, expressing more pro-
inflammatory cytokines and chemokines, were more
efficiently in clearing bacteria than cells from sus-
ceptible chickens in vitro.!%!! In addition, Williams
et al.!? indicated that there were different outcomes
in fast- and slow-growing broiler chickens after
Campylobacter jejuni infection.

During the 1970s, definitive evidence revealed
that macrophages were a crucial cell type in the
recognition of lipopolysaccharide (LPS).13 LPS, as
an endotoxin, exists in the cell outer membrane of
gram-negative bacteria. In vitro, it could mimic
gram-negative bacteria to initiate cellular immune
response and induce chicken cells increased mes-
senger RNA (mRNA) levels of pro-inflammatory
cytokines, which targets to adaptive immune
responses. '

The aim of this study was to assess the differ-
ences of innate immunity to LPS and clearance of
S. Pullorum in macrophages from White Leghorn
(WL) and Tibetan Chickens (TC), which provided
anew strategy for the breeding of resistant chicken.

Materials and methods
Ethics statement

All experimental animal protocols were approved
by the Animal Care and Use Committee at China
Agricultural University (approval ID 2013-011).
All samples were obtained from the wing vein of
chickens.

Experimental animals and strain

In total, 10 WL (5 males, 5 females), 11 TC (5
males, 6 females), aged 26 weeks, were raised
under an temperature of 20°C and fed with food
and water ad libitum at Experimental Chicken
Farm of China Agricultural University. The C79-
13 strain S. Pullorum was purchased from China
Institute of Veterinary Drugs Control.

Reagents

The primary antibodies CD14 (bs-1192R), MIP-1f3
(CCLA4, bs-2475R), and MCSFR (bs-2755R) were
purchased from Beijing Biosynthesis
Biotechnology. Anti-iNOS antibody (ab3523) and
Anti-Salmonella antibody (ab35156) were pur-
chased from Abcam. KULOI (8420-09) was pur-
chased from SouthernBiotech. The Alexa Fluor®
594 conjugate goat anti-rabbit secondary antibody
(A11012) was purchased from Life Technologies.

Cell collection and culture

The monocytes were collected as described as previ-
ously.> Briefly, heparinised blood samples were
taken from the wing vein of chickens and then diluted
1:1 with Hanks’ buffer. Subsequently, the suspension
was added slowly to the equivalent volume of lym-
phocytes separation medium (Tianjin HaoYang
Biotech, Inc., China) and then centrifuged for 20
min at 400-500 g. The middle layer was transferred
to a new tube and washed three times in Hanks’
buffer. The cells were resuspended with RPMI1640
(Gibco Life Technologies) supplemented with 10%
fetal bovine serum (Gibco Life Technologies), 100
U/mL penicillin, 50 pg/mL streptomycin, and 0.1
mM 2-mercaptoethanol (Sigma). Cells (1 x 109mL)
were seeded to different plates. Nonadherent cells
were removed with changes in medium after 48 h.
Cells were assayed at 7 days.

Phagocytosis assay

Cells were seeded into 48-well plates and co-incu-
bated with FITC-latex beads (Sigma) at a ratio of
5:1 bead to cell ratio for 20 h at 37°C, 5% CO,.
Cells were washed with phosphate-buffered saline
(PBS) and analyzed with ImageXpress Micro
(Molecular Devices, USA).

Immunofluorescence assay

Cells were fixed with 4% paraformaldehyde for 20
min at room temperature (RT). Then, cells were
permeabilized with 0.3% TritonX-100 for 15 min
and blocked in blocking solution for 1 h at RT.
Then, cells were incubated with primary antibodies
at 4°C overnight. Cells were washed in PBS con-
taining 0.3% TritonX-100 and incubated the sec-
ondary antibodies for 1 h at RT. After that, nuclei
were stained with DAPI (Sigma). In addition, cells
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Table I. All primer sequences used in the study.

Gene Forward sequence (5'-3’) Reverse sequence (5'-3")

TLR4 CCAAACACCACCCTGGACTT TGTATGGATGTGGCACCTTGA
CDl4 GGGACCTGGAGAAATACGCTG GCAGTGACACAATGGGCAAG
CD80 ACCGAGTGTATTGGCAGATG ACAGGCTCTCCACACAAAAG
CD200R | AGCCATCATTCTCAGTTTCCT ACCTCCACTGTGTCATCCTG
MRC2 CTGCCCAAAGGAACTGATGT CTGCCATCGTTCTCATAGGTG
TREM CACCACTTCCATCAGCGACA TCAGCACAGCCACCACAAAC
CD36 TACTGGGAAGGTTACTGCGA TCACGGTCTTACTGGTCTGG
SCARA3 ACAACATCTCCTCCTTCCTG CGTTGATGTTGGTGAAGATG
MARCO AGCAAGGGTGATTATGGCAG GGTTGTCCCAGTCATCATCAC
MHC 11 CATCTACAACCGGCAGCAGTT CGCCGAGACCCTCACCTT
iNOS GGTAACAGCGGAAGGAGAC GTGTCATGTCACAGGAGGAAC
Arginase2 ATGGGCAGGAGACAGAGAC CCTGTGTTGTGTATTTCCTCTG
MIP-1B CTCCTCATTGCCATCTGCTAC CTGGCTGTTGGTCTCGTAGTAG
IL-8 AGGATGGAAGAGAGGTGTGCT CGATGTGAAAGGTGGAAGATG
IL-1B AGAAGAAGCCTCGCCTGGATT GACGGGCTCAAAAACCTCCTC
TNF-o CCGCCCAGTTCAGATGAGTTG AGAGCATCAACGCAAAAGGGA
IL-10 CAATCCAGGGACGATGAACTT AGGTGAAGAAGCGGTGACAG

were incubated with Mouse Anti-Chicken
Monocyte/Macrophage-PE KULO1 for 1 hat37°C
and washed with PBS.

Cell treatment

Cells were stimulated with 1 pg/mL LPS of
Escherichia coli 0111: B4 (Sigma) after 7 days of
culture. In the infection experiment, S. Pullorum
(C79-13 strain) was overnight cultured in Luria-
Bertani (LB) broth at 37°C. Cells were infected
with Salmonella at a 1:10 multiplicity of infection
(MOI). After 30 min incubation, cells were washed
twice. Then, RPMI-1640 supplemented with gen-
tamicin (100 pg/mL) was added to cells for 1 h to
kill extracelluar bacteria and then replaced with
less gentamicin (20 pg/mL). The infection rate of
cells was counted by MetaMorph after 0.5 h.
Meanwhile, the bacteria were harvested by lysis of
cells with PBS containing 0.3% TritonX-100, and
the number of intracelluar survival bacteria at 0.5,
12, and 24 h was counted on LB agar.!?

Real-time quantitative polymerase chain
reaction amplifications

RNA was extracted using RNeasy Plus Mini Kit
(Qiagen) according to the manufacturer’s instruc-
tions. The first complementary DNA (cDNA) syn-
thesis was performed referring to RevertAid First
Strand ¢cDNA Synthesis Kit (Thermo Scientific).
Polymerase chain reaction (PCR) amplifications
were carried out following the conditions: one cycle

of 95°C for 5 min at the first stage, 35 cycles 0f 95°C
for 30 s, 60°C for 30 s, and 72°C for 15 s at the step
2,72°C for 7 min at the final stage. The primers used
in the study are showed in Table 1. The relative
cytokine expressions were calculated with 2-AACT
method. In Figure 2, AACt = ((Crryrger = Crgappi)sn
=~ (Crraget = Crgappwon)- In Figure 3, to show the
various cytokine expressions of macrophages
between individuals from the same breed in the
absence or presence of LPS, we first calculated the
(CT,Target o CT,GAPDH)untreated of every chick and gOt
the average value “ACy.” Then, the relative cytokine
expressions of LPS-treated and LPS-untreated mac-
rophages from different individuals were, respec-

tively, Calculated Wlth 2*((CT,Target—CT,GAPDH) untreated
—ACT) or 2~ ((CT.Target — CT,GAPDH)3h — ACT),

Statistical analysis

All data were analyzed by SPSS software. T-test
was performed to determine P value. The level of
significance was defined as P < 0.05. MD
ImageXpress Micro was used for the statistics of
the proportion of positive cell in immunofluores-
cence and the number of intracellular bacteria.

Results

The identification of peripheral blood
monocytes—derived macrophages in vitro

Monocytes were isolated from peripheral blood of
WL selected randomly. After 7 days, cells became
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Figure |. Peripheral blood monocytes differentiate into macrophages in vitro. (a) Immunofluorescence of KULOI in monocyte/
macrophage cultured after 7 days in vitro. KULOI, red signal; DAPI, blue signal. (b) Giemsa staining showed the morphology of
macrophages with round nuclei unlike monocytes with horseshoe-shaped nuclei. (c) Immunofluorescence expression of CD 14,
iNOS, MIP-18, and MCSFR (red) in macrophages from female chickens after 7-day culture. DAPI (blue). (d) PCR was carried out to
detected TLR4, CD /4, CD80, CD200R I, MRC2, TREM, CD36, SCARA3, MARCO, MHC/L iNOS, Arginase2, MIP-1, IL-8, IL-1B, TNF-a., and
IL-10. (e) Immunofluorescence showed phagocytic capacity of cells. KULOI (red), beads (green), DAPI (blue). (f) Statistical analysis of

CD 4+, INOS+, MIP-13+, and MCSFR+ cells in positive rate.

large and showed tight adhesion in vitro. To further
identify the cells, we assessed the expression of
KULO1, marker of the mononuclear phagocyte sys-
tem that consists of chicken monocytes, mac-
rophages, and interdigitating cells.'® KULOI1+
(Figure 1(a)) and a typical macrophage morphology

(Figure 1(b)) were found in cells, respectively.
Moreover, the proteins including CD14, inducible
nitric oxide synthase (iNOS), MIP-1p, and mac-
rophage colony-stimulating factor receptor (MCSFR)
were stained by immunofluorescence (Figure 1(c)—
(f)). Other genes expressed by macrophages were
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Figure 2. Relative inflammatory cytokines expressions in | pg/mL LPS-stimulated cells derived from peripheral blood monocytes
at 3 and 8 h. *P < 0.05, **P < 0.01.*3 and 8 h versus O h, respectively.

also detected (Figure 1(d)) by PCR. The study also
indicated that these cells were efficient at phagocyto-
sis with the phagocytic rate of 100% and phagocytic
index of 3.77 £+ 0.24 (Figure 1(e)). In addition, LPS
elicited the expression levels of inflammatory
cytokines TNF-a, IL-1B, IL-8, MIP-1p, IL-10, and
iNOS at 3 and 8 h (Figure 2). These results indicated
that monocytes-derived macrophages can be pre-
pared from peripheral blood.

LPS elicits stronger innate immune responses in
macrophages from TC

To identify the differences of innate immune
response to LPS in macrophages from WL and TC,
we measured the mRNA levels of inflammatory
cytokines in cells following 3 h incubation with 1
pg/mL LPS. LPS stimulated higher release of /L-
1B (P <0.01), MIP-1B (P < 0.05), and IL-10 (P <
0.01) of macrophages compared with the unstimu-
lated cells in TC (Figure 3(a)). We also demon-
strated that LPS-treated WL macrophages released
significantly higher of IL-10 (P < 0.05) than LPS-
untreated cells (Figure 3(a)), which can contribute

to the male (Figure 3(b)). Moreover, macrophages
from female showed stronger expression of MIP-
1B (P < 0.05), iNOS (P < 0.05), and IL-10 (P <
0.01) in TC (Figure 3(c)) at 3 h after LPS stimula-
tion. Considerable differences could also be found
in the response to LPS stimulation between indi-
viduals within one breed due to genetic differences.
Together, these results suggested that LPS induced
higher immunity in TC macrophages.

More effective clearance of S. Pullorum in TC
macrophages

Macrophages from WL and TC were infected with
S. Pullorum in vitro at an MOI of 1 and a high level
MOI of 10. The percentage of S. Pullorum—infected
cells was higher at an MOI of 10 at 0.5 h postinfec-
tion (p.i.) (Figure 4(a)), while no significant differ-
ences were seen between two breeds at any MOI
(Figure 4(b)). The numbers of intracellular bacteria
was strongly decreased in cells from two breeds
infected for an additional 12 and 24 h at an MOI of
1 (Figure 4(c)) and an MOI of 10 (data not shown)
with the exception of the cells from two WL
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Figure 3. The effect of LPS on the mRNA level of cytokine, chemokine, and enzyme . (a) Fold changes of genes expressions in
macrophages from White Leghorn (WL) and Tibetan Chickens (TC) at 3 h in the presence or absence of LPS (I pg/mL). *P < 0.05,
*P < 0.01. (b and c) The analysis of genes expressions in macrophages from male and female at the same breed. (b) WL; (c) TC.
*P < 0.05. Each symbol represents the value for an individual bird. The black bar represents the median value for each group.*LPS-

stimulated cells versus LPS-unstimulated cells.
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Figure 4. Survival of Salmonella within macrophages from WL and TC. (a) Immunofluorescence for Salmonella Pullorum within
macrophage at an MOI | and 10 at 0.5 h post-challenge. DAPI (blue), bacteria (green). (b) Analysis of macrophage infection rate
with S. Pullorum at MOI |, 10 after 0.5 h post-infection. (c) The number of intracellular bacteria in macrophages at MOI | for every
individual at 0.5, 12, and 24 h after S. Pullorum infection. The solid and dotted redlines represented those birds whose intracellular
bacterial loads were significantly increased compared to others at 24 h post-infection. (Left, WL; right, TC).

(female) and one TC (male) whose bacterial loads
increased at 24 h p.i. at an MOI of 1. The data
above suggested that macrophages from TC could
eliminate intracellular S. Pullorum more efficiently
than WL and cells from different individuals
chicken within breeds showed considerable abili-
ties to control bacterial infection at a low MOI.

Discussion

Macrophages have been considered to be signifi-
cant immune effector cells and the major models to
study the infection and clearance of Salmonella in
vitro. In this study, we obtained KULO1+ cells,
marker of the monocytes and macrophages from
chicken, which demonstrated the high purity of
monocytes from peripheral blood (Figure 1(a)).
Macrophages recognized endogenous antigen

through pathogen-recognition receptors that made
them participate in phagocytosis and secrete
inflammatory cytokines.> Our study also indicated
that cells derived from peripheral blood co-cul-
tured with microbeads were efficient at phagocyto-
sis, which showed differentiation of monocytes
into macrophages (Figure 1(e)). Moreover, LPS
drove the induction of cytokines TNF-«, IL-1B,
IL-8, MIP-18, IL-10, and iNOS (Figure 2) in cells.
So, we confirmed that macrophages could arise
from the differentiation of peripheral blood
monocytes.

It had been considered that the innate immune
response could propel the antigens to elicit the acquired
immunity.!417-18 However, pathogens including S.
Typhimurium and Mycobacteria could delay acquired
immune response.!%2° Thus, innate immune responses
performed the initial immunological function of
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resistance to such pathogens. Previous findings
revealed that macrophages from the Salmonella-
resistant chickens presented rapid and strong pro-
inflammatory cytokines release after being challenged
with Salmonella."" As the major component of gram-
negative bacteria, LPS recognition was the crucial ini-
tiators of the early innate immune response. Then, we
made efforts to compare LPS-induced production of
cytokines in macrophages isolated from WL and TC,
respectively. Results showed that macrophages from
TC produced higher level of pro-inflammatory /L-1[3
(P < 0.01), chemokines MIP-15/CCL4 (P < 0.05)
which mediated host defense and pathological inflam-
matory responses by recognizing CCRS in the pres-
ence of LPS compared with no LPS.?! The significantly
increased production of /L-70 (P < 0.01) indicated the
ability of regulating inflammatory response in TC
cells (Figure 3(a)). In addition, significantly higher
expressions of chemokines MIP-18 (P < 0.05), iNOS
(P < 0.05), and anti-inflammatory cytokine /L-10 (P
< 0.01) were also detected in macrophages from
female than those from male in TC (Figure 3(c)). This
result suggested that macrophages from female had
access to generate immunity to LPS and were more
effective to regulate the balance of inflammatory
response.

It had been demonstrated that the most of bacte-
ria would be eliminated by 24 h post-challenge in
the resistant macrophages.!® Consistent with that,
macrophages from the majority of two breeds pre-
sented high level in clearing intracellular bacteria
at 24 h of MOI 1 and 10. Interestingly, we found
macrophages from two WL and one TC could not
clear intracellular Sal/monella efficiently at an MOI
of 1, which demonstrated that macrophages from
TC were more effective at the clearance of intra-
cellular S. Pullorum than those from WL. It has
been suggested that the capacity of Salmonella to
proliferate within macrophages relied on the indi-
vidual genetic contribution of macrophages.?223
Previous study also suggested differences appeared
between individuals within groups in the response
to C. jejuni infection.?* In our study, considerably
different abilities to eliminate bacteria in different
individuals’ macrophages within breeds were seen
due to genetic differences between individuals,
which would be of great values to the exploration
on the pathogenesis of S. Pullorum (Figure 4(c)).
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