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A B S T R A C T

Avian pathogenic Escherichia coli (APEC) can cause severe respiratory diseases in poultry. The initial interaction
between APEC and chicken macrophages has not been characterized well and it is unclear how effective chicken
macrophages are in neutralizing APEC. Therefore, the effect of APEC on activation of chicken macrophage
HD11 cells was studied. Firstly, the effect of temperature (37 vs 41 °C) on phagocytosis of APEC by HD11 cells
was determined. The results showed that APEC was more susceptible to being phagocytosed by HD11 cells at
41 °C than 37 °C. Subsequently, the capacity of HD11 cells to kill APEC was shown. In addition, HD11 cells
produced nitric oxide (NO) at 18 h post-infection and a strong increase in the mRNA expression of IL-8, IL-6, IL-
1β and IL-10 was detected, while IFN-β gene expression remained unaffected. Finally, it was shown that the
response of HD11 was partially dependent on viability of APEC since stimulation of HD11 cells with heat-killed
APEC resulted in a reduced expression level of these cytokines. In conclusion, APEC induces an effector response
in chicken macrophages by enhanced NO production and cytokines gene expression.

1. Introduction

Avian pathogenic Escherichia coli strains (APEC) can cause severe
infections in poultry, such as omphalitis, salpingitis, cellulitis and re-
spiratory tract infections (Dho-Moulin and Fairbrother, 1990;
Guabiraba and Schouler, 2015). In all of these infections, the bacteria
can enter the bloodstream and become systemic resulting in coliba-
cillosis (Guabiraba and Schouler, 2015; Horn et al., 2012). Nowadays,
avian colibacillosis is one of main causes leading to mortality and
morbidity in poultry resulting in huge economic losses in the poultry
industry (Zhuang et al., 2014). So far, there is no highly effective
vaccination to protect against APEC strains mainly due to the diversity
of APEC strains in the field. Treatment of APEC infection mainly relies
on antibiotics, but the increasing emergence of drug resistance makes
treatment less successful.

An APEC infection originally starts in the respiratory tract, crosses
to the blood stream and can subsequently infect internal organs causing
septicemia (Dziva and Stevens, 2008). In the last few years, APEC pa-
thogenesis to the host has been studied through the use of experimental
infection models (Antao et al., 2008; Matthijs et al. 2009, 2017) and
identification of virulence genes (Dozois et al., 2000; Lymberopoulos
et al., 2006; Ma et al., 2014; Caza et al., 2011). Furthermore, APEC
superinfection with infectious bronchitis virus infection leads to severe

pathogenesis in the respiratory tracts as virus damages the respiratory
mucosa and facilitates APEC colonization (Guabiraba and Schouler,
2015). Despite the importance of APEC pathogenesis, the knowledge
about APEC invasion and interactions with host cells in chicken is
limited and poorly understood.

In order to respond to a microbial infection, host innate immune
cells are activated by interaction with (parts of) the pathogen.
Activation of these immune cells subsequently leads to activation of
intracellular signalling pathways resulting in production of cytokines
and microbial killing (Kogut et al., 2012). Macrophages are one of the
first responder innate cells upon a new infection, as seen in infection
models where APEC infection causes a quick increase in the number of
macrophages (Ariaans et al., 2008). They can phagocytize bacteria and
subsequently produce multifunctional compounds including reactive
oxygen species (ROS), nitric oxide (NO) and cytokines to kill the in-
fectious microorganisms (Li et al., 2011; Okamura et al., 2005;
Withanage et al., 2005) and signal to other immune cells to establish an
appropriate response to the infection.

A number of in vitro studies have shown phagocytosis and immune
responses of chicken macrophages upon challenge with different bac-
terial strains, using primary macrophages, or chicken macrophage cell
lines (Wisner et al., 2011; He et al., 2012b; Jarvis et al., 2017;
Hashimoto et al., 2017). Although most bacteria tested are
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phagocytized by macrophages, some bacteria such as Staphylococcus
aureus, can still escape from macrophages through the activation of
caspase-3 followed by macrophage cell death (Flannagan et al., 2016).
However, the role of macrophages in controlling APEC infection and
the interaction between APEC and macrophages in chickens is less
studied and remains mostly unclear.

In this study, we investigated the phagocytic capacity of HD11
macrophages towards APEC and the response towards infection as a
first step towards understanding role of chicken macrophages in APEC
infection.

2. Materials and methods

2.1. Bacterial strains

Avian pathogenic Escherichia coli (APEC) was isolated from chicken
(Cuperus et al., 2016). Salmonella enteritidis (strain, ATCC 13368) was
cultured in Tryptic Soy Broth (TSB) and Tryptic Soy Agar (TSA) at
37 °C. Heat-killed bacteria were prepared by incubating the bacterial
suspension at 75 °C for 15min; viability was checked by plating out
heat treated bacteria on TSA plates. For preparation of the green
fluorescent protein (GFP) – expressing APEC strain, the plasmid
PWM1007 was transformed into APEC by electroporation using an
Electro Cell Manipulator according to the manufacturer's instructions.
GFP-expressing APEC was cultured in the same condition as APEC.

2.2. Chicken macrophages, HD11 cells

The chicken macrophage-like cell line (Beug et al., 1979), HD11,
was maintained in a humidified 41 °C incubator with 5% CO2 and
cultured in RPMI 1640-glutaMAX supplemented with 10% FCS and
antibiotics (100 U penicillin/mL and 100 μg streptomycin/mL). Ali-
quots of cell suspension were seeded into each well at 2.5× 105 cells/
well for a 24-well plate and 5.0×105 cells/well for 12-well plates and
cultured overnight before being used for assays described below.

2.3. Effects of temperature on the growth of APEC

Log-phase bacteria were diluted to 1×105 CFU/mL in RPMI 1640-
glutaMAX supplemented with 10% FCS. Aliquots of this bacterial sus-
pension were added to 2 new tubes and incubated at 37 °C and 41 °C,
respectively. The OD620 was measured at 0–6 h to determine kinetics of
bacterial growth.

2.4. Effects of temperature on HD11 phagocytic capacity and cell viability

Before HD11 cells were incubated with APEC, culture medium was
removed and cells were washed once with RPMI 1640-glutaMAX.
Aliquots of 1mL of bacterial suspension (106 CFU/mL) were added to
each well with four replicate wells for 24-well plates, at a multiplicity of
infection (MOI) of 2. Cells were incubated for 1, 2, 3 and 4 h at 37 °C
and 41 °C. After incubation, the bacterial suspension was removed and
HD11 cells were washed three times with RPMI 1640-glutaMAX. Then,
RPMI 1640-glutaMAX containing 500 μg/mL gentamicin was added to
each well in order to kill all extracellular, non-phagocytosed bacteria
and the plates were placed back at 37 °C and 41 °C for 1 h. At each
appropriate time point (2, 3, 4 and 5 h, after gentamicin treatment),
infected cells in three wells were washed three times with RPMI 1640-
glutaMAX and lysed by 1mL 0.5% Triton X-100. After lysis, dilution
series of cells were plated on TSA plates and incubated at 37 °C for 24 h
to quantify viable bacteria. Cells in the fourth well received 0.1 mL
0.01% trypsin-EDTA and were stained with Trypan blue to quantify cell
viability.

2.5. HD11 killing activity

Before incubation with APEC, HD11 cells were washed once with
RPMI 1640-glutaMAX. Aliquots of 1mL of bacterial suspensions
(1×106 CFU/mL) were added to each well, with four replicate wells
for 24-well plates at a multiplicity of infection (MOI) of 2 and incubated
for 3 h at 41 °C. At 3 h, the bacterial suspension was removed and cells
were washed three times with RPMI 1640-glutaMAX and replaced with
RPMI 1640-glutaMAX containing 500 μg/mL gentamicin for 1 h. After
this high-gentamicin treatment, medium was replaced by cell medium
containing 62.5 μg/mL gentamicin and cells were incubated back at
41 °C. At each time point (4, 5, 6, 7 and 8 h), cells in three wells were
washed three times with RPMI 1640-glutaMAX and lysed by 1mL 0.5%
Triton X-100. Then, suspensions were serially diluted, plated on TSA
plates and incubated at 37 °C for 24 h to quantify viable intracellular
bacteria. Cells in the fourth well received 0.1 mL 0.01% trypsin-EDTA
and were stained with Trypan blue to quantify cell viability.

2.6. NO production assay

Nitrite, a stable metabolite of NO, produced by activated macro-
phages was measured by the Griess assay (Green et al., 1982). HD11
cells were incubated with live or heat-killed bacteria at 41 °C for 3 h and
treated with 500 μg/mL gentamicin for 15 h. After 18 h incubation,
aliquots of 50 μL supernatant were transferred to the wells of a 96-well
flat bottom plate. Fifty μL 1% sulfanilamide (Merck, Darmstadt, Ger-
many) was added in each well mixed with 50 μL 0.1% N-(1-naphthyl)
ethylenediamine dihydrochloride (VWR) at room temperature for
5min. The nitrite concentration was determined by measuring optical
density at 550 nm. Sodium nitrite (Sigma) was used as a standard to
accurately determine the nitrite concentration in the cell supernatant.

2.7. Gene expression

HD11 cells were incubated with APEC at 41 °C for 3 h and subse-
quently treated with 500 μg/mL gentamicin for 1 h as described above.
After 4 h incubation, total RNA was extracted by Trizol (Ambion,
Carlsbad, CA) reagent according to manufacturer's instructions. RNA
(500 ng) was reverse transcribed by the iScript cDNA synthesis kit (Bio-
Rad, Veenendaal, the Netherlands) according to the manufacturer's
instructions. Primers and probes were designed and produced by
Eurogentec (Seraing, Belgium) (Table 1). Quantitative real time PCR

Table 1
Primer and probe sequences for qPCR.

Gene 5’→3'sequence

GAPDH Forward GTCAACCATGTAGTTCAGATCGATGA
Reverse GCCGTCCTCTCTGGCAAAG
Probe AGTGGTGGCCATCAATGATCCC

28S Forward GACGACCGATTTGCACGTC
Reverse GGCGAAGCCAGAGGAAA
Probe AGGACCGCTACGGACCTCCACCA

IFN-β Forward CCTCCAACACCTCTTCAACACG
Reverse TGGCGTGTGCGGTCAAT
Probe AGCAGCCCACACACTCCAAAACACT

IL-1β Forward GCTCTACTAGTCGTGTGTGATGAG
Reverse TGTCGATGTCCCGCATGA
Probe CCACACTGCAGCTGGAGGAAGCC

IL-6 Forward GTCGAGTCTCTGTGCTAC
Reverse GTCTGGGATGACCACTTC
Probe ACGATCCGGCAGATGGTGA

IL-8 Forward GCCCTCCTCCTGGTTTCA
Reverse CGCAGCTCATTCCCCATCT
Probe TGCTCTGTCGCAAGGTAGGACGCTG

IL-10 Forward CATGCTGCTGGGCCTGAA
Reverse CGTCTCCTTGATCTGCTTGATG
Probe CGACGATGCGGCGCTGTCA
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was performed on a CFX Connect qPCR with CFX Manager 3.0 (Bio-
Rad). Reactions were performed as follows: 3 min at 95 °C; 40 cycles:
10 s at 95 °C, 30 s at 60 °C and 30 s at 72 °C. Relative gene expression
levels were normalized against the expression levels of the house
keeping genes GAPDH and 28S.

2.8. Confocal microscopy

HD11 cells were seeded on a 12mm coverslip in a 24-well plate and
incubated overnight. Cells were incubated with GFP-APEC for 3 h at
41 °C as described previously. After three wash steps with RPMI 1640-
glutaMAX, cells were fixed with 4% paraformaldehyde (PFA) in PBS for
30min at room temperature (RT). Subsequently, cells were incubated
with 50mM NH4Cl in PBS for 10min at RT and blocked with 5%
normal goat serum in PBS for 1 h. Then, cells were stained with E. coli
antiserum (Cuperus et al., 2016) (1:500) for 1 h. After the wash steps,
cells were incubated with Donkey anti-Rabbit Alexa 647 (Jackson Im-
munoReasearch, West Grove, PA, USA) (1:100) for 1 h. Finally, cells
were washed with PBS or water and mounted in FluoroSave. Slides
were observed on a Leica SPE-II DMI4000 microscope with LAS-AF
software (Leica, Wetzlar, Germany) using a 63×HCX PLAN APO OIL
CS objective.

2.9. Statistical analysis

Data are represented as mean ± SEM of three independent ex-
periments for each group (n= 3) and were analyzed by a T-test for two
groups or by one-way ANOVA with post-hoc t-test for more than two
groups. p≤ 0.05 were considered significant. Bio-Rad CFX Manager 3.0
software was used for qPCR data analysis. All the graphs were made
using GraphPad Prism® 5.0.

3. Results

3.1. Effect of temperature on the growth of E. coli

It is well known that the optimal culture temperature is 37 °C for
some bacterial species. However, enteric bacteria are specifically
adapted to their hosts' body temperature. Since a chicken's body tem-
perature is close to 41 °C, we determined whether the temperature can
affect the growth of APEC. For this, two E. coli strains (APEC and K88)
were simultaneously cultured at 37 °C and 41 °C. As shown in Fig. 1,
both E. coli strains reached the logarithmic phase faster at 41 °C than
37 °C, resulting in higher OD values at 2 h and 3 h. Interestingly, at 5 h
and 6 h, the final OD of K88 was significantly lower at 41 °C compared
to 37 °C.

3.2. Effect of temperature on phagocytic capacity and viability of
HD11 cells

The effect of temperature and incubation time on the phagocytic
capacity of HD11 cells was tested. HD11 cells were incubated with
APEC at 37 °C and 41 °C and the number of intracellular bacteria was
determined after 1–5 h. As shown in Fig. 2A, the number of bacteria
increased over time, and at all time points more bacteria were phago-
cytosed at 41 °C. In the same experiment, viability of HD11 cells after
the infection was tested with trypan blue. No significant reduction in
viability of HD11 was observed (Fig. 2B) at any time point. Based on
these results, an incubation time of 4 h at 41 °C was chosen as the op-
timal assay condition for subsequent experiments.

3.3. Intracellular and extracellular APEC

In order to confirm the intracellular localization of APEC in our
experimental set-up, confocal microscopy was performed. After HD11
incubation with GFP-APEC, the bacteria were stained with an anti-E.

coli antibody. Because cells were not permeabilized, only extracellular
APEC was labeled with this antibody enabling a distinction between
phagocytosed intracellular and adhered extracellular APEC. As shown
in Fig. 3, intracellular bacteria, only GFP stained bacteria (green) are
indeed present in HD11 cells, as well as extracellular bacteria (yellow/
red), qualitatively confirming the results shown in Fig. 2.

3.4. Killing of APEC by HD11 macrophages

HD11 cells are capable of phagocytizingS. typhimurium, S. enteritidis
and Listeria monocytogenes (Jarvis et al., 2017; Wisner et al., 2011).
Once phagocytized, the number of viable intracellular bacteria de-
creased over the next 24 h (He et al., 2012b). To determine whether
macrophages are also capable of killing intracellular APEC, viability of
APEC after phagocytosis was checked at several time points (Fig. 4). At
4 h, a lower number of APEC was present in the macrophage compared
to S. enteritidis (Fig. 4A), demonstrating a difference of HD11 uptake
capacity towards different strains. At 6, 7 and 8 h, a significantly de-
creased number of APEC was observed (Fig. 4A), indicating that HD11
are able to kill APEC, contrary to S. enteritidis. This observation in-
dicated that S. enteritidis is more resistant to HD11 killing.

Fig. 1. Temperature dependency of growth of E. coli strains. (A) APEC. (B)
E. coli k88. Data are shown as mean ± SEM of three independent experiments
(in triplicate per experiment) for each group (n = 3). * indicates significant
difference (P ≤ 0.05) between 41 °C and 37 °C for a single time point using a
student's T-test.
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3.5. NO production

Phagocytosis of APEC and S. enteritidis induced a significant NO
production in HD11 cells, with APEC giving higher levels of NO com-
pared to S. enteritidis (Fig. 5). In order to get a first indication whether
bacteria had to be viable to activate cells, heat-killed APEC and S. en-
teritidis was also used in these experiments. Although the absolute
amount of NO was lower for heat-killed bacteria, they were still able to
induce a significant amount of NO. These results indicate that activa-
tion of HD11 cells is partially depending on bacterial strain and viabi-
lity but that bacterial products are responsible for most activation.

3.6. Cytokine expression

Besides NO production, activation of macrophages can lead to an
increased expression of cytokines that further modulate the immune
response in response to a bacterial infection. Quantitative real-time PCR
(qRT-PCR) was used on selected genes (Table 1) to evaluate the effect of
APEC on the immune response in HD11 cells. In addition, to evaluate
the effect of viability of APEC on cytokines expression in HD11 cells,
heated-killed APEC was also used in these experiments. At 4 h post-
infection, APEC strongly up-regulated the expression of pro-in-
flammatory cytokines IL-1β and IL-6, inflammatory cytokine IL-8 and
anti-inflammatory cytokine IL-10 in HD11 cells (Fig. 5), whereas IFN-β
was not affected. Similar results were also found for S. enteritidis sti-
mulation in HD11, indicating that HD11 cells respond similarly towards

both bacteria. Interestingly, addition of heat killed APEC (or S. en-
teritidis) to HD11 cells resulted in a lower expression of IL-1β, IL-6 and
IL-8, compared to viable APEC, but expression of IL-10 was not affected.
Overall these results show that HD11 cells are capable of a strong cy-
tokine production after phagocytosis of APEC, comparable to S. en-
teritidis, and that viability of APEC affects most but not all cytokines
indicating different signaling pathways could be involved for the pro-
duction of these mRNAs.

4. Discussion

Avian pathogenic Escherichia coli (APEC) can infect different kinds
of birds including chickens, turkeys, and ducks, and causes systemic
infections called avian colibacillosis due to immunosuppression and
damage of the immune system (Antao et al., 2008). Despite of the
identification of some virulent genes involved in bacterial adhesion and
invasion that contribute to APEC pathogenesis (Kemmett et al., 2013),
the pathogenic mechanism of APEC is still unknown as no specific
virulence gene has been identified for the entire APEC pathogenesis in
avian host. Most studies have focused on the role of virulence in APEC
pathogenesis, but little research is performed on the interaction of
APEC with host innate immune cells. Macrophages are quickly in-
creased upon APEC infection response to APEC infection (Ariaans et al.,
2008). Therefore, we studied the interaction between APEC and mac-
rophages as an important step to determine the initial host response to
APEC infection.

As a first step, the effect of temperature on the phagocytic activity of
macrophages was determined. HD11 cells are often used at 37 °C (Xie
et al., 2003; Lavric et al., 2008; Jarvis et al., 2017) but the chicken body
temperature is closer to 41 °C, which implies that the latter temperature
would better resemble the in vivo situation. Indeed, some clear differ-
ences were observed at the higher temperature E. coli (APEC and non-
APEC) grew faster at 41 °C (Fig. 1) indicating that the temperature was
non-specific for the growth of APEC. On the other hand, HD11 cells
phagocytized more E. coli at 41 °C (Fig. 2), demonstrating that
HD11 cells have higher phagocytic activity at 41 °C. This is in line with
available literature on the effect of temperature on phagocytic activity
of immune cells in cold-blooded species. Phagocytic activity has been
reported to decline in fish at low (< 15 °C) or high (37 °C) temperature
(Mondal and Rai, 2001). Activity of other immune cells and antibody
binding activity also reduced at decreased body temperature (Collazos
et al. 1995, 1996; Maniero and Carey, 1997). In a mice model experi-
ment, macrophages exposed to an acute cold environment (4 °C for
24 h) were suppressed in their activity (Kizaki et al., 1996). These
studies imply that temperature plays an important role in remaining
immune response and function of immune cells, which suggests that
chicken macrophages should be used at 41 °C in order to resemble in
vivo activity as much as possible.

The mononuclear phagocytic cells are part of the first line defense
against invading pathogens. Activated macrophages can secrete a series
of cytokines and chemokines and kill microorganisms by phagocytosis
(Smith et al., 2005; Flannagan et al., 2009; Aderem and M. Underhill,
1990; Sansonetti, 2001). For mammalian macrophages, many studies
on phagocytic activity have been described, but the available data for
chicken macrophages is limited. For chicken macrophage studies,
phagocytosis of different bacteria has been investigated, such as Sal-
monella typhimurium (Wisner et al., 2011), Listeria monocytogenes (Jarvis
et al., 2017) and Mycoplasma synoviae (Lavric et al., 2008), but the
research about APEC is lacking. Therefore, we studied phagocytosis of
APEC in chicken macrophages (HD11). Our data showed that
HD11 cells are relatively slow at uptake of APEC with relatively low
numbers of APEC at 2 h post-infection after addition of the bacteria.
However, longer incubation times significantly increased the number of
phagocytosed APEC, although still much lower than Salmonella (Fig. 2).
In initial studies to optimize E. coli uptake by HD11 cells, the effect of
addition of chicken serum on phagocytosis of HD11 cells was tested but

Fig. 2. Temperature dependency of phagocytosis of APEC by HD11 cells.
(A) number of phagocytosed APEC in HD11 cells at 2–5 h post-incubation at
37 °C and 41 °C. (B) Viability of HD11 cells at 2–5 h post incubation. Data are
shown as mean ± SEM of three independent experiments for each group (in
triplicate per experiment). * indicates significant difference (P ≤ 0.05) in
bacterial number between 37 °C and 41 °C using a student's T-test.
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this had no effect (data not shown). Similarly, low numbers of phago-
cytosed (non-avian pathogenic) E. coli by HD11 macrophages were also
observed by Wisner et al. where E. coli DH5α was used as a control
group for their Salmonella studies, although these authors suggested
that this was due to fast killing of E. coli (Wisner et al., 2011). These
differences in phagocytosis indicate that macrophages have different
phagocytic capacity to different bacterial strains. After all, phagocytosis
is a complex process involving a diverse set of receptors that can sti-
mulate phagocytosis. Different phagocytosed microbes have a different
capacity to affect cells. In our study, it is visually shown for the first
time that HD11 can indeed phagocytize APEC (Fig. 3) as intracellular
APEC was clearly observed under the fluorescent microscopy (Fig. 3),
indicating that a lack of uptake is not likely the cause of APEC viru-
lence.

It is well known that macrophages can ingest and kill bacteria. Our
results clearly indicated that APEC was killed by HD11 at 6 h post-in-
fection while Salmonella enteritidis survived at all the time points. It has
been reported that Salmonella can secrete different virulence factors in
host cells to invade, survive and replicate within these host cells (Malik-
Kale et al., 2011; Ibarra and Steele-Mortimer, 2009), explaining the
observed survival of Salmonella. In addition, Salmonella has been shown
to delay the phagolysosomal maturation and neutralize radical oxygen
and nitrogen species (ROS and NOS) as defense mechanisms against
host cells (Haraga et al., 2008; Aussel et al., 2011; Henard and Vazquez-

Torres, 2011). APEC apparently does not have such an evasion strategy
although it must be said that after 6 h, the number of APEC did not
further change.

NO plays an important role in the host defense against microbial
infection (Alam et al., 2008). It can be produced by activated mono-
cytes or macrophages, and act as effector molecules to kill invading
pathogens. Previously, S. enteritidis-induced NO production was de-
scribed in chicken macrophages (Okamura et al., 2005; Babu et al.,
2006). Similarly, our results showed that live and, to lesser extent, heat-
killed bacteria induced NO production (Fig. 5), demonstrating that NO
production might partially depend on bacterial viability. Interestingly,
even though HD11 cells took up lower numbers of APEC, compared to
S. enteritidis, NO production was higher, indicating that APEC is a re-
latively strong inducer of NO. One study actually showed that (viable)
S. enteritidis was able to inhibit production of NO in HD11 cells (He
et al., 2012b) probably as an evasion mechanism, but the exact me-
chanism was unknown. The discrepancy with our results could be re-
lated to strain dependency since the same study showed that other
Salmonella serovars induced a strong NO response in HD11 cells.
Overall, chicken macrophages seem to be able to produce a strong re-
sponse towards APEC, comparable to, or even higher than Salmonella.

Besides intracellular killing of pathogens, professional phagocytes
play an important role in modulating the immune response through
expression of cytokines and chemokines. Therefore, we explored the

Fig. 3. Localization of APEC in HD11 cells. Cells were incubated with GFP-APEC for 3 h. Subsequently, cells were washed and fixed, but not permeabilized.
Extracellular APEC were labeled with rabbit anti E. coli antibody and Donkey anti-Rabbit Alexa 647 (red). HD11 cells appeared grey under the DIC channel.
Intracellular bacteria appear green (black arrows), while extracellular bacteria appear as red/yellow (dashed arrows).
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initial immune response induced by APEC after 4 h incubation with
chicken macrophages. Our results showed that both APEC and S. en-
teritidis significantly induced the expression of IL-1β, IL-6 and IL-8
(Fig. 5). The induction of IL-6 and IL-1β in this study is consistent with
other observations that APEC induced increased expression of IL-6 and
IL-1β in chicken monocyte derived macrophages (Lavric et al., 2008).
In another study S. enteritidis infection of chickens led to increased
expression of IL-8 and IL-1β even through this was measured in the
cecum (Crhanova et al., 2011). The surfaces of E. coli and S. enteritidis
have a variety of MAMPs (microbial associated molecular patterns), like
LPS and flagellin, interacting with toll-like receptors (TLR) on the
macrophage surface. The observation of induced pro-inflammatory
cytokines IL-8 and IL-1β as well as inflammatory cytokine IL-6 is likely

explained by activation of TLR signaling (Iqbal et al., 2005; Kogut et al.,
2005). However, we observed that heat-killed APEC induced a lower
amount of these three cytokines compared to live APEC, indicating that
the level of cytokines expression induced by APEC is partially de-
termined by bacteria and the presence of MAMPs. Interestingly, with
respect to anti-inflammatory cytokine IL-10 expression, live APEC and
heat-killed APEC induced almost the same level of cytokine expression,
but Salmonella induced a higher expression, suggesting that this process
might depend on amount and nature of MAMPs and is not necessarily
bacterium-specific. Poly (I:C) and CpG-ODN have been reported to
upregulate chicken IL-10 in chicken monocytes, indicating the occur-
rence of immune regulation to control excessive inflammation (He
et al., 2012a). Finally, there was not much difference for IFN-β

Fig. 4. Survival of phagocytized bacteria in HD11 cells. (A) Viable APEC and S. enteritidis in HD11 cells. (B) Viability of HD11 cells. Data are shown as
mean ± SEM of three independent experiments for each group (in triplicate). * indicates significant difference (P ≤ 0.05) in bacteria compared with 4 h incubation
using one-way ANOVA with post-hoc T-test.

Fig. 5. NO production and cytokine expression of
HD11 cells after incubation with bacteria. HD11
cells were incubated with live or heat-killed APEC
and S. enteritidis for 18 h. Subsequently, nitrite (me-
tabolite of produced NO) content in cell culture
media was determined. For cytokines expression,
HD11 cells were incubated with APEC and Salmonella
for 4 h. Relative mRNA expression of cytokines in
HD11 cells was determined using qPCR. Data are
shown as mean ± SEM of three independent ex-
periments (in triplicate) for each group. * indicates a
significant difference compared to the control, or
(indicated with horizontal bars) between specific
treatment groups using one-way ANOVA with post-
hoc T-test.
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expression in this study, which is in agreement with published studies
on LPS and bacterial DNA stimulation of HD11 cells, contrary to viral
infection of HD11 cells, did also not IFN-β production (Gou et al., 2015;
Lee et al., 2015; He et al., 2012a). These results suggest that APEC can
induce a strong inflammatory response by the expression of some cy-
tokines, but not for all the cytokines due to different signaling path-
ways.

In summary, we investigated the interaction of APEC with chicken
macrophage HD11 cells. APEC was efficiently phagocytized by
HD11 cells at 41 °C and subsequently killed. Phagocytosis resulted in a
clear pro-inflammatory immune response including production of NO
and pro-inflammatory cytokines, indicating that in principle chicken
macrophages are capable of an appropriate immune response towards
APEC infection. However, although the HD11 cell line is a well-estab-
lished macrophage cell line, phagocytosis of APEC by chicken primary
macrophages needs to be further explored to obtain extra confirmation
of our current findings.

Conflicts of interest

The authors declare no conflict of interest.

Data availability

All data is available within the article and its supplementary in-
formation files, and from the corresponding author on reasonable re-
quest.

Acknowledgements

The authors would like to thank Richard Wubbolts of the Center for
Cell Imaging (Faculty of Veterinary Medicine, Utrecht University) for
his help with the confocal Microscopy Study and Professor Jos van
Putten of the dept. of Infection Biology, Faculty of Veterinary Medicine,
Utrecht University) for providing the gfp plasmid This work was sup-
ported by a personal fellowship from the China Scholarship Council
(CSC) to Lianci Peng.

References

Aderem, A., M. Underhill, D., 1990. Mechanisms of phagocytosis in macrophages.pdf.
Annu. Rev. Immunol. 17, 593–623.

Alam, M.S., Zaki, M.H., Sawa, T., Islam, S., Ahmed, K.A., Fujii, S., Okamoto, T., Akaike,
T., 2008. Nitric oxide produced in Peyer's patches exhibits antiapoptotic activity
contributing to an antimicrobial effect in murine salmonellosis. Microbiol. Immunol.
52 (4), 197–208. http://dx.doi.org/10.1111/j.1348-0421.2008.00030.x.

Antao, E.M., Glodde, S., Li, G., Sharifi, R., Homeier, T., Laturnus, C., Diehl, I., Bethe, A.,
Philipp, H.C., Preisinger, R., Wieler, L.H., Ewers, C., 2008. The chicken as a natural
model for extraintestinal infections caused by avian pathogenic Escherichia coli
(APEC). Microb. Pathog. 45 (5–6), 361–369. http://dx.doi.org/10.1016/j.micpath.
2008.08.005.

Ariaans, M.P., Matthijs, M.G., van Haarlem, D., van de Haar, P., van Eck, J.H., Hensen,
E.J., Vervelde, L., 2008. The role of phagocytic cells in enhanced susceptibility of
broilers to colibacillosis after Infectious Bronchitis Virus infection. Vet. Immunol.
Immunopathol. 123 (3–4), 240–250. http://dx.doi.org/10.1016/j.vetimm.2008.02.
003.

Aussel, L., Zhao, W., Hebrard, M., Guilhon, A.A., Viala, J.P., Henri, S., Chasson, L., Gorvel,
J.P., Barras, F., Meresse, S., 2011. Salmonella detoxifying enzymes are sufficient to
cope with the host oxidative burst. Mol. Microbiol. 80 (3), 628–640. http://dx.doi.
org/10.1111/j.1365-2958.2011.07611.x.

Babu, U.S., Gaines, D.W., Lillehoj, H., Raybourne, R.B., 2006. Differential reactive oxygen
and nitrogen production and clearance of Salmonella serovars by chicken and mouse
macrophages. Dev. Comp. Immunol. 30 (10), 942–953. http://dx.doi.org/10.1016/j.
dci.2005.12.001.

Beug, H., von Kirchbach, A., Doderlein, G., Conscience, J., Graf, T., 1979. Chicken he-
matopoietic cells transformed by seven strains of defective avian leukemia virus
display three distinct phenotypes of differetiation. Cell 18, 375–390.

Caza, M., Lepine, F., Dozois, C.M., 2011. Secretion, but not overall synthesis, of ca-
techolate siderophores contributes to virulence of extraintestinal pathogenic
Escherichia coli. Mol. Microbiol. 80 (1), 266–282. http://dx.doi.org/10.1111/j.1365-
2958.2011.07570.x.

Collazos, M., Barriga, C., Ortega, E., 1995. Seasonal variations in the immune system of
the cyprinid Tinca tinca. Phagocytic function.pdf. Comp lmmun Microbiol infect Dis

18 (2), 105–113.
Collazos, M., Barriga, C., Ortega Rincon, E., 1996. Seasonal variations in the immune

system of the tench, Tinca tinca (Cyprinidae): proliferative response of lymphocytes
induced by mitogens.pdf. J. Comp. Physiol. B 165, 592–595.

Crhanova, M., Hradecka, H., Faldynova, M., Matulova, M., Havlickova, H., Sisak, F.,
Rychlik, I., 2011. Immune response of chicken gut to natural colonization by gut
microflora and to Salmonella enterica serovar enteritidis infection. Infect. Immun. 79
(7), 2755–2763. http://dx.doi.org/10.1128/IAI.01375-10.

Cuperus, T., van Dijk, A., Matthijs, M.G., Veldhuizen, E.J., Haagsman, H.P., 2016.
Protective effect of in ovo treatment with the chicken cathelicidin analog D-CATH-2
against avian pathogenic E. coli. Sci. Rep. 6, 26622. http://dx.doi.org/10.1038/
srep26622.

Dho-Moulin, M., Fairbrother, J., 1990. Avian pathogenic Escherichia coli (APEC). Vet.
Res. 30, 299–316.

Dozois, C., Dho-Moulin, M., Bree, A., Fairbrother, J., Desautels, C., Curtiss III, R., 2000.
Relationship between the Tsh autotransporter and pathogenicity of avian Escherichia
coli and localization and analysis of the Tsh genetic region. Infect. Immun. 68 (7),
4145–4154.

Dziva, F., Stevens, M.P., 2008. Colibacillosis in poultry: unravelling the molecular basis of
virulence of avian pathogenic Escherichia coli in their natural hosts. Avian Pathol. 37
(4), 355–366. http://dx.doi.org/10.1080/03079450802216652.

Flannagan, R.S., Cosio, G., Grinstein, S., 2009. Antimicrobial mechanisms of phagocytes
and bacterial evasion strategies. Nat. Rev. Microbiol. 7 (5), 355–366. http://dx.doi.
org/10.1038/nrmicro2128.

Flannagan, R.S., Heit, B., Heinrichs, D.E., 2016. Intracellular replication of
Staphylococcus aureus in mature phagolysosomes in macrophages precedes host cell
death, and bacterial escape and dissemination. Cell Microbiol. 18 (4), 514–535.
http://dx.doi.org/10.1111/cmi.12527.

Gou, Z., Jiang, S., Zheng, C., Tian, Z., Lin, X., 2015. Equol inhibits LPS-induced oxidative
stress and enhances the immune response in chicken HD11 macrophages. Cell.
Physiol. Biochem. 36 (2), 611–621. http://dx.doi.org/10.1159/000430124.

Green, L., Wagner, D., Glogowski, J., Skipper, P., Wishnok, J., Tannenbaum, S., 1982.
Analysis of nitrate, nitrite, and [15N] nitrate in biological fluids. Anal. Biochem. 126,
131–138.

Guabiraba R, Schouler C (2015) Avian colibacillosis: still many black holes. FEMS
Microbiol. Lett. 362(15):fnv118. doi:10.1093/femsle/fnv118.

Haraga, A., Ohlson, M.B., Miller, S.I., 2008. Salmonellae interplay with host cells. Nat.
Rev. Microbiol. 6 (1), 53–66. http://dx.doi.org/10.1038/nrmicro1788.

Hashimoto, J., Takahashi, M., Saito, A., Murata, M., Kurimura, Y., Nishitani, C.,
Takamiya, R., Uehara, Y., Hasegawa, Y., Hiyama, Y., Sawada, N., Takahashi, S.,
Masumori, N., Kuroki, Y., Ariki, S., 2017. Surfactant protein A inhibits growth and
adherence of uropathogenic Escherichia coli to protect the bladder from infection. J.
Immunol. 198 (7), 2898–2905. http://dx.doi.org/10.4049/jimmunol.1502626.

He, H., Genovese, K.J., Swaggerty, C.L., MacKinnon, K.M., Kogut, M.H., 2012a. Co-sti-
mulation with TLR3 and TLR21 ligands synergistically up-regulates Th1-cytokine
IFN-gamma and regulatory cytokine IL-10 expression in chicken monocytes. Dev.
Comp. Immunol. 36 (4), 756–760. http://dx.doi.org/10.1016/j.dci.2011.11.006.

He, H., Genovese, K.J., Swaggerty, C.L., Nisbet, D.J., Kogut, M.H., 2012b. A comparative
study on invasion, survival, modulation of oxidative burst, and nitric oxide responses
of macrophages (HD11), and systemic infection in chickens by prevalent poultry
Salmonella serovars. Foodb. Pathog. Dis. 9 (12), 1104–1110. http://dx.doi.org/10.
1089/fpd.2012.1233.

Henard, C.A., Vazquez-Torres, A., 2011. Nitric oxide and salmonella pathogenesis. Front.
Microbiol. 2, 84. http://dx.doi.org/10.3389/fmicb.2011.00084.

Horn F, Correa AM, Barbieri NL, Glodde S, Weyrauch KD, Kaspers B, Driemeier D, Ewers
C, Wieler LH (2012) Infections with avian pathogenic and fecal Escherichia coli
strains display similar lung histopathology and macrophage apoptosis. PLoS One
7(7):e41031. doi:10.1371/journal.pone.0041031.

Ibarra, J.A., Steele-Mortimer, O., 2009. Salmonella–the ultimate insider. Salmonella
virulence factors that modulate intracellular survival. Cell Microbiol. 11 (11),
1579–1586. http://dx.doi.org/10.1111/j.1462-5822.2009.01368.x.

Iqbal, M., Philbin, V.J., Smith, A.L., 2005. Expression patterns of chicken Toll-like re-
ceptor mRNA in tissues, immune cell subsets and cell lines. Vet. Immunol.
Immunopathol. 104 (1–2), 117–127. http://dx.doi.org/10.1016/j.vetimm.2004.11.
003.

Jarvis, N.A., Donaldson, J.R., O'Bryan, C.A., Ricke, S.C., Crandall, P.G., 2017. Listeria
monocytogenes infection of HD11, chicken macrophage-like cells. Poultry Sci. 96 (4),
950–956. http://dx.doi.org/10.3382/ps/pew358.

Kemmett K, Humphrey T, Rushton S, Close A, Wigley P, Williams N (2013) A Longitudinal
Study Simultaneously Exploring the carriage of APEC virulence associated genes and
the molecular epidemiology of faecal and systemic E.coli in commercial broiler
chickens. PLoS One 8(6):e67749. doi:10.1371/.

Kizaki, T., Oh-ishi, S., Ohno, H., 1996. Acute cold stress induces suppressor macrophages
in mice. J. Appl. Physiol. 81, 393–399.

Kogut, M.H., Chiang, H.I., Swaggerty, C.L., Pevzner, I.Y., Zhou, H., 2012. Gene expression
analysis of Toll-like receptor pathways in heterophils from genetic chicken lines that
differ in their susceptibility to Salmonella enteritidis. Front. Genet. 3, 121. http://dx.
doi.org/10.3389/fgene.2012.00121.

Kogut, M.H., Iqbal, M., He, H., Philbin, V., Kaiser, P., Smith, A., 2005. Expression and
function of Toll-like receptors in chicken heterophils. Dev. Comp. Immunol. 29 (9),
791–807. http://dx.doi.org/10.1016/j.dci.2005.02.002.

Lavric, M., Maughan, M.N., Bliss, T.W., Dohms, J.E., Bencina, D., Keeler Jr., C.L., Narat,
M., 2008. Gene expression modulation in chicken macrophages exposed to
Mycoplasma synoviae or Escherichia coli. Vet. Microbiol. 126 (1–3), 111–121.
http://dx.doi.org/10.1016/j.vetmic.2007.06.011.

Lee, C.C., Wu, C.C., Lin, T.L., 2015. Role of chicken melanoma differentiation-associated

L. Peng et al. Developmental and Comparative Immunology 87 (2018) 75–83

82

http://refhub.elsevier.com/S0145-305X(18)30180-0/sref1
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref1
http://dx.doi.org/10.1111/j.1348-0421.2008.00030.x
http://dx.doi.org/10.1016/j.micpath.2008.08.005
http://dx.doi.org/10.1016/j.micpath.2008.08.005
http://dx.doi.org/10.1016/j.vetimm.2008.02.003
http://dx.doi.org/10.1016/j.vetimm.2008.02.003
http://dx.doi.org/10.1111/j.1365-2958.2011.07611.x
http://dx.doi.org/10.1111/j.1365-2958.2011.07611.x
http://dx.doi.org/10.1016/j.dci.2005.12.001
http://dx.doi.org/10.1016/j.dci.2005.12.001
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref7
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref7
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref7
http://dx.doi.org/10.1111/j.1365-2958.2011.07570.x
http://dx.doi.org/10.1111/j.1365-2958.2011.07570.x
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref9
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref9
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref9
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref10
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref10
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref10
http://dx.doi.org/10.1128/IAI.01375-10
http://dx.doi.org/10.1038/srep26622
http://dx.doi.org/10.1038/srep26622
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref13
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref13
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref14
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref14
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref14
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref14
http://dx.doi.org/10.1080/03079450802216652
http://dx.doi.org/10.1038/nrmicro2128
http://dx.doi.org/10.1038/nrmicro2128
http://dx.doi.org/10.1111/cmi.12527
http://dx.doi.org/10.1159/000430124
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref19
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref19
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref19
http://dx.doi.org/10.1038/nrmicro1788
http://dx.doi.org/10.4049/jimmunol.1502626
http://dx.doi.org/10.1016/j.dci.2011.11.006
http://dx.doi.org/10.1089/fpd.2012.1233
http://dx.doi.org/10.1089/fpd.2012.1233
http://dx.doi.org/10.3389/fmicb.2011.00084
http://dx.doi.org/10.1111/j.1462-5822.2009.01368.x
http://dx.doi.org/10.1016/j.vetimm.2004.11.003
http://dx.doi.org/10.1016/j.vetimm.2004.11.003
http://dx.doi.org/10.3382/ps/pew358
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref31
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref31
http://dx.doi.org/10.3389/fgene.2012.00121
http://dx.doi.org/10.3389/fgene.2012.00121
http://dx.doi.org/10.1016/j.dci.2005.02.002
http://dx.doi.org/10.1016/j.vetmic.2007.06.011


gene 5 in induction and activation of innate and adaptive immune responses to in-
fectious bursal disease virus in cultured macrophages. Arch. Virol. 160 (12),
3021–3035. http://dx.doi.org/10.1007/s00705-015-2612-y.

Li, D., Xue, Y., Geng, Z., Chen, P., 2011. The suppressive effects of bursopentine (BP5) on
oxidative stress and NF-κB activation in lipopolysaccharide-activated murine peri-
toneal macrophages. Cell. Physiol. Biochem. (29), 09–20.

Lymberopoulos, M.H., Houle, S., Daigle, F., Leveille, S., Bree, A., Moulin-Schouleur, M.,
Johnson, J.R., Dozois, C.M., 2006. Characterization of Stg fimbriae from an avian
pathogenic Escherichia coli O78:K80 strain and assessment of their contribution to
colonization of the chicken respiratory tract. J. Bacteriol. 188 (18), 6449–6459.
http://dx.doi.org/10.1128/JB.00453-06.

Ma, J., Bao, Y., Sun, M., Dong, W., Pan, Z., Zhang, W., Lu, C., Yao, H., 2014. Two
functional type VI secretion systems in avian pathogenic Escherichia coli are involved
in different pathogenic pathways. Infect. Immun. 82 (9), 3867–3879.

Malik-Kale, P., Jolly, C.E., Lathrop, S., Winfree, S., Luterbach, C., Steele-Mortimer, O.,
2011. Salmonella - at home in the host cell. Front. Microbiol. 2, 125. http://dx.doi.
org/10.3389/fmicb.2011.00125.

Maniero, G., Carey, C., 1997. Changes in selected aspects of immune function in the
leopard frog, Rana pipiens, associated with exposure to cold. J. Comp. Physiol. B 167,
256–263.

Matthijs, M.G., Ariaans, M.P., Dwars, R.M., van Eck, J.H., Bouma, A., Stegeman, A.,
Vervelde, L., 2009. Course of infection and immune responses in the respiratory tract
of IBV infected broilers after superinfection with E. coli. Vet. Immunol.
Immunopathol. 127 (1–2), 77–84. http://dx.doi.org/10.1016/j.vetimm.2008.09.016.

Matthijs, M.G.R., Nieuwenhuis, J.F., Dwars, R.M., 2017. Signs Indicating imminent death
in Escherichia coli-infected broilers. Avian Dis. 61 (3), 316–324. http://dx.doi.org/
10.1637/11509-100316-RegR.

Mondal, S., Rai, U., 2001. In vitro effect of temperature on phagocytic and cytoxic ac-
tivities of splenic phagocytes of the wall lizard, Hemidactylus flaviviridis. Comp.
Biochem. Physiol. Mol. Integr. Physiol. 129, 391–398.

Okamura, M., Lillehoj, H.S., Raybourne, R.B., Babu, U.S., Heckert, R.A., Tani, H., Sasai,
K., Baba, E., Lillehoj, E.P., 2005. Differential responses of macrophages to Salmonella
enterica serovars Enteritidis and Typhimurium. Vet. Immunol. Immunopathol. 107
(3–4), 327–335. http://dx.doi.org/10.1016/j.vetimm.2005.05.009.

Sansonetti, P., 2001. Phagocytosis of bacterial pathogens: implications in the host re-
sponse. Semin. Immunol. 13 (6), 381–390. http://dx.doi.org/10.1006/smim.2001.
0335.

Smith, C.K., Kaiser, P., Rothwell, L., Humphrey, T., Barrow, P.A., Jones, M.A., 2005.
Campylobacter jejuni-induced cytokine responses in avian cells. Infect. Immun. 73
(4), 2094–2100. http://dx.doi.org/10.1128/IAI.73.4.2094-2100.2005.

Wisner AL, Potter AA, Koster W (2011) Effect of the Salmonella pathogenicity island 2
type III secretion system on Salmonella survival in activated chicken macrophage-like
HD11 cells. PLoS One 6(12):e29787. doi:10.1371/journal.pone.0029787.

Withanage, G.S., Mastroeni, P., Brooks, H.J., Maskell, D.J., McConnell, I., 2005. Oxidative
and nitrosative responses of the chicken macrophage cell line MQ-NCSU to experi-
mental Salmonella infection. Br. Poultry Sci. 46 (3), 261–267. http://dx.doi.org/10.
1080/00071660500098608.

Xie, H., Raybourne, R.B., Babu, U.S., Lillehoj, H.S., Heckert, R.A., 2003. CpG-induced
immunomodulation and intracellular bacterial killing in a chicken macrophage cell
line. Dev. Comp. Immunol. 27 (9), 823–834. http://dx.doi.org/10.1016/s0145-305x
(03)00079-x.

Zhuang, Q.Y., Wang, S.C., Li, J.P., Liu, D., Liu, S., Jiang, W.M., Chen, J.M., 2014. A
clinical survey of common avian infectious diseases in China. Avian Dis. 58 (2),
297–302. http://dx.doi.org/10.1637/10709-110113-ResNote.1.

L. Peng et al. Developmental and Comparative Immunology 87 (2018) 75–83

83

http://dx.doi.org/10.1007/s00705-015-2612-y
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref36
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref36
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref36
http://dx.doi.org/10.1128/JB.00453-06
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref38
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref38
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref38
http://dx.doi.org/10.3389/fmicb.2011.00125
http://dx.doi.org/10.3389/fmicb.2011.00125
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref40
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref40
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref40
http://dx.doi.org/10.1016/j.vetimm.2008.09.016
http://dx.doi.org/10.1637/11509-100316-RegR
http://dx.doi.org/10.1637/11509-100316-RegR
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref43
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref43
http://refhub.elsevier.com/S0145-305X(18)30180-0/sref43
http://dx.doi.org/10.1016/j.vetimm.2005.05.009
http://dx.doi.org/10.1006/smim.2001.0335
http://dx.doi.org/10.1006/smim.2001.0335
http://dx.doi.org/10.1128/IAI.73.4.2094-2100.2005
http://dx.doi.org/10.1080/00071660500098608
http://dx.doi.org/10.1080/00071660500098608
http://dx.doi.org/10.1016/s0145-305x(03)00079-x
http://dx.doi.org/10.1016/s0145-305x(03)00079-x
http://dx.doi.org/10.1637/10709-110113-ResNote.1

	Avian pathogenic Escherichia coli-induced activation of chicken macrophage HD11 cells
	Introduction
	Materials and methods
	Bacterial strains
	Chicken macrophages, HD11 cells
	Effects of temperature on the growth of APEC
	Effects of temperature on HD11 phagocytic capacity and cell viability
	HD11 killing activity
	NO production assay
	Gene expression
	Confocal microscopy
	Statistical analysis

	Results
	Effect of temperature on the growth of E. coli
	Effect of temperature on phagocytic capacity and viability of HD11 cells
	Intracellular and extracellular APEC
	Killing of APEC by HD11 macrophages
	NO production
	Cytokine expression

	Discussion
	Conflicts of interest
	Data availability
	Acknowledgements
	References




