
 
 

 

 
 

Production of interferon gamma and interleukin 17A in chicken T-cell subpopulations
hallmarks the stimulation with live, irradiated and killed avian pathogenic Escherichia coli

Bagheri, Sina; Paudel, Surya; Wijewardana, Viskam; Thiga Kangethe, Richard; Cattoli,
Giovanni ; Hess, Michael; Liebhart, Dieter; Mitra, Taniya

Published in:
Developmental and Comparative Immunology

Published: 01/08/2022

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY-NC-ND

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1016/j.dci.2022.104408

Publication details:
Bagheri, S., Paudel, S., Wijewardana, V., Thiga Kangethe, R., Cattoli, G., Hess, M., Liebhart, D., & Mitra, T.
(2022). Production of interferon gamma and interleukin 17A in chicken T-cell subpopulations hallmarks the
stimulation with live, irradiated and killed avian pathogenic Escherichia coli. Developmental and Comparative
Immunology, 133, [104408]. https://doi.org/10.1016/j.dci.2022.104408

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/production-of-interferon-gamma-and-interleukin-17a-in-chicken-tcell-subpopulations-hallmarks-the-stimulation-with-live-irradiated-and-killed-avian-pathogenic-escherichia-coli(f1f56669-dfd6-4795-8024-e43929718639).html
https://doi.org/10.1016/j.dci.2022.104408
https://scholars.cityu.edu.hk/en/persons/surya-paudel(f845f741-4fa4-4c1e-b52a-126a891dbc85).html
https://scholars.cityu.edu.hk/en/publications/production-of-interferon-gamma-and-interleukin-17a-in-chicken-tcell-subpopulations-hallmarks-the-stimulation-with-live-irradiated-and-killed-avian-pathogenic-escherichia-coli(f1f56669-dfd6-4795-8024-e43929718639).html
https://scholars.cityu.edu.hk/en/publications/production-of-interferon-gamma-and-interleukin-17a-in-chicken-tcell-subpopulations-hallmarks-the-stimulation-with-live-irradiated-and-killed-avian-pathogenic-escherichia-coli(f1f56669-dfd6-4795-8024-e43929718639).html
https://scholars.cityu.edu.hk/en/publications/production-of-interferon-gamma-and-interleukin-17a-in-chicken-tcell-subpopulations-hallmarks-the-stimulation-with-live-irradiated-and-killed-avian-pathogenic-escherichia-coli(f1f56669-dfd6-4795-8024-e43929718639).html
https://scholars.cityu.edu.hk/en/journals/developmental-and-comparative-immunology(8da6bb4d-54c3-463f-8aa3-b0e6c409644c)/publications.html
https://scholars.cityu.edu.hk/en/journals/developmental-and-comparative-immunology(8da6bb4d-54c3-463f-8aa3-b0e6c409644c)/publications.html
https://doi.org/10.1016/j.dci.2022.104408


Developmental and Comparative Immunology 133 (2022) 104408

Available online 4 April 2022
0145-305X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Production of interferon gamma and interleukin 17A in chicken T-cell 
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A B S T R A C T   

Avian pathogenic Escherichia coli (APEC) causes colibacillosis with different clinical manifestations. The disease 
is associated with compromised animal welfare and results in substantial economic losses in poultry production 
worldwide. So far, immunological mechanisms of protection against colibacillosis are not comprehensively 
resolved. Therefore, the present study aimed to use an ex vivo model applying chicken mononuclear cells 
stimulated by live and inactivated APEC. For this purpose, an 8-color flow cytometry panel was set up to target 
viable chicken immune cells including CD45+, CD8α+, CD4+, TCR-γδ+, Bu-1+ cells and monocytes/macrophages 
along with the cytokines interferon gamma (IFN-γ) or interleukin 17A (IL-17A). The 8-color flow cytometry panel 
was applied to investigate the effect of live and two different types of inactivated APEC (formalin-killed APEC 
and irradiated APEC) on the cellular immune response. For that, mononuclear cells from spleen, lung and blood 
of 10-week-old specific pathogen-free layer birds were isolated and stimulated with live, irradiated or killed 
APEC. Intracellular cytokine staining and RT-qPCR assays were applied for the detection of IFN-γ and IL-17A 
protein level, as well as at mRNA level for spleenocytes. Ex vivo stimulation of isolated splenocytes, lung and 
peripheral blood mononuclear cells (PBMCs) from chickens with live, irradiated or killed APEC showed an 
increasing number of IFN-γ and IL-17A producing cells at protein and mRNA level. Phenotyping of the cells from 
blood and organs revealed that IFN-γ and IL-17A were mainly produced by CD8α+, TCR-γδ+ T cells as well as 
CD4+ T cells following stimulation with APEC. Expression level of cytokines were very similar following stim-
ulation with live and irradiated APEC but lower when killed APEC were applied. Consequently, in the present 
study, an ex vivo model using mononuclear cells of chickens was applied to investigate the cellular immune 
response against APEC. The results suggest the relevance of IFN-γ and IL-17A production in different immune 
cells following APEC infection in chickens which needs to be further investigated in APEC primed birds.   

1. Introduction 

Avian pathogenic Escherichia coli (APEC)2 causes colibacillosis in 
poultry that can result in high morbidity and mortality with significant 
economic losses (Nolan et al., 2020). APEC can induce a variety of 
clinical signs and pathological changes, including colisepticemia, 

airsacculitis, cellulitis, swollen head, coligranuloma, peritonitis, 
salpingitis, osteomyelitis/synovitis, panophtalmitis and omphalitis/yolk 
sac infection (Dziva and Stevens, 2008). Furthermore, economic losses 
caused by colibacillosis in chickens are due to decreased growth rate and 
decreased feed conversion efficiency of affected birds, increased carcass 
condemnation, decreased egg production as well as higher mortality 
(Nolan et al., 2020). Antibiotics are used for the treatment, however, 
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increasing resistance of APEC to multiple antibiotics is of growing 
concern for the poultry industry (Nhung et al., 2017; Sargeant et al., 
2019). Therefore, alternative options to control APEC like vaccination 
are recommended (Ghunaim et al., 2014; Kathayat et al., 2021). Today, 
there are limited licensed vaccines and scarcely documented autogenous 
vaccines in use to reduce losses of colibacillosis with varying efficacy 
(Nolan et al., 2020; Kathayat et al., 2021). However, immunological 
traits of protection against colibacillosis are far from being understood, 
therefore further investigations are needed to elucidate the mechanisms 
involved in protective immunity of chickens against APEC. 

As it was reviewed before, a strong cellular innate immune response, 
which includes heterophils and macrophages early after APEC infection 
was demonstrated, however only a few studies have described the 
interaction of APEC with immune cells activating intracellular signaling 
pathways resulting in the production of cytokines (Alber et al., 2021). It 
has already been shown that chicken macrophages (HD-11 cells) 
increased IL-8, IL-6, IL-1β and IL-10 mRNA expression after stimulation 
with APEC (Peng et al., 2018). Furthermore, significant gene expression 
of IL-8 has been presented in a chicken lung epithelial cell line 
(CLEC213) (Mol et al., 2019). Relatively little is known about the role of 
T cells during APEC infection in chicken which encourage us to inves-
tigate their response in an ex vivo model, with cells from non-infected 
SPF birds. Generally, mounting and coordinating an effective immune 
response depends on various cytokines which activate and regulate 
immune cells during host-pathogen interaction (Kogut, 2000). Chicken 
Interferon gamma (IFN-γ)3 and Interleukin 17A4 (IL-17A) are critical 
cytokines with pivotal roles against pathogens in poultry (Kaiser and 
Stäheli, 2014). IFN-γ acts as a link between the innate and adaptive 
immunity in chickens during various stages by regulation of macro-
phage activation, MHC I and MHC II expression, Th1 and Th2 responses, 
antigen presentation and destruction of intracellular pathogens (Kogut, 
2000; Kaiser and Stäheli, 2014; Cardenas-Garcia et al., 2016; Santha-
kumar et al., 2017). Studies in chicken have shown that IFN-γ released 
by T-cells after in vitro stimulation with viral (Lambrecht et al., 2004) 
and protozoan (Lagler et al., 2019, 2021) antigens supported the cellular 
immune response after infection and vaccination. Additionally, IL-17A, 
produced by different chicken immune cell subsets, is an essential 
cytokine in host defense and has a critical role against bacteria and fungi 
by recruitment and activation of immune cells (Walliser and Göbel, 
2017, 2018). Recently developed monoclonal antibodies for IFN-γ and 
IL-17A provided the opportunity to further elaborate the mechanisms of 
those cytokines in immune responses. 

Induction of cytokine expression of immune cells depends on the 

amount and nature of microbial associated molecular patterns (MAMPs) 
of APEC (Peng et al., 2018). Formalin and heat treatments are commonly 
used to inactivate bacteria. However, these inactivation methods might 
influence the host reaction due to damaged and changed immunogenic 
antigen (Arshadi et al., 2020; Praveen et al., 2021). An alternative 
method to inactivate the replication of bacteria is gamma irradiation 
without disabling metabolic and transcriptional functions (Hieke and 
Pillai, 2018). Inactivation of gamma irradiated bacteria, therefore, re-
fers to its inability to reproduce. The underlying hypothesis of the pre-
sent work is that gamma-irradiated APEC elicits a similar immunological 
response compared to live APEC which is different from formalin killed 
APEC. To test this hypothesis, optimal conditions for an ex vivo stimu-
lation model of chicken immune cells with APEC were defined. In 
addition, the production and expression of IFN-γ and IL-17A of chicken 
immune cells following stimulation with live, irradiated and killed APEC 
were investigated by flow cytometry and RT-qPCR. 

2. Material and methods 

2.1. Birds and housing 

Embryonated specific pathogen-free (SPF) eggs (VALO, BioMedia, 
GmbH, Osterholz-Scharmbeck, Germany) were incubated and hatched 
at the Clinic for Poultry and Fish Medicine, University of Veterinary 
Medicine Vienna, Austria. After hatching, the birds were housed on deep 
litter in isolated conditions under negative pressure, with ad libitum feed 
and water supply. 

2.2. Bacteria and culture preparation 

2.2.1. Bacterial strain 
The well-characterized field isolate, APEC O1:K1 (PA14/17480/5- 

ovary), which belongs to phylogenetic group B2 and contains 6/8 tested 
virulence-associated genes (iss, irp2, iucD, tsh, vat, Cvi/cva) (Rezaee 
et al., 2021) was used in this study. This isolate was obtained from the 
ovary of a diseased chicken suffering from egg peritonitis, peri-hepatitis 
and salpingitis. 

2.2.2. Preparation of live APEC 
The bacterial strain from the stock culture was streaked on McCon-

key agar (Neogen, Heywood, UK) plate and incubated at 37 ◦C for 24 h. 
Afterwards, three colonies were inoculated in 10 ml of Lenox L Broth 
Base (LB, Invitrogen, Vienna, Austria) and cultivated at 37 ◦C with 
agitation for 18 h under aerobic conditions. Subsequently, 50 μl of 
bacterial suspension was transferred to 25 ml of LB broth and then 
incubated for 6h (37 ◦C, 150 × rpm). After incubation, the bacterial 
culture was washed two times and resuspended in phosphate buffered 

Abbreviations 

APEC avian pathogenic Escherichia coli 
IL interleukin 
IFN interferon 
MHC major histocompatibility complex 
Th T helper 
MAMP microbial associated molecular pattern 
SPF specific pathogen-free 
LB Lenox L broth base 
PBS phosphate buffered saline 
CFU colony-forming unit 
FCS fetal calf serum 
DMEM Dulbecco’s Modified Eagle Medium 
PBMC peripheral blood mononuclear cell 

mAb monoclonal antibody 
ICS intracellular cytokine staining 
FCM flow cytometry 
RT-qPCR reverse transcriptase quantitative polymerase chain reaction 
RIN RNA integrity number 
RPL13 ribosomal protein L13 
TBP TATA box binding protein 
FDR false discovery rate 
MOI multiplicity of infection 
PMA phorbol myristate acetate 
TCR T cell receptor 
PFA paraformaldehyde 
LPS lipopolysaccharide 
CKC chicken’s kidney cells  

3 IFN-γ: interferon gamma.  
4 IL-17A: interleukin 17A. 
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saline (PBS) (Gibco™, Thermo Fisher Scientific, Waltham, MA, USA). 
Finally, 25 ml of PBS was added in the culture to make the final volume 
of 50 ml. This protocol for the growth and preparation of bacterial 
cultures is well established, which always yielded 8 log10 CFU/ml con-
centration of bacteria. For confirmation, bacterial concentrations were 
measured by colony-forming unit (CFU) counts in serially diluted sus-
pensions in duplicates. A final concentration of 2 × 107 CFU/ml of 
bacterial suspension in PBS (Gibco™, Thermo Fisher Scientific) was 
adjusted for further in vitro stimulation assays. 

2.2.3. Preparation of killed APEC 
For preparation of formalin-killed APEC, a fresh 50 ml culture of 

bacteria was prepared as described above and paraformaldehyde solu-
tion (37%) was added to the bacterial suspension with a final concen-
tration of 0.5% formalin. The viability of the bacteria was evaluated at 0, 
1, 2, 4, 6, 8, 10, 12 and 24 h post incubation by directly plating 100 μl of 
bacterial suspension on LB agar (incubation criteria: 37 ◦C, 24 h). After 
incubation, the bacterial culture was washed two times and resuspended 
in 50 ml PBS. 

2.2.4. Preparation of irradiated APEC 
For preparation of APEC for gamma-irradiation, a separate culture of 

bacteria was prepared as described above with a slight modification. At 
the final step after washing and resuspension of the bacterial pellet in 
PBS, 25 ml of Trehalose solution (1M) (Carl Roth GmbH, Germany) was 
added. The whole process was carried out on ice and the irradiation was 
done at the International Atomic Energy Agency Laboratories in Sei-
bersdorf, Austria. A gamma ray dose 1.2 kGy was applied based on a 
prior dose titration experiment that was able to inactivate the bacteria 
without losing their metabolic activity (data not shown). To confirm that 
the irradiated APEC lost their replication capability, 1 ml of the cell 
solution was cultivated overnight with 5 ml of LB broth and subse-
quently plated on McConkey agar plates. The plates were incubated at 
37 ◦C and the growth of colonies was observed. The irradiated bacteria 
were kept at 4 ◦C for further use. 

2.2.5. Measuring metabolic activity of killed APEC and irradiated APEC 
The metabolic activity of formalin-killed and irradiated APEC was 

investigated by using alamarBlue™ (Invitrogen, Thermo Fisher Scien-
tific) daily up to 7 days post preparation according to the manufacturer’s 
instructions. Live APECs were used as positive control. Briefly, 90 μl of 
treated or non-treated APEC cultures were mixed with 10 μl ala-
marBlue™ dye in triplicates in 96-well plates. The plate was incubated 
at 37 ◦C for 3 h and optical densities were measured at 550 and 600 nm 
with an ELISA reader (Sunrise-Basic; Tecan, Groedig, Austria). Per-
centage reduction of alamarBlue was calculated according to the 
following equation: 

Percentage reduction of alamarBlue = [ALW − (AHW × RO)] × 100   

A LW = absorbance at lower wavelength minus the media blank 
A HW = absorbance at higher wavelength minus the media blank 
R O = correction factor (0.50466) 

2.3. Isolation of mononuclear cells 

2.3.1. Spleen 
Single cells from spleen were obtained by mechanical dissection 

according to previous literature (Mitra et al., 2017). Briefly, the splenic 
capsule was removed and the tissue was teased apart in cold PBS+2% 
fetal calf serum (FCS) (both Gibco™, Thermo Fisher Scientific) by using 
two sterile blunt-end forceps. Subsequently, the cell suspension was 
filtered through 40 μm cell strainers (BD Falcon™, BD Biosciences, San 
Jose, CA, USA). After that, the suspension was centrifuged at 350×g for 
10 min at 4 ◦C. Following resuspension of the cell pellet in cold PBS+2% 
FCS (both Gibco™, Thermo Fisher Scientific) it was slowly layered 

above a double volume of Histopaque®-1077 (Sigma-Aldrich, St. Louis, 
MO, USA) for density gradient centrifugation. Interphases were 
collected after centrifugation at 850×g for 20 min at room temperature. 
After two washing steps with PBS+2% FCS (350×g, 10 min, 4 ◦C) the 
cell pellet was resuspended in 15 ml PBS+2% FCS. 

2.3.2. Lung 
To isolate mononuclear cells from the lung, mechanical dissection 

and enzymatic digestion were performed according to a published 
protocol with slight modifications (Khatri et al., 2010). The lung was 
washed with PBS+2% FCS before it was immediately transferred into 25 
ml ice-cold Dulbecco’s Modified Eagle Medium (DMEM) (Gibco™, 
Thermo Fisher Scientific) with additional 10% FCS (both Gibco™, 
Thermo Fisher Scientific). The tissue was cut into small pieces using two 
sterile blunt-end forceps and enzymatically digested for 30 min in 
DMEM+10% FCS with 0.5 mg/ml collagenase type IV (Sigma-Aldrich) 
at 41 ◦C with stirring. Enzymatically digested tissue filtered through 40 
μm cell strainers (BD Falcon™, BD Biosciences) and centrifuged at 
350×g for 5 min at room temperature. Following resuspension of the cell 
pellet in cold PBS+2% FCS, the cell suspension was layered on a double 
volume of Histopaque®-1077 (Sigma-Aldrich). The interphase was 
collected after centrifugation at 850×g for 20 min at room temperature. 
After two washing steps (350×g, 10 min, 4 ◦C) with PBS+2% FCS the 
cells were resuspended in 1 ml DMEM+10% FCS. 

2.3.3. Blood 
For the separation of peripheral blood mononuclear cells (PBMCs), 

the protocol described by Mitra et al. was applied (Mitra et al., 2017). 
Briefly, 10 ml blood was collected from the jugular vein and immedi-
ately transferred into blood collection tubes containing heparin sul-
phate. The blood was mixed with an equal volume of cold PBS+2% FCS. 
The prepared suspension was then slowly layered above a double vol-
ume of Histopaque®-1077 (Sigma-Aldrich) for density gradient centri-
fugation at 400×g for 30 min at room temperature. The cells from the 
interphase layer were collected and washed with cold PBS+2% FCS 
before the isolated PBMCs were resuspended in cold PBS+2% FCS. 

2.3.4. Cell viability and counting 
The viability of the mononuclear cells isolated from the spleen, lung 

and blood were examined with Nexcelom cellometer X2 fluorescent 
viability cell counter system (Nexcelom Bioscience, Manchester, UK) 
using the Cellometer® ViaStain™ AOPI staining solution and Cell-
ometer® cell counting chambers (Nexcelom Bioscience). A final con-
centration of 2 × 107 live cells/ml of PBS+2% FCS was adjusted for the 
latter described experiments. 

2.4. Stimulation assay 

For establishment of the ex vivo model, the duration of stimulation 
and the ratio between cells and bacteria were determined. For this 
purpose, spleens were obtained from 7 to 9-week-old SPF-chickens 
during necropsy. Splenocytes were isolated as described above and 5 
× 105 cells per well were seeded into 96-well round-bottom microtiter 
plates (Sarstedt, Nümbrecht, Germany) in 200 μL RPMI 1640 Medium, 
GlutaMAX™ Supplement plus 10% FCS (both Gibco™, Thermo Fisher 
Scientific). The cells were incubated in the described medium and 
stimulated with PMA (50 ng/mL, Sigma-Aldrich) together with ion-
omycin (500 ng/mL, Sigma-Aldrich) or various amounts of live and 
killed APEC. Brefeldin A (BD GolgiPlug™, BD Biosciences) was added in 
all wells in a concentration of 1 μg/mL to inhibit cytokine secretion. In 
addition, the cells were kept in culture medium without stimulation as a 
negative control. Different mononuclear cells to APEC ratios were 
examined for killed (1:1, 1:10 and 1:100) and live APEC (1:1 and 1:10). 
Cells were incubated at 41 ◦C, 5% CO2 for 3, 6 and 9 h. Additionally, 
during incubation, further parameters were investigated such as the 
viability of mononuclear cells and the bacterial growth to test the 
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optimal conditions for ex vivo stimulation. The viability of the mono-
nuclear cells upon stimulation with PMA/ionomycin and live APEC was 
determined with the Nexcelom cellometer X2 fluorescent viability cell 
counter system throughout the time of experiment (3, 6 and 9 h post 
stimulation). The number of live APEC in the presence of mononuclear 
cells in RPMI 1640 at 41 ◦C was evaluated at 3, 6 and 9 h by CFU count 
method. The CFUs were determined in serial dilutions of each sample on 
McConkey agar plates after incubation at 37 ◦C for 24 h. Following 
harvest, cells were washed twice in PBS+2% FCS (470×g for 4 min at 
4 ◦C; these parameters were used for all subsequent washing steps) and 
stained as described below. 

2.4.1. Staining of mononuclear cells for flow cytometry 
For immunophenotyping, panel matrices were designed firstly to 

target live cells and then populations of immune cells positive for CD45, 
CD8α, CD4, TCR-γδ and B cells as well as monocytes/macrophages of 
chicken. Additionally, one channel was defined to a cytokine signal (IL- 
17A or IFN-γ) and one channel for viability dye. Detailed information 
including the antibody (Ab) clones and the fluorochrome attached to 
each antibody is listed in Table 1. The clones of antibodies were chosen 
based on previously published papers (Walliser and Göbel, 2017; Mitra 
et al., 2017; Lagler et al., 2019). Moreover, each monoclonal antibody 
was individually titrated to the optimal concentration before validation 
for the above mentioned 8-color flow cytometry staining panel. 

For surface staining, cells were incubated with mouse anti-chicken 
CD45, CD8α, CD4, TCR-γδ, Bu-1 and monocyte/macrophage mono-
clonal antibodies (mAbs) for 20 min at 4 ◦C (Table 1). In a secondary 
staining step, Streptavidin eFluor™ 510 (Thermo Fisher Scientific) and 
BV421 (Jackson Immuno Research, PA, USA) were applied together 
with BD Horizon™ Fixable Viability Stain 780 (BD Biosciences) (20 min, 
4 ◦C). Afterwards, cells were washed twice with PBS+2% FCS (both 
Gibco™, Thermo Fisher Scientific). For fixation and permeabilization, 
the BD Cytofix/Cytoperm™ (BD Biosciences) kit was applied according 
to the manufacturer’s instructions. Subsequently, cells were washed 
twice with BD Perm/Wash™ (BD Biosciences) followed by staining with 
a mouse anti-chicken IFN-γ mAb (clone: 12F7, isotype: IgG2a) or an 
isotype matched control (Southern Biotech, Birmingham, USA) for 30 
min at 4 ◦C. Next, cells were washed with Perm/Wash™ Buffer (BD 
Biosciences) and stained with goat anti-mouse IgG2a-Fab RPE (Southern 
Biotech) for 30 min at 4 ◦C. Following two washing steps, the mono-
nuclear cells were resuspended in 200 μl Perm/Wash™ Buffer (BD 
Biosciences) solution and immediately used for flow cytometry analyses. 

2.5. Ex vivo stimulation of chicken mononuclear cells with APEC 

The established ex vivo model was applied to perform an experiment 
with mononuclear cells from spleen, lung and blood samples from four 
10-week-old SPF birds. The flow chart of the present experiment is 

illustrated in Fig. 1. Mononuclear cells were extracted from the 
mentioned organs and blood under the aforementioned conditions 
(Section 2.3). Isolated cells were separately seeded in 96-well round- 
bottom microtiter plates (Sarstedt, Nümbrecht, Germany). Per sample, 
5 × 105 cells/well in 200 μL RPMI 1640 Medium GlutaMAX™ Supple-
ment and 10% FCS (both Gibco™, Thermo Fisher Scientific) were 
seeded and kept unstimulated or treated with live, irradiated or killed 
APEC as well as PMA/ionomycin. Mononuclear cells were incubated in 
eight wells/bird/treatment to achieve the final required cell number for 
flow cytometry experiment. For live APEC stimulation, the mononuclear 
cells to APEC ratio was adjusted to be 1:1. For stimulation with irradi-
ated or killed APEC, the mononuclear cells to APEC ratio 1:100 was 
used. As positive control, one set of wells was treated with 20 μl of PMA 
(50 ng/mL, Sigma-Aldrich) and ionomycin (500 ng/mL, Sigma-Aldrich) 
while culture medium was added to the negative control. Brefeldin A 
(BD GolgiPlug™, BD Biosciences) was added at a concentration of 1 μg/ 
mL to all samples to inhibit cytokine secretion. 

For intracellular cytokine staining (ICS), samples were incubated in a 
humidified incubator at 41 ◦C and 5% CO2 for 6 h. As described above, 
following ex vivo stimulation, the cells were first stained with primary 
antibodies and then with secondary antibodies. Subsequently, cells were 
fixated, permeabilized and stained for cytokines, respectively their iso-
types (IFN-γ; clone: 12F7, isotype: IgG2a and IL-17A; clone10D5, iso-
type: IgG2a) intracellularly. After washing with the Perm/Wash™ 
Buffer (BD Biosciences), an incubation with goat anti-mouse IgG2a-RPE 
(Southern Biotech) was performed. Following two washing steps, the 
cells were resuspended in 200 μl Perm/Wash™ Buffer (BD Biosciences) 
solution and performed subsequent flow cytometry (FCM) analysis. 

In a parallel experiment, mononuclear cell extracted from spleen 
samples were incubated in three wells (5 × 105 cells/well) using the 
same culture conditions and the same stimulants as given above for the 
assessment of cytokine expression by RT-qPCR. Samples were taken 4 h 
post stimulation and cells were harvested and mixed with TRI reagent 
(Sigma-Aldrich) for gene expression analysis before they were stored at 
− 80 ◦C until further RNA extraction. Viability of the mononuclear cells 
isolated from the spleen, lung and blood upon stimulation and kinetics 
of bacterial growth of live APEC were evaluated throughout the time of 
experiment as described above. 

2.6. Cell analysis by flow cytometry 

For antibody detection, a FACSCanto II (BD Biosciences) flow cy-
tometer equipped with three lasers (405, 488 and 633 nm) was used. At 
least 200,000 live leukocytes (CD45+ cells) per sample were recorded. 
Analysis of flow cytometry raw data was performed by FACSDiva soft-
ware version 8 (BD Biosciences). Two different gating strategies were 
defined as illustrated in Supplementary Figure A.1. For all analyzed cell 
subsets, cytokine gates were set individually per bird within the 

Table 1 
Antibodies used for flow cytometry.  

Antigen Clone Isotype Fluorochrome Labelling strategy Source of primary Ab 

CD45 LT40 IgM APC directly conjugated Southern-Biotech 
CD8α 3–298 IgG2bκ BV421 secondary antibody1 Southern-Biotech 
CD4 CT4 IgG1κ PE-Cy7 directly conjugated Southern-Biotech 
TCR-γδ TCR-1 IgG1κ BV510 biotin-streptavidin2 Southern-Biotech 
Bu-1 AV20 IgG1κ PerCP/Cy5.5 conjugation kit3 Southern-Biotech 
monocytes/macrophages Kul-01 IgG1κ FITC directly conjugated Southern-Biotech 
cytokine IL-17A 10D5 IgG2a PE secondary antibody4 Provided5 

IFN-γ 12F7 IgG2a PE secondary antibody4 Provided6  

1 Goat anti-mouse IgG2b-BV421, Jackson Immuno Research. 
2 Brilliant Violet 510TM Streptavidin, BioLegend. 
3 LYNX Rapid Conjugation kits, Bio Rad. 
4 Goat anti-mouse IgG2a-Fab RPE, Southern Biotech. 
5 Kindly provided by Prof. Dr. Thomas Göbel, Ludwig-Maximilian University. 
6 Kindly provided by Dr. Fabienne Rauw, Sciensano. 
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unstimulated sample and applied to other stimulated samples. 

2.7. Gene expression by RT-qPCR 

A reverse transcriptase quantitative polymerase chain reaction (RT- 
qPCR) was performed in splenocytes after 4 h of incubation without 
stimulation or post stimulation with live, irradiated, killed APEC or 
PMA/ionomycin. Total RNA was extracted from the above-mentioned 
frozen samples after thawing using Direct-zol RNA Miniprep Plus 
(Zymo Research, CA, USA) according to manufacturer’s instructions. 
Extracted RNA underwent a clean-up using DNase I (Zymo Research) to 
eliminate genomic DNA contamination and stored at − 80 ◦C until 
further use. Samples of the four birds from every sample type (live, 
irradiated, killed APEC or PMA/ionomycin) were pooled to obtain suf-
ficient RNA levels (100 ng RNA per reaction). The purity and quantity of 
extracted RNA was analyzed by NanoDrop 2000 (ThermoFisher scien-
tific) and Qubit™ fluorometers (Invitrogen). The RNA quality of every 
sample was further evaluated by Bioanalyzer 2100 (Agilent Technolo-
gies, Waldbronn, Germany) by determining the RNA integrity number 
(RIN). RNA samples with RIN values from 6.7 to 9.7 were considered for 

RT-qPCR analysis. 
For IL-17A, the set of primers and probe was designed by the Gen-

Script Biotech Real-time PCR Primer Design Tool (Genscript Biotech, 
Piscataway, NJ, USA) (www.genscript.com) with default settings using 
the sequences available in the NCBI database in February 2021. Before 
that, a probe-based method of analysis for IL17A was not available. 
Previously published primers and probes were used for targeting cyto-
kine IFN-γ as well as reference genes RPL13 (ribosomal protein L13) and 
TBP (TATA box binding protein) (Powell et al., 2009; Mitra et al., 2016). 
Detail of primers and probes are given in Table 2. Different concentra-
tions of primers and probes were ascertained by serial dilutions of RNA 
to determine the optimal primer concentration and the highest effi-
ciency of RT-qPCR reactions. 

The expression levels of IFN-γ and IL-17A mRNA were quantified by 
applying RT-qPCR using Brilliant III Ultra-Fast QRT-PCR master mix kit 
(Agilent Technologies). For TBP and RPL13, samples ran in the multi-
plex system, though for IFN-γ and IL-17A the samples were analyzed in a 
singleplex RT-qPCR. Amplification of the primary transcripts and 
quantification of their specific products were performed using AriaMx 
real-time PCR system (Agilent Technologies) together with the Agilent 

Fig. 1. Schematic representation of the experimental setup and methods.  

Table 2 
RT-qPCR primers and probes.  

Target Primer and probe sequences Primer concentration (nM) Probe concentration (nM) Accession number 

IFN-γ F: GTGAAGAAGGTGAAAGATATCATGGA 400 500 NM_205149.1 
R: GCTTTGCGCTGGATTCTCA 
P: HEX-TGGCCAAGCTCCCGATGAACGA-BHQ1 

IL-17A F: CATTCCAGGTGCGTGAACTC 400 200 NM_204460.1 
R: TTAAGCCTGGTGCTGGATCA 
P: CY5-TCCTCGTCCTCCGCCGCGAG-BBQ 

RPL13 F: GGAGGAGAAGAACTTCAAGGC 500 100 XM_010718177.1 
R: CCAAAGAGACGAGCGTTTG 
P: HEX-CTTTGCCAGCCTGCGCATG-BHQ1 

TBP F: CTGGGATAGTGCCACAGCTA 600 100 XM_010707033.1 
R: GCACGAAGTGCAATGGTTT 
P: ROX-TGCAACCAAGATTCACCGTGGA-BHQ2  
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AriaMx1.7 software (Agilent Technologies). The thermal cycle profile 
was as followed: 1 cycle of reverse transcription at 50 ◦C for 10 min 
followed by 95 ◦C for 3 min to hot start, 45 cycles of amplification at 
95 ◦C for 5 s and 60 ◦C for 30 s. Different types of controls such as non- 
reverse transcriptase and non-template control were run to ascertain 
genomic DNA contamination and overall PCR contamination, respec-
tively. The RT-qPCR investigation complied with the MIQE guidelines 
(Bustin et al., 2009). 

For measuring the variation in expression of cytokines in different 
samples the Cq value was normalized to reference genes according to 
Chrząstek et al. (2014). In short, the Cq values of the cytokines were 
normalized for every sample with the Cq value of the reference genes by 
using the following formula: Cq + ((N’q-C’q) × S/S′) where N’q is the 
mean Cq for reference genes among all samples, C’q is the mean Cq for 
reference genes in the sample, S and S′ are the slopes of the regressions of 
the standard plots for the cytokine mRNA and the reference genes, 
respectively. 

2.8. Statistical analysis 

For measurement of metabolic activity of the bacterial samples, one- 
way ANOVA and Tukey’s multiple comparison was done and p values <
0.05 were regarded as significant. The statistical differences in cytokine 
producing cell frequencies among the groups were statistically evalu-
ated via Friedman test. The undetermined frequencies of cytokine pro-
ducing cells were replaced by imputation using mean. Subsequently, 
Wilcoxon signed-rank tests were utilized for post hoc analysis. A one- 
tailed test was used when the stimulated groups were compared to the 
unstimulated group, since we explicitly expected an increase in cytokine 
producing cell frequency upon stimulation. Post hoc tests were corrected 
for multiple testing via the false discovery rate (FDR) method and sig-
nificance was declared at an FDR cut off of 20%. Statistical analyses 
were performed by R software (R Core Team (2021), language and 
environment for statistical computing. R Foundation for Statistical 
Computing, Vienna, Austria. Available at: http://www.R-project.org/). 

3. Results 

3.1. Metabolic activity of irradiated APEC and killed APEC 

The metabolic activity measured with the alamarBlue™ (Invitrogen) 
showed that irradiated APEC maintained their metabolic activity after 
exposure to gamma irradiation even after 7 days of storage at 4 ◦C 
similar to live APEC (Fig. 2). In contrary, formalin-killed APECs lost 
their metabolic activity straight after inactivation. 

3.2. Optimized conditions for the ex vivo model 

IFN-γ could be already detected by flow cytometry in cells of three 
examined subsets (CD4+, CD8α+ and TCR-γδ+ T cells) following 3 h of 
stimulation with live APEC (Supplementary Figure A.2). However, 
stimulation of the splenocytes for 6 and 9 h showed more positive IFN-γ 
cells, on a similar level. According to these findings, the duration of 
stimulation was set to 6 h. For live APEC, the mononuclear cells to 
bacterium ratio of 1 to 1 and for killed APEC 1 to 100 stimulated more 
cells to produce IFN-γ compared with the other ratios (Supplementary 
Figure A.3). To ascertain the bacterial growth curve the number of live 
APEC was determined by the CFU count method (Supplementary 
Figure A.4). At the beginning of the ex vivo stimulation, the number of 
live APEC in each well was adjusted to 2 × 106 CFU/ml (6.3 log10 CFU/ 
ml). The number of APEC in each well in the presence of splenocytes 
increased to 7.66, 8.99 and 9.15 log10 CFU/ml after 3, 6 and 9 h, 
respectively. Furthermore, highest reduction in the number of viable 
cells during stimulation was caused by PMA/ionomycin followed by live 
APEC (Supplementary Figure A.5). The number of viable splenic 
mononuclear cells in the presence of live APEC decreased up to 24%, 
29% and 65% after 3, 6 and 9 h respectively. After 9 h of incubation with 
PMA/ionomycin, 89% reduction of viable mononuclear cells was 
observed. Based on these results of the preliminary experiments, the 
optimal duration of stimulation and the multiplicity of infection (MOI) 
were chosen for the ex vivo model and applied to the main experiment. 

3.3. Ex vivo stimulation of chicken mononuclear cells with APEC 

In the main experiment, the viability of mononuclear cells and bac-
terial growth were also determined during incubation at indicated time 

Fig. 2. Metabolic activity of live, irradiated and killed APEC. The metabolic activity was measured with the alamarBlue™ assay up to 7 days post preparation. 
Percentage reduction of alamarBlue are shown as mean ± SEM. Bars with different letters at each day denote significantly different values. 
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points. Numbers of live APEC increased over time in each well and 
reached 9.15 log10 CFU/ml after 6 h of stimulation (Supplementary 
Figure A.6). In agreement with the pilot experiment, a reduction of 
viable mononuclear cells was seen in spleen, but also found in blood and 
lung mononuclear cells upon stimulation with live, irradiated, killed 
APEC and PMA/ionomycin (Supplementary Figure A.7). Stimulation of 
chicken mononuclear cells with PMA/ionomycin caused the highest 
reduction in number of viable cells during stimulation followed by live, 
irradiated and killed APEC. The highest reduction of cells was caused by 
PMA/ionomycin due to its toxic effect as reported previously (Vitale 
et al., 2000). Incubation with PMA/ionomycin for 6 h caused a reduction 
of 67%, 84% and 67% of viable cells from spleen, blood and lung 
respectively. The highest reduction in the number of viable mono-
nuclear cells following stimulation with live and irradiated APEC was 
seen in PBMC samples, which was up to 40% and 35.5% respectively. 
The lowest reduction was determined following stimulation with killed 
APEC which was almost similar to the unstimulated samples. 

3.3.1. IFN-γ and IL-17A production of total monocyte/macrophage and 
Bu-1+ cells 

Neither for total monocytes/macrophages nor Bu-1+ cells, hardly 
any cytokine producing cells were identified (IFN-γ+ and IL-17A+ cells 

ranged from 0 to 0.1%), regardless of the type of ex vivo stimulation and 
origin of cells (data not shown). 

3.3.2. IFN-γ production of T cells 

3.3.2.1. Spleen. IFN-γ-producing cells frequencies of splenocytes are 
shown in Fig. 3A. Live, irradiated, killed APEC and PMA/ionomycin 
stimulation led to a significant increase in IFN-γ-producing cells within 
total CD45+CD4+, CD45+CD8α+ and CD45+TCRγδ+ cells in comparison 
to non-stimulated cells. For CD45+CD4+ splenocytes, no significant 
differences were detected for IFN-γ-producing cells upon stimulation 
with live, killed and irradiated APEC, although a significant difference 
was detected upon stimulation with PMA/ionomycin compared to live 
and irradiated APEC. IFN-γ-producing cell frequencies in contact with 
live APEC and PMA/ionomycin within CD45+CD8α+ were significantly 
higher in comparison to irradiated and killed APEC. IFN-γ-producing 
cell frequencies within CD45+TCR-γδ+ cells were significantly higher 
following contact with live and irradiated APEC in comparison to killed 
APEC. 

3.3.2.2. Blood. IFN-γ-producing cells frequencies of PBMC are shown in 
Fig. 3B. CD45+CD4+ cells showed no significant increases of IFN- 

Fig. 3. Frequencies of IFN-γ-producing T cell subpopulations. The histogram plots are representing the mean frequencies with standard error (n = 4) of IFN- 
γ-producing CD45+CD4+, CD45+CD8α+ and CD45+TCR-γδ+ T-cells isolated from spleen (A), blood (B) and lung (C) following stimulation with live, irradiated, killed 
APEC and PMA/ionomycin. Asterisks indicate a significant difference at FDR 20%. (Software: GraphPad Prism® 9). 
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γ-producing cells upon stimulation with live, irradiated, killed APEC and 
PMA/ionomycin. Live, irradiated, killed APEC and PMA/ionomycin 
stimulation led to a significant increase in IFN-γ-producing cells within 
total CD45+CD8α+ cells in comparison to non-stimulated cells. IFN- 
γ-producing cell frequencies within CD45+CD8α+ cells were signifi-
cantly higher for live APEC and PMA/ionomycin in comparison to killed 
and irradiated APEC, respectively. Live, irradiated APEC and PMA/ 
ionomycin stimulation led to a significant increase in IFN-γ-producing 
cells within total CD45+TCRγδ+ cells in comparison to non-stimulated 
cells. 

3.3.2.3. Lung. Following stimulation with live, irradiated, killed APEC 
and PMA/ionomycin a significant increase in IFN-γ-producing cells was 
observed within total CD45+CD4+, CD45+CD8α+ and CD45+TCR-γδ+

lung mononuclear cells in comparison to non-stimulated cells (Fig. 3C). 
IFN-γ-producing cell frequencies within CD45+CD8α+ and CD45+TCR- 
γδ+ cells were significantly higher for live APEC in comparison to irra-
diated and killed APEC. In CD45+TCR-γδ+ cells, IFN-γ-producing cell 
frequencies were significantly higher for irradiated APEC in comparison 
to killed APEC. PMA/ionomycin stimulation led to a significant increase 
in IFN-γ-producing cells within total CD45+CD4+, CD45+CD8α+ and 

CD45+TCRγδ+ cells in comparison to different types of APEC in lung 
mononuclear cells. 

3.3.3. IL-17A production of T cells 

3.3.3.1. Spleen. IL-17A producing cell frequencies of splenocytes are 
shown in Fig. 4A. Without stimulation IL-17A-producing cells could not 
be detected. For CD45+CD4+ cells no significant increases were detected 
in IL-17A-producing cells upon stimulation with live, irradiated, killed 
APEC and PMA/ionomycin. Stimulations with live, irradiated APEC and 
PMA/ionomycin led to a significant increase in IL-17A-producing cells 
within total CD45+CD8α+ cells in comparison to non-stimulated cells. 
Significant differences for IL-17A-producing CD45+CD8α+ T cells were 
detected among all different types of APEC. IL-17A-producing cell fre-
quencies within CD45+CD8α+ T cells were significantly higher for PMA/ 
ionomycin in comparison to killed and irradiated APEC. For CD45+TCR- 
γδ+ splenocytes, a significant increase in IL-17A-producing cells was 
detected upon stimulation with live, irradiated APEC and PMA/ion-
omycin in comparison to non-stimulated cells. Following stimulation 
with killed APEC, no significant increment in IL-17A-producing cells 
was seen within total CD45+CD4+, CD45+CD8α+ and CD45+TCR-γδ+

Fig. 4. Frequencies of IL-17A-producing T cell subpopulations. The histogram plots are representing the mean frequencies with standard error (n = 4) of IL-17A- 
producing CD45+CD4+, CD45+CD8α+ and CD45+TCR-γδ+ T-cells isolated from spleen (A), blood (B) and lung (C) following stimulation with live, irradiated, kil-
led APEC and PMA/ionomycin. Asterisks indicate a significant difference at FDR 20%. (Software: GraphPad Prism® 9). 
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splenocytes in comparison to non-stimulated cells. 

3.3.3.2. Blood. IL-17A producing cells frequencies of PBMC are shown 
in Fig. 4B. Live, irradiated APEC and PMA/ionomycin stimulation led to 
a significant increase in IL-17A -producing cells within total 
CD45+CD4+, CD45+CD8α+ and CD45+TCRγδ+ cells in comparison to 
non-stimulated cells. IL-17A-producing cell frequencies within 
CD45+CD4+ cells were significantly higher for PMA/ionomycin in 
comparison to live and irradiated APEC. Following stimulation with 
killed APEC, a significant increment in IL-17A-producing cells was only 
seen within total CD45+CD4+ cells in comparison to non-stimulated 
cells. 

3.3.3.3. Lung. Live, irradiated APEC and PMA/ionomycin stimulation 
led to a significant increase in IL-17A-producing cells within total 
CD45+CD4+, CD45+CD8α+ and CD45+TCRγδ+ cells in comparison to 
non-stimulated cells (Fig. 4C). IL-17A-producing cell frequencies within 
CD45+CD8α+ cells were significantly higher for live and irradiated 
APEC in comparison to killed APEC. IL-17A-producing cell frequencies 
were significantly different upon stimulation with PMA/ionomycin 
compared to killed APEC within total CD45+CD4+, CD45+CD8α+ and 
CD45+TCRγδ+ cells, however, a significant difference was seen between 
PMA/ionomycin stimulation compared to irradiated and live APEC 
within CD45+TCRγδ+ and CD45+CD4+, respectively. Following stimu-
lation with killed APEC, no significant increase in IL-17A-producing 
cells was seen within total CD45+CD4+, CD45+CD8α+ and 
CD45+TCR-γδ+ lung mononuclear cells in comparison with non- 
stimulated cells. 

3.3.4. Gene expression of IFN-γ and IL-17A by RT-qPCR 
After 4 h of stimulation of splenocytes, the relative expression levels 

of IFN-γ obtained by RT-qPCR were found to be increased upon stimu-
lation with live (Cq: 10.7), irradiated (Cq: 11.6) and killed APEC (Cq: 
12.6) as well as PMA/ionomycin (Cq: 13.3) compared to non-stimulated 
cells (Cq: 9.5) (Fig. 5). In addition, a significant increase was detected in 
IL-17A expression upon stimulation with live (Cq: 14.1), irradiated (Cq: 
14.7) and killed APEC (Cq: 14.5) as well as PMA/ionomycin (Cq: 13.1) 
compared to non-stimulated (Cq: 5.5) cells. 

4. Discussion 

So far, the chicken’s cellular immune response against APEC, espe-
cially in the context of cytokine production, is hardly investigated 
(Nolan et al., 2020; Alber et al., 2021). Therefore, the aim of the present 
study was to set up an ex-vivo model to investigate the response of 
specific immune mononuclear cells extracted from spleen, lung and 
blood derived of chicken against live and different types of inactivated 
APEC. For this, ten-week-old SPF birds were used as donor birds without 
any previous challenge to APEC. We selected mononuclear cells from 
chicken lung because this organ is important during APEC infection 
especially as portal of entry for systemic bacteremia (Paudel et al., 
2021). Furthermore, blood and spleen were used as sources for mono-
nuclear cells to investigate the systemic immune response. To determine 
the effect of inactivation of APEC, irradiated and formalin-killed bac-
teria were used to stimulate the cells in comparison to live APEC. Irra-
diated bacteria are metabolically active, however, they lost their ability 
to replicate due to DNA damage in consequence of gamma radiation 
(Viljoen et al., 2021). 

Control of APEC multiplication revealed that live APEC increased 
throughout the stimulation process from 6.3 log10 CFU/ml to approxi-
mately 9 log10 CFU/ml. This variation in the quantity of the pathogen 
must be considered in contrast to killed and irradiated APEC which are 
not able to replicate. While live bacteria still comprise the expressed 
antigens inactivation via formaldehyde might degrade the structure of 
antigens (Ji et al., 2021). The surfaces of E. coli possess a variety of 

MAMPs (microbial associated molecular patterns), such as lipopoly-
saccharide and flagellin, interacting with antigen presenting cells and 
toll-like receptors (TLR) that are initiating several immune pathways of 
the host (Peng et al., 2018). It has further been reported for 
gram-negative bacteria that lipopolysaccharide is a crucial component 
of the outer membrane, capable of inducing gene expression and 
secretion of different cytokines from avian immune cells (Kogut et al., 
2005; Lavrič et al., 2008; Peng et al., 2018; Mol et al., 2019). Never-
theless, fixation with paraformaldehyde (PFA) was described to effi-
ciently kill the bacteria while preserving total RNA content (Sander 
et al., 2011). In the last-mentioned work, it was shown that the presence 
or absence of RNA is correlated with the ability to activate pathways 
involved in sensing viability of the bacteria. Irradiated E. coli cannot 
multiply but retained the ability to induce expression of β-galactosidase 
gene, indicating the metabolic activity (Kato and Futenma, 2014). This 
made them very much suitable to include them in the present work to 
obtain a stable MOI with a most similar antigenic profile compared to 
live APEC. 

For the present study, an 8-colour flow cytometry panel was opti-
mized to comprehensively analyze the phenotype of IFN-γ and IL-17A 
producing chicken immune cells following stimulation with live, irra-
diated as well as killed APEC. Spleen, lung and blood derived mono-
nuclear cells of naïve chickens were stimulated with all types of APEC 
after which they showed a major involvement of different subsets of T 
cells in the expression of the assessed cytokines IFN-γ and IL-17A. 

It is basic immunological knowledge that IFN-γ, produced by T 
helper 1 (Th1) cells, plays a key role in the activation of cell-mediated 
immunity and is crucial in controlling infections (Kaiser and Stäheli, 
2014). The gene expression of IFN-γ upon in vitro stimulation by live 

Fig. 5. Relative gene expression of IFN-γ and IL-17A. Expression of IFN-γ (A) 
and IL-17A (B) mRNA determined by RT-qPCR in splenocytes after 4 h stimu-
lation with live, irradiated and killed APEC as well as PMA/ionomycin. The 
results are expressed in 45-Cq values after normalization with reference genes. 
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bacteria or LPS in splenocytes (Leshchinsky and Klasing, 2001) and 
primary chicken’s kidney cells (CKC) (Kaiser et al., 2000) was previously 
shown. The detection of IFN-γ on a protein level in chicken mononuclear 
cells following in vitro stimulation has only been reported in a very 
limited number of studies some of them context of different pathogens 
but never E. coli (Ariaans et al., 2008; Huang et al., 2011; Ruiz-Her-
nandez et al., 2015; Andersen et al., 2017; Lagler et al., 2019, 2021). 

Following stimulation of mononuclear cells derived from naïve SPF 
chickens with live, irradiated and killed APEC, a significant increase of 
IFN-γ-producing cells in CD45+CD4+ subsets from spleen and lung 
compared to non-stimulated cells was noticed. Avian adaptive immunity 
is dependent on CD4+ T cells and IFN-γ is produced after specific 
recognition of the antigen with their T cell receptor (TCR) (Harrington 
et al., 2008). While CD4+ T cells are well characterized as one of the 
main IFN-γ source during the adaptive immune response against many 
pathogens, functional mechanisms of CD8+ T cells in the context of an 
infection with an extracellular pathogen are less clear (Lagler et al., 
2019, 2021). Considering MHC class I restriction, CD8+ T cells could kill 
target cells through the cytolytic pathway after recognising the antigen 
(Erf, 2004). In the present work, similar to CD45+CD4+IFN-γ+ cells, the 
frequency of CD45+CD8α+IFN-γ+ was significantly higher following 
stimulation with live, irradiated and killed APEC compared to unsti-
mulated mononuclear cells of spleen, lung and blood. However, 
IFN-γ-producing cell frequencies within CD45+CD8α+ were significantly 
higher when incubated with live APEC compared to killed APEC in 
spleen, lung and blood derived mononuclear cells. This indicates that 
the production of IFN-γ by CD8α+ cells relies on the contact to un-
modified APEC. 

An increase of IFN-γ expression was detected in mononuclear cells 
derived from spleen, lung and blood within the TCR-γδ T cell subsets 
upon stimulating with live, irradiated and killed APEC. TCR-γδ T cells 
were mostly defined as innate-like cells that have been demonstrated to 
rapidly increase in early phase of the immune response after bacterial 
infection (Berndt and Methner, 2001; Pieper et al., 2011). Furthermore, 
it has previously been shown that TCR-γδ T cells are important cytokine 
producers including IFN-γ and IL-17 (Poggi et al., 2009; Shibata et al., 
2014; Walliser and Göbel, 2018). 

Along with IFN-γ, IL-17 is an essential cytokine in host defence. IL-17 
is described to play a critical role against bacteria by a broad range of 
cellular activities, including expression of cytokines and chemokines in 
various cell types, recruitment of granulocytes and macrophages or 
stimulation of antimicrobial peptide production (Ouyang et al., 2008; 
Ishigame et al., 2009; Walliser and Göbel, 2017; Kim et al., 2019). 
Infection models and in vitro studies have demonstrated IL-17 mRNA 
gene expression (Min and Lillehoj, 2002; Hong et al., 2006; Kim et al., 
2012, 2014) but so far only one study on protein level has been per-
formed (Walliser and Göbel, 2018). The last mentioned authors 
demonstrated IL-17A production by ICS in CD3+, CD4+, CD8+ and 
TCR-γδ+ subsets from blood, splenocytes and intestinal intraepithelial 
lymphocytes following stimulation with PMA/ionomycin. This is 
consistent with the investigated cell subsets in the present study, except 
that CD3+ cells were not included in our staining panel. Additionally, 
following stimulation with all three types of APEC, the same cells pro-
duced IL-17A. Most similar amounts of IL-17A producing cells were 
found after stimulation with live and irradiated APEC. This might be 
related to MAMPs and structure of bacteria which remain unchanged 
after irradiation (Hieke and Pillai, 2018). In contrast, killed APEC did 
not stimulate cells to produce significant amounts of IL-17A in most of 
the samples. It was previously presented by Peng et al. (2018) that killed 
APEC induces a lower amount of cytokines compared to live APEC, 
indicating that the level of cytokines expression induced by APEC is 
partially determined by the viability of bacteria. Additionally, the sim-
ilarities observed in the cytokine expression pattern between live and 
irradiated APEC might be due to secretome of APEC since both are 
metabolically active in comparison to the formalin-killed APEC. For 
instance, the type VI (T6SS) secretion systems induce cytokine release, 

which is present in some APEC strains (Johnson et al., 2006). The 
presence of these systems also influences IL-6 and IL-8 expression in 
APEC infected HD-11 cells (Wang et al., 2014). Furthermore, we iden-
tified TCR-γδ T cells as producers of IL-17A after stimulation with live 
and irradiated APEC, a finding that is consistent with previous studies on 
gene expression demonstrating this cell population as the primary 
source of IL-17A during early infections with several types of bacteria, 
including Listeria monocytogenes (Hamada et al., 2008) and E. coli in-
fections (Shibata et al., 2007). 

Some B cell subpopulations are capable of producing cytokines for 
instance IFN-γ in humans, but their cytokine production depends on 
their differentiation states and activation conditions (Bao and Cao, 
2016). Hence, unlike T cells that can produce a large amount of cyto-
kines upon activation, B cells require specific differentiation and acti-
vation conditions to produce cytokines (Vazquez et al., 2015). As yet, 
there is no evidence that Bu-1+ cells in chicken are capable to produce 
IFN-γ and IL-17A. In the present study, we could not detect any signal in 
Bu-1+ cells, however further studies are required to elucidate the role of 
B cells. Moreover, due to very low cell numbers of mono-
cyte/macrophage cells, further evaluation on cytokine production could 
not be performed. However, it has previously been shown that the im-
mune responses of chicken macrophage HD-11 cells after challenge with 
APEC resulted in IL-8, IL-6, IL-1β and IL-10 gene expression in an in vitro 
study (Peng et al., 2018). 

To confirm the results by ICS, we measured IFN-γ and IL-17A gene 
expressions in splenocytes by RT-qPCR 4 h post stimulation. The 
detailed comparison between the individual groups was not possible as 
it was necessary to combine samples of four birds from every group to 
obtain a sufficient amount of RNA. Nevertheless, the relative increase in 
gene expression detected for the cytokines following stimulation with 
live, irradiated, killed APEC and PMA/ionomycin confirmed the 
expression of both cytokines at mRNA level post stimulation. Anyhow, a 
direct comparison of the results of RT-qPCR and ICS is not possible due 
to the fundamental differences between these two techniques (Alberts 
et al., 2017). 

5. Conclusions 

In summary, this study presents an ex vivo model for APEC based 
upon stimulation of mononuclear cells derived from chicken spleen, 
lung and PBMC, altogether targeting the production of IFN-γ and IL-17A 
along with phenotypes of different immune cells with flow cytometry. 
Additionally, it provides crucial information on the involvement of 
CD4+, CD8α+ and TCR-γδ+ T cells in the production of IFN-γ and IL-17A 
in the cellular immune response of chickens against APEC. IFN-γ and IL- 
17A expression patterns of isolated chicken mononuclear cells against 
live and irradiated APEC are similar compared to killed APEC, indicating 
a highly similar antigenic profile. However, the initial T cell respon-
siveness to APEC by activation of the IFN-γ and IL-17 signaling pathway 
is expected to enhance the immune response of host birds which might 
be important in control of APEC. In future studies the ex vivo model 
should be used to identify if primed mononuclear cells are capable to 
recall a response indicating irradiated APEC to be used for vaccination. 
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