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Sciences, University of Veterinary Medicine, Vienna, Austria

The present study investigated the expression of cytokines and cellular changes
in chickens following vaccination with irradiated avian pathogenic Escherichia
coli (APEC) and/or challenge. Four groups of 11-week-old pullets, each
consisting of 16 birds were kept separately in isolators before they were sham
inoculated (N), challenged only (C), vaccinated (V) or vaccinated and challenged
(V+C). Vaccination was performed using irradiated APEC applied via aerosol. For
challenge, the homologous strain was administered intratracheally. Birds were
sacrificed on 3, 7, 14 and 21 days post challenge (dpc) to examine lesions, organ
to body weight ratios and bacterial colonization. Lung and spleen were sampled
for investigating gene expression of cytokines mediating inflammation by RT-
gPCR and changes in the phenotype of subsets of mononuclear cells by flow
cytometry. After re-stimulation of immune cells by co-cultivation with the
pathogen, APEC-specific IFN-y producing cells were determined. Challenged
only birds showed more severe pathological and histopathological lesions, a
higher probability of bacterial re-isolation and higher organ to body weight ratios
compared to vaccinated and challenged birds. In the lung, an upregulation of /L-
1B and IL-6 following vaccination and/or challenge at 3 dpc was observed,
whereas in the spleen /L-18 was elevated. Changes were observed in
macrophages and TCR-y8" cells within 7 dpc in spleen and lung of challenged
birds. Furthermore, an increase of CD4" cells in spleen and a rise of Bu-1" cells in
lung were present in vaccinated and challenged birds at 3 dpc. APEC re-
stimulated lung and spleen mononuclear cells from only challenged pullets
showed a significant increase of IFN-y*CD8a" and IFN-y*TCR-y8" cells.
Vaccinated and challenged chickens responded with a significant increase of
IFN-y*CD8a™ T cells in the lung and IFN-y*TCR-y8" cells in the spleen. Re-
stimulation of lung mononuclear cells from vaccinated birds resulted in a
significant increase of both IFN-y"CD8a" and IFN-y*"TCR-y8" cells. In
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conclusion, vaccination with irradiated APEC caused enhanced pro-
inflammatory response as well as the production of APEC-specific IFN-y-
producing ¥ and CD8a T cells, which underlines the immunostimulatory
effect of the vaccine in the lung. Hence, our study provides insights into the
underlying immune mechanisms that account for the defense against APEC.
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1 Introduction

Avian pathogenic Escherichia coli (APEC) is an opportunistic
and primary pathogen of chickens, which causes colibacillosis.
Colibacillosis is a complex of respiratory and systemic diseases
that is considered a substantial welfare issue responsible for
significant economic losses of poultry production worldwide due
to high morbidity, mortality and carcass condemnation (1). The
disease can affect all age groups of chickens (1, 2). In commercial
layers, peritonitis, salpingitis, oophoritis, arthritis, osteomyelitis,
pneumonia and airsacculitis have been described (1). The
respiratory route is accepted as the main infection pathway in
conventional layers (3).

For combating colibacillosis, effective strategies are highly
warranted to prevent and treat the disease in poultry production.
Vaccination is one of these strategies which is essential to limit the
disease development and the need for antibiotics (4). An ideal
vaccine against colibacillosis is expected to have effective impacts on
preventing colonization and destruction of organs by the pathogen.
Furthermore, it should reduce mortality and establish long term
protective immunity in laying hens. Different vaccines, including
live-attenuated, recombinant and subunit as well as autogenous
vaccines have been developed to protect chickens against APEC
infections (1). Among the tested vaccines, bacterial ghost vaccines,
recombinant iss, recombinant antigen vaccine containing E. coli
antigens, Salmonella-delivered vaccines containing APEC antigens,
outer membrane vesicles, siderophore receptor and porin (SRP),
genes deleted mutants (aroA, crp and tonB/fur) or gamma-
irradiated E. coli have shown wide range of protections (1, 2, 5).
Several routes such as oral, aerosol or intramuscular, were used for
the delivery of E. coli vaccines (6). As reviewed before, it was stated
that challenge models that mimic the natural course of infection
such as aerosolization of APEC would provide a better assessment
of the efficacy of APEC vaccines (6). Despite plenty of vaccine
candidates demonstrating efficacy in reducing mortality, lesions,
and bacterial load, as well as to stimulate antibody responses in
chickens in experimental studies, only a few vaccines are currently
commercially available (2, 7) which emphasizes a merit of
presenting novel approaches to effectively control APEC
infections in poultry.

Recently, interest in the application of ionizing radiation to
inactivate pathogens for vaccine production increased significantly
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in veterinary medicine, including poultry (8). Among the ionizing-
radiation vaccines, a gamma irradiated APEC vaccine demonstrated
to provide protection against colibacillosis (5). Gamma radiation
inactivates microorganism by ionization. Thereby, the DNA is
targeted by the ionizing radiation and the removal of electrons
from the atoms of the large molecules resulting in inactivation while
the cellular membrane remains intact (8). As a result, the microbial
cells stop to multiply due to damage of their nucleic acids but they
are able to maintain their metabolic activities (8, 9). It was shown
that killed but metabolically active (KBMA) Listeria monocytogenes,
inactivated by ultraviolet irradiation, keeps the biologic properties
of the parental organism, and thus will stimulate host immune
response (10). Similar findings have been demonstrated for
irradiated E. coli cells which exhibit characteristics of live, non-
irradiated cells, such as intact membrane integrity and metabolic
activity, but are unable to undergo replication (5, 11). However, a
detailed picture of the correlation between the immune response
and protection after vaccination with an irradiated APEC vaccine is
largely unknown.

Generally, the current knowledge about the immune response
against APEC is limited as there are only few studies which
primarily focused on bacteriological and histopathological
examinations of the affected organs such as lung and changes of
antibody levels (12). The immunological basis of protection against
APEC as a primary pathogen is described in the current literature
which revealed that a pro-inflammatory response and cellular
innate immune response play a role in this context (13). Previous
transcriptome studies analysing lung, bone marrow, thymus, bursa,
spleen or blood derived leukocytes showed an important function of
the innate immune response to APEC (14-16). As it was reviewed
before, in regard to cellular innate immunity, heterophils,
macrophages, dendritic cells and thrombocytes are described to
be important in the defense against APEC (13). Innate immune cells
recognize distinct pathogen-associated molecular pattern (PAMP)
on the bacterial surface, which in turn activates intracellular
signaling pathways resulting in antimicrobial activities and the
production of pro- and anti-inflammatory cytokines. In the
context of APEC mounting and coordinating, an immune
response depends on various cytokines, particularly IL-13 and IL-
6 which activate and regulate immune cells during host-pathogen
interaction (17-23). Unlike young chickens in which immunity
largely depends on activity of the innate immune system as well as
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on maternal antibodies, in adult birds the adaptive immune system
is fully developed and functional T and B cell responses can be
expected (24). Although, the development and role of immune cells
regarding an APEC infection in chicken is highlighted (25) little has
been published explaining the dynamics of the immune system of E.
coli infected chickens using flow cytometry on samples of
circulating cells such as monocytes/macrophages, CD4" or CD8"
cells (17, 26, 27). Recently, investigations on cytokine production of
T cells after ex vivo re-stimulation revealed significantly elevated
levels of APEC-specific IEN-y-producing CD80., CD4, TCR-Yd cells
in lung, spleen and blood mononuclear cells of naive specific
pathogen-free (SPF) chickens (28). However, the APEC-specific
IFN-y-producing T-cell response of primed mononuclear cells
following vaccination and/or challenge with APEC was not
addressed and remains unexplored.

In this study, clinical, pathological and bacteriological outcomes
in context of vaccination and/or challenge with a homologous strain
of APEC in commercial pullets were examined. Then, we
investigated how live or irradiated APEC affects innate and
adaptive immune cells in lung and spleen to obtain more insight
in the contribution of the immune system against infection in
context of vaccination. Cytokine gene expression was determined
alongside differences in kinetics of immune cells subsets between
unchallenged, vaccinated and/or challenged birds. The subsequent
adaptive responses were determined including presence and
activation of T-cell subsets and serum antibody levels. Hence, the
present study aimed to provide information on local and systemic
immune responses that are evoked by irradiated and live APEC
in chickens.

2 Materials and methods
2.1 Inoculum and vaccine preparation

In the present work the well-characterized field isolate APEC
PA14/17480/5-ovary (serotype O1:K1) was used for vaccine and
challenge preparations. The strain was isolated from the ovary of an
infected chicken suffering from egg peritonitis, perihepatitis and
salpingitis (29) and characterized in vitro (30). For the preparation
of the challenge culture, a bacterial suspension in 10 ml of Lenox L
Broth Base (LB, Invitrogen, Vienna, Austria) was made by
cultivation at 37°C with agitation for 18 h under aerobic
conditions. After that, 50 pl of bacterial suspension were
transferred to 25 ml of LB broth and incubated for 6 h (37°C,
150xrpm). Following incubation, the bacterial culture was washed
two times and resuspended in phosphate buffered saline (PBS)
(GibcoTM, Thermo Fisher Scientific, Waltham, USA). The culture
was then mixed with 25 ml of PBS, resulting in a final volume of
50 ml, which was used as inoculum for challenge. This protocol for
the growth and preparation of bacterial cultures yielded in a
concentration of 8 log; CFU/ml of bacteria determined by
counting colony-forming units (CFU) of serially diluted
suspensions in duplicate. For preparation of the gamma-
irradiated APEC vaccine, separate cultures of bacteria were
prepared as described above with a slight modification. At the
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final step, after washing and resuspension of the bacterial pellet in
PBS, 25 ml of Trehalose solution (1M) (Carl Roth GmbH,
Karlsruhe, Germany) was added. The irradiation was done at the
International Atomic Energy Agency Laboratories in Seibersdorf,
Austria. Samples incubated on ice were irradiated using a Model
812 Co-60 irradiator at a dose rate of 66.532 Gy/min (Foss Therapy
Services, Inc., California, USA). The irradiator was regularly
calibrated using an ionization chamber that also mapped the
delivered dose in the location where the samples are irradiated. 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. Thus, the time spent for inactivation was 18
minutes. 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 subsequently plated on MacConkey agar
plates (Neogen, Heywood, UK). The plates were incubated at 37°C
and the growth of colonies was evaluated. In this way, the loss of
growth ability of irradiated bacterial cells was confirmed. The
irradiated bacteria were kept at 4°C until further use as vaccine
within 18 h.

2.2 Birds and experimental design

Commercial layer pullets (Lohmann Brown, Lohmann
Breeders, Cuxhaven, Germany) without any history of
colibacillosis were purchased from a conventional Austrian farm
(Schropper GmbH, Gloggnitz, Austria). All birds were vaccinated
against Newcastle disease, infectious bronchitis, infectious bursal
disease, Marek’s disease, Salmonella Enteritidis and coccidiosis. At
the age of 10 weeks, sixty-four pullets were transferred from a
commercial rearing farm to the experimental facilities of the Clinic
for Poultry and Fish Medicine, University of Veterinary Medicine
Vienna, Austria. Birds were divided randomly into four groups with
16 birds each. A schematic representation of the experimental setup
is shown in the Figure 1. Each group of birds was placed in a
separate isolator (Montair Andersen bv, Sevenum, The
Netherlands) under negative pressure. The birds were kept in the
isolators for 7 days without any intervention in order to acclimatize
them to their new environment. A subcutaneous tag was applied to
every bird for identification (Swiftag®, Avery Dennison, Glendale,
USA). After that, birds from the “vaccinated” and “vaccinated and
challenged” groups (group V and group V+C, respectively) were
vaccinated via aerosol route two times at an interval of 3 weeks.
Likewise, birds in the “challenged only” and “negative control”
groups (group C and group N, respectively) received the same
volume of PBS. For aerosolization, the airflow in the isolators was
switched off and 5 ml vaccine suspension or PBS per bird were
nebulized inside. The set up was similar as previously described (31)
but different equipment for aerosolization of a larger volume were
used. Thereby, a nozzle (Frans Veugen Bedrijfshygiéne B.V.,,
Nederweert, The Netherlands) was applied that generated a
breathable fraction of 5 um droplets. The air compressor
(Airpress, Erpolzheim, Germany) was adjusted to deliver a
pressure of 2.5 bar. The specific pressure was chosen based on the
calibration report provided by the supplier. Nebulisation time was
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FIGURE 1

Schematic representation of the experimental setup. Pullets (n = 16
per group) from the negative control (N), challenged (C), vaccinated
(V), vaccinated and challenged (V+C) groups were kept in separate
isolators from the first day of the experiment. Two birds of group C,
one bird of group V+C and one bird in group V died or had to be
euthanized before predetermined sampling time points. The
vaccination was performed using an irradiated APEC strain applied
via aerosol. For challenge, the virulent, homologous strain was
administered intratracheally.

set to 10 minutes. Following nebulization, 30 minutes of ventilation
was upheld to ensure delivery of vaccine particles. Three weeks after
the second vaccination, birds from groups C and V+C were
challenged. In total, 1 ml (8 log 10 CFU/ml) cultivated bacteria
per bird was administered via the intratracheal route. The
concentration of the bacteria was selected according to previous
studies (31, 32). For birds in groups N and V, PBS was administered
in the same way. During the whole trial, light duration was set to 8
hours per day and feed and water were provided ad libitum.

2.3 Clinical examination, necropsy
and sampling

All birds were examined daily for clinical signs related to
colibacillosis including weakness, dropped wings, depression,
ruffled feathers, reluctance to move, apathy, ability to move or
stand, closed eyes and intensified breathing. From the first week of
the experiment onwards, blood was collected weekly to obtain
serum for an indirect ELISA detecting APEC specific antibodies
(immunoglobulins (Ig) Y) as previously reported by Paudel
et al. (5).

Before the experiment, 4 predetermined birds from each group
were selected to be sacrificed according to their individual tag number
in ascending order at 3, 7, 14 and 21 days post challenge (dpc) for
necropsy and sampling. Birds that died after infection were also
submitted to pathological examination. Euthanasia was performed by
intravenously administered thiopental (Medicamentum pharma
GmbH, Allerheiligen im Miirztal, Austria) and subsequent bleeding
to death. During the ensuing necropsy, lesions of the affected organs
were scored. For that, an already established scoring system of
pathological changes in organs was applied with some
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modifications (Supplementary Table 1) (33). During necropsy, total
body weight (BW) and weights of lung, spleen and liver from all birds
were recorded. The weight of the respective organs in proportion to
the body weight of each bird was calculated as: (weight of organ/body
weight) x 100%. For bacterial detection in lung, spleen, liver, heart
and air sac, samples were collected from all birds during necropsy and
plated on MacConkey agar (Neogen, Heywood, UK). For histological
preparations, tissue samples from lung, spleen, liver and heart were
preserved in 10% neutral buffered formalin. For RNA extraction,
samples from lung and spleen were taken, placed in RNAlater®
(Qiagen, Hilden, Germany) and stored at —80 °C until further use.
For isolation of mononuclear cells, lungs and spleens were placed in
ice-cold PBS + 2% fetal calf serum (FCS) (both Gibco ™', Thermo
Fisher Scientific) filled beakers until they were processed immediately
after necropsy.

2.4 Histological evaluations

Formalin fixed samples from lung, spleen, liver and heart were
washed and dehydrated before embedded in paraffin. The samples
were taken from all birds in groups C and V+C and also from two
birds per time point with lowest identification numbers from
groups N and V. The samples were sectioned at 5 pm thickness
with a microtome (Microm HM 360, Microm Laborgerite GmbH,
Walldorf, Germany) and mounted on glass slides for being stained
with hematoxylin and eosin (HE). In order to investigate the
colonization of tissues by E. coli, paraffin embedded samples were
processed for immunohistochemistry (IHC). The IHC protocol for
the detection of E. coli was followed as described previously by
Abdelhamid et al. (34). Briefly, tissue sections mounted on charged
glass slides were dewaxed, rehydrated and incubated overnight with
a primary monoclonal antibody (anti-E. coli LPS antibody (2D7/1),
Abcam, Cambridge, UK). Following incubation, the slides were
washed with PBS and biotinylated anti-mouse IgG antibody (Vector
Laboratories, Burlingame, USA) was added. Then, the vectastain
ABC Kit and DAB substrate kit (Vector Laboratories) were used for
visualization of the bound antibodies. Finally, the sections were
counter-stained with Mayer’s haematoxylin (Merck KGaA,
Darmstadt, Germany) and observed under microscope.
Examination was performed using the Olympus BX53 microscope
equipped with an Olympus DP72 camera (Olympus Corporation,
Tokyo, Japan) for documentation.

2.5 Gene expression by RT-qPCR

For total RNA extraction, 30 mg from the organ samples
stored in RNAlater® (Qiagen) were individually homogenized
using Tissue Lyser (Qiagen, Hilden, Germany) (2x at 30 Hz for
2 min). RNA extraction was performed by RNeasy® mini kit
(Qiagen) according to manufacturer’s instructions. The purity and
quantity of extracted RNA was analysed by NanoDrop 2000
(ThermoFisher scientific) and QubitTM fluorometers (Invitrogen).
The RNA quality of every sample was evaluated by 4200
TapeStation system (Agilent Technologies, Waldbronn,
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Germany) to determine the RNA integrity number (RIN). RNA
samples with RIN values above 8 were considered for reverse
transcriptase quantitative polymerase chain reaction (RT-qPCR)
analysis, otherwise extractions were repeated to reach the
mentioned RIN value. Previously published primers and probes
were used for targeting the reference genes TFRC (transferrin
receptor protein), TBP (TATA box binding protein) (35) together
with the cytokines IL-1f3, IL-6, IL-10 and IFN-y (Supplementary
Table 2) (36). The expression levels of cytokines mRNA were
quantified by RT-qPCR using Brilliant III Ultra-Fast qRT-PCR
master mix kit (Agilent Technologies). To amplify the primary
transcripts and quantify their specific products, AriaMx real-time
PCR system (Agilent Technologies) and Agilent AriaMx1.7
software (Agilent Technologies) were used. All samples were run
in duplicate. 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, 40 cycles of amplification at 95°C for 5 s and
60°C for 30 s. Different types of controls, including non-reverse
transcriptase and non-template control were run to ensure that
samples were free from genomic DNA contamination and overall
PCR contamination, respectively. The RT-qPCR investigation
followed the MIQE guidelines (37). To account for the variation
in sampling and RNA preparation, the Cq values for all genes
were normalized using Cq values of previously reported reference
genes TFRC and TBP (35). The normalised mean Cq value of each
cytokine was then used to calculate the fold change from each
group by applying the formula 20449 (38). The average of Cq
values of examined lung and spleen of each bird is presented
supplementary (Supplementary Table 3). For graphical
representation of data, vaccinated and/or challenged groups
were adjusted with the control group and given as fold
change value.

2.6 Flow cytometry

2.6.1 Isolation of mononuclear cells

Mononuclear cells were isolated according to a previously
described protocol for the lung and spleen (28). Briefly, single
cells from spleens were obtained by mechanical dissection using two
sterile blunt-end forceps. For the lung, the tissue was cut into small
pieces and enzymatically digested for 30 min in Dulbecco’s
Modified Eagle Medium (DMEM) +10% FCS (both Gibco'
Thermo Fisher Scientific) with 0.5 mg/ml collagenase type IV
(Sigma-Aldrich St. Louis, USA) at 41°C with stirring. The cells
were then separated from the remaining tissue through a 40 pum
nylon cell strainer (BD Falcon, BD Bioscience, San Jose, USA). The
isolated cells were centrifuged at room temperature at 350xg for
10 min. 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 cells from the interphase
layer were collected after centrifugation at 850xg for 20 min at room
temperature. After two washing steps (350xg, 10 min, 4°C) with
PBS+2% FCS the cells were re-suspended in 1 ml PBS+10% FCS. A
final concentration of 2 x 107 live cells/ml of PBS+2% FCS was
adjusted for the latter described experiments.
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2.6.2 Phenotypic characterization of directly
isolated mononuclear cells

Multicolor staining was applied with isolated mononuclear cells
from lung and spleen samples of the birds. Panel matrices were
designed firstly to target live cells and then populations of immune
cells positive for CD45, CD4, CD8a, TCR-Yd and B cells as well as
monocytes/macrophages of chicken. Antibodies and antibody
combinations used to determine immune cell populations are
presented in Supplementary Table 4. The concentration of each
antibody was determined through titration and the corresponding
isotype controls were included. To stain the mononuclear cells
isolated from lung and spleen, 20 pl of the adjusted cell suspension
was transferred into wells of 96-well microtiter plates (Sarstedt,
Nimbrecht, Germany) along with the respective primary
antibodies. The cells were then incubated for 20 min at 4°C.
Afterwards, cell pellets were collected using centrifugation at 4°C,
350g for 4 min and washing was applied for two times with cold
PBS+2% FCS. In a secondary staining step, Streptavidin eFluor ™
510 (Thermo Fisher Scientific) and BV421 (Jackson Immuno
Research, West Grove, USA) were used combined with BD
Horizon' ™ Fixable Viability Stain 780 (BD Biosciences) (20 min,
4°C). Following another incubation step for 20 min at 4°C further
washing was performed. Finally, the pellets were re-suspended in
200 ul cold PBS+2% FCS and kept at 4°C until flow cytometry
(FCM) analysis.

2.6.3 Re-stimulation of cells and intracellular
cytokine staining

An already established ex vivo model was applied to perform a
re-stimulation experiment with mononuclear cells from lung and
spleen samples (28). Isolated cells were separately seeded in 96-well
round-bottom microtiter plates (Sarstedt, Niimbrecht, Germany).
Per sample, 5 X 10° cells/well in 200 puL RPMI 1640 Medium
GlutaMAX ™ Supplement and 10% FCS (both Gibco'™, Thermo
Fisher Scientific) were used and kept unstimulated or treated with
irradiated APEC as well as PMA/ionomycin. For stimulation with
irradiated APEC the mononuclear cells to APEC ratio 1:100 was
used. As positive control, one set of wells was treated with 20 pl of
PMA (50 ng/mL, Sigma-Aldrich) and ionomycin (500 ng/mL,
Sigma-Aldrich) while culture medium was added to the negative
control. The samples were incubated in a humidified incubator at
41°C and 5% CO, for 6 h. Brefeldin A (BD GolgiPlug ", BD
Biosciences) was used at a concentration of 1 pg/mL to inhibit
cytokine secretion.

To perform surface staining, cells were incubated with mouse
anti-chicken CD45, CD8a, CD4, TCR-Yd cells and monocyte/
macrophage monoclonal antibodies for 20 min at 4°C
(Supplementary Table 4). In a subsequent staining step,
Streptavidin eFluor " 510 (Thermo Fisher Scientific) and BV421
(Jackson Immuno Research) were applied along with BD
Horizon " Fixable Viability Stain 780 (BD Biosciences) for
20 min at 4°C. Afterwards, the cells were washed twice with PBS
+2% FCS (both GibcoTM, Thermo Fisher Scientific). Subsequently,
the cells were fixated, permeabilized and stained for cytokine IFN-y
(clone: 12F7, isotype: IgG2a) intracellularly. After washing with the
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Perm/Wash"" Buffer (BD Biosciences), an incubation with goat
anti-mouse IgG2a-RPE (Southern Biotech, Birmingham, USA) was
performed. Following two washing steps, the cells were re-
suspended in 200 pl Perm/Wash™™ Buffer (BD Biosciences)
solution for subsequent flow cytometry analysis.

2.6.4 Cell analysis by flow cytometry

FCM of stained cells was performed on a FACSCanto II (BD
Biosciences, San Jose, USA) flow cytometer equipped with three
lasers (405, 488 and 633 nm). Analysis of FCM raw data was
performed by FACSDiva software version 9 (BD Biosciences). For
phenotypic characterization of mononuclear cells, at least 50,000
live leukocytes (CD45" cells) per sample were recorded. Different
gating strategies were applied (Supplementary Figure 1). A uniform
gating hierarchy was used throughout all sampling days and for
both organs. For IFN-y producing cells, at least 200,000 live
leukocytes (CD45" cells) per sample were recorded. For all
analyzed cell subsets, IFN-y gates were set individually per bird
within the unstimulated medium sample and applied to the
stimulated samples (Supplementary Figure 2).

2.7 Statistical analysis

Effects on the logl0-transformed organ to BW ratio and the
arcsine-square-root-transformed frequencies of IFN-y-producing
cells were evaluated via one-way ANOVA in R (function Im)
(39). The pattern of bacteria presence or absence in organs was
treated as a binary response (negative = 0, positive = 1) and
analyzed with a binary logistic regression model in R (function
glm). In these models, the group was treated as a fixed categorical
effect. Overall significance of the group was evaluated via a
likelihood ratio test using the function anova in R, comparing the
full model to a reduced model without the group as a fixed
categorical effect. Pairwise comparisons between groups were
conducted via the estimated marginal means (emmeans, package
emmeans, function emmeans) (40).

Effects on mRNA gene expression and logl0-transformed cells
frequencies were evaluated via linear mixed models in R (package
Ime4, function Imer) (41). In these models, the interaction between
group and time point was treated as a fixed categorical effect while
the bird identification number (ID) was treated as a random effect
to account for the covariance structure in the data, as each bird was
examined twice [~ group * timepoint + (1 | birdID)]. Overall
significance of the interaction was evaluated via a likelihood ratio
test using the function anova in R, comparing the full model to a
reduced model without the interaction. Multicolinearity between
group and time point was assessed via the variance inflation factor
(package car, function vif) (42). Pairwise comparisons against group
N only for each time point were conducted via the estimated
marginal means (emmeans, package emmeans, function
emmeans) (40).

For all linear models and linear mixed models, the assumptions
about the residuals and random effects (if present) were evaluated
and met. For all the aforementioned analyses, significance was
declared at an alpha cut off of 5% after multiple testing correction
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(using the Bonferroni-Holm method), as each analysis included
multiple pairwise comparisons between groups. During statistical
analysis, for organ to BW ratio and probability of bacterial detection
analysis, both dead and sacrificed birds from all groups were
included. For RT-qPCR and FCM analysis, only data of killed
birds that were predetermined for sampling were included.

3 Results
3.1 Clinical signs and post-mortem

The onset of clinical signs started 1 dpc (Table 1). At this time
point, two birds of group C showed mild depression reflected by
dropped wings and half-closed eyes. The same birds showed acute
progression of clinical signs at 3 dpc (severe depression, loss of
appetite, closed eyes, reluctance to move) and died. In group V+C
clinical signs started 1 dpc in two birds of which one chicken
recovered fully within four days whereas the other bird had to be
euthanized at 10 dpc. No clinical signs were recorded in the
remaining chickens with the exception of one bird in group V
which was euthanized because of cannibalism. Infection with APEC
did not affect the weight of the pullets, as growth curves of all groups
were very similar (data not shown).

At necropsy, challenged birds (groups C and V+C) showed
lesions such as airsacculitis, perihepatitis and pericarditis,
consolidated lungs overlaying fibrinopurulent material and
peritonitis. The cumulative number of organs with detectable
lesions in heart, peritoneum, spleen, liver, air sac or lung was
higher in group C (n=44) than in group V+C (n=35) (Figure 2).
The mean of total lesion scores was 0.318 and 0.282 for groups C
and V+C, respectively. Individual lesion scores of every examined
lung and spleen of the challenged birds are listed in Table 1 and
changes in liver, air sac, heart and peritoneum are provided as
supplement (Supplementary Table 5). None of the birds in groups
N or V showed lesions at any sampling day.

Average weights of lung and spleen to BW were affected
(Figure 3). A significant increase in the lung/BW ratio was
evident in groups V+C and C compared to group N (P=0.044).
Furthermore, comparison between groups V+C and C, showed
higher lung/BW ratio in group V+C (not significant). For the
spleen, differences were observed in both challenged groups (V+C
and C), with organ/BW ratios being significantly higher than in
group V (P=0.017 and 0.002 respectively). In addition, spleen values
from birds of group C were significantly higher than those from
control birds (group N) (P=0.036). Comparing groups vaccinated
and challenged (V+C) with challenged only (C), showed that the
spleen/BW ratio was higher in group C than V+C however not
reaching significance. For liver/BW-ratios, no significant differences
were observed between groups (data not shown).

3.2 Bacteriology and serology

Bacterial re-isolation was successful from all investigated organs
revealing the systemic bacterial spread of APEC in challenged birds
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TABLE 1 Clinical signs, pathological lesion scores, histopathological examination with detection of E. coli by immunohistochemistry and bacterial re-isolation from challenged birds (groups C and V+C).
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ABojounwiwi| Ul s1913U044
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Lung Spleen
Bird identifi- Day post chal- =~ Occurrence of clini-
cation lenge (dpc) cal signs (dpc) Lesion Bacterial Infiltration of Lesion Bacterial Infiltration of
score isolation inflammatory cells score isolation inflammatory cells

1 3 - 0 + - - 0 - - -

2 3 - 0 - - - 0 - - -

3 3 - 0 - n.d® nd 0 - n.d nd

4 3 - 0 - nd nd 0 - nd nd

5 7 - 0 - - - 0 - - -

6 7 - 0 - - - 0 - - -

7 7 - 0 + n.d nd 0 + nd nd

8 7 - 0 + nd nd 0 - n.d nd

Negative control

9 14 - 0 + - - 0 - - -

10 14 - 0 + - - 0 + - -
11 14 - 0 - nd nd 0 - nd nd
12 14 - 0 - n.d n.d 0 - n.d n.d
13 21 - 0 - - - 0 - - -
14 21 - 0 - - - 0 - - -
15 21 - 0 - nd nd 0 - nd nd
16 21 - 0 - nd nd 0 - nd nd
17 3 - 1 + + - 0 + - -
18 3 - 2 + + + 0 - + +
19 € 3 1-3 2 + + + 1 + + +
20 3 - 1 + + - 1 + - -
Challenged 21 3 - 2 + + + 1 - - _
22 7 - 0 + + - 0 - - -
23 ¢ 3 1-3 2 + + + 1 + + +
24 7 - 0 + - - 0 - - -
25 7 - 2 + + + 0 - - -

(Continued)
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TABLE 1 Continued
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Lung Spleen
Bird identifi- Day post chal- ~ Occurrence of clini-
cation lenge (dpc) cal signs (dpc) Lesion Bacterial Infiltration of Lesion Bacterial Infiltration of
score isolation inflammatory cells score isolation inflammatory cells
27 14 - 0 - - - 0 - - _
28 14 - 0 + - - 0 _ _ _
29 14 - 1 + + - 0 - - -
30 14 - 0 - - - 0 - - -
31 21 - 1 - - - 0 - - -
32 21 - 0 - + - 0 - + +
33 3 - 0 + - - 0 - - -
34 3 - 0 - - - 0 - - -
35 3 - 0 - nd nd 0 - nd nd
36 3 - 0 + n.d n.d 0 - n.d n.d
37 7 - 0 - - - 0 - - -
38 7 - 0 - - - 0 - - -
39 7 - 0 + nd n.d 0 - n.d nd
40 7 - 0 + nd nd 0 - nd nd
Vaccinated
41 14 - 0 - - - 0 - - -
42 14 - 0 - - - 0 - - -
43 14 - 0 - nd n.d 0 - n.d n.d
444 10 - 0 - nd n.d 0 - nd n.d
45 14 - 0 + nd nd 0 - n.d nd
46 21 - 0 - - - 0 - - -
47 21 - 0 - - - 0 - - -
48 21 - 0 - n.d nd 0 - n.d nd
(Continued)
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TABLE 1 Continued

‘|e 1@ uaybeg

ABojounwiwi| Ul s1913U044
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Lung Spleen
Bird identifi- Day post chal- ~ Occurrence of clini-
cation lenge (dpc) cal signs (dpc) Lesion Bacterial Infiltration of Lesion Bacterial Infiltration of
score isolation inflammatory cells score isolation inflammatory cells
49 3 -
50 3 -
51 3 -
52 3 -
53 7 14
54 7 -
55 7 _
Vaccinated and 56 7 -
challenged 57 14 B
58 14 -
59 14 -
60 14 -
61 21 -
62 21 -
63 21 -
64° 10 1-10

640°UISISNUOY

“detection of bacteria was performed by immunohistochemistry

°not done

“bird that died or had to be euthanized due to severe clinical signs

“bird that had to be euthanized due to cannibalism

Only vaccinated and negative control birds (groups V and N) did not show clinical signs, lesions scores or histological changes related to colibacillosis.
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FIGURE 2

10.3389/fimmu.2023.1185232

Number of birds with lesion in lung, spleen, liver, air sac, heart, and peritoneum following vaccination and/or challenge of birds. The column bar
indicates the number of birds showing lesions in the respective organ at different time points. Chickens of the remaining groups (only vaccinated
birds and negative control birds) did not show lesions related to APEC inoculation.

(Table 1, Supplementary Table 5). Five birds each in groups V and
N, and 2 birds in group N were sampled positive in the lung and
spleen, respectively. The likelihood of bacterial re-isolation was
significantly different exclusively in the lung between the groups:
Challenged birds showed a higher probability compared to pullets
from groups V and N (Figure 4) (P=0.019). Comparing groups
vaccinated and challenged (V+C) with challenged only (C), the
likelihood of bacterial re-isolation was higher in lung, liver and air
sac of group challenged only, however, not reaching significance.
Data of liver, air sac and heart with no statistical significance are
provided in Supplementary Figure 3.

Results from the testing for circulating antibodies against
APEC in sera from birds did not differ between the groups at any
sampling time point before and after challenge (mean optical
density values ranged from 2.6 to 3.4). No significant variation in
the concentration of IgY antibodies was seen in any group
throughout the whole experiment (Supplementary Figure 4).

3.3 Histopathological examination and
immunohistochemistry

Microscopic lesions were only seen in birds challenged with
APEC (groups V+C and C) (Table 1). Inflammation was a
typical feature demonstrated in organs of challenged pullets
together with congestion and oedematous areas including
fibrinous deposits. Samples from birds of group C presented
infiltrations of inflammatory cells (heterophils and mononuclear
cells) in the lung, spleen, liver, air sac and heart. Similar
histological lesions were observed in the same organs of V+C
birds, although substantially reduced compared to non-
vaccinated but challenged birds (group C). Histopathological
changes in lung and spleen from representative birds of all
experimental groups are comparatively shown in Figure 5. No
histopathological lesions were observed in organs of birds from
groups N and V.

FIGURE 3

Organ to body weight (BW) ratios following vaccination and/or challenge of birds. Comparison of lung-BW ratio and spleen-BW ratio for each
experimental group (negative control group (N), challenged group (C), vaccinated group (V), vaccinated and challenged group (V+C)) after challenge.
Statistical differences were evaluated using one-way ANOVA in R. Significance was declared at an alpha cut off of 5%. Pairwise comparisons between
groups were corrected for multiple testing via the Bonferroni-Holm method. Asterisks indicate a significant difference (P < 0.05).
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FIGURE 4

10.3389/fimmu.2023.1185232

Predicted probability of bacterial isolation in lung and spleen following vaccination and/or challenge of birds. Comparison of probability of bacterial
isolation between experimental groups (negative control group (N), challenged group (C), vaccinated group (V), vaccinated and challenged group (V
+C)) in lung and spleen. Statistical differences were evaluated analyzed using a binary logistic regression model in R. Significance was declared at an
alpha cut off of 5%. Pairwise comparisons between groups were corrected for multiple testing via the Bonferroni-Holm method. Asterisks indicate a

significant difference (P < 0.05).

In samples from the lung and spleen, E. coli was only detected
by IHC in birds that were inoculated with APEC (groups V+C and
C) (Table 1). In the lung, E. coli was present in the capillary region
and the larger lumina of the parabronchi of 5 and 4 out of 16 birds
in groups C and V+C, respectively. Small colonies of bacteria were
identified in necrotic areas. The presence of APEC was generally less
common in spleen sections, however, bacteria were found in the
parenchyma of 4 birds in group C and 1 bird in group V+C out of
16 birds in both groups. The localization and distribution of E. coli
in the lung and spleen of a representative bird from group C is
shown in Figure 6.

3.4 Gene expression of cytokines

Most frequent significant changes in mRNA gene expression for
IL-1f, IL-6, IL-10 and IFN-ywere observed at 3 dpc in the lung and
spleen (Figure 7). At this time point following vaccination and/or
challenge (groups C, V and V+C), mRNA levels for IL-13 were
significantly upregulated in lung (P=0.0010, 0.0018 and 0.000001,
respectively) and in spleen (P=0.0010, 0.0035 and 0.000002,
respectively) in comparison to the control group. Furthermore, a
significant upregulation in gene expression of IL-6 in the lung was
observed in birds of the same groups (P=0.0031, 0.0284 and 0.0060,
respectively). At 21 dpc, mRNA levels for IL-10 in lung samples
were significantly lower in the group C in comparison to group N.
No significant differences between the groups were found at any
time point for IFN-y neither in spleen nor lung samples.

3.5 Phenotypic characterization of
mononuclear cells

The mean frequencies of CD4, CD80o., TCR-Yd and B cells as
well as monocytes/macrophages in the lung and spleen of chickens
are shown in Figure 8. FCM analyses revealed that the in spleen
CDA4" cells frequencies significantly increased in the group V+C at 3
dpc (P=0.0099). CD80." cells accounted for the spleen and the lung
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mononuclear cells, with no significant differences between the
groups. Interestingly, in both challenged groups (groups C and V
+C), a significant decrease of lung TCR-Y8" cell was detected at 3
dpc compared to control birds (group N) (P=0.0222 and 0.0050,
respectively). In addition, at 7 dpc an increase was observed in the
same T-cell subpopulation in the spleen of challenged birds
(P=0.0246). For B cells, the only significant variation was limited
to an increase in group V+C at 3 dpc in the lung (P=0.0461). Lung
monocytes/macrophages were elevated in group C at 7 dpc
(P=0.0029). Additionally, the frequency of those cells in the
spleen rose significantly at 3 dpc in vaccinated and challenged
birds compared to the control group (P=0.00002).

3.6 Expression of interferon-y of re-
stimulated mononuclear cells

Ex vivo stimulation of isolated mononuclear cells from chickens
with irradiated APEC demonstrated a response of different T-cell
subpopulations (CD4", CD8a." and TCR-Yd") by IFN-y production
(Figure 9). Statistical analysis showed that results for IFN-y-
producing T-cell subsets did not significantly differ between time
points (data not shown). Therefore, we calculated the results of
IFN-y" T cell frequencies from all birds of the respective group
together. APEC-specific IFN-y-producing CD4™ T cells were
identified by ICS in cells from lung and spleen of birds with no
significant changes related to APEC vaccination or challenge.
Isolated lung mononuclear cells of the vaccinated and/or
challenged birds (groups C, V and V+C) showed a significant
increase of IFN-y"CD80c." after re-stimulation with irradiated
APEC in comparison to the control birds (P=0.0158, 0.0001 and
0.0147, respectively). Additionally, in challenged birds a raise of
IFN-y"CD8a." T cells was detected in spleen derived cells (P=0.007).
APEC-specific IFN-y"TCR-y8" T cell frequencies from
mononuclear cells from lung were higher upon re-stimulation in
groups C and V in comparison to control birds (P=0.0485 and
0.0009, respectively). For spleen cells, significant differences were
determined in groups C and V+C following re-stimulation
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FIGURE 5

Histopathology of lung and spleen from different groups. Histopathological observations in tissues from a negative control ((A, B) bird identification:
1), challenged only ((C, D) bird identification: 19), vaccinated ((E, F) bird identification: 47) and vaccinated and challenged ((G, H) bird identification:
51) of representative birds are shown. Organ samples in (C, D) show multifocal areas of necrosis and severe infiltrations of leukocytes. Tissue
sections in C and H indicate mainly an increased presence of inflammatory cells. Organ samples of the negative control and vaccinated birds do not
show histopathological lesions.

FIGURE 6
Immunohistochemical detection of E. coli in representative positive tissue samples. Presence of E. coli (arrow heads) in the lung (A) and spleen (B) of
an APEC-challenged bird (bird identification: 19).
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FIGURE 7

10.3389/fimmu.2023.1185232

Cytokines mRNA expression levels measured by RT-gPCR. Expression pattern of IL-1f, IL-6, [L-10 and IFN-yin lung and spleen are shown as fold
changes of MRNA expression levels at 3, 7, 14 and 21 dpc in groups C (red, n = 14) V (green, n = 15) V+C (purple n = 15). Statistical differences were
calculated in comparison to the negative control group (n = 16). Error bars represent the standard error of ACq values. Statistical differences were
evaluated using linear mixed model in R. Significance was declared at an alpha cut off of 5%. Pairwise comparisons between groups were corrected
for multiple testing via the Bonferroni-Holm method. Significant changes are indicated as * (P < 0.05).

(P=0.0066 and 0.0087, respectively). Monocytes/macrophages did
not respond to re-stimulation by IFN-y production (data
not shown).

4 Discussion

In the present study, a discriminative vaccination/challenge
model of colibacillosis was implemented using commercial
pullets. Thereby, we focused on immunological changes caused by
irradiated and/or live APEC. The irradiated E. coli was administered
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via aerosol route which was found suitable to induce protection in
young chickens (5). The used field strain of APEC was previously
determined to be associated with colibacillosis and consequently the
disease could successfully be reproduced in individual pullets as
well. However, the disease could not be reproduced in every non-
vaccinated but challenged pullet similar to the outcome of a
previous experiment using 2-week-old chickens (5). Nevertheless,
clinical signs and typical lesions of colibacillosis such as
airsacculitis, perihepatitis and pericarditis, consolidated lungs
overlaying fibrinopurulent material and peritonitis were observed
in birds of the challenged groups (groups C and V+C).
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FIGURE 8

Alterations of CD4", CD8a*, TCR-y8"*, Bu-1* and Kul-01* cell subpopulations following vaccination and/or challenge analysed by flow cytometry in
lung and spleen. The percentage of CD45"CD4", CD45"CD8a.* TCR-y8", CD45*TCR-y8*, CD45*CD4 CD8c. Bu-1* and CD45"KUL-01" cells were
determined in groups N (blue) C (red), V (green) V+C (purple). Statistical differences were evaluated using linear mixed model in R. Significance was
declared at an alpha cut off of 5%. Pairwise comparisons between groups were corrected for multiple testing via the Bonferroni-Holm method.
Asterisks indicate a significant difference in compare to the control group (P < 0.05).
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FIGURE 9

10.3389/fimmu.2023.1185232

Frequencies of IFN-y-producing cells subpopulations isolated from lung and spleen of birds following re-stimulation with irradiated APEC. The plots
represent the mean frequencies with standard error of IFN-y-producing CD45"CD4*, CD45*CD8a.* TCR-y8~ and CD45"TCR-y8" T cells isolated
from lung and spleen following re-stimulation with irradiated APEC. Neither for total Kul-01" nor Bu-1* cells, hardly any IFN-y producing cells were
identified. Statistical differences were evaluated using one-way ANOVA in R. Significance was declared at an alpha cut off of 5%. Pairwise
comparisons between groups were corrected for multiple testing via the Bonferroni-Holm method. Asterisks indicate a significant difference of the
C (red) V (green) V+C (purple) in compare to the N (blue) group (P < 0.05). Different symbols represent respective time points: circles: 3 dpc,

rectangles: 7 dpc, triangles: 14 dpc and rhombuses: 21 dpc.

E. coli was isolated from lungs of the majority of birds in groups
C and V+C. Accordingly, the lung of challenged birds (groups C
and V+C) was the most affected organ and resulted in pathological
changes and inflammation, similar to changes in air sac.
Macroscopic and microscopic lesions in lung had been suggested
to play an important role for entry of APEC into systemic
circulation (43). Consequently, systemic bacteremia in challenged
birds is most likely the sequel of lesions in lower respiratory organs.
Additionally, non-vaccinated but challenged birds (group C)
developed slightly more severe lesions in lungs in association with
higher organ to body weight ratios compared to other groups. The
increase of relative organ weights can be interpreted as an immune
response in the lung which was also histopathologically confirmed
by the increase of inflammatory cells (44). Neither macroscopic nor
microscopic lesions were identified in groups N or V which were
not challenged with bacteria; however, E. coli was isolated from the
lung of some of those birds. This could be explained by the fact that
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positive re-isolations of E. coli from lung of non-infected
commercial birds is possible (45). The infection of the spleen is
indicative of a systemic infection (33) and in the present work
congestion and microscopic changes such as infiltrations of
heterophils were observed in this organ in some of the challenged
birds (groups C and V+C). In addition, the increase in relative
weight of the spleen has formerly been described in colibacillosis
(46) which is evident in challenged birds of this experiment as well.
Altogether, vaccination reduced necropsy findings and
histopathological lesions of the challenge and a lower probability
of bacterial re-isolation in group V+C compared to group C,
indicating a more effective elimination of bacteria as a result of
vaccination. These results supports the protective effect of the non-
adjuvanted irradiated APEC vaccine in pullets. Even though, further
investigations and optimizations for a clinical protection of pullets
against APEC are needed. The composition of the vaccine can be
further improved considering optimization in concentration and
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suitable adjuvants. Furthermore, the vaccination regime and the
combination of different kind of vaccines are reported to improve
efficacy (47).

Gene expression of cytokines in response to vaccination in
combination with APEC challenge has only been described in a few
of studies (18, 19, 23) and so far, the effect of irradiated APEC on
cytokines has not been investigated at all. Therefore, the cytokines
IL-1pB, IL-6, IL-10 and IFN-y were selected in the present work to
identify pro- and anti-inflammatory, regulatory and adaptive
pathways activated during vaccination and/or challenge with
APEC at different time points after challenge. Consistent with our
findings, an upregulation of IL-1f in chickens following APEC
infection was already shown in the lung and the spleen (17, 19). IL-
1B is a pro-inflammatory cytokine, which can be synthesized and
secreted by a multitude of cell types, with multifunctional
attributions and engagement in a variety of host inflammatory
and immune responses especially in context of bacterial infections
(48, 49). The upregulation of IL-1f in spleen samples of vaccinated
and/or challenged birds (groups V, C and V+C) is likely because the
tissue resident antigen presenting cells in the respiratory tract that
first encountered by APEC, will be activated to secrete cytokines
and chemokines as a part of the innate immune response (50). This
signalling pathway can trigger the attraction of more immune cells
like T cells and macrophages to the infected tissue (51).
Additionally, the production of cytokines and chemokines can
activate systemic immune responses, involving immune organs
such as the spleen.

Notably, in our data we observed a remarkable upregulation of
IL-6 mRNA expression only in the lung of vaccinated and/or
challenged birds (groups V, C and V+C), which was several folds
higher than the expression of other cytokine genes. These findings
are also accordant to the fact that the lung was more affected than
the spleen showing a higher number of the isolated bacteria, and
more macroscopic and microscopic lesions. In consistency with our
finding, no increase of IL-6 was observed in the spleen in a similar
study following vaccination with recombinant antigens as vaccine
and challenged with APEC (19). This outcome suggests that the
application of irradiated or live APEC to the lower respiratory tract
causes a local upregulation of IL-6 which cannot be observed in a
systemic expression of this cytokine in the spleen. Functions of IL-6
as a pro-inflammatory cytokine and its lymphocyte-stimulating role
makes it a very useful marker to test immune system activation (16,
49, 52). Generally, the concentration of IL-6 in the circulation of
healthy birds is relatively low but can be rapidly increased in
response to foreign stimuli, particularly in disease status or
extreme conditions (53). In our experiment, IL-6 was upregulated,
even in vaccinated birds which shows an immune stimulatory effect
of irradiated APEC.

Remarkably, birds that received only vaccination showed a
similar pattern in upregulation of IL-1f and IL-6 expression in
the lung and the spleen compared to challenged birds (groups V+C
and C). The explanation might be that irradiated APEC pathogen-
associated molecular patterns (PAMPs) such as lipopolysaccharides
and flagellin remains intact after irradiation (5, 11). It was reported
that these PAMPs can be sensed by specific pattern recognition
receptors (54). This recognition can lead to a secretion of pro-
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inflammatory cytokines like IL-1f3 and IL-6 as well as chemokines
that attract phagocytic heterophils and macrophages to the site of
infection as a response. However, this upregulation caused by
irradiated APEC was less than the upregulation resulted from live
bacteria suggesting less chance of immunopathogenic damage to
host tissues (48). Altogether, the ability of irradiated APEC to elicit
significant increases in pro-inflammatory cytokines (IL-1f3 and IL-
6), indicates that the used vaccine activates the respective immune
pathways to defend against APEC.

Testing different cytokines’ patterns including Th1 (IFN-}) and
regulatory/anti-inflammatory cytokine (IL-10) showed no
expression differences at different time points except a statistically
significant downregulation of IL-10 at 21 dpc in the lung of birds
only challenged (group C). Previously, Ariaans et al. (17) presented
an upregulation of cytokines IFN-y and IL-10 in splenocytes and
lung samples one day after inoculation with E. coli which dropped,
suggesting a short and rapid onset of these cytokines after
APEC infection.

Results from the ELISA measuring antibodies (IgY) against
APEC in sera from birds did not differ between the groups at any
sampling time point before and after challenge. A preceding
development against E. coli can be suggested according to the
housing conditions in a commercial pullet farm. Anyhow, Filho
et al. (26) suggested that the protection provided by vaccination
with APEC does not necessarily depend on the production of
antibodies. In the last mentioned study, the humoral and cell-
mediated responses after vaccination with the Poulvac® E. coli
vaccine, an aroA-deficient mutant strain of APEC serogroup O78,
was investigated. Spray vaccination of broiler chicks with the
Poulvac® E. coli vaccine indicated that after an initial innate
immune response, T cell and antibody-mediated protection may
be important, as suggested by the number of CD8" cells in the blood
and the production of mucosal antibodies that could be seen by the
number of circulating CD4"TCRV 1" cells. Importantly, in a recent
study investigating the effect of the irradiated vaccine in SPF layer
chicks, it was emphasized that the humoral immunity is less
important because of the absence of circulating antibodies (IgY)
(5). The immunophenotyping analysis of non-stimulated
mononuclear cells in the present work revealed phenotypic
differences in birds following vaccination and/or challenge with
APEC. Analysis of CD4" T cell subset elucidated a significant
increase in spleen of vaccinated and challenged birds at 3 dpc. At
the same time, the increase of CD4" cells was associated with a rise
of macrophages in the spleen. The simultaneous elevation of both
cell types can be explained by specific interactions in context of
antigen presentation by macrophages to the T-cell subsets which
results in the development of adaptive cell-mediated immunity (55).
Importantly, it was also found that CD8a" cells remained
unchanged during the whole experiment after vaccination and/or
challenge in the lung and spleen. In agreement with these results, no
significant differences in frequencies of CD8f3 and CD8o. between
APEC challenged and control birds were observed in blood
mononuclear cells and splenocytes of broilers (17). Changes of Y0
T cells were found in relevant numbers in the lung and spleen of
pullets in the present work. This T-cell subtype was commonly
described as innate-like cell, which has been shown to rapidly
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elevate in the initial stages of an immune response after a bacterial
infection like Salmonella Typhimurium (56). In contrast to this, the
percentage of TCR-y8" significantly decreased at 3 dpc in lung
mononuclear cells obtained from groups C and V+C following
APEC challenge. This finding is not fully understood but Meijerink
et al. (24) reported a similar observation in the spleen of broilers
infected with Salmonella Enteritidis. However, knowledge on the
functional role of 3 T cells in immunity to APEC infection in birds
is scarce and mechanisms provoked by yd T cells in protection
against this pathogen deserve further elucidation.

Alongside to T cells, we observed a significant increase of B cells
(Bul™) at 3 dpc in vaccinated and challenged groups in the lung. It
was already shown by bone marrow transcriptome analysis that B
cell development is extensively affected by APEC infection in birds
(25). This result suggests that vaccination and challenge by APEC
induces B cells activation and migration to the site of APEC
infection. Moreover, an increase in numbers of B cells was
associated with significant upregulation of IL-6 in the lung of
vaccinated and challenged birds. This association might be
explained by the function of IL-6 to induce differentiation of B
cells into antibody producing cells which might be important in
clinical protection of pullets (48).

Changes of monocytes in blood (17) as well as macrophages in
the lung (57) were reported following colibacillosis. Accordingly, in
our study the number of Kul-01" cells increased in the lung and the
spleen of challenged birds. It was previously described that the
number of macrophages in the lung is considered to be important to
antagonize APEC (12, 58). The systemic spread of APEC, as
observed in the present work, coincided with a significantly
increased presence of macrophages in the lung and spleen which
suggests macrophages’ role in systemic clearance of the APEC in
chickens (17, 57, 59).

The detection of enhanced activation of immune cells by
expression of intracellular IFN-y was shown in several studies
investigating vaccine-induced T cell responses in the chicken (60,
61). However, APEC-specific T-cell immune response following
vaccination and/or infection of chickens has not been studied. In a
previous work, we suggested that the initial T cell responsiveness of
naive mononuclear cells from spleen, lung and blood of chickens to
APEC characterized by activation of the IFN-y and IL-17A
signalling pathways is expected to enhance the immune response
of host birds which might be important in control of APEC (28).
Consequently, it was of interest to investigate whether primed
mononuclear cells are capable to recall responses indicating
irradiated APEC to be used for vaccination or not. As IFN-y
proofed a key inflammatory biomarker which plays an important
and critical role in activation of the cellular immunity (54), the focus
of the present study was set only on IFN-y. Ex vivo stimulation of
isolated mononuclear cells from pullets with irradiated APEC
demonstrated a response of different T-cell subpopulations
(CD4", CD80." and TCR-y8") by IFN-y production. Despite the
fact that no macroscopic and microscopic lesions have been
observed in birds that received vaccination only, re-stimulated
lung mononuclear cells showed a significant increase of both
IFN-y"CD8c" and IFN-y"TCR-yd" T cells in comparison to
control birds. This suggests that vaccination could prime birds
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that specifically respond to a challenge by adapted immune cells
even though further experiments have to confirm this. Moreover,
this result shows that vaccine-induced APEC-specific IFN-y-
producing y8" and CD8a" T cells contribute to the local
immunity in the lung against APEC. Notably, in our experiment
isolated lung and spleen mononuclear cells from only challenged
pullets showed a significant increase of the same T-cell
subpopulations in comparison to control birds whereas
vaccinated and challenged chickens showed a significant increase
of IFN-y"CD80." T cells in the lung and IFN-y"TCR-y8" T cells in
the spleen. In general, IFN-y production seems to play an important
role in the immune response against bacteria as it was previously
shown that it can subsequently stimulate additional macrophages to
clear phagocytosed bacteria (62) or impair intracellular survival by
direct killing of infected cells (55). However, we did not observe the
production of IFN-y of chicken macrophages in the present study.
Nevertheless, the existence of such cells in avian species should not
be denied since they are described in mammals, even in a very low
frequency (63). Furthermore, a more precise phenotyping of the
IFN-y-producing cells that can be extended for heterophils and NK
cells would be desirable for future investigations. Anyhow, the
generated results of the present work elucidated important roles
of cell mediated responses against APEC by a clear pathogen-
specific T-cell response represented by IFN-y production.

In conclusion, the present study shows that the application of
non-adjuvanted irradiated APEC via aerosol route activates the
cellular immune response in the target tissue as well as the spleen as
systemic immunological organ. The vaccine provides priming of the
immune system against invading APEC. Moreover, the results
demonstrate the expression of the cytokines IL-1f3 and IL-6, cell
mediated responses as well as APEC-specific T-cell response
dominated by IFN-y-producing CD80." and TCR-y8" subsets to
be triggered against colibacillosis.
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