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R. Marius Dwars b, Andrea Gröne a, M. Hélène Verheije a, Christine A. Jansen c 

a Division of Pathology, Department Biomolecular Health Sciences, Faculty of Veterinary Medicine, Utrecht University, Yalelaan 1, 3584 CL Utrecht, the Netherlands 
b Division of Farm Animal Health, Department Population Health Sciences, Faculty of Veterinary Medicine, Utrecht University, Yalelaan 7, 3584 CL Utrecht, the 
Netherlands 
c Division of Infectious Diseases and Immunology, Department Biomolecular Health Sciences, Faculty of Veterinary Medicine, Utrecht University, Yalelaan 1, 3584 CL 
Utrecht, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Broilers 
Dual infection 
Avian pathogenic Escherichia coli 
Infectious bronchitis virus 
Newcastle disease virus 
Avian metapneumovirus 

A B S T R A C T   

Colibacillosis in chickens caused by avian pathogenic Escherichia coli (APEC) is known to be aggravated by 
preceding infections with infectious bronchitis virus (IBV), Newcastle disease virus (NDV) and avian meta-
pneumovirus (aMPV). The mechanism behind these virus-induced predispositions for secondary bacterial in-
fections is poorly understood. Here we set out to investigate the immunopathogenesis of enhanced respiratory 
colibacillosis after preceding infections with these three viruses. Broilers were inoculated intratracheally with 
APEC six days after oculonasal and intratracheal inoculation with IBV, NDV, aMPV or buffered saline. After 
euthanasia at 1 and 8 days post infection (dpi) with APEC, birds were macroscopically examined and tissue 
samples were taken from the trachea, lungs and air sacs. In none of the groups differences in body weight were 
observed during the course of infection. Macroscopic lesion scoring revealed most severe tissue changes after 
NDV-APEC and IBV-APEC infection. Histologically, persistent tracheitis was detected in all virus-APEC groups, 
but not after APEC-only infection. In the lungs, mostly APEC-associated transient pneumonia was observed. 
Severe and persistent airsacculitis was present after NDV-APEC and IBV-APEC infection. Bacterial antigen was 
detected by immunohistochemistry only at 1 dpi APEC, predominantly in NDV-APEC- and IBV-APEC-infected 
lungs. Higher numbers of CD4+ and CD8+ lymphocytes persisted over time in NDV-APEC- and IBV-APEC- 
infected tracheas, as did CD4+ lymphocytes in NBV-APEC- and IBV-APEC-infected air sacs. KUL01+ cells, 
which include monocytes and macrophages, and TCRγδ+ lymphocytes were observed mostly in lung tissue in all 
infected groups with transient higher numbers of KUL01+ cells over time and higher numbers of TCRγδ+
lymphocytes mainly at 8 dpi. qPCR analysis revealed mostly trends of transient higher levels of IL-6 and IFNγ 
mRNA in lung tissue after IBV-APEC and also NDV-APEC infection and persistent higher levels of IL-6 mRNA 
after aMPV-APEC infection. In spleens, transient higher levels of IL-17 mRNA and more persistent higher levels of 
IL-6 mRNA were observed after all co-infections. No changes in IL-10 mRNA expression were seen. These results 
demonstrate a major impact of dual infections with respiratory viruses and APEC, compared to a single infection 
with APEC, on the chicken respiratory tract and suggest that immunopathogenesis contributes to lesion 
persistence.   

Abbreviations: APEC, avian pathogenic Escherichia coli; IBV, infectious bronchitis virus; NDV, Newcastle disease virus; aMPV, avian metapneumovirus; HEPA, 
high efficiency particulate air; DEC, Dierexperimentencommisie; TRT, turkey rhinotracheitis; PBS, phosphate-buffered saline; EID, egg infectious dose; CFU, colony- 
forming units; HI, haemagluttination inhibition; ELISA, enzyme-linked immuno sorbent assay; FFPE, formalin-fixed paraffin-embedded; HE, haematoxylin and eosin; 
BSA, bovine serum albumin; (RT-q)PCR, (reverse transcription quantitative) polymerase chain reaction; cDNA, complement DNA; GAPDH, glyceraldehyde-3- 
phosphate dehydrogenase; IL, interleukin; IFN, interferon. 
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1. Introduction 

Colibacillosis in domestic chicken is caused by avian pathogenic 
Escherichia coli (APEC) and induces extensive economic and animal 
welfare problems worldwide. An important variant of colibacillosis 
manifests mainly in the respiratory tract of broiler chicken and presents 
as pneumonia and airsacculitis (Dho-Moulin and Fairbrother, 1999; 
Dwars et al., 2009; Horn et al., 2012; Guabiraba and Schouler, 2015). 
Uncomplicated APEC infections, however, can often successfully be 
cleared by affected chickens in early phase of disease (Goren, 1978). 

Respiratory virus infections are well-known to predispose for sub-
sequent infection with bacterial agents in both humans and animals 
(Hament et al., 1999; Navarini et al., 2006; Kukavica-Ibrulj et al., 2009; 
Golda et al., 2011; Robinson et al., 2014; Hendaus et al., 2015). 

Despite the fact that virus-induced predisposition for secondary 
bacterial infections often occurs, the diseases resulting from such dual 
infections are mechanistically poorly understood. These events were 
first explained by virus-induced mechanical damage to the mucocilliary 
respiratory tissue, which was thought to hamper proper bacterial 
clearance (Kotani et al., 1987; Bakaletz, 1995). In addition, 
virus-induced increase of bacterial attachment factors was found to aid 
bacterial manifestation in the upper respiratory tract (Bakaletz, 1995; 
McCullers and Rehg, 2002). 

Alternatively, primary viral airway infection is known to facilitate 
secondary bacterial infection via cell-mediated immune pathways, as 
was clearly demonstrated in studies on influenza virus-predisposed 
streptococcal lung infection in mice (reviewed by Robinson et al. 
(2015) and Rynda-Apple et al. (2015)). Macrophages play an important 
role in the early defence against viruses. Upon phagocytosis or infection, 
macrophages are able to present foreign antigens to T cells and in this 
way induce T cell activation (Unanue, 1984). It appears that anti-viral 
interactions between macrophages and T cells can extensively hamper 
anti-bacterial activities. Several pro-inflammatory mediators that play a 
major role in anti-viral defence, such as IL-6 and IFNƴ, were in mammals 
repeatedly associated with increased risks for subsequent bacterial 
infection (Smith et al., 2007; Kukavica-Ibrulj et al., 2009; Rynda-Apple 
et al., 2015). Type I interferons, released from virus-infected cells, have 
been reported to impair macrophage activity via decreased release of 
tumour necrosis factor (TNF)-α and attenuation of 
macrophage-regulated T helper responses and in this way contribute to 
the suppression of cell-mediated anti-bacterial clearance (Navarini 
et al., 2006; Sun and Metzger, 2008; Shahangian et al., 2009; Li et al., 
2012; Rynda-Apple et al., 2015; Wu et al., 2015). Other important 
virus-induced and interferon-driven side effects that contribute to bac-
terial survival are immunosuppression via increased IL-10 release (van 
der Sluijs et al., 2004; Smith et al., 2007; Kudva et al., 2011; Lokken 
et al., 2014) and hampered antibacterial IL-17 and γδ T cell responses 
(Ouyang et al., 2008; Shahangian et al., 2009; Kudva et al., 2011; Li 
et al., 2012; Lee et al., 2015). 

Although virus-induced predisposition to subsequent bacterial in-
fections will likely vary for different viruses and bacteria, the authors 
hypothesize that effects on cell-mediated immunity and the 
macrophage-T cell alliance play a role in bacterial disease preceded by 
viral infection in the chicken respiratory tract. In broilers, infections by 
infectious bronchitis virus (IBV), Newcastle disease virus (NDV) and 
avian metapneumovirus (aMPV) are well known to predispose for severe 
disease from subsequent APEC infections (Goren, 1978; van Eck and 
Goren, 1991; Peighambari et al., 2000; Van de Zande et al., 2001; 
Matthijs et al., 2003; Ariaans et al., 2008). Only few details about the 
pathogenesis behind these dual infection-based diseases are known and 
it is especially unclear whether these different viruses predispose for 
colibacillosis in a similar way or via virus-specific routes. Therefore, the 
aim of this study is to focus on the comparative immunopathogenesis of 
enhanced respiratory colibacillosis after infection with three different 
viruses in an in vivo dual infection model with APEC. The study will give 
new insights in the similarities and differences between the immune 

responses that coincide with enhancement of tissue damage following 
APEC infection after preceding infection with either of these viruses. 

2. Materials and methods 

2.1. Animal experiments 

Eighteen-day-incubated Ross 308 eggs, originating from a Myco-
plasma gallisepticum-free broiler parent stock, were obtained from a 
commercial hatchery (Lagerwey, the Netherlands) and hatched at the 
animal research facility of the Department of Farm Animal Health 
(Utrecht University). From the day-of-hatch, the birds were housed in 
negative pressure HEPA (high efficiency particulate air) filtered iso-
lators (Beyer and Eggelaar, Utrecht, the Netherlands). Up to day 15 of 
age, broilers were fed a commercial feed ad libitum with light given for 
23 h a day. To prevent cannibalism, red light was given from day 4 
onwards. From 15 days onwards, feed was restricted to 85 % and given 
on a ‘skip-a-day’ base to reduce leg problems and hydrops ascites with 
light reduced to 16 h a day. Drinking water was supplied ad libitum 
throughout the experimental period. From day 1–31, temperature was 
gradually deviated from 37 ◦C to 18 ◦C. From day 31 onwards the 
temperature was kept at 18 ◦C. The experiments were performed in 
accordance with the Dutch animal welfare regulations and the experi-
mental protocols approved by the Animal Experimental Committee 
(Dierexperimentencommissie, DEC) of the Veterinary Faculty of Utrecht 
University, the Netherlands (DEC approval number 2012.II.08.121). 

2.2. Viral and bacterial inocula 

Virulent IBV M41 strain was kindly provided by MSD Animal Health 
(Boxmeer, the Netherlands) as freeze-dried vials containing 108.3 egg 
infectious doses (EID)50/1.2 ml/vial (batch 00-12-578127). The live 
Newcastle disease vaccine LASOTA (AviPro ND LASOTA; batch: 
E029811) was obtained from Lohmann Animal Health (Cuxhaven, 
Germany) as freeze-dried 5000 doses vials containing 5 × 109.0 EID50/ 
vial. The aMPV live turkey rhinotracheitis (TRT) vaccine (Noblis® TRT; 
MSD Animal Health; Boxmeer, the Netherlands) was supplied via freeze- 
dried 1000 doses vials containing 105.5 EID50/vial (from here on 
referred to as aMPV). Just prior to use, inocula were dissolved in 
phosphate-buffered saline (PBS) at a concentration of 105.0 EID50/mL, 
except for the aMPV inoculum which was dissolved at 104.6 EID50/mL. 

The APEC strain 506 was used at a concentration of 107.6CFU/mL. 
This APEC strain was originally isolated from a commercial broiler (van 
Eck and Goren, 1991) and was prepared as previously published (Mat-
thijs et al., 2003). 

2.3. Experimental design 

Twenty-five female chicken were randomly divided over separate 
isolators in five experimental groups of five birds. At experimental day 
-6 (28 days of age), groups 3, 4 and 5 were inoculated with respectively 
IBV, NDV and aMPV oculo-nasally by administering one droplet of 0.05 
ml per bird in both eyes and nostril and 1 ml intra-tracheally per bird, 
resulting in an infectious viral titre of 1.2 × 105.0 EID50 / bird (aMPV 1.2 
× 104.6 EID50). Groups 1 and 2 received comparable volumes of PBS. At 
experimental day 0, all groups except group 1 were intra-tracheally 
inoculated with 1 ml APEC culture diluted in PBS, group 1 received 1 
ml PBS. Broilers were weighed on experimental days -6, 0 and 8. 

At day 8, blood samples were collected from the jugular vein to 
determine the antibody titres against IBV and NDV by haemagglutina-
tion inhibition assay (HI) and aMPV titres by enzyme-linked immuno 
sorbent assay (ELISA) (GD Animal Health, Deventer, the Netherlands). 
According to standard lab procedures of GD Animal Health, IBV HI titres 
≥5, NDV HI titres ≥3 and aMPV ELISA titres ≥9 were considered 
positive. 

At experimental day 1 and 8 (after APEC inoculation) broilers were 
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euthanized. During post-mortem analysis, paired samples were taken of 
the trachea, lungs and air sacs. One sample was snap frozen in liquid 
nitrogen and stored at − 20 ◦C, the other formaline-fixed for 24− 48 h. 

2.4. Macroscopic and histopathologic lesion scoring 

At day 1 and 8, colibacillosis-associated lesions were macroscopi-
cally scored in the left and right thoracic air sac, the pericardium and the 
serosal surface of the liver with a 4-grade system (0–3) to classify birds 
in mildly, moderately and severely affected as previously published (van 
Eck and Goren, 1991). 

For histopathologic lesion evaluation, sections of formalin-fixed and 
paraffin-embedded (FFPE) trachea, lung and air sac were stained with 
hematoxylin and eosin (HE) according to standard laboratory proced-
ures. Tissue slides were semi-quantitatively scored using a 4-grade sys-
tem (0–3) for severity of three separate lesion aspects: 1) epithelial 
integrity; 2) heterophilic granulocyte infiltration; 3) interstitial / sub-
mucosa cellularity (in this category with exclusion of the heterophilic 
granulocytes). The total lesion scores, which are defined as the sum of 
the separate scores per category, were corrected for the fraction of tissue 
containing lesions. The scoring system is depicted in Table 1. 

2.5. Immunohistochemistry 

APEC antigen was detected with APEC 506 specific rabbit serum on 
sections of FFPE trachea, lung and air sac as previously published 
(Dwars et al., 2009). Sections were evaluated by light microscopy for 
presence of APEC antigen. 

Four different immune cell populations were immunohistochemi-
cally labelled in 8 μm cryostat sections and transferred to KP Plus slides 
(Klinipath). CD4+, CD8αβ+ and TCRγδ+ lymphocytes and KUL01+
cells were visualized with mouse-anti chicken CD4 (clone CT-4, IgG1), 
mouse anti-chicken CD8β (clone EP42, IgG2a), mouse anti-chicken 
TCRγδ (clone TCR-1, IgG1) and mouse-anti-chicken monocyte/macro-
phage (KUL01, IgG1) (Southern Biotech, USA) as previously published 

(Matthijs et al., 2009). The KUL01 antibody binds the mannose receptor 
MRC1L-B, which is present on monocytes, macrophages and plasmacy-
toid dendritic cells (Staines et al., 2014). The TCR-1 antibody recognizes 
γδ T cells. Antibodies were diluted 1:1000 (1:2000 for KUL01) in PBS 
containing 0.5 % bovine serum albumin (BSA) and 0.1 % sodium azide 
(PBA) for 1 h. Antibody binding was visualized with biotinylated horse 
anti-mouse IgG (Vectastain) diluted 1:200 in PBS for 1 h, subsequent 
incubation with the avidin:biotin enzyme complex (Vectastain Elite ABC 
kit) for 1 h and the colour substrate 3,3-diaminobenzidine-tetrahydro-
chloride (DAB, Sigma) in TRIS-HCL buffer (Merck) for 10 min. Slides 
were counterstained with haematoxylin (Sigma) and mounted in fluo-
rescence mounting medium (DAKO). Negative controls were incubated 
comparably, but without the primary antibody. 

For trachea and lung, stained cells were counted light microscopi-
cally in three representative sections per slide and averaged per group, 
resulting in the mean cell count per organ per animal. For the air sacs, 
positive cells were semi-quantified per group using four grades: 0 - cell 
numbers comparable to mock-infected birds, 1 – mildly increased 
numbers (few up to dozens), 2 – moderately increased numbers (dozens 
up to approximately one hundred), 3 – markedly increased numbers 
(hundreds, ‘uncountable’). 

2.6. Real time quantitative PCR (RT-qPCR) 

Real time qPCR was performed to analyse mRNA levels of the cyto-
kines IL-6, IL-10, IL-17 and IFNƴ in lung and spleen of chickens at all 
post mortem time points. Frozen tissue samples were thawed and ho-
mogenized (Retsch Mixer Mill 301, Fisher Scientific) in RLT buffer 
(Qiagen). Total RNA was isolated using RNeasy Mini Kit (Qiagen) ac-
cording to the manufacturer’s recommendation and eluted in 30 μl 
RNase-free water. cDNA was generated with reverse transcription of 
purified RNA, with a maximum of 500 ng RNA, using iScript cDNA 
Synthesis Kit (Bio-Rad). RT-qPCR primers and probes sequences were 
designed according to previously published sequences (Ariaans et al., 
2008; Yoo et al., 2008) and are shown in Table 2. IL-6, IL-10, 28S and 
IFNƴ qRT-PCR was performed with 600 nM primers and 100 nM probes 
using Taqman Universal PCR Master Mix (Life Technologies) on the 
following cycle profile: one cycle of 50 ◦C for 2 min, one cycle of 95 ◦C 
for 10 min, and 40 cycles of 95 ◦C for 10 s and 59 ◦C for 1 min. IL-17 and 
GAPDH RT-qPCR was performed using 400 nM primers and iQ SYBR 
Green supermix (Bio-Rad) with the following reaction cycle conditions: 
one cycle of 95 ◦C for 5 min, 40 cycles of 92 ◦C for 10 s, 59 ◦C for 10 s and 
72 ◦C for 30 s, one cycle of 95 ◦C for 1 min, one cycle of 65 ◦C for 1 min 
and 31 cycles of 65 ◦C for 1 min. mRNA from 24 h ConA stimulated 
splenocytes was used as reference line for IL-6, IFNƴ, IL-17 and 28S. For 
GAPDH a GAPDH containing plasmid was used and IL-10 standard 
curves were generated using mRNA isolated from the chicken macro-
phage cell line HD11 which was stimulated for 3 h with LPS. As 
housekeeping gene for IL-6, IFNƴ and IL-10 chicken ribosomal 28S was 
used. For IL-17 the housekeeping gene GAPDH was used. MyiQ 
Single-Color Real-Time PCR Detection System (Bio-Rad) was used to 
amplify and detect specific cytokine products. 

qPCR data were analyzed as described by Eldaghayes et al. (2006). 
This method is based on the differences in average Ct values between the 
gene of interest and the housekeeping gene. For each gene (including a 
housekeeping gene) 5 serial dilutions of a standard are included, all in 
triplicate, to generate a linear reference line. In parallel all samples are 
measured in triplicate, both for the gene of interest as well as the 
housekeeping gene. A “corrected Ct value” is calculated by the formula 
= Average Ct gene of interest + ((median Ct value of the housekeeping 
gene in all standards) – Average Ct housekeeping gene*(slope_ standard 
curve gene of interest/slope standard curve housekeeping gene_)). In 
this way the data is corrected for variation in RNA input, and tube 
variations in the housekeeping gene. Next the “corrected Ct value” is 
subtracted from the number of cycles, and this 40-Ct value is shown. 

Table 1 
Histopathologic lesion scoring.  

Score Scoring criterium Multiplication 
factor 

Aspect 1: Epithelial integrity 
0 comparable to PBS group 

tissue % affected1 

1 
mild thickening and / or minimal desquamation or 
cell loss 

2 
moderate thickening and / or desquamation, cell 
death or 
cell loss (tissue architecture mostly recognizable) 

3 
severe thickening and / or desquamation, cell death, 
cell loss (with loss of normal tissue architecture) 

aspect 2: Granulocyte infiltration 
0 comparable to PBS group 

tissue % affected1 

1 few (‘dozens’) scattered cells, incidentally in airway 
lumen 

2 moderate numbers (‘hundreds’), scattered cells or 
small clusters, sometimes in airway lumen 

3 
marked numbers (‘more than hundreds / 
uncountable’), scattered and clear clusters, often in 
airway lumen 

aspect 3: Interstitial cellularity 
0 comparable to PBS group 

tissue % affected1 

1 mild cell increase (‘dozens’), few small lymphoid 
nodules 

2 
moderate cell increase (‘hundreds’), some interstitial 
thickening, clear lymphoid nodules 

3 
marked increase (‘more than hundreds / 
uncountable’), obvious interstitial thickening, large 
lymphoid nodules 

Total score per aspect varies between 0 (comparable to PBS group) and 3 (score- 
3-changes in 100 % of the tissue sample. 1 Scale 0.1–1.0 with steps of 0.1 (10, 20, 
30 % etc. of the tissue sample affected). 
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2.7. Statistical analysis 

The One-Way ANOVA test was used to analyse the differences in 
weight of dually-inoculated broilers (IBV-APEC, NDV-APEC and aMPV- 
APEC) and APEC-inoculated broilers per time point. A generalized linear 
model was performed on the macroscopic lesion scores, mRNA fold 
changes and number of positive immune cells in broilers. The explana-
tory variables were treatment (PBS, APEC, IBV, NDV, aMPV) and time 
point (day 1 and 8). The dependent variable number of positive immune 
cells in trachea and lung underwent log transformation, to meet the 
assumption of normality, before statistical analysis. A Bonferroni 
correction was used to investigate differences between dually- 
inoculated broilers and the APEC-inoculated birds. Histologic lesion 
scores were analysed with the Mann-Whitney U test. For all statistical 
analyses a p-value of < 0.05 was considered statistically significant. 

3. Results 

3.1. Macroscopic lesion scores, antiviral antibody titers and body weights 

Colibacillosis-associated lesions were macroscopically observed in 
all dually- and APEC-only-inoculated birds (Fig. 1A and B), most 
prominently after NDV-APEC inoculation (mean macroscopic lesions 
scores 3.3 and 3.1 at respectively day 1 and 8), slightly less after IBV- 
APEC inoculation (scores 2.4 and 2.1) and at mild level after aMPV- 
APEC inoculation and in the APEC-only-inoculated birds (scores 
respectively 0.5 and 0.4 versus 0.7 and 0.5). Lesions were most severe in 
the air sacs; pericardial lesions were only present after NDV-APEC 
infection. Perihepatitis was not seen in any bird. Birds which were not 
inoculated with virus or APEC had no macroscopic lesions. 

All virus-inoculated birds showed humoral immune responses spe-
cifically against the inoculated virus. All IBV-APEC-inoculated chicken 

had a serum IBV antibody HI titre of ≥7 (threshold ≥5) (Fig. 1C). Four of 
five NDV-APEC-inoculated birds had a serum NDV antibody HI titre of 
≥3 (threshold ≥3) (Fig. 1D). Four of five aMPV-APEC-inoculated birds 
had a serum aMPV antibody ELISA titre of 10 (threshold ≥9) (Fig. 1E). 

No significant body weight differences existed between the groups 
which had received a dual inoculation, neither at the day of virus 
inoculation (day -6), nor at the day of APEC inoculation (day 0) or at the 
end of the experiment (day 8). (data not shown). 

3.2. Histopathologic lesion scores 

Histopathologic lesion scores are shown for the three studied respi-
ratory tissues with representative pictures of the most severe changes in 
Fig. 2. 

3.2.1. Trachea (Fig. 2, row A) 
In the tracheas of birds inoculated with APEC only, mild to moderate 

granulocytic infiltration was observed with only minimal epithelial 
hyperplasia at day 1. No tracheal lesions were seen in this group at day 
8. Moderate lesions were present after IBV-APEC inoculation at day 1, 
consisting mainly of epithelial hyperplasia, intraepithelial granulocyte 
infiltration and lymphohistiocytic infiltration in the lamina propria. 
Compared to the APEC-only and aMPV-APEC groups, these lesions 
persisted and were significantly (P < 0.05) more severe on day 8. At day 
1, tracheal lesions were of comparable morphology, but significantly (P 
< 0.05) more severe in NDV-APEC-inoculated birds than in all other 
groups. Similar to the IBV-APEC-inoculated birds, these lesions showed 
a trend to persist at day 8. Tracheal lesions observed in aMPV-APEC- 
inoculated birds had an average severity that was comparable to those 
observed in the IBV-APEC-inoculated birds and birds inoculated with 
APEC only at day 1. In contrast with the tracheas of both IBV-APEC- and 
NDV-APEC-inoculated birds, tracheal lesions in aMPV-APEC-inoculated 
birds reduced and did not persist at day 8. Apart from minimal to mild 
focal infiltration of lymphocytes and histiocytes, no lesions were 
observed in the tracheas of mock-infected birds. 

3.2.2. Lung (Fig. 2, row B) 
Lung lesions were of comparable morphology and severity for APEC- 

only-, IBV-APEC- and NDV-APEC-inoculated birds at day 1 with signif-
icant (P < 0.05) difference to the PBS group. In contrast, lesions in the 
lungs of aMPV-APEC-inoculated birds were only mild. Lesions were 
predominantly characterized by parabronchial epithelial swelling and 
granulocyte infiltration. In some lungs of APEC-only-, IBV-APEC- and 
NDV-APEC-inoculated birds, accumulations of cellular debris and 
degenerate granulocytes were observed within parabronchial lumina. At 
day 8, lesions in the virus-APEC-inoculated birds consisted more 
prominently of non-granulocytic interstitial cell increase, whereas those 
in the lungs of birds inoculated with APEC only contained more gran-
ulocytes. Lesions persisted at this time point in NDV-APEC-inoculated 
birds and were significantly (P < 0.05) more severe compared to 
APEC-only- and aMPV-APEC-inoculated birds. A trend of mild lesion 
persistence at day 8 was also observed after IBV-APEC inoculation. 
Lungs of mock-infected birds had minimal to mild focal lymphocytic and 
histiocytic infiltration, but granulocytic infiltration was not present. 

3.2.3. Air sacs (Fig. 2, row C) 
Differences in lesion severity between the experimental bird groups 

were most evident in the air sacs. In most of the air sacs of birds inoc-
ulated with APEC only, no tissue changes were observed at both day 1 
and 8. In contrast, IBV-APEC- and NDV-APEC-inoculated birds had se-
vere air sac lesions at day 1, which was significantly (P < 0.05) different 
to the APEC-only group. These lesions reduced in severity, but persisted 
moderately on day 8 with significant (P < 0.05) difference between the 
NDV-APEC and APEC-only group and with a similar trend for persis-
tence in the IBV-APEC group. Air sacs of aMPV-APEC-inoculated birds 
also showed mild lesions, but these were less severe than in the other 

Table 2 
RT-qPCR Cytokines, primers and probes.  

RNA target Probe / primer sequence (5’-3’) Accession 
number 

28S probe (FAM)-AGGACCGCTACGGACCTCCACCA- 
(TAMRA) 

X59733  

F 
primer 

GGCGAAGCCAGAGGAAACT   

R 
primer 

GACGACCGATTTGCACGTC  

IFNγ probe (FAM)-TGGCCAAGCTCCCGATGAACGA- 
(TAMRA) 

YO7922  

F 
primer 

GTGAAGAAGGTGAAAGATATCATGGA   

R 
primer 

GCTTTGCGCTGGATTCTCA  

IL-6 probe (FAM)- 
AGGAGAAATGCCTGACGAAGCTCTCCA- 
(TAMRA) 

AJ309540  

F 
primer 

GCTCGCCGGCTTCGA   

R 
primer 

GGTAGGTCTGAAAGGCGAACAG  

IL-10 probe (FAM)-CGACGATGCGGCGCTGTCA- 
(TAMRA) 

AJ621614  

F 
primer 

CATGCTGCTGGGCCTGAA   

R 
primer 

CGTCTCCTTGATCTGCTTGATG  

IL-17 F 
primer 

ATGGGAAGGTGATACGGC AM773756  

R 
primer 

GATGGGCACGGAGTTGA  

GAPDH F 
primer 

GTGGTGCTAAGCGTGTTATC K01458  

R 
primer 

GCATGGACAGTGGTCATAAG   
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virus-APEC groups. Lesions observed after preceding IBV and NDV 
inoculation consisted of marked granulocytic infiltration and marked 
epithelial hypertrophy with sometimes epithelial desquamation at day 
1. At day 8, cell infiltrates in the air sacs of these birds had changed to 
less granulocytic and more lymphohistiocytic. Apart from incidental 
mild focal inflammatory cell infiltration at day 1, no lesions were 
observed in the air sacs of mock-infected birds. 

3.3. APEC antigen presence 

APEC antigen was not demonstrated in the trachea, but was present 
at day 1 only in the lungs of IBV-APEC-, NDV-APEC- and APEC-only- 

inoculated birds and in the air sacs of one NDV-APEC-inoculated bird. 
It was not demonstrated in aMPV-APEC-inoculated birds and in none of 
the birds at day 8 (Table 3). 

In the lungs, APEC antigen was present in air capillaries and para-
bronchial lumina (Fig. 3, upper panels), in the air sac it was present 
within the lumen (Fig. 3, lower panels). APEC antigen was observed as 
scattered single dots in association with focal heterophilic granulocyte 
infiltration, probably representing individual bacteria, and sometimes as 
small clusters of dots, probably several bacteria taken up by phagocytes 
or in the lumen of small capillaries. 

Fig. 1. Macroscopic lesion scores and antibody titres. Colibacillosis lesion scores were determined as described by van Eck and Goren, 1991 at 1 (A) and 8 (B) days 
post APEC infection. Mean + SEM of five birds per group is shown. Antibodies titres against IBV (C) and NDV (D), were determined two weeks post infection by 
haemagglutination inhibition. Titres ≥5 (IBV) and ≥3 (NDV) were considered positive. Antibody titres against aMPV (E) were determined by ELISA. Titres ≥9 were 
considered positive. 5 birds per group (few birds not analysed for all titres due to limited amounts of serum). 

E.A.W.S. Weerts et al.                                                                                                                                                                                                                         



Veterinary Immunology and Immunopathology 238 (2021) 110276

6

3.4. Immune cell presence 

Immune cell counts in tracheas and lungs are shown in Fig. 4A, 
representative examples of the immunohistochemically-labelled cells in 
Fig. 4B and semi-quantified cell numbers in the air sacs in Fig. 4C. 

KUL01+ cell numbers were highest in tracheas of IBV-APEC- and 
NDV-APEC-inoculated birds and comparably lower in tracheas of aMPV- 
APEC and APEC-only-inoculated birds at day 1 and 8. In the lung, 
KUL01+ cell numbers at day 1 were higher in NDV-APEC- and APEC- 
inoculated and also slightly higher in IBV-APEC-inoculated birds than 
in aMPV-APEC-inoculated birds. At day 8, KUL01+ cell numbers 
remained comparable to day 1 in the aMPV-APEC group. In IBV-APEC-, 
NDV-APEC and APEC-only-inoculated birds, KUL01+ cell numbers at 

day 8 were lower compared to day 1 with cell numbers at day 8 com-
parable to the aMPV-APEC group in all other groups. Compared to all 
other groups, increase of KUL01+ cells was slightly lower in the air sacs 
of aMPV-APEC-inoculated birds. Cell numbers were lower at day 8, 
except for the aMPV-APEC-inoculated birds, and were then comparable 
for all groups. 

Compared to the birds inoculated with APEC only, CD4+ lymphocyte 
numbers in the trachea were significantly (P < 0.05) higher for the IBV- 
APEC- and NDV-APEC-inoculated birds at both day 1 and 8. NDV-APEC- 
inoculated birds had more CD4+ lymphocytes in their lungs than the 
other groups at day 1. In the air sacs, CD4+ lymphocytes were at day 1 
mainly observed in the IBV-APEC- and NDV-APEC-inoculated birds. This 
increase persisted for the NDV-APEC-inoculated birds at day 8. 

In contrast to the birds inoculated with APEC only, CD8αβ+ lym-
phocytes were observed in significantly (P < 0.05) higher numbers at 
day 1 and persisted at day 8 in all virus-infected tracheas. A comparable, 
but milder trend was seen for CD8αβ+ lymphocytes within the lungs, 
although these increases did not persist at day 8. Compared to the other 
virus-APEC groups, the lungs of NDV-APEC-inoculated birds contained 
more CD8αβ+ lymphocytes at day 1. In the air sacs, higher numbers of 
CD8αβ+ lymphocytes were only observed in some IBV-APEC-inoculated 
birds at day 1. 

TCRγδ+ lymphocyte numbers did only mildly differ between groups 
in the trachea. Compared to day 1, this cell type was present in slightly 

Fig. 2. Histopathologic lesion scores with mean for trachea (A), lung (B) and air sac (C), with representative pictures (400x magnification, 20 μm scale bar) of highest 
score lesions. Black arrow = epithelial lining, white arrow = heterophilic granulocytes in the epithelial lining, asterisk = inflammatory cell accumulations (in the 
lung mostly heterophilic granulocytes), inset = syncytial cells after NDV-APEC infection. 5 birds per group (few missing values due to tissue artefacts impeding 
scoring). Significant differences (P < 0.05), trachea: * compared to NDV-APEC 1 dpi, ** compared to IBV-APEC 8 dpi; lung: * compared to PBS-PBS 1 dpi, ** 
compared to NDV-APEC 8 dpi; air sac: * compared to NDV-APEC and IBV-APEC 1 dpi, + compared to NDV-APEC 1 dpi, ** compared to NDV-APEC 8 dpi, ++

compared to IBV-APEC 8 dpi. 

Table 3 
APEC antigen presence.  

Inoculation  day 1   day 8  

1st 2nd trachea lung air sac trachea lung air sac 

PBS PBS 0/5 0/5 0/5 0/5 0/5 0/5 
PBS APEC 0/4 1/4 0/4 0/5 0/5 0/5 
IBV APEC 0/5 2/5 0/5 0/5 0/5 0/5 
NDV APEC 0/5 3/5 1/5 0/5 0/5 0/5 
aMPV APEC 0/5 0/5 0/5 0/5 0/5 0/5  
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higher numbers at day 8 in IBV-APEC-, NDV-APEC- and APEC-only- 
inoculated lungs. In the air sacs, these cells were present in higher 
numbers at both day 1 and 8 after preceding viral inoculation, compared 
to inoculation with APEC only. 

No statistical significances (P < 0.05) between groups could be 
demonstrated for the lungs and air sacs. 

3.5. Cytokine mRNA levels 

To conclude, differences in cytokine mRNA expression were inves-
tigated. As shown in Fig. 5A, mRNA levels of the pro-inflammatory 
cytokine IL-6 were significantly (P < 0.05) higher in the lungs of IBV- 
APEC-inoculated birds and tended to be higher in the NDV-APEC- 
inoculated group compared to the APEC-only group at day 1. In the 
course of infection, IL-6 levels in the lungs of IBV-APEC- and NDV-APEC- 
inoculated birds decreased to similar levels on day 8 as observed in birds 
inoculated with APEC only, while in aMPV-APEC inoculated birds the 
level of IL-6 did not change, compared to day 1. In the spleen no sta-
tistically significant differences between IL-6 mRNA levels were 
observed at day 1, but IL-6 levels tended to increase in the IBV-APEC- 
and NDV-APEC-inoculated birds at day 8 (Fig. 5B). 

In the lungs, IFNγ mRNA in IBV-APEC- and NDV-APEC-inoculated 
birds was only observed at day 1 (Fig. 5C). In the spleen, IFNγ was 
readily detected at day 1 and tended to remain higher at day 8 in the 
IBV-APEC- and NDV-APEC-inoculated birds, compared to birds inocu-
lated with APEC only (Fig. 5D). 

In the lung, no differences in IL-17 mRNA levels between the groups 
were observed, except for a slightly but not significantly higher level at 
day 1 in NDV-APEC-inoculated birds (Fig. 5E). In the spleen, signifi-
cantly (P < 0.05) higher IL-17 mRNA levels were observed in IBV-APEC- 
and aMPV-APEC-inoculated birds at day 1, compared to APEC-only- 
inoculated birds (Fig. 5F). 

No IL-10 mRNA was detected in lungs or spleen in any of the groups 
(data not shown). 

4. Discussion 

This study for the first time compared immunologic and pathologic 
aspects of dual infections with three very relevant respiratory viruses in 
poultry (IBV, NDV and aMPV) and APEC. In summary, tracheitis and 
airsacculitis developed mostly virus-associated, persisted over time after 
mainly NDV-APEC but also IBV-APEC infection and mainly coincided 
with respectively higher and persistent CD4+ and CD8αβ+ lymphocyte 
numbers (trachea) and CD4+ and TCRγδ+ lymphocyte numbers (air 
sac). Pneumonia, in contrast, developed more APEC-associated, but also 
persisted mildly after NDV-APEC and IBV-APEC infection. Pneumonia 
coincided with KUL01+ cell numbers comparable for all groups that 
were higher early after infection. Furthermore, pneumonia was associ-
ated with increased CD4+ and CD8+ cell numbers after NDV-APEC 
inoculation. Virus-APEC dual infections were furthermore associated 
with transient higher mRNA levels of pro-inflammatory cytokines 
locally in the lung and with persisting higher mRNA levels of these cy-
tokines systemically in the spleen. These findings broaden the knowl-
edge on viral influences on colibacillosis in broilers and highlight 
similarities and differences between viruses in dual infections. Previous 
studies have focused mostly on either single pathogens or the dual 
infection IBV-APEC and therefore lack this comparative aspect of the 
current work. 

The presence of CD4+ lymphocytes and CD8αβ+ lymphocytes in the 
tracheas and air sacs and of KUL01+ cells in the tracheas was virus- 
associated, coincided mainly with IBV-APEC- and NDV-APEC-induced 
lesions and persisted over time. In the trachea, numbers of KUL01+
cells (likely mostly macrophages) correlated with increased CD4+ and 
CD8αβ+ cell numbers, which is likely the result of specific cell in-
teractions – probably in the form of antigen presentation by macro-
phages to the T cell subsets – that are known to lead to development of 
adaptive cell-mediated immunity (Unanue, 1984). The fact that these 
higher immune cell numbers coincided with higher mRNA levels of the 
pro-inflammatory cytokines IL-6 and IFNγ in both the lungs and spleen, 
suggests that besides a stronger local immune response also a stronger 
systemic response plays a role in the pathogenesis of the studied dual 
infections compared to infection with APEC only. The authors 

Fig. 3. Representative serial sections of chicken lung (upper panels) and air sac (lower panels) showing APEC-antigen presence, HE and IHC anti-APEC (800x 
magnification, 20 μm scale bar). Asterisk = inflammatory cell infiltrates, arrow = APEC antigen. 
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hypothesize that tissue resident macrophages in the respiratory tract 
that first encountered the virus as part of the innate immune response 
will be activated to secrete cytokines and chemokines. This will lead to 
the recruitment of additional immune cells such as T cells and more 
macrophages to the infected tissue. Next, also systemic immune re-
sponses will be induced by the cytokines and chemokines that easily 
spread to other organs including the spleen. Such sequence of events 
seems reflected by the demonstrated higher local IFNγ mRNA levels 
associated with mainly IBV and NDV infection at day 1 and the trend of 
higher systemic IFNγ mRNA levels in the spleen persisting at day 8. 

Local and systemic immune responses induced by respiratory APEC 
infection in chicken were recently evaluated in detail, albeit without 
preceding viral infections (Alber et al., 2019). Interestingly, in this study 
upregulation of IL-6 mRNA levels and the Th1 pathway was observed, 
but also an APEC strain specific decrease of both IL-17 mRNA levels and 
heterophilic granulocyte recruitment. The higher IL-6 and IFNγ mRNA 
levels and CD4+ and KUL01+ cell numbers after previous viral infection 
as observed in the current work might therefore imply viral aggravation 
of an effect also caused by APEC itself. The viruses on the other hand 
seem to overrule a potentially present IL-17 and granulocyte decrease 
evoked by APEC, since in this study only higher mRNA levels and cell 
numbers were found in the virus-APEC groups when compared to the 
APEC-only group. Alternatively, the demonstrated presence of CD4+
lymphocytes and CD8αβ+ lymphocytes in the trachea after all 
viral-pre-infections may also be an aspecific consequence of the local 

inflammatory environment, resulting in attraction of bystander lym-
phocytes. The presence of such lymphocyte populations may contribute 
to virus-induced pathology, as has been shown in respiratory infections 
in mice (Frey et al., 2008; Schmidt et al., 2018), and such effect might 
probably continue mechanistically largely independent during subse-
quent bacterial infection. 

In contrast to the air sac and trachea, lesions in the lung seemed more 
APEC-associated, were more transient over time and mainly coincided 
with higher KUL01+ cell numbers. In chicken, KUL01+ cells mostly 
represent monocytes and macrophages. Macrophages and heterophilic 
granulocytes are important anti-bacterial effector cells (Mellata et al., 
2003; Ariaans et al., 2008; Alber et al., 2019). Via secretion of IL-17, 
TCR1+ lymphocytes are known to have pro-inflammatory influences 
on both macrophage and granulocyte function, promoting effective 
bacterial clearance (MacMicking et al., 1997; Ye et al., 2001; Walliser 
and Göbel, 2018). In the current work, IL-17 expression locally in the 
lung was not significantly different for the virus-APEC-infected birds and 
the birds infected with APEC only, but did differ in the spleen. These 
virus-dependent systemic effects may probably contribute to enhanced 
clinical disease after dual infection (McGeachy et al., 2019). 

The observed limited influence of viral inoculation on lung lesion 
severity may be explained by the fact that none of the inoculated viruses 
usually primarily targets lung-specific cell populations (parabronchial 
and air capillary epithelium), with viral replication in the lung mostly 
restricted to the more ‘upper respiratory tract-like’ primary and 

Fig. 4. Respiratory tract immune cells counts in trachea and lung (A), with representative pictures of IHC cell labeling (800x magnification, 20 μm scale bar) (B) and 
semi-quantified immune cell numbers in air sac (C) for KUL01+, CD4+, CD8αβ+ and TCRγδ+ cells. KUL01+ cells were swollen at day 1 and displayed a spindeloid 
morphology day 8. Arrow = positively labelled, stained cells. Significant differences over time compared to PBS-APEC (P < 0.05) are indicated with an asterisk. For 
trachea and lung, cells were counted in 3 of 5 birds, for the air sac cells were semi-quantitatively scored in all 5 birds. 
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secondary bronchi (Nakamura et al., 2008; Saif et al., 2008; Dolz et al., 
2012). NDV and IBV nevertheless seemed to have a mild aggravating 
effect on induction of lung lesions. This may possibly be explained by the 
observed cellular debris in the parabronchial and air capillary lumina, 
likely derived via epithelial desquamation in the virus-infected upper 
respiratory tract and air sacs. Presence of this debris may trigger im-
mune responses and induce pathologic tissue changes. Alternatively, 
this aggravation might be explained by hematogenous spread of cyto-
kines or probably (mostly bacterial) antigen. Interestingly, compared to 
the NDV-APEC and IBV-APEC groups, less pathologic tissue changes 
were observed in the lungs after aMPV-APEC inoculation, which coin-
cided with a trend of higher IL-6 levels at day 8. In chicken, aMPVs 
usually cause only mild infections of the very upper parts of the respi-
ratory tract (nose, intraorbital sinuses, trachea) (Saif et al., 2008), which 
may explain low lesion severity compared to the other viruses. Alter-
natively, taking the observed IL-6 response and the immune cell in-
creases in the air sacs into account, aMPV infection might coincide with 

a delayed pro-inflammatory response. This may explain lower immune 
cell influxes at day 1, as observed for many of the studied cell types, 
resulting in lower lesion severity. Such effect, however, might in the end 
enhance the risk of persisting infection with increase of lesion severity 
and clinical disease at later time points than studied here (Bocharov 
et al., 2004). Additional temporal analysis for a longer total period and 
probably over shorter time intervals would be needed to further study 
this hypothesis. 

The infection model investigated in this study has been used previ-
ously with the aim to elucidate immunopathologic mechanisms in 
chicken after dual infection with IBV and APEC (Matthijs et al., 2003; 
Dwars et al., 2009; Matthijs et al., 2009). Although the observed 
IBV-APEC-induced lesion distribution and persistence are in line with 
the previously published data, the overall lesion severity (based on 
macroscopic scoring) and its effect on the birds’ body weight seems 
lower in the current study. This may be due to epigenetic changes in the 
commercial broilers used for the experiments, resulting from genetic 

Fig. 5. IL-6, IFNγ and IL-17 mRNA levels in lung and spleen. Real-time qRT-PCR IL-6 mRNA levels at 1 and 8 days post APEC infection in lung (A) and spleen (B). 
Real-time qRT-PCR IFNγ mRNA levels at 1 and 8 days post APEC infection in lung (C) and spleen (D). Real-time qRT-PCR IL-17 mRNA levels at 1 and 8 days post 
APEC infection in lung (E) and spleen (F).mRNA levels were normalized against 28S and are expressed as 40-Ct. Median + quartiles of five birds per group. Sig-
nificant differences compared to PBS-APEC (P < 0.05) are indicated with an asterisk. 
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selection within the commercial parental chicken flocks in the last de-
cades (Zou et al., 2020). Nevertheless, the fact that the birds developed 
antibody titres against the inoculated viruses and the fact that 
pathogen-dependent lesion differences were observed validate effective 
use of the current infection model. 

In conclusion, this study demonstrates that a dual infection in the 
broiler respiratory tract, resulting from inoculation with APEC preceded 
by IBV, NDV or aMPV, may result in development of lesions that can 
persist for at least eight days. In these persisting lesions, interestingly, 
based on immunohistochemical analysis the inoculated bacteria could 
not be demonstrated eight days after infection. Furthermore, lesion 
severity and distribution over the respiratory tract may be at least 
partially determined by the tropism of the inoculated virus. These ob-
servations together might imply that APEC rather maintains primarily 
virus-induced tissue damage, instead of that the viruses only facilitate 
lesion development primarily defined by APEC and antibacterial host 
responses. In this respect, further studies including virus-PBS-inoculated 
control birds would be needed to determine in detail the specific con-
tributions of both the virus and bacterium to the enhanced lesions 
resulting from these dual infection. The data further underscore an 
important role for the immune system in virus-APEC-induced disease. 
The results highlight the importance of protection against viral respi-
ratory infections in chicken via vaccination and suggest that extensive 
antibiotic use in such dual infections might be of limited therapeutic 
value, since lesions persist in spite of an apparently effective bacterial 
clearance. 
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