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Chapter 1

The COVID-19 pandemic, caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV2), over the last years made the world’s human
population thoroughly aware of the existence of coronaviruses (CoVs) and the
severe diseases they can cause.’®4353596064 yeterinarians, veterinary
researchers and livestock farmers, however, have been battling coronavirus-
induced diseases already for decades. The first ever reported disease that
retrospectively appeared to be caused by a member of this virus family was
‘infectious bronchitis’ (IB) in chickens. In 1931, researchers Schalk and Hawn
published about an ‘apparently new respiratory disease’ in chickens in North
Dakota.>! Bushnell and Brandly in 1933 discovered that this disease could be
reproduced by injecting chicks with airway discharges of diseased birds, even
after these discharges were passed over so-called Berkefield filters, which would
prevent passage of bacteria and protozoal parasites.'* Further confirmation of
involvement of an alternative, yet unknown infectious agent came after Hudson
and Beaudette in 1937 managed to culture the agent in embryonated chicken
eggs. This technique had made people aware earlier on of existence of other
non-bacterial infectious agents in chickens, for example the causative agent of
fowl pox, which were back then considered to be a ‘virus’ more per exclusionem
than based on true visualization of the agent.® In 1967 Almeida and Tyrrell were
finally able to visualize the cause of IB via electron microscopy. They discovered
structures of similar morphology within body fluids of chickens, mice and
humans that suffered from diseases suspected to be caused by viruses. The
observed spherical structures were named ‘coronavirus’ after their
characteristic halo that resembled the solar ‘corona’ (Fig. 1). This observation
marked the discovery of the infectious bronchitis virus (IBV) as first avian
coronavirus (AvCoV) and retrospectively as cause of the first ever recognized
coronaviral disease.? Currently, IBV has spread globally and causes significant
problems with chicken welfare and productions losses almost all over the

world.?433

Infectious bronchitis is primarily a respiratory disease. Since the description of
the IBV variant that is regarded as the IBV prototype in Massachusetts in 1941
(IBV M41), many different genotypes of IBV have been found and characterized.
Several of these can cause disease outside the respiratory tract, but all variants
found so far usually seem to be able to induce rhinitis and tracheitis (Fig. 2).2>>®
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Figure 1: Artistic impression of the morphology of a coronavirus particle as visualized by electron microscopy
(left panel), compared an artistic impression of the solar corona (right panel).

Severity of these upper respiratory diseases can vary per viral variant and
depending on the type, age and immune status of the infected chicken. With
exception of few IBV variants that are known for their relatively high
pathogenicity, such as the Australian T strain and Delaware 072, mortality due
to IBV infection by especially non-nephropathogenic virus variants is generally
very low. Mortality tends to be the highest in younger-aged chicks with up to
25% of mortality among flocks during the first 6 weeks of age.>° During infection,
the respiratory epithelium goes through a phase of degeneration and
subsequently a phase of hyperplasia before it changes back to its original
morphology during a recovery phase.?® Inflammatory cell infiltration progresses
from heterophilic in the degenerative phase to mainly lymphohistiocytic in the
hyperplastic phase. Mainly during the degenerative phase, an intraluminal
exudate of heterophils mixed with desquamated infected epithelial cells can be
observed within the upper airways.®? IBV-induced pneumonia and airsacculitis
do occur, but these generally become more clinically relevant after subsequent
infection with a bacterium, for example the avian pathogenic Escherichia coli
(APEC).?7394546 |BV can be excreted via nasal and tracheal discharges and can be
often found in tracheal swabs.

IBV can infect other epithelia than the respiratory epithelium and the clinical
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Figure 2: Chicken tracheal mucosa; uninfected (left panels); infected with IBV M41, 3 days post infection (dpi)
- tissue architecture barely changed but with abundant viral protein expression (middle panels); infected with
IBV M41, 7 dpi - loss of cilia and goblet cells, lymphohistiocytic infiltration of the epithelium, heterophils and
mucus in the lumen, viral protein expression in the remaining epithelium and desquamated cells. Scale bar =
50 um. Adapted from: Ambepitiya Wickramasinghe, I.N., et al. The avian coronavirus spike protein. Virus
Research 2014; 194; 37-48.

impact of an IBV infection tends to increase when the virus is able to spread
from the airways to other tissues.”® Several IBV variants disseminate to the
kidneys, for example the classic nephropathogenic type B1648 and the IBV QX
variants. These cause tubular necrosis and tubulointersititial nephritis (Fig. 3),
which might be lethal especially in young chicks.*!92%2>35 |n addition, some IBV
variants can spread to the female reproductive tract and cause salpingitis, via
which they reduce egg production and decrease of eggshell quality.?2>3637 A
severe result of oviduct infection can sometimes be observed in young chicks,
mainly after infection with IBV QX variants. Such infections can induce cystic
malformations of the oviduct that permanently impede egg production, a
situation that is referred to as the so-called ‘false layer syndrome’.® Male genital
infection does occur, but the clinical impact of such infections is unclear.%!
Proventriculitis after IBV infection has been reported, but this seems more an
exceptional than a regular sequel.* IBV is known to infect the intestinal tract, but
generally not considered a virus associated with intestinal disease.*'>* The
cecal tonsil has been suggested as potential location of latent infection, but it is
not clear whether such infection truly involves the lymphoid cell component

10
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instead of merely the local cecal epithelium.? The virus can often be found in
the cloaca and on cloacal swabs, but the relative contributions to the cloacal
viral load from viral replication in the urogenital tract, the intestines and the
airways (via swallowing) are unclear and will likely vary per IBV variant.?>*° Of
additional interest are the Harderian glands, in which IBV can replicate and
cause adenitis. Via infection of these glands, the virus can get spread within tear
drops.>? IBV has so far not been associated with infections of the liver, pancreas

or the nervous system.

Other poultry species, most notably turkeys but also Guinea fowl, quail and
pheasants, can also suffer from coronavirus-induced disease.’® While the
associated tissue injury in pheasants and sometimes quail seems to resemble
that of IBV infection in chickens with involvement of the respiratory and urinary
tract,>1731445455 coronaviruses of turkeys, Guinea fowl and regularly quail are
known to cause enteric symptoms.>>262%42 |ntestinal disease is best studied in
turkeys infected with the turkey coronavirus (TCoV) and to lesser extent in
Guinea fowl infected with the Guinea fowl coronavirus (GfCoV). TCoV, which has
distinct US and French (Fr) variants, and GfCoV are genetically closely related
and seem to have IBV ancestors.® Turkeys infected with TCoV develop diarrhea
and anorexia and show decreased growth.>?%°° Disease caused by TCoV was first
described as ‘mud fever’ by Peterson and Hymas in 1951 and later became
referred to as ‘bluecomb disease’.*’ In 1973, the causative viral agent of this

el
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Figure 3: Chicken kidney infected with IBV QX; tubular necrosis and lymphoplasmacytic interstitial nephritis
(left panel, HE) with intralesional viral protein expression (right panel, anti S2). Scale bar = 20 pm.

11




Chapter 1

disease was discovered via electron microscopy and identified as a
coronavirus.*® GfCoV-induced enteric disease in industrially-kept Guinea fowl is
known in France since the 1970s. Due to the often severe clinical presentation
with high mortality, but the lack of knowledge on the exact cause, this was
referred to as ‘fulminating disease’.?>%42 GfCoV was demonstrated to be the
cause of this severe enteric disease in 2014. Especially for GfCoV, little details
about the disease, its pathogenesis and the full viral tropism are known and
researchers only very recently in 2021 managed to isolate the virus from
diseased birds.??

Immune responses against avian coronaviruses are most extensively studied for
IBV. The chicken immune system protects against IBV infection via both innate
and adaptive pathways. First defense is provided by epithelial barriers, which in
the airways are equipped with the so-called mucocillairy apparatus. Apart from
its physical barrier function against IBV, the epithelium likely also plays a role
during initiation of inflammatory and immune responses once infection

occurs.*®

Heterophils are an additional line of first defense and also
macrophages and natural killer cells are known to play a role in the early anti-
IBV response.®>?>3% Adaptive immunity against IBV infection comprises humoral
and cellular responses with generation of memory cells. B cell-dependent
production of the immunoglobulins IgM and 1gG has been repeatedly
demonstrated during vaccine trials and also local mucosal immunity with IgA
production is known to occur.?>* T cell-mediated cellular responses have been
shown in the airways and do comprise presence of both T helper and cytotoxic
T cell subsets.”34145 Seyeral of these responses are known to be mediated by
specific cytokines. Of these responses, at least interferon (IFN) release but also
release of other interleukins have been specifically evaluated.*® Studies have
shown that IBV is able to modulate several of these responses and it has been
suggested that this modulation might influence the occurrence of secondary
bacterial infections.®

Protection against IBV infections in the poultry industry is mostly based on
stimulation of immune responses via vaccination. Vaccination strategies are
commonly based on the use of live-attenuated vaccines, which are mostly
produced by viral culture in embryonated chicken eggs and administered via

12
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spray or aerosol techniques.'>?*32 The many different IBV variants are known to
belong to several serotypes and therefore it has been shown impossible to
protect against infection by any IBV field variant via vaccination with one strain
only. Therefore, combining various viral variants within a vaccination scheme is
necessary and has been demonstrated to lead to better protection. More
recently, steps have been undertaken to produce recombinant vaccines with the
aim to combine the immunogenic parts of several IBV variants within one

pluripotent vaccine.?3857,58

IBV, TCoV and GfCoV belong to the gammacoronaviruses, the genus of
coronaviridae in which to date most of the avian coronaviruses (AvCoVs) are
classified. Many recently discovered avian coronaviruses in wild birds belong to
the newest of the four known genera, the deltacoronaviruses.’®** Among these,
no equivalents of IBV, TCoV and GfCoV as causative agents of clinical disease or
threats to lifestock have yet been pinpointed. Most of the other coronaviruses
proven to be clinically relevant among animal species and humans belong to the
genera of alpha- and betacoronaviruses, of which SARS-CoV?2 is currently one
of the most impactful examples of the latter genus.'®** All coronaviruses are
positive single-stranded RNA viruses with a variable size of 80 to 120 nm.
Structurally they consist of a lipid bilayer that contains three of the four
structural proteins. Of these proteins, the envelope (E) and membrane (M)
proteins function mostly to define the shape of the viral particle, whereas the
spike (S) protein is needed to bind to the cells of the host. A fourth structural
protein, the nucleocapsid (N) protein, is found inside the viral particle where it

packages the viral RNA.%?

The S protein consists of two subunits, of which the more variable S1 part
contains the receptor binding domain (RBD) and interacts with the host receptor
determinants, while the more conserved S2 part has a major role in fusion of
the viral particle with the host cell membrane.®? The S protein mostly defines
the host and tissue tropism of the specific coronavirus and is also the dominant
protein that modulates the host’s immune response.®? Several IBV variants use
the S protein to bind to a2,3-linked sialic acids, which is so far the best known
receptor determinant for IBV.2®3 Recently it was discovered that IBV QX variants
seem to bind to another, yet undetermined group of sialic acids.'? TCoV and
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GfCoV have been shown to bind to other surface molecules, such as
nonsialylated poly-LacNAc-containing glycans.>!* To date, additional protein
receptors are suspected to exist, but no studies have been able to discover these
so far.'® With discovery of the different glycan receptor molecules, some studies
have been performed to gain knowledge about similarities and differences of
tissue tropisms for different IBV variants and TCoV and GfCoV,>!! but several
guestions remain and especially for Guinea fowl comparative studies on in vivo
tissue tropism and pathogenesis are lacking so far, though very much needed
for understanding disease.

With the continuous discovery of new IBV variants and other coronaviruses that
might become a threat to livestock or even the human population in the future,
more knowledge is needed about the diseases coronaviruses cause. For IBV in
chickens, many questions remain about the role of the virus in dual respiratory
infections with bacteria like APEC, but also with other viruses like the avian
influenza virus (AlV). Only few in vivo evaluations of dual viral infections in
chicken flocks that include IBV have been reported and mechanistically viral
interference in poultry is still poorly understood. Only limited knowledge exists
on the relevance of IBV-induced intestinal infection and how enteric
involvement in IB differs from TCoV infection in turkeys and GfCoV infection in
Guinea fowl. For GfCoV, on the other hand, only little information exists on
potential tissue tropism outside the intestines. Furthermore it is unclear why
GfCoV infection is usually associated with severe ‘fulminating disease’, while
turkeys and chickens infected with respectively TCoV and IBV tend to encounter
less severe intestinal problems with less lethal outcome. To address these
topics, this thesis presents the following studies:

In Chapter 2, the effects of attenuation of an IBV QX vaccine variant on lesion
severity and coinciding viral replication dynamics are compared with its wild-
type ancestor virus. Studies on attenuated IBV vaccine variants tend to focus on
gaining proof of successful attenuation mostly by scoring ciliostasis in the
trachea and development of kidney lesions and not so much on further
characteristics of lesion development and viral excretion that more
comprehensively explain the attenuated phenotype. The hypothesis in this
study is that respiratory and renal lesions will develop also after attenuation,
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but that these will be significantly less severe and these will coincide with only
limited shedding of virus via nasal and cloacal discharges.

In chapter 3, interference of IBV and avian influenza viruses (AlVs) is studied in
a trachea organ culture (TOC) model. Studies on viral interference in birds are
rare and with continuing outbreaks of AlV and the ongoing discovery of new IBV
variants, such interferences are very relevant for the poultry field. They might
influence disease severity and preventive measures, especially since these
viruses share common receptor determinants to bind to the host’s cells. It might
be likely that infection of the trachea by one virus will hamper replication by
another virus due to loss of susceptible cells, but the study in this chapter aims
to elucidate whether this is mostly the result of pure cell loss or that additional
factors, for example changes in receptor expression, could play a role.

The study in chapter 4 is set up to gain more knowledge about dual infections
with respiratory viruses and APEC. It aims to find correlations between airway
pathology and immune responses after infection with APEC when this is
preceded by an infection with IBV or two additional important chicken
respiratory viruses, the Newcastle disease virus (NDV) and the avian
metapneumovirus (aMPV). Virus-enhanced colibacillosis is a big threat to the
poultry industry and the airways have been proven to play a major role in the
development of this disease. This phenomenon has been mainly studied with
IBV as preceding virus, but the present study aims to compare the effect on
lesion development and immune responses when NDV or aMPV are used as
initial infectious agent. Based on knowledge from studies in for example mice as
model for human influenza virus-enhanced streptococcal pneumonia, the
hypothesis for this work is that the viruses will lead to more extensive airway
lesions and certain associated inflammatory stimuli that will hamper anti-
bacterial responses.

Chapter 5 elaborates further on the individual contributions of IBV and APEC to
airsacculitis as part of IBV-enhanced colibacillosis, probably the most famous
example of a dual infection in chickens with a virus and bacterium. Previous
studies of this kind highlighted the importance of the air sac in development of
disease, because these particularly seem to develop significantly more severe
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lesions than other respiratory tissues after dual infection than with APEC alone.
Since control groups infected with IBV alone mostly lacked in these previous
studies, this study aims to gain new insights into IBV-APEC-induced air sacculitis
by more comprehensive comparison with birds that only received virus. The
hypothesis for this study was that IBV might define lesion morphology more
extensively than previously thought and that APEC probably mostly enhances
the virus-induced damage, rather than that the bacterium induces most of the
damage, assisted by hampered antibacterial immune responses due to
interference of the virus.

Another avian coronavirus is introduced in chapter 6. In this chapter,
transmission and excretion kinetics of the Fr TCoV are studied in association with
the localization of the virus within the different segments of the intestines.
Compared to the US variant of TCoV, which is known for decades now, the Fr
variant is less well characterized and additional studies on the aforementioned
aspects will help to better understand development of TCoV-induced intestinal
disease over time when the virus gets introduced in a commercial flock of
turkeys. The infection hypothetically will likely lead to mucosal damage through
the intestinal tract with viral protein expression in balance with viral shedding.
The study also aims to define the region of the intestinal tract most prominently
targeted by Fr TCoV.

The study in chapter 7 evaluates and compares in detail morphologic changes
within the intestinal tract of chickens, turkeys and Guinea fowl infected with
respectively 1BV, TCoV and GfCoV. The intestinal tract seems to be the only
organ system that is targeted by all three AvCoVs, but the usual clinical
presentation of these infections is markedly different in these poultry species.
The study in this chapter aims to find an explanation for these clinical differences
by performing a retrospective histological analysis of paraffin-embedded
intestinal samples with the hypothesis that the Guinea fowl will have more
severe enteritis and more abundant intralesional viral protein. This chapter in
addition reports about lesions and viral tropism in other organ systems, because
these were not very well studied for GfCoV before.

16
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To conclude, results from these six studies are combined and discussed in
chapter 8 and remaining knowledge gaps and future perspectives on research
and field relevance are addressed.

In the end, this thesis presents new knowledge on pathogeneses, immune
responses and viral excretion and transmission of AvCoVs, that will help to
design and improve preventive and therapeutic strategies for the known but
also potentially emerging coronavirus-induced diseases in poultry and probably
other species.

17
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Chapter 2

Abstract

Infectious bronchitis (IB) is a highly contagious respiratory disease of poultry,
caused by the avian coronavirus infectious bronchitis virus (IBV). Currently, one
of the most relevant genotypes circulating worldwide is IBV-QX (GI-19), for
which vaccines have been developed by passaging virulent QX strains in
embryonated chicken eggs. Here we explored the attenuated phenotype of a
commercially available QX live vaccine, IB Primo QX, in specific pathogens free
broilers. At hatch, birds were inoculated with QX vaccine or its virulent
progenitor IBV-D388, and postmortem swabs and tissues were collected each
day up to eight days post infection to assess viral replication and morphological
changes. In the trachea, viral RNA replication and protein expression were
comparable in both groups. Both viruses induced morphologically comparable
lesions in the trachea, albeit with a short delay in the vaccinated birds. In
contrast, in the kidney, QX vaccine viral RNA was nearly absent, which coincided
with the lack of any morphological changes in this organ. This was in contrast to
high viral RNA titers and abundant lesions in the kidney after IBV D388 infection.
Furthermore, QX vaccine showed reduced ability to reach and replicate in
conjunctivae and intestines including cloaca, resulting in significantly lower
titers and delayed protein expression, respectively. Nephropathogenic IBVs
might reach the kidney also via an ascending route from the cloaca, based on
our observation that viral RNA was detected in the cloaca one day before
detection in the kidney. In the kidney distal tubular segments, collecting ducts
and ureter were positive for viral antigen. Taken together, the attenuated
phenotype of QX vaccine seems to rely on slower dissemination and lower
replication in target tissues other than the site of inoculation.

Keywords

infectious bronchitis virus — nephropathogenicity — broilers — attenuation —
vaccine — virulence
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Introduction

Infectious bronchitis (IB) is an acute, highly contagious respiratory disease of
chickens (Gallus gallus) caused by infectious bronchitis virus (IBV).! The virus
belongs to the genus Gammacoronavirus within the family Coronaviridae, order
Nidovirales.? IBV poses a major economic threat worldwide, especially due to
reduced egg quality and quantity in layer chickens and predisposition to
bacterial infections in broilers. IBV initially targets the epithelium of the
respiratory tract, but depending on the viral strain it can also infect other organs,
mostly the reproductive tract and the kidneys. New IBV variants, resulting in
different genotypes, serotypes and pathotypes, are continuously reported.?

Based on its clinical symptoms in the field and on its global dissemination, one
of the most threatening IBV genotypes is QX (GI-19). The first QX strain
circulating was reported from China in 1998,* and QX-like IBV strains are now
circulating in many other countries. These viruses are associated with
respiratory problems, renal failure, drops in egg production and ‘false layers’
syndrome.>® In Europe, it is the second most prevalent IBV genotype.'°

The control of IB occurs by vaccination, typically using live attenuated vaccines
derived from virulent strains serially passaged in embryonated chicken eggs. As
a result the virus adapts to the embryo, with a concomitant attenuation for
hatched, juvenile and adult chickens.?**3 Similarly, QX field virulent strains have
been attenuated via passage in embryonated chicken eggs.'* The basis of the
attenuation of live IBV vaccines and its effects on the resulting phenotype are,
however, poorly understood.

Here we set out to elucidate the attenuated phenotype of the QX vaccine,
NOBILIS IB Primo, by comparing its viral replication, protein expression and
induction of lesions in various target tissues to that of its progenitor, IBV-D388.°
Viral distribution was investigated at the site of inoculation, the trachea, and in
the kidneys, conjunctivae and the gastrointestinal tract, specifically including
the cloaca, over the first eight days after experimental infection of day-old
broilers. Our data show that the attenuation of QX vaccine phenotypically
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results in reduced ability to spread and to replicate in tissues beyond the site of

infection.

Materials and methods

Viruses and chickens

IBV-D388 was isolated by GD Animal Health (Deventer, The Netherlands) in
March 2004 from 19-day-old broiler breeders with respiratory signs and
increased mortality due to renal failure.® NOBILIS IB Primo QX (MSD/Animal
Health, The Netherlands; batch AO06A1J01; 10*°-10°° EIDso per vial) is a live
attenuated avian infectious bronchitis QX virus derived from strain D388. Full
genome sequences of the vaccine and its progenitor virulent strain are not
currently available.

Experimental design

Fifty-six specific pathogens free (SPF) broiler-type chickens (GD Animal Health,
Deventer, The Netherlands) of mixed gender were used in accordance with GD
Animal Health institutional guidelines (Ethical animal experimentation approval
2017-071). At day of hatch, the animals were divided into three groups,
containing eight (negative controls), 24 (QX vaccine), and 24 (IBV-D388) chickens
respectively, and each group was kept in separate isolators under controlled
housing conditions, including filtered supply and exhaust air. At day 0, the
control group was inoculated with PBS, and the experimental groups were
inoculated intratracheally with one dose of 10° EIDso IBV-D388 or QX vaccine in
0.1 ml sterile water. Back titration showed that birds were inoculated with a
dose of 103! EIDs of IBV-D388 and a dose of 10>° EIDso QX vaccine, respectively.

All animals were checked daily for clinical symptoms, but it is of note that clinical
symptoms including mild dyspnea, mildly increased respiratory sounds, and mild
serous ocular and nasal discharge are difficult to record when animals are
housed inisolators. Here, both the onset, the frequency and the number of birds
showing clinical respiratory symptoms listed above were comparable between
the groups (data not shown). Every day, one bird of the control group, three IBV-
D388 and three QX vaccine inoculated animals were euthanized. From each
26
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animal, swabs were taken from the trachea, the conjunctivae and the cloaca,
and stored at 4 °C after drying for two hours in a laminar flow cabinet. Tissue
samples were collected from trachea and kidneys daily. Samples from the
gastrointestinal (Gl) tract, including the cloaca, were taken at days 1, 4, 7, and
8. Tissues were fixed in neutral-buffered 10% formalin in PBS for 24 h, stored in
70% ethanol and finally paraffin-embedded. Additional kidney tissue samples
were placed in liquid nitrogen immediately during necropsy and subsequently
stored in -80 °C for viral RNA isolation.

Viral RNA analysis

RNA was extracted from individual dry swabs and kidneys. Briefly, the swabs
were eluted in 500 ml of PBS and the viral RNA was extracted using a QlAamp
viral RNA minikit (QIAGEN, Hilden, Germany) following the manufacturer’s
protocol, whereas 30 mg of each kidney was homogenized using MagNA Lyser
Instrument (Roche, Germany) and the RNA was isolated using the RNeasy
minikit (QIAGEN, Hilden, Germany), following the manufacturer’s
recommendations. In each round of RNA isolation, a QX isolate with known titer
(10° EIDso/ml) was included as positive control, while PBS was used as negative
control. qRT-PCRs were performed using the iTaq universal SYBR Green one-step
kit (Bio-Rad Laboratories, Hercules, California, USA). A genotype QX specific
SYBR Green qRT-PCR developed and validated in our laboratory!® based on the
S1 gene sequence was used to detect and quantify viral RNA. The limit of
detection of the assay was equal to 103! EIDso/100 ml. The qRT-PCR reactions
were carried out in a Bio-Rad CFX Connect real-time PCR system. In each gRT-
PCR round, three ten-fold dilutions of the positive control were used to create a
standard curve to quantify the viral RNA in the samples.

Histopathology and anti-IBV immunohistochemistry

Tissue slides were cut from the formalin-fixed, dehydrated, and paraffin-
embedded tracheas, kidneys, cloacas and other segments of the gastrointestinal
tract. For histopathological examination, tissue slides of trachea and kidney
were stained with haematoxylin and eosin (HE) according to standard laboratory
procedures. Histopathologic changes were critically evaluated via light
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microscopy by two veterinary pathologists, who after individual evaluation
came to a consensus. Immunohistochemical staining was performed on tissue
slides as previously described by van Beurden et al. (2017),® using a monoclonal
antibody directed against the IBV S2 protein (Prionics - Thermo Fisher Scientific,
Waltham, MA, USA). Percentages of cells showing viral protein expression were
scored for each organ by light microscopic evaluation, similarly as described by
Van den Brand et al. (2011)." For the trachea, this was done with the total piece
of tissue divided into ten parts; in each tenth, the percentage of cells showing
viral protein expression was defined in 10% increments. An average viral protein
expression percentage for the total trachea was then calculated by dividing the
total sum of the ten separate percentages by ten. For the kidney and cloaca,
similar procedures were followed, but, due to the more variable tissue sample
shape, each tissue piece was divided into five instead of ten parts for technical
convenience. The Gl tract was evaluated for presence of viral protein expression
without percentage-wise scoring and with division of the total Gl tract into four
parts: (1) stomachs (proventriculus and gizzard), (2) small intestines (duodenum,
jejunum, ileum), (3) large intestines (caeca, large intestinal segment connecting
ileocaecal junction with cloaca) and (4) cloaca.

Statistical analysis

A two-way analysis of variance (ANOVA) was used to assess whether the viral
RNA and the viral replication in each tissue were significantly different between
the vaccine and its virulent progenitor.

Results

Tracheal viral RNA and viral protein expression are comparable between IBV-
D388 and QX vaccine inoculated chickens

At each time point, postmortem swabs were taken from the animals before
further collection of tissues. From the swabs taken from the most caudal part of
the trachea, viral RNA isolation and qRT-PCR were performed to determine the
amount of viral RNA present in the trachea per animal per time point (Fig. 1A).
Viral RNA could be detected in the trachea from the first day onward and viral
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RNA titers remained constant over time until day 8 in both the IBV-D388 and QX
vaccine inoculated groups (Fig. 1A). There were no significant differences in viral
RNA titers between time points or between the field and vaccine strain (p >
0.05).

To investigate whether RNA titers were derived from local viral replication or
only from the inoculum itself, RNA presence was compared with viral protein
expression, visualized via immunohistochemical staining. The percentages of
cells showing viral protein expression per trachea per time point are shown in
Fig. 1B. For IBV-D388, viral protein expression could be detected from day 2
onward, while the first viral protein detection after QX vaccine infection was first
observed on day 4. Viral protein expression was detected in all three trachea
samples from day 4 onward after IBV-D388 inoculation, while protein expression
was only present for all three samples on day 5 after QX vaccine inoculation.
However, there were no statistically significant differences between the groups
at any time point. For both the IBV-D388 and QX vaccine-inoculated birds, a
representative example of trachea stained with an antibody against IBV is shown
in Fig. 1C.

= |BV-D388
Trachea A el s = IBV-D388
(a) ® o (b) » QX Vaccine
74 80+
Belf $ A
= 2 60+ .
8 54 s S L
e 3 ‘_1 L ] 2 : -
E 4 27 a0 smpE o 3
Z 3 2 ‘E L] n "
[ &8 -
T 24 E 204 ” (] [
= 3 ams m .
1 2 cum . . .
ST
o i N ™ B B A B
L R tt © A o
days p. (c) IBV-D388 (5 day p.i.) QX Vaccine (7 day p.i.)

Fig. 1. IBV QX viruses in trachea of experimentally infected broilers. (A) Viral RNA was isolated from swabs from the most
caudal part of the trachea of each bird upon necropsy. qRT-PCR using primers directed against the S1 gene was performed in
duplicate. Viral titers were calculated based on a standard curve, and the mean and standard deviation of three birds are
shown; (B/C) Trachea sections were stained by immunohistochemistry using an anti-IBV S2 antibody. The percentage of cells
within the trachea section that expressed viral proteins is depicted in (B) and (C) representative images. No statistically
significant differences between the groups were observed.
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Tracheal lesions resulting from infection by IBV-D388 and QX vaccine are
similar, but are induced earlier, more abruptly and initially more severely by
the progenitor virus

To study the pathogenicity of both viruses, the tracheal histopathologic lesions
were compared over time (Fig. 2). From day 2 to day 4 post infection, tracheal
sections of the QX-D388 infected birds showed scattered epithelial cells with
signs of cell death, marked desquamation of epithelial cells, and infiltration and
exocytosis of heterophils, resulting in accumulations of both cell types in the
tracheal lumen. At the same time points, the QX vaccine inoculated tracheas
only showed a mild reduction of goblet cells and cilia, with few dying cells
scattered through the mucosal lining. In the latter, a transition to more
abundant epithelial desquamation and heterophilic infiltration was only seen
from day 6 onward. From day 7 onward, tracheal changes were comparable for
both groups, and included the classic IBV-induced lesions such as complete loss
of goblet cells and cilia, epithelial metaplasia, and chronic mononuclear
inflammatory cell infiltration throughout the mucosa and submucosa. Tracheal
sections of mock-infected birds did not show any morphological changes at any
time point (histologic pictures over time comparable to the infected tracheas 1
day post infection (d.p.i.) (data not shown).

1 day p.i. 2 day p.i. 6 day p.i. 8 day p.i.

Fig. 2. Histopathological changes in trachea of experimentally infected broilers. Trachea sections were stained by H&E and
evaluated for lesions by light microscopy. Lesions comprised loss of cilia and goblet cells (black arrows), vacuoles containing
single dead cells (white arrows) which often show high level of viral protein expression in immunohistochemical staining (not
shown), inflammatory cell infiltration (arrow heads) and epithelial desquamation and heterophil presence after exocytosis
(asterisk). Inset picture IBV D388, 2 day p.i.: trachea of other than primarily-depicted animal with most prominent epithelial
desquamation and heterophil presence (main picture presents average trachea on this time point regarding inflammatory cell
infiltration into the tissue better).
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IBV-D388 is more efficient in reaching and replicating in the kidney compared
to QX vaccine

We next analysed whether there were differences between IBV-D388 and its
derivative vaccine in replication in the kidney. Viral RNA from kidney tissues was
quantified by gRT-PCR (Fig. 3A), showing that IBV-D388 viral RNA was present
from day 3 onward and further increased on day 4 (Fig. 3A). In contrast, viral
RNA titers of QX vaccine were much lower, and the titers of the two viruses were
significantly different from day 4 onward. Immunohistochemical staining and
guantification of viral antigen-expressing cells confirmed that the vaccine virus
did not replicate significantly over time in this tissue, while clear expression of
S2 protein was observed from day 4 onward in D388-inoculated animals (Fig.
3B). Viral antigen expression was only seen in renal tubular structures, often
with an emphasis on the more distal tubular segments, collecting ducts and
(when present in the sample) the ureter (Fig. 3C).
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Fig. 3. IBV QX viruses in kidney of experimentally infected broilers. (A) Viral RNA was isolated from kidney tissue, and qRT-PCR
was performed in duplicate. Viral titers were calculated based on a standard curve, and the mean and standard deviation of
three birds are shown; (B/C) Kidney tissues were stained by immunohistochemistry using an anti-IBV antibody (C). The
percentage of cells within the kidney that expressed viral proteins is depicted for each animal (B) and representative images
are given (C). * p <0.05.
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Renal lesions are only induced upon infection with IBV-D388

Representative histological pictures of kidney for both IBV-D388 and QX vaccine
inoculated birds taken at 4 and 6 d.p.i. are depicted in Fig. 4. Morphological
changes could be observed in the kidneys of birds infected with IBV-D388 from
3 d.p.i. onward, with death and desquamation into the lumen of single tubular
epithelial cells. Over time, visible from day 6 onwards, these cell death-defined
lesions changed towards marked, mononuclear, peritubular interstitial
inflammation with few remaining scattered cells showing signs of cell death
throughout the tissue. Kidney sections of vaccinated birds, as well as mock-
infected birds (not shown), did not show any relevant changes throughout the
experiment.

IBV
D388

Qx
Vac-
cine

Fig. 4. Histopathological changes in the kidney of experimentally infected broilers. Kidney sections were stained by H&E and
evaluated for lesions by light microscopy. Lesions included death and desquamation of single tubular epithelial cells (asterisk)
and interstitial, peritubular inflammatory cell infiltration (arrow heads).
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IBV-D388 reaches the conjunctivae and cloaca earlier and with higher titers
than QX vaccine

To further investigate the ability of the two viruses to reach secondary target
organs, we assessed the presence of viral RNA in swabs collected from the
conjunctivae and the cloaca. IBV-D388 viral RNA could be detected in the
conjunctivae with significantly higher titers than QX vaccine on days 1, 4, 6, 7,
and 8 (Fig. 5A). In the cloaca of birds infected with IBV-D388, RNA was detected
from day 2 onward with higher RNA titers observed than after QX vaccine
inoculation. In the vaccine-inoculated group, viral RNA could not be detected
earlier than 4 d.p.i. (Fig. 5B). Statistically significant differences in the two groups
were observed at days 2 and 3.

QX can replicate in the gastrointestinal tract

To further gain insight into the dissemination of the two viruses throughout the
body, we analysed Gl tissues collected at days 1, 4, 7, and 8 post infection for
the expression of IBV viral proteins. The number of animals expressing viral
proteins in stomachs (proventriculus, gizzard), small intestines (duodenum,
jejunum, ileum), large intestines (caecum, large intestinal segment connecting
ileocaecal junction with cloaca) and cloaca per time point is depicted in Table 1.
With exception of the proventriculus and at most time points also of the cranial
small intestine (duodenum and jejunum), all tissues analysed (from caeca to
cloaca mostly) support replication of IBV-D388 and its derivative vaccine.
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Fig. 5. IBV QX viruses in ocular and cloacal swabs. Viral RNA was isolated from swabs of conjunctivae (A) and cloaca (B) and
gRT-PCR was performed in duplicate. Viral titers were calculated based on a standard curve, and the mean and standard
deviation of three birds are shown. * p < 0.05.
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However, viral protein expression was clearly more abundant and present
earlier after IBV-D388 infection (4 d.p.i., compared to protein expression in
comparable numbers of cells after QX vaccine only at 8 d.p.i.). In the birds’
stomachs, a limited number of positive cells were observed in the gizzard, but
not in the proventriculus. More detailed analysis of the cloaca indicated no
statistical differences between IBV-D388 and QX vaccine regarding percentage
of tissue expressing viral proteins (Fig. 6A), and comparable preferences for
epithelial cells, which showed viral protein expression predominantly (Fig. 6B).

Il-nz:rl:.l;nhismchemis[w of gastrointestinal tract tissues of IBV-D388 and QX vaccine. The number of IBV protein positive tissues (total out of three) at 1, 4, 7 and 8 days post

infection (d.p.i.). Only protein expression seen in the gizzard, never in the proventriculus; “Very limited protein expression (approximately 10 cells or less in one or two small
clusters).
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Fig. 6. IBV QX viruses in gastrointestinal tract of experimentally infected broilers. Cloaca tissues were stained by
immunohistochemistry using the anti-IBV antibody. (A) The percentage of cells that expressed viral proteins is depicted for
each animal, and (B) representative images are shown.
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Discussion

In this manuscript, we investigated the attenuated phenotype of a commercially
available IBV vaccine strain at early time points after inoculation of SPF broiler
chickens. While replication of the QX vaccine was comparable to that of its
virulent progenitor at the site of inoculation, the vaccine virus showed a
remarkable delay of viral protein expression and lower viral RNA production in
other target organs.

The ability of a virus to infect and replicate in tissues beyond the site of infection
depends on the route of transport and the susceptibility of a respective organ.
Since the 1960s, viremia has been proposed as one of the routes of IBV
dissemination,® with only recent evidence for involvement of mononuclear cells
in transportation of the virus throughout the body.'®?° In our study,
mononuclear cells expressing viral proteins were only rarely detected (data not
shown), so it is yet unclear whether they truly contribute to IBV dissemination.
In addition, virions excreted by coughing, sneezing and rales, or taken up by
ingestion, can contribute to the dissemination of the virus to other organs.! Our
observation that comparable viral RNA levels for the virulent and vaccine strains
were produced in the trachea, while lower or delayed viral RNA levels for the
vaccine strain were detected in the cloaca and conjunctivae, suggests that the
vaccine has a lower ability to reach or to infect these tissues. It is possible,
however, that part of the viral RNA came from non-infectious viral particles, as
the infectious dose produced was not determined in this study. The extent to
which viral shedding from the trachea contributes to the lower viral RNA titres
in the conjunctivae and cloaca remains to be confirmed. Other factors, including
stability of the virus in various environmental conditions, susceptibility to
immune factors, or intrinsic differences between the viruses to replicate in
tissues distant from the initial site of infection may play an additional role in

reduced replication in secondary organs.

Kidneys from QX vaccine-inoculated animals rarely displayed signs of infection,
with only a few animals showing very few virus-positive cells. Thus, attenuation
of QX vaccine resulted in a virus with reduced ability to disseminate to this
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tissue. This is in accordance with a previous study in which passages of a QX
virulent strain in embryonated eggs showed a progressive reduction in ability to
replicate in the kidneys of experimentally infected chickens.'* Kidney lesions
induced by D388 did not, however, result in clinical symptoms usually observed
in cases of nephritis.>??? Clinical respiratory symptoms in both groups were
mild, but comparable (not shown). As the severity of IBV clinical symptoms also
relies on environmental factors, including but not limited to cold and heat stress,
food additives and the presence of secondary bacterial or viral infections,?? the
severity of clinical symptoms in an experimental setting is often less than in the
field.?>2

Finally, our data seem to suggest that an ascending route from the cloaca
towards the kidney might contribute to some extent to kidney infection, as the
cloaca became RNA positive at an earlier time point than the kidneys. This seems
to be supported by the observation that epithelial cells of the distal tubules,
collecting ducts and ureter commonly tend to show the only or more prominent
viral protein expression, compared to the proximal nephron segments.
Comparable observations supporting this theory were made in other studies.?*
%6 The cloaca at least seems to be reached by the virus by a descending route via
the gastrointestinal tract, likely after swallowing viral particles. Alternatively, the
virus might reach the cloaca via an ascending process called cloacal suckling,
with uptake of particles from the environment into the cloaca?’ after their
excretion from, for example, airways or eyes. From this study, however, it is not
clear whether such cloacal uptake of virus takes place.

Vaccines safety studies have previously shown that IBV vaccines have a reduce
ability to infect target tissues; 3 however, this is the first study to analyse the
differences in viral replication and tropism between a virulent IBV-QX field strain
(IBV-D388) and the associated attenuated vaccine strain (QX vaccine). We
conclude that the attenuation of the QX vaccine results in slower dissemination
and lower replication ability in target tissues distant from the initial site of
infection, including the kidneys, in broilers during the first week of life.
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Abstract

Respiratory viral infections are among the major causes of disease in poultry.
While viral dual infections are known to occur, viral interference in chicken
airways is mechanistically hardly understood. The effects of infectious bronchitis
virus (IBV) infection on tissue morphology, sialic acid (sia) expression and
susceptibility of the chicken trachea for superinfection with IBV or avian
influenza virus (AlV) were studied. In vivo, tracheal epithelium of chickens
infected with IBV QX showed marked inflammatory cell infiltration and loss of
cilia and goblet cells five days post inoculation. Plant lectin staining indicated
that sialic acids redistributed from the apical membrane of the ciliated
epithelium and the goblet cell cytoplasm to the basement membrane region of
the epithelium. After administration of recombinant viral attachment proteins
to slides of infected tissue, retained binding of AIV hemagglutinin, absence of
binding of the receptor binding domain (RBD) of IBV M41 and partial reduction
of IBV QX RBD were observed. Adult chicken trachea rings were used as ex vivo
model to study the effects of IBV QX-induced pathological changes and receptor
redistribution on secondary viral infection. AIV HON2 infection after primary IBV
infection was delayed; however, final viral loads reached similar levels as in
previously uninfected trachea rings. In contrast, IBV M41 superinfection
resulted in 1000-fold lower viral titers over the course of 48 hours. In
conclusion, epithelial changes in the chicken trachea after viral infection
coincide with redistribution and likely specific downregulation of viral receptors,
with the extend of subsequent viral interference dependent on viral species.

Highlights

Infectious bronchitis virus (IBV) induces sialic acid redistribution in the trachea.
Previous IBV infection changes influenza virus and IBV attachment protein binding.
Adult chicken tracheal organ cultures (TOCs) provide a suitable ex vivo model.

Primary IBV infection hampers influenza virus less than secondary IBV infection.
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Introduction

In the poultry industry, respiratory viral infections have extensive impact on
animal welfare and major economic consequences. Two important viruses
infecting chicken airways are avian infectious bronchitis virus (IBV) and avian
influenza virus (AIV). IBV belongs to the family Coronaviridae and many distinct
IBV variants circulate worldwide.* The virus causes highly contagious, though
usually mild respiratory disease and egg production drops and can, depending
on the viral variant, induce renal damage.® AIV belongs to the Orthomyxoviridae
family and comparable to IBV, the group of low pathogenic avian influenza
viruses (LPAIV) clinically cause mild respiratory symptoms, loss of egg
production and growth reduction.*%

IBV and LPAIV both target chicken tracheal epithelial cells via binding to a2,3-
linked sialic acid (sia) receptors on the cell surface.>?%3> The viral attachment
protein of IBV, spike (S), binds a limited set of glycans containing a terminal a2,3-
sia, while the viral attachment protein of AlV, haemagglutinin (HA) can bind to
a wider range of glycans containing terminal a2,3-sia. More specifically for IBV
variants, the receptor-binding domain (RBD) of IBV prototype variant M41 was
revealed to bind to Neu5Aca2-3GalB1-3GIcNAc (Neu5Ac),! while the RBD of IBV
QX, a nephropathogenic IBV variant, was demonstrated to bind to another, yet
unresolved, host sia.® IBV and LPAIV infections both cause epithelial cell death
with subsequent tracheitis and both viruses are normally shed from the infected

mucosa over several days.®

Dual infections with a virus and bacteria are frequently reported in chicken, but
also dual infections with two viruses?® and even multiple infectious agents'*1®
are known to occur. Several studies have reported higher susceptibility for
secondary respiratory bacterial infections after infection with IBV, AlV,

Newcastle disease virus or avian metapneumoviruses.’®3* |n addition,
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immunosuppressive viruses like the chicken anemia virus also can predispose
for secondary infections.!! Disease resulting from such dual infections is usually
more severe than disease resulting from infection by the individual pathogens
separately.>'* Mechanisms underlying virus-induced susceptibility for bacterial
disease have been investigated quite extensively in several species,?® but despite
the many proposed underlying mechanisms of virus-virus interactions,® disease
mechanisms behind infection with two viruses have only been studied
occasionally and seldom within the topic of chicken respiratory disease.

To understand the role of underlying tissue changes during sequential dual
infection with two viruses, the present study evaluated the effect of a primary
IBV infection on susceptibility of the chicken tracheal epithelium for
superinfection with another IBV variant and AIV by making use of an ex vivo
chicken tracheal tissue explant model.

Materials and methods

Inoculum

IBV variants QX (D388) and M41 were kindly provided by Royal GD (Deventer,
the Netherlands). Avian influenza virus (AIV) strain HON2 (A/Chicken/Saudi
Arabia/SP02525/3AAV/2000), G1-W lineage was kindly provided by C. Jansen,
Faculty of Veterinary Medicine, Utrecht University. All three viruses were
titrated for infectivity via in ovo method in specific pathogen-free (SPF) chicken
eggs by determination of the 50% egg (embryonic) infectious dose (EIDso) / ml
at 7 days post inoculation (dpi).?*

In vivo experiment design

Six-week-old SPF layer chicken were inoculated by eyedrop with 10* EIDsq IBV
QX (D388, Royal GD, Deventer, the Netherlands). At 5 dpi, chickens were
euthanized, tracheal samples were collected and immediately fixed in 4%
formalin. The experiment was conducted according to the Dutch national
regulations on animal experimentation and approved by the Animal
Experimentation Committee (DEC, approval number 2015-278).
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Ex vivo chicken tracheas cultures

Trachea organ cultures (TOCs) were obtained from tracheas from either 19-day-
old embryos (no DEC permission required) or from approximately one-year-old
commercial layer hens, kept for experimental and veterinary teaching purposes
(DEC approval number AVD108002016642-1, Faculty of Veterinary Medicine,
Utrecht University). Embryonic and adult tracheas were flushed three times with
warm (30-35° C) PBS, cut into 2-3 mm thick rings and microscopically evaluated
for ciliary movement. TOCs were transferred individually to sterile 15 ml tubes
(Greiner Bio-One, Germany) with punctured lids allowing gas exchange, and
containing Dulbecco’s Modified Eagle Medium (DMEM, Thermofisher, US) with
250U/ml penicillin and 250 pg/ml streptomycin (Gibco, US). Incubation was
performed in a slowly rotating incubator (with approximately 36 rotations/hr)
at 37.5° C and 30-40% humidity for 24 hrs before inoculation.

Design trachea organ culture infection experiments

For single infections, TOCs were incubated in 2 ml DMEM in the presence or
absence of 10° EIDso IBV QX/ml for 2 hrs (t=0). After rinsing three times with PBS,
TOCs were transferred to DMEM containing antibiotics, incubated for 24h
intervals, and ciliary movement was evaluated before fixation in 4% formalin. In
the superinfection experiments, 48 hrs after the initial infection with IBV QX the
TOCs were incubated for 2 hrs in 2 ml DMEM containing either 10° EIDso IBV M41
or LPAIV HON2 /ml. The 48 hr interval was based on results from validation
experiments with the TOC model as described in the results section of the
current study. After rinsing three times, TOCs were transferred to DMEM
containing antibiotics and incubated as previously described. Superinfection of
infected TOCs with IBV QX was not included, due to the inability to technically
distinguish between viral genomes generated after the primary (QX) and
secondary (QX) infection. Culture supernatant was collected for RT-qPCR and
TOCs were fixed in formalin for morphologic evaluation in three-fold (n = 3) per
infection group at 24 hr intervals. In addition, culture medium was collected
directly after initial (t=2 hpi) and sequential (t=50 hpi) infection. Design for the
superinfection experiment is summarized in Figure 1, panel A.
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Histopathology

Trachea samples were fixed for 24-48 hrs in 4% formalin and subsequently
embedded in paraffin. From each trachea collected from the in vivo infection
experiment, serial slides were cut and stained with hematoxylin & eosin (HE) or
periodic-acid Schiff (PAS) according to standard laboratory procedures. Stained
tissue slides were examined using a light-microscope to study epithelial
morphology (HE) and presence of mucus-producing mucosal goblet cells (PAS).
For TOCs from the ex vivo experiments, HE stained tissue slides were used to
evaluate mucosal morphology over time.

Immuno- and lectin histochemistry

Serial tissue slides from in vivo and ex vivo infected tracheas were analyzed for
the presence of IBV antigen using a mouse monoclonal antibody (mAb) against
IBV S2 as described before.?? To evaluate presence of AlV antigen, tissue slides
were incubated with a mouse mAb against influenza virus nucleoprotein (HB65)
(ATCC, US) diluted 1:100 in PBS at room temperature (RT) for 60 min after
previous deparaffinization, antigen retrieval with 0.1% Protease 14 (Sigma
PSM7, Germany) at 37° C for 10 min, endogenous peroxidase activity blocking
with 1% hydrogen peroxide in methanol at RT for 30 min and treatment with
normal goat serum diluted 1:10 in PBS at RT for 15 min. Specific mAb binding
was visualized with Envision goat anti mouse (DAKO Cytomation, Denmark) and
the chromogen amino-ethyl carbazole (AEC) (DAKO Cytomation, Denmark) and
the tissue counter-stained with hematoxylin.

To visualize presence of a2,3-linked sialic acids, lectin histochemical staining was
performed using the Maackia amurensis Lectin | (MAL 1) (Vector Laboratories
Inc, US) as published?® (adapted Ambepitiya Wickramasinghe et al., 2011).
Binding of MAL | to the tracheal was semi-quantified for three regions within the
epithelial lining: 1) apical (ciliated) membrane; 2) goblet cells; 3) basal
membrane. For this purpose, tracheal rings were visually split in ten equal
circumferential parts and per tenth part the percentage of stained cells per
region was estimated in ten percent steps (10, 20, 30% etc). The sum of the ten
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Fig. 1. Schematic presentation of the dual infection experimental design and Alignment of the amino acid
sequences of the recombinantly produced IBV receptor binding domains (RBDs) used for viral protein
histochemistry. Trachea organ cultures (TOCs) were incubated for 2 hrs with IBV QX, followed 48 hrs later by
incubation for 2 hrs with either AIV HIN2 or IBV M41. As controls, TOCs were either initially or secondarily or
both times mock-infected by administration of DMEM only without virus. Culture medium samples were taken
at a 24hr interval and 2hrs after incubation with virus to define numbers of viral RNA copies over time. TOCs
were fixed in formalin and studied microscopically for morphology and receptor distribution (Panel A).
Alignment of the IBV QX and M41 amino acid sequences, the box highlights hypervariable region 2 (HVR2) that
contains the differences responsible for alternative binding to receptor determinants, as published by

Bouwman et al, 2020.
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areas was divided by ten to obtain a mean percentage of stained cells per region
per trachea.

Protein histochemistry

The receptor binding domains (RBD) of the spikes of IBV M41 and IBV QX, and
the hemagglutinin (HA) of AIV H5N1 were produced as described before and
recombinant proteins were applied to tissues in protein histochemistry assays
as published.® Alignment of amino acid sequences of the IBV M41 and QX RBDs
is presented in Figure 1, panel B (previously published by Bouwman et al., 2020).
Neuraminidase pretreatment of tissues was performed using neuraminidase
from Arthrobacter ureafaciens (AUNA) (Sigma, Germany) as previously
published.® In anticipation of the use of HON2 as LPAIV strain in subsequent
laboratory infection experiments, several attempts were made to
recombinantly produce H9 and comparably allow binding to trachea slides, but
this was repeatedly without success (data not shown).

RT-qPCR

RNA was isolated from supernatant using the QlAamp Viral RNA Mini Kit
(Qiagen, Germany). Next, one-step RT-gPCRs were used to semi-quantitatively
assess viral loads using the iTaq universal SYBR Green one-step kit (Bio-Rad
Laboratories, USA). Primers were constructed and obtained (Biolegio, The
Netherlands) and the primer sets to detect each virus are listed in Table 1. While
the primer set directed against IBV M41 does not detect IBV QX,*? primers
directed against QX also can amplify M41 genomes.” The RT-gPCR reactions
were carried out in a Bio-Rad CFX Connect real-time PCR system, starting with

Table 1. Primers used for RT-qPCR

forward primer

virus name sequence (5’-3’) reference
IBV QX GU391 GCT TTT GAG CCT AGC GTT Callisson et al. 2006
IBV M41 IBV-RdRp.F41 CAT GCA GTT TGT TGG AGA TCCT van Beurden et al. 2017
AIV HON2 1AV M25 AGA TGA GTC TTC TAA CCG AGG TCG Spackman et al. 2002
reverse primer
virus name sequence (5’-3) reference
IBV QX GL533 GCCATGTTGTCACTGTCTATT G Callisson et al. 2006
IBV M41 IBV-RdRp.R41 GTGACCTGG TTTTACCGTTTG A van Beurden et al. 2017
AIV HON2 1AV M124 TGC AAA AACATC TTC AAG TCT CTG Spackman et al. 2002
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10 min at 50°C and 1 min at 95°C, followed by 40 cycles of 10s at 95°C and 30s
at 60°C, and ending with a dissociation step for the determination of the melting
point of the obtained PCR fragment. Serial dilutions of viral stocks of known titer

were taken along to determine the viral quantity.
Statistical analysis

Semi-quantified MAL | distribution on tracheal tissue slides was analyzed with
the Mann-Whitney U test.

uninfected IBV QX

BV e, e

E A s

antigen

Fig. 2. IBV QX-induced epithelial changes of the chicken trachea in vivo, 5 dpi. Chickens were inoculated by
eyedrop with IBV QX and euthanized at 5 days post inoculation. Tracheal samples were microscopically
analyzed after hematoxylin and eosin (HE) (upper panels) and PAS (middle panels) staining. Viral protein
expression was visualized with a monoclonal antibody against IBV S2 (lower panels). Scale bars: 50 um; black
arrows: ciliated epithelial cells, white arrows: inflammatory cells; asterisks: goblet cells; insets in upper panels:
presence and loss of cilia at the apical membrane.
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Results

IBV infection results in tracheitis with loss of cilia and goblet cells

To characterize detailed histopathological changes induced by IBV in detail,
chickens were inoculated with IBV QX and at 5 dpi tracheas were collected. After
IBV infection, the tracheal epithelium was markedly thickened due to
hyperplasia and inflammatory cell infiltration and cilia were no longer present
(Fig. 2, upper panels). PAS-staining highlighted that goblet cells were almost
completely absent (Fig. 2, middle panels). Viral protein expression was regularly
observed in epithelial cells (Fig. 2, lower panels).

IBV infection induces changes in the tracheal a2,3-linked sia distribution

Next, lectin histochemistry was performed using MAL | to visualize a2,3-linked
sia. MAL binding in the IBV-infected chicken trachea was redistributed from
mainly the apical membrane of the ciliated cells and the cytoplasm of some of
the goblet cells to the cells of the basement membrane region of the mucosa.
MAL-binding at the apical membrane and goblet cells was largely lost (Fig. 3).
Staining of both the apical membrane and the mucosal glands statistically
significantly decreased from on average 40% to 10% or less after infection. The
percentage of cells stained in the basal region, albeit with rather large variation
between trachea rings, on average statistically significantly increased from 10%
to approximately 40%.

MALI o uninfected
1009 ® BV QX
T 1 *
0 B (—
umnfected,(‘ :{_n_uh ~‘5*’\,;-—_;._ £ 804 o . .
tecaw> £ ° — -
£ 60+
@ -3 - Og0
@ 404 5= .
1w A, . O %o
O R o R oo 53}0 ° -
BV QX Rl ¥ 50 el * 20 B e
.‘._' 3% . = + o] ° L 2P
g T R 0 = - %_._
e~ apical glands basal

Fig. 3. a2,3-linked sia receptor distribution after IBV QX infection. Slides of infected and uninfected tracheas
were stained using the Maackia amurensis Lectin (MAL) |. The percentage of cells stained per region were
quantified (graph) as described in Materials and Methods and representative examples of MAL | stained
tracheas are shown (photo panels). Scale bars: 50 um. Significant differences (P < 0.05) indicated with an
asterisk.
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Binding of IBV RBDs, but not AIV HA, to IBV QX-infected trachea was partially
or completely lost.

To study whether the observed lectin redistribution was predictive for altered
viral protein attachment, and therefore viral receptor expression in the IBV-
infected trachea, IBV spike RBDs and AIV HA were administered to the
previously in vivo IBV QX-infected tracheas. AIV H5 bound to the apical
membrane of the ciliated epithelial cells and regularly to the cytoplasm of goblet
cells in the uninfected trachea. In the previously IBV QX-infected trachea,

uninfected 1BV QX

IBV QX RBD

v-“]'\..

T o
+AUNA B8 L

Fig. 4. Viral protein histochemistry on non- and IBV QX-infected chicken trachea. Recombinant viral
attachment proteins H5 of AIV (upper row panels) and the RBDs of IBV M41 (second row panels) and QX (third
row panels) were incubated onto tissue slides of paraffin-embedded uninfected (left column) and IBV QX-
infected (right column) trachea. Binding was visualized using chromogen substrate AEC. All protein binding
was dependent on sia presence, since binding of all proteins was lost after neuraminidase (AUNA)
pretreatment of the tissue (lowest row panels). Scale bars: 50 um.
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binding to the apical membrane was still clearly present but binding was
additionally observed prominently to the basal cell layers (Fig. 4, upper row
panels). On uninfected trachea, RBDs of both IBV M41 and QX bound to the
same locations in the epithelium as described for AIV HA, albeit with a lower
avidity to the goblet cells. In the previously IBV QX-infected trachea, binding of
IBV M41 RBD was almost completely lost (Fig. 4, second row panels), while IBV
QX RBD binding was markedly diminished and observed only in a faint and
scattered pattern in the basal cell layers and seldom at the apical membrane
(Fig. 4, third row panels). Pretreatment of tissue slides with Arthrobacter
ureafaciens neuraminidase resulted in loss of detectable binding for all viral
attachment proteins, indicating that binding of the viral attachment proteins
was dependent on the presence of sialic acids on both non- and previously IBV-
infected trachea (Fig. 4, lowest row panels).

Histomorphological changes in adult chicken tracheal organ cultures (TOCs)
are comparable to those in tracheas of in vivo infected chicken.

To further study whether the observed viral protein attachment was predictive
for viral interference during dual infection, TOCs were first validated as ex vivo
model by studying epithelial integrity in the course of time. Histomorphological
analysis of TOCs from 19-day-old embryonic chicken, which are often used in
IBV research (Winter et al., 2008), revealed that the mucosa was very thin
compared to that of the adult chicken trachea and had only few single goblet
cells and seldom glandular goblet cell clusters (Fig. 5A, mock-infected).
Furthermore, ciliary movement of embryo-derived TOCs often diminished
rapidly after incubation (not shown) and extensive loss of intact epithelium
already occurred 24 hrs after IBV infection (Fig. 5A, infected). This together
rendered embryonal TOCs unsuitable for the purpose to study viral interference
over time.

Next, TOCs from adult chickens were collected and initially cultured up to 72 hrs.
The mucosa was morphologically stable for the complete studied time period
and resembled the tracheal mucosa of birds sampled directly after euthanasia
(Fig. 5B, mock-infected). IBV QX infection resulted in loss of most of the
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cylindrical epithelial cells, cilia and goblet cell clusters and these changes
dominated the TOC morphology from 48 hpi onwards. In addition, MAL staining
confirmed that at this similar time point (48 hpi) the a2,3-sia distribution
resembled the redistributed pattern observed in tracheas collected from in vivo
IBV QX-infected birds, with loss of staining of the ciliated apical surface and
goblet cells and increased staining in the basal cell region (Fig. 5B, infected). In
IBV QX-infected TOCs, viral protein expression was observed over the course of
infection, starting from 24 hpi.

A mock-infected - 24 hpi infected IBV QX - 24 hpi
HE HE IBV antigen

48 hpi
IBV antigen

b : L RS
wie T qe
Co i ddin B
F2xa et

Fig. 5. Analysis of epithelial morphological integrity of ex vivo TOCs. Tissue slides of tracheas isolated from
chicken embryos (A) or adult chicken (B) were microscopically analyzed for tissue integrity before and during
ex vivo culture. TOCs were fixed at 24 h intervals and stained with HE, MAL | and anti-IBV S2 monoclonal
antibody.
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Replication of super-inoculated AIV after primary infection with IBV QX was
delayed, while that of IBV M41 was markedly reduced.

Viral growth kinetics of IBV QX-infected tracheas for subsequent secondary viral
infection were assessed up to 96 hpi in the validated ex vivo TOC model, with
dual infection with either IBV M41 or AIV HIN2 induced at 48 hrs after the
primary IBV QX infection (Fig. 6, graphs). At 48 hpi after the initial inoculation
with IBV QX, the infection had resulted in 10° IBV QX genomes/ml. After removal
of this initial culture medium before superinfection and subsequent rinsing of
the TOCs after the two hour time course of superinfection with the second virus
(t=50 hpi), IBV QX viral loads dropped more than 100-fold.

When AIV was inoculated as second virus on these TOCs pre-infected with IBV
QX (Fig. 6, left graph), viral RNA production of AIV at 24 hpi (time point 72 hpi
for the complete infection sequence) was first delayed when compared to AIV
that replicated on control TOCs that were not preinfected (< 10-fold increase in
IBV QX infected TOCs compared to a 10°-fold increase in uninfected control
TOCs). At 48 hpi (time point 96 hpi in the complete infection sequence),
however, no differences in AlV viral titer were detected after replication in IBV
QX pre-infected TOCs and non-pre-infected control TOCs (both 10° EIDso / ml).
In contrast, when IBV M41 was inoculated as the second virus on TOCs pre-
infected with IBV QX (Fig. 6, right graph), viral load of IBV M41 only increased a
1000-fold over the whole 48 hrs time course, while a 10’-fold increase could be
observed during this period in control TOCs that were not pre-infected with IBV
QX. In the presence of either IBV M41 or AIV HIN2, new viral genomes of IBV
QX were both produced in comparable quantities.

Completely uninfected control TOCs retained their mucosal morphological
integrity up to the end of the experiment (Fig. 6A), while IBV QX-inoculated TOCs
presented with loss of normal epithelium, cilia and goblet cells from 48 hpi
onwards (Fig. 6B), which coincided with viral protein expression (Fig. 6C) and
was associated with MAL redistribution (Fig. 6D) as expected based on the
previously observed in vivo and ex vivo binding patterns. Upon sequential
infection, neither IBV M41 nor AIV H9N2 induced additional morphologic tissue
changes compared to TOCs infected with IBV QX only. Viral protein expression
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in superinfected TOCs was observed over time after both inoculation with IBV
M41 (Fig. 6E,F) and AlIV HIN2 (Fig. 6G,H).

1010 primary infection (t=0) - . 1010 primary infection (t=0)

10° superinfection (t=48) 10°- superinfection (t=48)
= 10 =108+ .-m
& 1071 31074 |
o 108+ a1 064
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> 1024 -~ QX before HIN2 > 1024 -+ QX before M41
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0 24 48 72 96 0 24 48 72 96
hrs post-incubation hrs post-incubation
mock-infected 96 hpi QX only 48 hpi M41 only 96 hpi H9N2 only 96 hpi

HE IBV antigen IBV antigen AlV antigen

QX only 48 hpi QX only 48 hpi M41 after QX 96 hpi H9N2 after QX 96 hpi
HE MAL | 1BV antigen AlV antigen

Fig. 6. Viral RNA loads after infection and dual infection of TOCs. TOCs were incubated (t=0) with IBV QX or
virus-free medium for 2 hrs after which the inoculum was washed away (t = 2 hpi). At t = 48, TOCS were
incubated with HON2 (left graph) or IBV M41 (right graph); some control TOCS again only received virus-free
medium. Culture supernatant was harvested at 24 h intervals after start of incubation throughout the
experiment up to 96 hpi and after rinsing upon viral incubation (t = 2 and t = 50 hpi). Viral RNA loads in the
culture supernatant were determined after RNA isolation and RT-qPCR using virus-specific primers (table 1) as
described in Materials and Methods. Tissue morphology, MAL | binding and viral protein expression were
evaluated during the experiment and shown for critical time points (panels A-H).
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Discussion

Infectious bronchitis virus-induced tracheitis with loss of cilia and goblet cells is
associated with varying epithelial susceptibility for secondary viral infections.
Morphologic epithelial changes coincided with sia redistribution and change of
binding of viral attachment proteins to the different epithelial regions with clear
reduction of IBV protein binding. The extent of reduction of binding varied per
virus and viral interference ex vivo on the studied parameters was more
abundant between the two IBV variants than between IBV and AlV.

Using an ex vivo tissue explant model (TOCs), tracheal susceptibility differences
for two important avian respiratory viral infections after an initial IBV infection
were revealed. After a short delay of AV replication following IBV pre-infection,
viral titers reached similar levels to previously non-infected TOCs, while titers of
IBV M41 remained much lower during the total incubation period. Previous
studies on viral interference between IBV strains and AlV have only focused on
sequential infection with the reciprocal virus and not with the same viral species.
Both in vivo, in ovo, and in vitro (cell cultures), superinfection resulted in
reduction of viral titers of the initial inoculated virus; in contrast, no effect on
the replication of the second virus was observed, regardless which of the two
viruses was initially and which secondarily inoculated.?* The current data
demonstrate that replication of a second inoculated virus can get hampered,
though, when both the initial and second virus belong to the same virus species.
The observed loss of binding of IBV M41 RBD to the previously IBV QX-infected
trachea in the protein histochemistry assay suggests that the hampered
replication of IBV M41 in the TOC model is likely at least partially the result of
loss of ability to bind to the epithelial surface. Considering in addition the
observed binding of IBV QX RBD and AlV HA to the IBV QX-infected trachea, this
effect seems to be different per virus. These observations might indicate an
underlying epithelial antiviral mechanism based surface receptor molecule
reduction that varies for different viruses, which could possibly be regulated by
an interplay between different cytokine and interferon types?? or result from
specifically induced host sialidase activity,®® rather than a virus-aspecific
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mechanism mostly based on competition for the same susceptible cells, as
concluded in one of the previous studies.?

As mentioned above, the reduced tissue susceptibility for a virus after exposure
to another virus in this study appears to be likely at least partially the result of
loss of ability to bind to the epithelial surface. Results from the lectin
histochemistry assay demonstrate that this loss of binding coincides with
localized downregulation and redistribution of a2,3-linked sia in the epithelial
layer. Simultaneously with this change of sia expression, the epithelial layer
undergoes extensive loss of cilia and goblet cells, which also consistently could
be observed in the TOC model. IBV-induced epithelial lesions in the chicken
trachea are known to progress over time via three stages,° respectively a phase
of degeneration (1-2 dpi), a phase of hyperplasia (up to 4-6 dpi) and a phase of
recovery (up to 10-20 dpi). Based on the observed lectin binding pattern, a2,3-
linked sia receptors seem to be downregulated on the surface of the unciliated
stratified epithelium that replaces the normal columnar ciliated epithelium
during the so-called hyperplastic phase. This could mainly result from non-
specific temporary replacement of infected susceptible epithelial cells by
unsusceptible cells. Alternatively, this might imply that the epithelial cells at the
surface during the hyperplastic phase specifically downregulate receptors,
potentially as defense mechanism to terminate further infection. During this
process, infected epithelial cells might influence other, yet uninfected, adjacent
epithelial cells via antiviral responses, for example interferon activity, as was
likely observed during H5N1 infection in another study.3® In contrast to the
epithelial surface, the basal cells during the hyperplastic phase present with
increased sia expression on their cell membrane. These cells, that in the
recovery phase accomplish reconstruction of the initial epithelial architecture
via proliferation, might very well re-express a2,3-linked sia early during
differentiation into new ciliated and mucus-containing cells. However, since
these cells are not exposed on the epithelial surface under in vivo circumstances,
released virus progeny that is present in the tracheal lumen is not able to bind
to these cells. In relation to these considerations, it needs to be emphasized that
the lectin and protein histochemistry assays are performed on transversal cut
sections of the trachea, during which cells, for example the mucus-containing
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goblet cells, get cleaved. This mucus is known to contain many sia molecules®
and during the histochemistry assays, this cleaved surface is artificially exposed
to the administered proteins, which explains cytoplasmic binding in addition to
the apical membrane binding that would occur in vivo.

Observations from the viral protein histochemistry assays point out that
redistribution of host factors induced by one virus can have various effects on
the binding of viral attachment proteins of other viruses, with complete loss of
the IBV M41 receptor, partial loss of the IBV QX receptor and at least partial
redistribution of AIV-H5 host attachment factors when IBV QX is the primary
infecting virus. The difference in binding ability of QX and M41 RBD is likely
influenced by the fact that the QX RBD binds to another, yet undetermined sia
due to slight amino acid differences.® Based on the protein binding assay, this
molecule apparently also gets redistributed, but not completely downregulated
similar to that of M41. The marked difference between the binding of AIV HA
and IBV RBDs can likely be explained by the fact that AIV HA binds with general
higher avidity to a broader set of tissue surface glycans than the IBV spike.! This
fact in addition likely explains the phenomenon that AlV in the ex vivo TOC-
experiments seemed to present more rinsing-resistant after 2 hrs incubation
than IBV, following administration of similar viral quantities. It would have been
interesting to compare the present results with tissues that would have received
AlV as primary virus, but unfortunately no in vivo AlV infected tracheas could be
obtained for comprehensive analysis of morphology, inflammatory changes and
protein binding to compare with the in vivo IBV QX-infected tracheas. Reduced
sia expression after AIV infection is supported by other work,® but the extent
and exactly involved glycans were not further addressed and might also vary per
AlV variant. In the case that AlV, in line with its general broader range of glycan
targets, as primary infecting virus would reduce expression of glycans more
widely than IBV, binding of IBV variants potentially could very well get
influenced and probably reduced; however, this remains highly speculative and
needs to be elucidated in future studies.

While several fundamental mechanisms of viral interference have been

discovered and suggested,® interference during respiratory disease specifically

has been studied only to a limited extent. In contrast, mechanisms behind
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interference of a primary viral respiratory infection on secondary bacterial
infection, which generally leads to aggravation of the resulting lesions and
clinical disease, have been repeatedly investigated for several species, including
humans.?® In chickens, such interference is well known in respiratory
colibacillosis.?! There, pivotal roles for the epithelium have been shown by for
example the observation that viral infection can increase bacterial adherence to
infected cells.® In addition, viruses dysregulate antibacterial immune responses,
which are partially induced and mediated by the epithelium.*#* Such
dysregulation enhances the ultimate clinical disease and it is likely that similar
mechanisms and disease-aggravating effects also play a role during interference
of two viruses. In the case of a dual viral infection, the primary virus might
influence the entry efficiency of a secondary virus when viruses target the same
cells. Based on the results from the current study, it could be possible that
primary IBV QX infection in addition to decrease of IBV M41 binding to the cell
surface also has a negative effect on IBV M41 entry. Such effect might
potentially also explain the observed delay in AIV HIN2 infection in the TOC-
model. The entry process, however, has in the current work not specifically been
studied and these considerations therefore also remain speculative.

Finally, the observed epithelial changes and receptor distribution are of major
importance for understanding possible viral interference with regard to vaccine
efficacy, in particular when using live attenuated viruses. Although such vaccines
usually induce fast protection and cause limited damage of host cells,'® the
current results show that adequate vaccine virus infection and thus induction of
immunity might under certain circumstances be hampered when birds are
suffering already from a potentially subclinical viral infection. Vice versa,
vaccination with an attenuated virus might also change susceptibility for
infection with simultaneously circulating field strains and predispose for a
different, probably even more severe clinical outcome. In one study that
involved IBV and AlV variants, neither seemed to occur,?® but the current results
show that both effects may only occur when viruses are of similar species. Such
events could under certain circumstances probably explain vaccine failure.?”
Translation of the current results to potential clinical effects of dual viral
infection in vivo should be done with restriction, though, since clinical effects

59




Chapter 3

will also be influenced by inflammatory and immune responses that could not
be simulated within the TOC-model. Based on recent in vivo work,'” a dual
infection with first IBV and subsequent AlV indeed seems to induce more severe
clinical illness associated with an enhanced inflammatory response, but since no
sequential IBV infections or receptor binding were studied, comparison remains
difficult. In the end, our results nevertheless seem to stress that extra caution
might be needed when considering vaccination against viral disease in a bird
flock, that is thought to suffer from previous disease potentially caused by a
related viral species, even when clinical symptoms are only very mild.

Conclusion

Epithelial changes in the chicken trachea after IBV infection coincide with
redistribution and specific downregulation of viral receptors of IBV variant and
AlV, albeit to a different extent. Observed viral interference after sequential
infection by either AIV or another IBV variant, which results in delayed and
hampered replication respectively, is of importance to both understand and
successfully combat viral respiratory infections in the poultry field.
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Chapter 4

Abstract

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 metapneumovirus (aMPV). The
mechanism behind these virus-induced predispositions for secondary bacterial
infections 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. KULO1+ cells, which
include monocytes and macrophages, and TCRy&+ lymphocytes were observed
mostly in lung tissue in all infected groups with transient higher numbers of
KULO1+ cells over time and higher numbers of TCRyd+ lymphocytes mainly at 8
dpi. gPCR analysis revealed mostly trends of transient higher levels of IL-6 and
IFNy 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
MmRNA 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
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APEC, on the chicken respiratory tract and suggest that immunopathogenesis
contributes to lesion persistence.

Highlights

Dual airway infections with viruses and Escherichia coli caused severe lesions.

Tracheitis and airsacculitis depended more on viral preinfection than pneumonia. .
Lesions persisted eight days after dual infection, bacterial antigen did not.

Immune cell increase in the trachea and air sac was mainly virus-associated.

Infectious bronchitis virus and E.coli dual infection increased cytokine mRNA levels.

Key words

broilers - dual infection - avian pathogenic Escherichia coli - infectious bronchitis
virus - Newcastle disease virus - avian metapneumovirus

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.>”**1>  Uncomplicated APEC infections, however, can often
successfully be cleared by affected chickens in early phase of disease.!*

Respiratory virus infections are well-known to predispose for subsequent
infection with bacterial agents in both humans and animals.1314182933 Degpite
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-
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induced mechanical damage to the mucocilliary respiratory tissue, which was
thought to hamper proper bacterial clearance.>*® In addition, virus-induced
increase of bacterial attachment factors was found to aid bacterial
manifestation in the upper respiratory tract.>*

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 323%). 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.*! 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 IFNy, were
in mammals repeatedly associated with increased risks for subsequent bacterial
infection.'®3*38 Type | interferons, released from virus-infected cells, have been
reported to impair macrophage activity via decreased release of tumour
necrosis factor (TNF)-a and attenuation of macrophage-regulated T helper
responses and in this way contribute to the suppression of cell-mediated anti-

20,29,34,37,

bacterial clearance. 4046 Other important virus-induced and interferon-

driven side effects that contribute to bacterial survival are immunosuppression

17,21,38,43

viaincreased IL-10 release and hampered antibacterial IL-17 and y& T cell

r.esponses.17,19,20,30,37

Although virus-induced predisposition to subsequent bacterial infections 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.>!124314244 Qnly 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
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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.

Materials and methods

Animal experiments

Eighteen-day-incubated Ross 308 eggs, originating from a Mycoplasma
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 isolators (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 hours 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 hours a day. Drinking water was supplied ad libitum throughout the
experimental period. From day 1 to 31, temperature was gradually deviated
from 37°Cto 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 experimental protocols approved by the Animal
Experimental Committee (Dierexperimentencommissie, DEC) of the Veterinary
Faculty of Utrecht University, the Netherlands (DEC approval number
2012.11.08.121).

Viral and bacterial inocula

Virulent IBV M41 strain was kindly provided by MSD Animal Health (Boxmeer,
the Netherlands) as freeze-dried vials containing 1083 egg infectious doses
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(EID)so/1.2ml/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
5x10°° EIDso/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 10°° EIDso/vial (from here on referred to as
aMPV). Just prior to use, inocula were dissolved in phosphate-buffered saline
(PBS) at a concentration of 10>° EIDso/ml, except for the aMPV inoculum which
was dissolved at 10*° EIDso/ml.

The APEC strain 506 was used at a concentration of 10”°CFU/ml. This APEC strain
was originally isolated from a commercial broiler* and was prepared as
previously published.?*

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 mlintra-tracheally per bird, resulting in an infectious viral titre of 1.2x10°°
EIDso / bird (aMPV 1.2x10*®EIDso). 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 haemagglutination inhibition assay (Hl)
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 HlI titres =5, NDV HI titres 23 and aMPV ELISA titres =29 were
considered positive.

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

the other formaline-fixed for 24-48 hours.

Macroscopic and histopathologic lesion scoring

At day 1 and 8, colibacillosis-associated lesions were macroscopically 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.*

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 procedures. Tissue slides were semi-

Table 1 Histopathologic lesion scoring

Score Scoring criterium

Multiplication
factor

Aspect 1: Epithelial integrity

0 comparable to PBS group
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)

tissue % affected?

aspect 2: Granulocyte infiltration

0 comparable to PBS group
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

tissue % affected?

aspect 3: Interstitial cellularity

0 comparable to PBS group
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

tissue % affected*

Total score per aspect varies between 0 (comparable to PBS group) and 3 (score-3-changes in 100% of the
tissue sample. ! Scale 0.1 — 1.0 with steps of 0.1 (10, 20, 30% etc. of the tissue sample affected)
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guantitatively scored using a 4-grade system (0-3) for severity of three separate
lesion aspects: 1) epithelial integrity; 2) heterophilic granulocyte infiltration; 3)
interstitial / submucosa 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.

Immunohistochemistry

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

Four different immune cell populations were immunohistochemically labelled in
8 um cryostat sections and transferred to KP Plus slides (Klinipath). CD4+,
CD8aB+ and TCRy&+ lymphocytes and KULO1+ cells were visualized with mouse-
anti chicken CD4 (clone CT-4, 1gG1), mouse anti-chicken CD8pB (clone EP42,
IgG2a), mouse anti-chicken TCRy& (clone TCR-1, IgG1) and mouse-anti-chicken
monocyte/macrophage (KULO1, IgG1) (Southern Biotech, USA) as previously
published.” The KULO1 antibody binds the mannose receptor MRC1L-B, which
is present on monocytes, macrophages and plasmacytoid dendritic cells.> The
TCR-1 antibody recognizes y& T cells. Antibodies were diluted 1:1000 (1:2000 for
KULO1) in PBS containing 0.5% bovine serum albumin (BSA) and 0.1% sodium
azide (PBA) for 1 hour. Antibody binding was visualized with biotinylated horse
anti-mouse 1gG (Vectastain) diluted 1:200 in PBS for 1 hour, subsequent
incubation with the avidin:biotin enzyme complex (Vectastain Elite ABC kit) for
1 hour and the colour substrate 3,3-diaminobenzidine-tetrahydrochloride (DAB,
Sigma) in TRIS-HCL buffer (Merck) for 10 minutes. Slides were counterstained
with haematoxylin (Sigma) and mounted in fluorescence mounting medium
(DAKO). Negative controls were incubated comparably, but without the primary
antibody.

For trachea and lung, stained cells were counted light microscopically 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-
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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’).

Real time quantitative PCR (RT-qPCR)

Real time qPCR was performed to analyse mRNA levels of the cytokines IL-6, IL-
10, IL-17 and IFNy in lung and spleen of chickens at all post mortem time points.
Frozen tissue samples were thawed and homogenized (Retsch Mixer Mill 301,
Fisher Scientific) in RLT buffer (Qiagen). Total RNA was isolated using RNeasy
Mini Kit (Qiagen) according to the manufacturer’s recommendation and eluted
in 30 pl RNase-free water. cDNA was generated with reverse transcription of
purified RNA, with a maximum of 500ng RNA, using iScript cDNA Synthesis Kit
(Bio-Rad). RT-qPCR primers and probes sequences were designed according to
previously published sequences**® and are shown in Table 2. IL-6, IL-10, 28S and
IFNy gRT-PCR was performed with 600 nM primers and 100 nM probes using
Tagman 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

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
IFNy 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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of 95 °C for 10 s and 59 °C for 1 min. IL-17 and GAPDH RT-gPCR 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 hour ConA
stimulated splenocytes was used as reference line for IL-6, IFNy, 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 macrophage cell line
HD11 which was stimulated for 3 hours with LPS. As housekeeping gene for IL-
6, IFNy 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.

gPCR data were analyzed as described by Eldaghayes et al..® 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.

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 explanatory variables were treatment (PBS, APEC,
IBV, NDV, aMPV) and time point (day 1 and 8). The dependent variable number

74



The contribution of the immune response to enhanced colibacillosis

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.

Results

Macroscopic lesion scores, antiviral antibody titers and body weights

Colibacillosis-associated lesions were macroscopically observed in all dually- and
APEC-only-inoculated birds (Figure 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 specifically
against the inoculated virus. All IBV-APEC-inoculated chicken had a serum IBV
antibody HI titre of >7 (threshold >5) (Figure 1C). Four of five NDV-APEC-
inoculated birds had a serum NDV antibody Hl titre of 23 (threshold >3) (Figure
1D). Four of five aMPV-APEC-inoculated birds had a serum aMPV antibody ELISA
titre of 10 (threshold >9) (Figure 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).
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Histopathologic lesion scores

Histopathologic lesion scores are shown for the three studied respiratory tissues
with representative pictures of the most severe changes in Figure 2.

Trachea (Figure 2, row A)

In the tracheas of birds inoculated with APEC only, mild to moderate
granulocytic infiltration was observed with only minimal epithelial hyperplasia
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Figure 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 23 (NDV) were considered positive. Antibody titres against
aMPV (E) were determined by ELISA. Titres 29 were considered positive. 5 birds per group (few birds not
analysed for all titres due to limited amounts of serum).
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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
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Figure 2: Histopathologic lesion scores with mean for trachea (A), lung (B) and air sac (C), with representative
pictures (400x magnification, 20 um 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.
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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.

Lung (Fig. 3, row B)

Lung lesions were of comparable morphology and severity for APEC-only-, IBV-
APEC- and NDV-APEC-inoculated birds at day 1 with significant (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
granulocytes. 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.

Air sacs (Figure 3, 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 inoculated with APEC only,
no tissue changes were observed at both day 1 and 8. In contrast, IBV-APEC- and
NDV-APEC-inoculated birds had severe 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)
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difference between the NDV-APEC and APEC-only group and with a similar trend
for persistence 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 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.

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 parabronchial
lumina (Figure 3, upper panels), in the air sac it was present within the lumen
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Figure 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 um scale bar). Asterisk = inflammatory
cell infiltrates, arrow = APEC antigen.
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with focal

heterophilic
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representing individual bacteria, and sometimes as small clusters of dots,

probably several bacteria taken up by phagocytes or in the lumen of small

capillaries.
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Figure 4: Respiratory tract immune cells counts in trachea and lung (A), with representative pictures of IHC
cell labeling (800x magnification, 20 um scale bar) (B) and semi-quantified immune cell numbers in air sac (C)
for KULO1+, CD4+, CD8af+ and TCRyd+ cells. KULO1+ 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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Immune cell presence

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

KULO1+ 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, KULO1+ 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, KULO1+
cell numbers remained comparable to day 1 in the aMPV-APEC group. In IBV-
APEC-, NDV-APEC and APEC-only-inoculated birds, KULO1+ cell numbers at day
8 were lower compared to day 1 with cell numbers at day 8 comparable to the
aMPV-APEC group in all other groups. Compared to all other groups, increase of
KULO1+ 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, CD8af+ lymphocytes 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
CD8ap+ 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 CD8af+ lymphocytes at day 1. In the air sacs,
higher numbers of CD8af+ lymphocytes were only observed in some IBV-APEC-
inoculated birds at day 1.

82



The contribution of the immune response to enhanced colibacillosis

TCRy6+ lymphocyte numbers did only mildly differ between groups in the
trachea. Compared to day 1, this cell type was present in slightly 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.

Cytokine mRNA levels

To conclude, differences in cytokine mRNA expression were investigated. As
shown in Figure 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 ND