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Infectious bronchitis (IB) is a highly contagious respiratory disease of poultry, caused by the avian coro-
navirus infectious bronchitis virus (IBV). Currently, one of the most relevant genotypes circulating world-
wide 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 mor-
phologically comparable lesions in the trachea, albeit with a short delay in the vaccinated birds. In con-
trast, 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.
� 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Infectious bronchitis (IB) is an acute, highly contagious respira-
tory disease of chickens (Gallus gallus) caused by infectious bron-
chitis virus (IBV) [1]. The virus belongs to the genus
Gammacoronavirus within the family Coronaviridae, order Nidovi-
rales [2]. IBV poses a major economic threat worldwide, especially
due to reduced egg quality and quantity in layer chickens and pre-
disposition 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 [3].

Based on its clinical symptoms in the field and on its global dis-
semination, one of the most threatening IBV genotypes is QX (GI-
19). The first QX strain circulating was reported from China in
1998 [4], 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
[5–9]. In Europe, it is the second most prevalent IBV genotype [10].

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 [11–13]. Similarly, QX field virulent strains
have been attenuated via passage in embryonated chicken eggs
[14]. The basis of the attenuation of live IBV vaccines and its effects
on the resulting phenotype are, however, poorly understood.
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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 tis-
sues to that of its progenitor, IBV-D388 [9]. Viral distribution was
investigated at the site of inoculation, the trachea, and in the kid-
neys, 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 results in reduced ability to spread
and to replicate in tissues beyond the site of infection.
2. Materials and methods

2.1. 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 [9].
NOBILIS� IB Primo QX (MSD/Animal Health, The Netherlands;
batch A006A1J01; 104.0–105.5 EID50 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.

2.2. 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 103 EID50 IBV-D388 or QX vaccine in 0.1 ml sterile
water. Back titration showed that birds were inoculated with a
dose of 103.1 EID50 of IBV-D388 and a dose of 105.0 EID50 QX vac-
cine, 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 dis-
charge are difficult to record when animals are housed in isolators.
Here, both the onset, the frequency and the number of birds show-
ing 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 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 (GI) 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 subse-
quently stored in �80 �C for viral RNA isolation.

2.3. 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 QIAamp 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 (106 EID50/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 Labora-
tories, Hercules, California, USA). A genotype QX specific SYBR
Green qRT-PCR developed and validated in our laboratory [15]
based on the S1 gene sequence was used to detect and quantify
viral RNA. The limit of detection of the assay was equal to 101.31

EID50/100 ml. The qRT-PCR reactions were carried out in a Bio-
Rad CFX Connect real-time PCR system. In each qRT-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.

2.4. 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, tis-
sue slides of trachea and kidney were stained with haematoxylin
and eosin (HE) according to standard laboratory procedures.
Histopathologic changes were critically evaluated via light micro-
scopy by two veterinary pathologists, who after individual evalua-
tion came to a consensus. Immunohistochemical staining was
performed on tissue slides as previously described by van Beurden
et al. (2017) [16], 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) [17]. 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 expres-
sion 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 GI tract was evaluated for presence of viral protein expression
without percentage-wise scoring and with division of the total GI
tract into four parts: (1) stomachs (proventriculus and gizzard),
(2) small intestines (duodenum, jejunum, ileum), (3) large intesti-
nes (caeca, large intestinal segment connecting ileocaecal junction
with cloaca) and (4) cloaca.

2.5. 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.
3. Results

3.1. 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 ani-
mals 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,



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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and viral 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 immunohis-
tochemical 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. How-
ever, 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.

3.2. 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 compa-
rable 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 through-
out 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 tra-
cheas 1 day post infection (d.p.i.) (data not shown).

3.3. 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 qRT-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. Immuno-
histochemical staining and quantification 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 ani-
mals (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 sam-
ple) the ureter (Fig. 3C).



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).

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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3.4. 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



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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(not shown), did not show any relevant changes throughout the
experiment.

3.5. 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 sec-
ondary 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.

3.6. QX can replicate in the gastrointestinal tract

To further gain insight into the dissemination of the two viruses
throughout the body, we analysed GI 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 (proven-
triculus, gizzard), small intestines (duodenum, jejunum, ileum),
large intestines (caecum, large intestinal segment connecting ileo-
caecal 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 replica-
tion of IBV-D388 and its derivative vaccine. 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 predom-
inantly (Fig. 6B).

4. 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 sus-
ceptibility of a respective organ. Since the 1960s, viremia has been
proposed as one of the routes of IBV dissemination [18], with only
recent evidence for involvement of mononuclear cells in trans-
portation of the virus throughout the body [19,20]. 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 con-
tribute to the dissemination of the virus to other organs [1]. 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 var-
ious environmental conditions, susceptibility to immune factors, or
intrinsic differences between the viruses to replicate in tissues



Fig. 5. IBV QX viruses in ocular and cloacal swabs. Viral RNA was isolated from swabs of conjunctivae (A) and cloaca (B) 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. * p < 0.05.

Table 1
Immunohistochemistry 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).

Virus days p.i. Stomach$ Small intestine Large intestine Cloaca

IBV-D388 1 0 0 0 0
4 0 3 3 2
7 3 3 3 3
8 2 2 3 3

IB Primo QX 1 0 0 0 0
4 0 1# 0 1
7 1# 0 0 2#

8 1 2 2 2

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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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 tissue. This is in
accordance with a previous study in which passages of a QX viru-
lent strain in embryonated eggs showed a progressive reduction in
ability to replicate in the kidneys of experimentally infected chick-
ens [14]. Kidney lesions induced by D388 did not, however, result
in clinical symptoms usually observed in cases of nephritis
[9,21,22]. Clinical respiratory symptoms in both groups were mild,
but comparable (not shown). As the severity of IBV clinical symp-
toms also relies on environmental factors, including but not lim-
ited to cold and heat stress, food additives and the presence of
secondary bacterial or viral infections [22], the severity of clinical
symptoms in an experimental setting is often less than in the field
[23,24].

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 promi-
nent viral protein expression, compared to the proximal nephron
segments. Comparable observations supporting this theory were
made in other studies [24–26]. 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 [27] 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 vacci-
nes have a reduce ability to infect target tissues [11–13]; 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 dissemina-
tion 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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