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ARTICLE INFO ABSTRACT

Keywords: Immunosuppressive viral diseases have a great economic importance in the poultry industry due to the increased
Virus interactions susceptibility to secondary infections. Chicken anaemia virus (CAV) is one of the major immunosuppressive
Poultry diseases in chickens. In addition, low pathogenic avian influenza (LPAI) of subtype HIN2 and infectious

Avian influenza
Chicken anemia virus
Infectious bronchitis virus

bronchitis (IB) viruses are among the most frequently reported respiratory viral diseases in poultry worldwide. In
the present study, specific pathogen free chickens were used to understand the impact of CAV on secondary
infection with LPAI-HON2 or IB viruses. Clinical outcomes, viral shedding dynamics, and cytokine levels wer-
eassessed. The results exhibit that chickens previously infected with CAV produceconsiderablyhigher titresof
LPAI-HIN2 or IB viruses in the oropharyngeal swabs (P < 0.05), tracheas and kidneys. In addition, the im-
munologic effect of CAV provokedthe development of clinical signs of LPAI-HIN2 and IB virus infections.
Moreover, results suggested that pre-infection with CAV directly correlated with elevated levels of IL-6 and IFNy.
These findings underline the importance of CAV pre-infection on LPAI-HIN2 or IB infection in chickens, and
indicate that co-circulation of CAV can contribute to the spread and evolution of LPAI HON2 and IB viruses.

1. Introduction

Over the last decades, a significant increase in the global poultry
meat and egg production industry has been recorded (Mottet and
Tempio, 2017). Infectious poultry diseases remain one of the major
threats to the poultry industry, and can lead to substantial economic
losses, as well as zoonotic infections in industry staff (Ellstrom et al.,
2014; Samy and Naguib, 2018). The most threatening agents are viral
diseases, such as avian influenza virus (AIV), infectious bronchitis virus
(IBV), Newcastle disease virus (NDV), infectious bursal disease, and
Marek’s disease; also, several bacterial agents can adversely affect
poultry (Agunos et al., 2016). Such diseases often occur in combination
with other infectious agents, and/or management problems (Samy and
Naguib, 2018; Wang et al., 2017). Additionally, frequent co-infections/
interferences (virus-virus or virus-bacteria) among the poultry popula-
tion have recently been reported from many parts of the world (Samy
and Naguib, 2018).

Avian influenza virus, an influenza A virus, is a member of the
Orthomyxoviridae family (Thomas and Noppenberger, 2007). In poultry,
low pathogenic avian influenza viruses (LPAIVs) may cause subclinical
infections, mild respiratory symptoms, or drop in egg production

(Halvorson, 2008). However, field observations associated with LPAIV
HON2 infections revealed increased mortality rates and drop in egg
productivity (Samy and Naguib, 2018). One of the most important
reasons for this discrepancy were proved to be mixed infection with
other viral and/or bacterial pathogens (Samy and Naguib, 2018). An-
other important poultry virus, IBV clearly belongs to the most eco-
nomically important viruses affecting the poultry sector worldwide
(Jackwood, 2012). IBV, a member of Coronaviridae, is associated with
respiratory symptoms and affects the reproductive tract. Chicken
anaemia virus (CAV), belonging to Circoviridae, is a circular DNA virus,
which causes growth retardation and immunosuppression in chickens
(MacLachlan and Dubovi, 2017; Rosario et al., 2017). Infection with
CAV causes anaemia, lymphoid depletion, and haemorrhages in
chickens, that are usually infected before 3weeks of age and lacking
maternal antibodies (MacLachlan and Dubovi, 2017).

Viral interference can be elucidated by different mechanisms en-
compassing: competition for cell receptors attachment, for replication;
intracellularly host machinery competition, and virus-induced inter-
feron response (DaPalma et al., 2010). Measurable differences were
described associated with mixed viral infections, including changes in
viral replication patterns, tissue tropism, pathological, and
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Fig. 1. Animal experimental design (a); Oropharyngeal virus shedding in CAV-HIN2 group vs HON2-only group (b), CAV-IBV group vs IBV-only group (c).

(a) Tissue samples are related to lung and kidney for virus titre quantification; and spleen and trachea for cytokines gene expression levels. (b) Boxplot of log;o virus
titre in oropharyngeal swabs per DPI; Red (CAV-HIN2 group) and blue (HON2 group). (c) Boxplot of log; virus titre in oropharyngeal swabs per DPI; Red (CAV-IBV
group) and blue (IBV group). Annotations show p-value for separation calculated by the Wilcoxon/Mann-Whitney method. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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immunological responses (DaPalma et al., 2010).Worldwide, viral co-
infection/interference with other immunosuppressive viruses is
common in the poultry industry and has been reported in several stu-
dies (De Boer et al., 1994a; Li et al., 2016). In Egypt, LPAIV HON2
continues to circulate intensively in the Egyptian poultry sectors
(Naguib et al., 2017a). In addition, IBV has been frequently recovered
from chicken farms in Egypt (Zanaty et al., 2016). Moreover, a previous
study has identified widespread CAV infection among Egyptian chicken
flocks (Erfan et al., 2018). Co-circulation of IBV and LPAIV HON2
within the Egyptian poultry population has been described in several
earlier studies (Hassan et al., 2016; Naguib et al., 2017b). However,
experimental animal studies of the impact of the CAV circulation on the
subsequent infection of either LPAIV or IBV are lacking. In this study,
Egyptian virus strains were used to assess the impact of CAV infection
on the subsequent infection with either LPAIV HIN2 or IBV in specific
pathogen free chickens.

2. Materials and methods
2.1. Viruses

Viruses used in the current study were obtained from the virus re-
pository of the National Laboratory for Veterinary Quality Control on
Poultry Production (NLQP), Animal Health Research Institute, Giza,
Egypt. LPAIV HON2: A/chicken/Egypt/15106 VL/2015 (GenBank ac-
cession number: KU296207), IBV:IBV-Eg/15170F-SP1 (GenBank ac-
cession number: KY119259) and CAV: CAV/Egypt/EG-15/2017
(GenBank accession number: MH001568). Virus titres were determined
using specific pathogen free (SPF) embryonated chicken eggs (ECE)
(Villegas, 1998). Virus-infected allantoic fluid was diluted in order to
obtain an inoculum with a titre of 10%of 50% egg infectious dose
(EIDsg). Mock inoculum was prepared using non-infected allantoic fluid
from SPF-ECE.

2.2. Ethical approval

White leghorn chickens were hatched from SPF ECEs that were
purchased from Nile SPF Farm, Kom Oshiem, Fayom, Egypt, and raised
at NLQP. Birds were housed in isolation units, where feed and water
were provided daily. All animal experiments in this study were con-
ducted in accordance with the legally approved protocol (AHRI
04032018) of the Animal Health Research Institute, Giza, Egypt.
Infection and immunization experiments were performed in separated
cages at animal biosafety level-3 (BSL-3). Oropharyngeal swab samples
were obtained with minimum distress. Tissue samples (trachea, lung,
kidney and spleen) were obtained from euthanized chickens after eu-
thanization with an intravenous injection of a xylazine-ketamine com-
bination.

2.3. Experimental design

Seventy SPF chicks (one day old) were separated into 6 groups (12
chicks for each group except for negative control group that included
10 chicks only) as follows; group 1 and 3 received an intramuscular
(IM) dose of 0.1 mL of CAV (10° CIDs,) at day one followed by in-
tranasal (IN) inoculation of 0.5 mL of 10° EIDs, of LPAIV-H9N2 or IBV,
respectively at day 14 (named hereafter as CAV-HIN2 and CAV-IBV
groups). While, groups 2 and 4 received only the same dose of LPAIV-
HON2 or IBV, respectively at day 14 without pre-inoculation of CAV
(named H9-only or IBV-only infected group). Moreover, a control group
was designed as group5 (negative control) that was IM inoculated with
0.5 mL of the mock inoculum (allantoic fluid of uninfected SPF eggs) at
day 1. Additionally, group 6 was kept as a positive control group
through intramuscular (IM) dose of 0.1 mL of CAV (10° CIDs,) at day
one to ensure CAV infection in groups 1 and 3. Clinical signs were
observed and scored daily for 7 days following the secondary infection.
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Further, individual oropharyngeal swab samples were collected at 1st,
2nd, 4th, and 7th days post infection (DPI). Lungs and Kidneys) were
collected for estimation of virus titre as well as trachea and spleen for
quantitation of cytokines genes expression at the same time points from
three birds/each secondary infected group. The illustration of this ex-
perimental design is presented in Fig. 1a.

2.4. Real-time quantitative PCR and reverse transcription PCR

Viral RNA was extracted from oropharyngeal swabs from each in-
fected bird using the QIAamp viral RNA mini kit (Qiagen, Germany,
GmbH) following the manufacturer’s instructions. Tissue samples were
homogenized by the Tissue lyser LT (Qiagen) and then subjected to
three successive freeze-thaw cycles, followed by centrifugation at
18,000 x g for 10 min to separate the supernatant. Virus shedding was
detected by amplification of the extracted RNA by quantitative reverse
transcription PCR(RT-qPCR) targeting the hemagglutinin (HA) gene
(Ben Shabat et al., 2010) or IBV nucleocapsid (N) gene (Meir et al.,
2010) and quantified against standard genomic RNA of HIN2 and IBV,
respectively. PCR reactions were performed in 25 pL volumes using
AgPath-ID™ One-Step RT-PCR kit (ThermoFisher scientific, Germany)
in a Stratagen MX3005 P machine (Agilent, Santa Clara, CA, USA).

Liver samples from the positive control group were collected at day
10 for CAV DNA detection to guarantee CAV virus replication. Total
DNA was individually extracted from the supernatant fluid (after
homogenization and centrifugation of the tissue samples) using com-
mercial QIAamp DNA Mini Kit (Qiagen, Gmbh, Germany) following the
manufacturer’s instructions. A 419 bp fragment of VP1 gene was am-
plified using a specific pair of primers (forward: 5"-CTA AGA TCT GCA
ACT GCG GA-37; reverse: 5-CCT TGG AAG CGG ATA GTC AT-3")
(Hussein et al., 2002).

2.5. Cytokine expression in lungs and spleens

To determine the pro-inflammatory cytokine expression levels fol-
lowing the secondary infection of CAV-HIN2 or CAV-IBV groups versus
HON2-only or IBV-only groups, lungs and spleens from three infected
chickens were collected at 1, 2, 4, and 7 DPI. Collected organs were
stored in RNA-later in -80°C freezer, and tissue homogenates were
subsequently assayed for interleukin 6 (IL-6) and interferon gamma
(IFNy). Total RNA was extracted using the RNeasy Mini kit (Qiagen,
Germany), including DNase digestion (RNase-free DNase kit; Qiagen).
One microgram of total RNA was further used for amplification using
the Sensifast” probe LO-ROX one-step kit (Bioline, UK) and Stratagene
MX3005 P real-time PCR machine. Amplification curves and Cq values
were determined by the Stratagene MX3005 P software. The data were
normalized by28S rRNA gene. Primers and probes (supplied from
Metabion, Germany) that were used for IL-6, IFNy, and 28S ribosomal
RNA (28S rRNA) are shown in Supplementary Table 1. To estimate the
variation of gene expression in the different samples, the Cq value of
each sample was compared with that of the control group according to
the "AACt” method stated by (Yuan et al., 2006). Gene expression data
is shown as relative gene expression in relation to that of the non-sti-
mulated sample, in order to calculate the fold change achieved by the
stimulation.

2.6. Serology

Blood samples were collected one day prior to secondary viral in-
oculation and tested by enzyme-linked immunosorbent assay (ELISA,
Synbiotics Corporation, ProFlock KPL. USA), following the manu-
facturer’s recommendations, for serum sample CAV positivity.

2.7. Statistics

Data analysis and visualization was made using RStudio (version
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1.0.136) and the ggplot2 R package (R Core Team, 2016; Wickham,
2016). Non-parametric statistical methods were selected based on QQ-
plot analysis to analyse virus titres in oropharyngeal swabs and organs
(trachea and kidney) at 1, 2, 4 and 7 DPI from the different experi-
mental cohorts (CAVHIN2 vs. HIN2-only and CAVIBV vs. IBV-only).
The boxplots illustrate the interquartile range (distance between first
and third quartiles) as boxes with the median marked as a black hor-
izontal bar within each box. The whiskers extend 1.5 interquartile
range from each box. Data points beyond the end of the whiskers are
referred to as outliers and are plotted individually as scatter points.
Annotations of boxplots show the p-value as calculated by the Wil-
coxon/Mann-Whitney method of the separation of medians. A p-
value < 0.05 is considered as significant separation. Scatter plots show
individual samples. Horizontal bars show the median and whiskers
show plus minus one standard deviation. Scatter plots with trend lines
show individual data points, horizontal bars illustrating the mean and
whiskers are plus minus one standard error of the mean. The grey
shaded areas along the added trend lines illustrate the 95% confidence
interval of the added trend lines.

3. Results
3.1. Pre-CAYV infection modulates the course of subsequent infection

To monitor the influence of the CAV infection on the subsequent
infection by HON2 or IB viruses, clinical signs were scored daily
through 7 successive days following the secondary infection with the
following score scheme: 0 =healthy (no abnormal signs); 1= slightly
sick (showing one of the following symptoms: ruffled feathers, re-
spiratory manifestations, depression, facial oedema, cyanosis of comb
and wattles or diarrhoea); 2=sick (showing two signs or more);
3=dead. CAV inoculated chicks showed anaemic clinical signs starting
from day 9-11 post inoculation. Chickens almost lacked clinical signs in
experimental infection with LPAIV-HIN2 infected group and no signs
have been observed than general depression and decrease feed con-
sumption. The IBV-only inoculated birds showed respiratory clinical
signs (gasping, coughing, sneezing, tracheal rales, and nasal discharge).
These clinical signs were observed in CAV-HIN2 and greater in the
CAV-IBV birds. Symptoms started 3 and 2 DPI for HON2-only and IBV-
only groups, respectively; while it started at day 1 in CAV pre-infected
groups. More detailed clinical scoring is shown in Table 1.

3.2. Variation in virus shedding patterns

In order to compare virus shedding patterns via the respiratory
route, viral RNA loads in oropharyngeal swabs were determined from
infected birds at 1, 2, 4, 7 DPI. A significantly higher virus titre was
observed in the oropharyngeal excretion within the CAV-HIN2 group
vs. the HON2-only infected group at day 1, 2 and 4 DPI with p-values of
0.00124, 0.0005, and 0.00433 respectively (Fig. 1b).HON2 virus was
detected in 2/3 birds within CAV-HIN2 infected group on 7 DPI, while
viral clearance was reported in oropharyngeal swabs of the HON2-only
infected group (Fig. 1b). Likewise, IBV was detected positive in all birds
on days 1, 2, 4, and 7 (Fig. 1c). In general, titres of IBV in orophar-
yngeal swab samples collected on day 1, 2, and 4 were more

Table 1
Degree of severity of clinical signs in all groups.

Group ID Clinical scoring/days post H9/IB infection

1 2 3 4 5 6 7
CAV-HON2 1 1 2 2 2 2 2
H9N2-only 0 0 1 1 1 0 0
CAV-IBV 1 2 2 2 2 2 2
IBV-only 0 1 1 1 2 2 2
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pronounced within the CAV-IBV group compared to the IBV-only in-
fected group, and were 1-2 log;ohigher with p-values < 0.05 (Fig. 1c).
Viral load in the oropharyngeal swabs, within the CAV-IBV group, re-
mained high on 7 DPI, with an increase in viral load where 3/3 birds
were positive, but only 1/3 was positive shedder in the IBV-only in-
fected group.

3.3. Higher virus titre in tissue samples of pre-CAV infected group

To assess the impact of CAV co-infection on HIN2 and IB virus le-
vels in different tissues, three birds from each infected group were
scarified and the tracheas and kidneys were tested for their virus load.
Tracheal titres of the CAV-HIN2 group were high and comparable with
those of the H9N2-only infected group, while kidney titres in both
groups were remarkably lower at 1, 2, and 4 DPL. HON2 virus was also
detected in up to 7 DPI in the trachea (2/3) and kidney (1/3) in the
CAV-HIN2 group only (Fig. 2a, b). Further, viral loads were 1-2 logig
units higher in trachea and kidney of the CAV-IBV, in contrast to the
IBV-only infected group. The highest viral loads (approximately 107
EID50/mL equivalents) were observed in both trachea and kidney in
the CAV-IBV chickens at 7 DPI. Interestingly, CAV pre-infection accel-
erates the virus detection in trachea and kidney, where virus was found
in the trachea and kidney of 2/3 chickens within the first 24 h in the
CAV-IBV groups while 1/3 in the IBV-only group (data not shown).

3.4. Influence of co-infection on cytokine expression levels

To elucidate the association between disease severity either with/
without pre-CAV infection and cytokine production, the IL-6 and IFNy
levels in the pre-CAV vs. non-pre-CAV infection was analysed in both
lung and spleen. A higher level of IFNy was noted in lungs and spleens
of the CAV-HIN2 group compared to the HIN2-only infected group
with a marked increase at 2 and 4 DPI (Fig. 3a, c). The level of IL-6 in
lungs of the CAV-HIN2 group at 4 DPI was also elevated compared with
levels in the HON2-only infected group (Fig. 3b). However, no statistical
difference was observed in IL-6 levels of spleen samples between the
two groups (Fig. 3d). On the other side, a considerable higher level of
IFNy was also observed in lungs and spleens of CAV-IBV group that
reached the peak at 4 DPI (Fig. 4a, c). Moreover, the patterns of IL-6
were similar to those previously observed in the HON2 groups, in re-
spect to marked higher level in lungs and no statistical difference could
be seen in spleens (Fig. 4b, d).

3.5. Serology

Birds of group 1, 3, and 6 were tested seropositive for CAV one day
before the start of the secondary infection experiment; conversely birds
from group 2, 4, and 5 were tested negative for CAV antibodies (data
not shown).

4. Discussion

Avian viral diseases continue to circulate among different poultry
populations worldwide and cause devastating economic losses in
poultry industries (Pohjola et al., 2017; Samy and Naguib, 2018;
Zhuang et al., 2014). Poultry can be exposed to different kinds of im-
munosuppressive viruses that impair the immune system, which in turn
may increase the risk to be infected by other pathogens (Hoerr, 2010;
Umar et al., 2016). The interaction between multiple pathogens within
the same host population can profoundly alter the spreading dynamics
and the pathobiology of infections (Samy and Naguib, 2018).For ex-
ample, CAV and avian reo virus co-infection enhances reo virus pa-
thogenicity in chickens (McNeilly et al., 1995); this was reported also
for CAV and Newcastle disease virus(De Boer et al., 1994b).

Egypt has a thriving poultry industry, where poultry production
commonly suffers from different bacterial and viral pathogens.
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Fig. 2. Virus titres in tracheas and kidneys of CAV-HON2 group vs HON2-only group (a, b) and CAV-HIN2 group vs IBV-only group (c, d).
Scatter plot of logyo virus titre in tissue samples per DPI with marked median and plus minus one standard deviation. Annotations show p-value for separation

calculated by the Wilcoxon/Mann-Whitney method.

Currently, LPAIV-HIN2 and IBV diseases are endemic in Egypt and
together pose a huge threat to the poultry industry (Naguib et al.,
2017b). Moreover, previous studies have reported a wide geographical
spread of CAV among different commercial poultry sectors in Egypt
(Abdel-Mawgod et al., 2018; Erfan et al., 2018). CAV infection might
play an exacerbating role in HON2/IBV-associated respiratory disease in
chickens. However, experimental studies to understand the impact of
such co-circulation is lacking. Hence, in the current study we addressed
the severity of CAV coinfection with LPAI-HIN2 or IB virus under ex-
perimentally controlled conditions using specific pathogen free
chickens as model.

The results of this study revealed that previously CAV infected
chickens produced considerably higher virus titres in the oropharyngeal
swabs (p < 0.05), tracheas and kidneys (Figs. 1 and 2) compared to
that of LPAIV-HIN2 or IBV only infected chickens. The immunologic
effect of the CAV provoked the development of clinical signs and pro-
longed oral viral excretion of both LPAI-HIN2 or IB viruses. Spleen, as a
principal organ of systemic immunity (John, 1994), and lung, as the

main targeted organ for many respiratory viral diseases including
LPAIV-HON2 and IBV (Reese et al., 2006), were selected for assessing
the IL-6 and IFNy levels. Our results suggested that the elevated ex-
pression levels of IL-6 and IFNy in CAV-HIN2 and CAV-IBV groups were
related to the pre-infection by CAV. Higher comparable levels of IL-6 in
lungs, but interestingly not spleens of both CAV-HIN2 and CAV-IBV
groups might account with the respiratory infection responses of
LPAIV-HON2 or IBV indicating a local immune response (Figs. 3 and 4).

In conclusion, this study underlines the importance of prior CAV
infection on LPAIV-HON2 or IBV infection in chickens. Overall, pre-
viously CAV infected chickens with exacerbated course of infection,
prolonged viral shedding, increased virus titres in oropharyngeal swabs,
spleens, and lungs of the CAV-HON2 and CAV-IBV groups in contrast to
that of the HON2-only and IBV-only infected groups. Indeed, prolonged
virus shedding of LPAIV-HIN2 and IBV infected chickens favours virus
transmission and may foster the endemic status and continuous evo-
lution of both viruses. Further studies are recommended to identify how
such impaired immune response can be invoked by improved vaccines.
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Fig. 3. IFNG and IL-6 fold-change in lungs and
spleens of CAV-HO9N2 group vs H9N2-only

Scatter plots with added trend lines for fold
change in cytokine gene expression per DPI
Horizontal bar and vertical whiskers show
mean and plus minus one standard error of the
mean. Grey shaded areas along added trend
lines illustrate the 95% confidence interval of
the added trend line. Red (CAV-H9 group) and
blue (H9 group). Upper left pane (lung IFNG),
upper right pane (lung IL6), lower left pane
(spleen IFNG) and lower right pane (spleen
IL6). (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.vetmic.2019.01.024.

Fig. 4. IFNG and IL-6 fold-change in lungs and
spleens of CAV-HIN2 group vs IBV-only group.
Scatter plots with added trend lines for fold
change in cytokine gene expression per DPI
Horizontal bar and vertical whiskers show
mean and plus minus one standard error of the
mean. Grey shaded areas along added trend
lines illustrate the 95% confidence interval of
the added trend line. Red (CAV-IBV group) and
blue IBV group. Upper left pane (lung IFNG),
upper right pane (lung IL6), lower left pane
(spleen IFNG) and lower right pane (spleen
IL6). (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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