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Abstract

Since 2016, low pathogenic avian influenza virus (LPAIV) HON2 became a major issue for
poultry production in Morocco. Even though the agent was classified as low pathogenic, Al
HIN2 cause significant economic losses, particularly during co-infections. Experimentally,
it has been difficult to reproduce the clinical picture without appealing other viral or bacte-
rial pathogens. Our study was carried out to evaluate a new challenge model using cold
stress in commercial broilers infected with two Moroccan HIN2 viruses isolated in 2016
and 2022. One hundred twenty day-old chicks were divided into four groups: A, B, and C
exposed to cold stress, and D was kept as negative control. At 21 days of age, Groups

A and B were challenged by oculo-nasal route with 107 EID of HON2 strains, isolated
respectively during 2016 and 2022. Meanwhile, chicks of group C were exposed to only
cold stress. The assessment of body weight gain, clinical signs, lesions, mortality, and
oropharyngeal viral shedding was monitored for 15 days post-challenge. Results showed
that cold stress exacerbated HON2 clinical signs, allowing us to establish a scoring system
and to validate the challenge model without co-infections. Gross and microscopic lesions,
induced by the virus primarily in the respiratory tract, peaked at 5 dpi and significantly
decreased at 15 dpi. Group B harbored the highest viral loads with viral shedding per-
sisting beyond 11 dpi in both groups. This study demonstrates a clear clinical difference
among the two isolates; A/chicken/Morocco/178-2/2022(H9N2) showed a significant
increase in virulence compared to the firstly isolate A/chicken/Morocco/SF1/2016(HIN2).
The novel HIN2 challenge model using cold stress will contribute to a better understand-
ing of LPAI pathogenesis and epidemiology and allow for research closer to the field.
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Introduction

Low Pathogenic Avian Influenza Virus (LPAIV) HON2 subtype, is one of the most widespread
avian influenza viruses worldwide [1]. This virus, which was first identified in turkeys in Wis-
consin, USA, in 1966 (A/turkey/Wisconsin/1/1966(H9N2)) [2], has spread rapidly throughout
Asia, Africa, the Middle East and parts of Europe. It poses a significant threat to both human
and animal health due to its ability to adapt to mammalian-like receptors [3-5]. With its
contribution as a gene material donor to other severe zoonotic viruses, notably the highly
pathogenic H5Nx viruses of the Goose/Guangdong/1996 lineage and the H7N9 viruses of the
Anhui/1/13 lineage, it has led to fatal zoonotic diseases [6,7].

In Morocco, since its first detection by El Houadfi et al, in 2016 [8], Al HON2 has
continued to spread widely across the country, causing significant economic losses. This
endemic circulation has led to newly detected mutations in the virus genome, resulting in
a notable increase in its virulence in the field, despite the implementation of vaccination
programs [9,10].

Under field conditions, LPAT HON2 infection has consistently been associated with
respiratory signs (e.g., coughing, sneezing, and rales), high mortality rates (ranging from
5% to 30% depending on co-infections and management practices), a significant drop in
egg production (up to 60% in some cases), and a marked decrease in feed consumption
[11-14]. These symptoms are often aggravated when the infection is associated with other
pathogens or stressful field conditions; including respiratory viruses such as Newcastle
disease virus, Infectious Bronchitis virus, and Infectious Laryngotracheitis virus [15-17],
as well as, several different bacteria including Salmonella, E.coli, Avibacterium paragalli-
narum, Ornithobacterium rhinotracheale and Staphylococcus aureus [18-21]. The patho-
genicity of LPAIV HIN?2 strains have been investigated in numerous studies using avian
models under experimental conditions to replicate the clinical and lesions observed in the
field [12].

In domestic poultry, the most notable lesions in affected birds include congestive tracheitis,
mild to severe pneumonia, and severe exudation leading to cast formation in the tracheal
bifurcation, extending to the lower bronchi. Given this, when evaluating the pathogenicity of
the virus under experimental conditions, reproducing the respiratory symptoms, lesions, and
mortalities seen in the field is challenging and often failed without integrating other pathogens
in the challenge model [12,22].

To better understand the disease severity observed in the field, we have developed a new
challenge model using cold as a stress factor. Using this challenge model, we established a
scoring system to quantify respiratory and ocular signs, as well as macroscopic and micro-
scopic lesions. Additionally, we investigated the pathogenicity in broiler chickens of LPAIV
HIN?2 isolates collected from Moroccan poultry field: one from the first AT HON2 cases in
2016 and another isolated from AT HON2 outbreaks during 2022. This approach allows us to
exacerbate the clinical signs and macroscopic lesions as observed under field conditions.

Materials and methods
Ethics statement

All animal research conducted in this study received ethical approval for sampling and ani-
mal manipulation from the institutional Ethical Committee for Animal Veterinary Science
and Public health (CESASPV) under the number CESASPV_2022_A02. The protocol was
applied in accordance with international standards cited in numerous scientific references
and the OIE Manual (2015) titled “Manual of diagnostic tests and vaccines for terrestrial
animals”[23].
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Experimental conditions and birds

Hundred twenty day-old commercial broiler chicks of the Ross 308-line breed (Aviagen,
Spain) were purchased from a local hatchery and reared in the same condition until 36 days
of age. At the start of the experiment, chicks were divided into four equal groups and housed
separately in enclosures of 4m?* each (22°C, RH 60%, 20-hour lighting program [24,25]).
Feeding and care were conducted in accordance with the approved guidelines by the Ethics
Committee. All procedures of controlled and secure experimental environment were carried
out within a negative-pressure Biosafety Level 2 room at Institut Agronomique et Vétérinaire
Hassan II in Rabat, Morocco. Throughout the study, feed and water were available ad libitum
and all biosecurity measures were strictly implemented.

All chicks possessed maternal antibodies against HIN2 influenza virus, detected using
hemagglutination inhibition (HI) test conducted with 4 hemagglutinin units (4 HAU) in a
V-shaped 96-well microplate, following the guidelines outlined in the World Organization for
Animal Health (WOAH) manual [23].

In the hatchery, all chicks were vaccinated with Recombinant live-virus vaccine (HVT-
IBDV-ND) against Marek’s disease virus, Infectious Bursal disease virus and Newcastle disease
virus by sub-cutaneous route. During the experiment, the birds have received vaccines against
infectious bronchitis (H120) at one day old by nebulization and at day 14 against Newcastle
disease virus in drinking water.

Challenge viruses

Avian influenza viruses used in this study were A/chicken/Morocco/SF1/2016(HIN2) (Gen-
bank accession number for HA: LT598512) characterized by El Houadfi et al, (2016) [8] and
A/chicken/Morocco/178-2/2022(H9N2) (Genbank accession number for HA: OR592451)
provided by Arbani et al, (2023) [9]. Preparation and titration of viral stocks were conducted
in 9 to 11-day-old chicken embryonated eggs following the WOAH protocol [23]. The median
embryo infectious dose (EID, ) was calculated using the methods reported by Reed and
Muench, 1938 [26]. The viral stocks were diluted in a medium containing antibacterial anti-
mycotic agents (Penicillin, streptomycin, and amphotericin B (100x)), to obtain a final titer

of 107 EID, /ml, resulting in a dose of 10°* EID,  per animal. This viral load is higher than the
one observed in naturally infected birds, which range between 10° to 10° EID, /ml, depending
on the stage of infection, host immune status, and co-infections [12,27,28]. The use of a higher
approach viral load is a standard practice in experimental challenge studies to ensure uniform
infection and to systematically evaluate pathogenicity under controlled conditions [29]. The
harvested chorio-allantoic fluid was tested for hemagglutination and subjected to qRT-PCR
using the primers and probe for detecting HA2 subunit of H9 subtypes as described by Monne
et al. [30].

Experimental trial design

Divided groups were named from A to D. Groups A to C were exposed to 6 hours of cold
stress (+14°C) 24 hours before the virulence challenge while group D (negative control)
was kept at 22°C. To monitor body temperature, subcutaneous microchips were inserted

in all birds. Temperature monitoring was conducted using data loggers (Thermochron,
iButton, DS1922L, Dallas Maxim Integrated Products, Dallas Semi-Conductor). iButtons
were programmed for continual recording of temperature with 16-bit resolution 0.0625°C
every 10 min. The implantation site was selected based on previous validation studies in
different species showing minimal migration and optimal reading consistency [31-34].
Prior to implantation, the area was cleaned with antiseptic solution and local anesthetic was
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administered (Local lidocaine 2% infiltration (0.1 ml)). Ibuttons were implanted subcutane-
ously in the dorsal thoracic region of each chicken in exposed groups using a sterile single-use
applicator at a 45-degree angle, lateral to the spine. After the end of the experiment, Ibuttons
were recovered and temperature reading was realized using the 1-Wire interface which is a
device communicating with the computer. This interface uses a specific software, the One
wire-viewer (Dallas Maxim Integrated Products), as presented in Fig 1.
At 21 days old, chicks from groups A and B were challenged by oculo-intranasal route with
0.2mL of 10” EID, /ml Moroccan HIN2 virus isolated in January 2016 (A/chicken/Morocco/
SF1/2016) and in 2022 (A/chicken/Morocco/178-2/2022), respectively. Chicks from Group C
were only exposed to cold stress and inoculated with phosphate-buffered saline (PBS) by the
same route. Finally, group D contained the negative control flock, which were unexposed to
cold and only inoculated with PBS via the same route.
The study employed a systematic euthanasia approach to evaluate the experimental model
induced by cold stress. Ten birds from each experimental group were randomly selected for euthana-
sia at 5-day intervals throughout the post-infection period. Euthanasia was performed using sodium
pentobarbital solution (300 mg/ml) administered via intracerebral injection. Throughout the 36 days
of the experiment, daily monitoring of animal health, behavioral parameters as well as animal care
and feeding protocols were conducted following the guidelines approved by the Ethics Committee.
The design of the study and experimental groups are summarized in Table 1.
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Fig 1. Experimental conditions during the cold stress exposure. Ta= Ambient temperature. Tb = Body temperature.

https://doi.org/10.1371/journal.pone.0320666.9001

Table 1. Experimental design used in broiler chickens.

Groups Group A Group B Group C Group D
(n=30) (n=30) (n=30) (n=30)
Challenge strain AIV isolated in 2016 AIV isolated in 2022 Inoculated with PBS Inoculated with PBS
A/chicken A/chicken/Morocco
/Morocco /172-1/2022 (H9N2)
/SF1/2016
(H9N2)

Cold stress

Exposed 6 hours to cold stress (+14°C), 24 hours before challenge

Non-exposed to cold stress

Inoculation route

Oculo-nasal route at 21 days of age

https://doi.org/10.1371/journal.pone.0320666.t001
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Body weight gain
Body weights were recorded individually once a week for all groups until challenge. From

the 2™ day post-infection (dpi), the body weight of the experimental birds was recorded daily
until the end of the experiment (15 dpi).

Assessment of clinical signs

Respiratory and ocular signs were monitored daily during the observation period, from day
one to day 15 post-infection. The scoring was as follow; score 0 = normal breathing, nor-

mal conjunctiva and no discharge; score 1 = discrete tracheo-bronchial rales, mild dyspnea
with open-mouthed breathing, conjunctiva with slight swelling and no eye closure; score 2=
moderate rales, panting with neck extended and moderate sneezing, swollen conjunctiva and/
or partial eye closure; score 3 = intense rales associated with other symptoms (e.g., intense
sneezing, runny nose, cough, sinusitis), severe conjunctivitis, complete eye closure and/or eye
discharge. Total clinical signs scores (CSS) per chicken were recorded daily after challenge,
and then the median clinical score was calculated for each group.

Viral shedding

To assess viral shedding, oropharyngeal swabs were collected at 1, 3, 5, 7, 10, and 14 dpi. The
swabs were immediately suspended in 1 mL PBS and kept at -20°C until further use. Viral
RNA was extracted using the Kylt® RNA/DNA Purification Kit according to the manufac-
turer’s instructions (AniCon Labor GmbH Laboratory, Germany). The virus titer of each
sample was determined using real-time RT-PCR using H9-specific primers and probe sets for
conserved regions in the HA2 subunit as described by Monne et al, [30]. The target gene was
amplified using Invitrogen™ SuperScript™ III One-Step RT-PCR Kit (Thermo Fisher Scientific,
Goteborg, Sweden) on a 7500 Real Time PCR System (Applied Biosystems, Foster City, USA),
using the following program: the reverse transcriptase step conditions for primer sets were
one cycle at 50°C for 30 min, 95°C for 15 min followed by 45 cycles of 95°C for 155, 56°C for
15s, and 72°C for 15s. PCR amplifications were performed in 96-well plates in a final volume
of 25l containing 5pl of RNA template, 12.5ul SuperScriptRT-PCR Master Mix, 1 ul of each
primer (10uM), 0,5ul TagMan probe (10uM), 0,5ul of SuperScript™ ITI Reverse Transcriptase
and 4,5 1L of nuclease free water. To determine virus shedding titer, the cycle threshold (Ct)
values of samples were converted to corresponding viral load on Log, as described in previous
studies [35]. The excel table illustrating the quantitative estimation of viral concentration from
qRT-PCR data using a regression equation can be consulted on Supporting information data

(S1 Appendix).

Gross pathological examination

Macroscopic lesions caused by HON2 infection were investigated through a series of necrop-
sies on an average of 10 birds per group at 5, 10 and 15 dpi as well as found dead birds from

each group. Gross pathological observations were primarily focused on the sinuses, trachea,

lungs, and air sacs. Tissue samples from the trachea and lungs were collected for histopatho-
logical examination and scored based on previously established methods [11].

Histopathology examination

Tissue samples from trachea and lungs were fixed in 10% Neutral Buffered Formalin (NBF)
for 24-48h. Coronal and longitudinal sections from the samples were dehydrated by immer-
sion in a series of alcohol baths of increasing strength (from 70% to 100%) and embedded in
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paraffin by a routine procedure. Dewaxed 3-5um thick sections were stained with hematoxylin
and eosin (H&E) [36] and examined using a light microscope. Microscopic lesions were evalu-
ated based on a mean of total individual microscopic lesion scores (MILS) noted in lung and
trachea of birds from experimental groups as previously described by [37,38].

Statistical analysis

Statistical analysis was conducted using IBM SPSS Statistics (version 28.0.1.1). A one-way
analysis of variance (ANOVA) followed by a Duncan post-hoc-test was used to analyze the
data. The severity of clinical signs, as well as gross and histopathological lesions, were classi-
fied using a scoring system from 0 to 3, referring to “normal”, “mild”, “moderate” and “severe”
for most observed parameters. For statistical evaluation, the sum of scores and percentage of
each evaluated parameter were calculated. The number of birds shedding virus was tested for
statistical significance using Fisher’s exact test, and a two-way ANOVA was used to evaluate
virus titers in swabs. P-values less than 0.05 were considered significant (P <0.05).

Results

Body weight gain

During the pre-challenge period, between day 1 and day 21 of age, the average body weights of
the four groups (A, B, C and D) followed the same pattern and remained close to one another
(Fig 2). During this period, no significant difference was observed between the groups, as the
p-value for the intergroup sum of squares reached 0.152 (> 0.05).

During the post-infection period, Group A (Challenged with LPAI HON2 strain isolated in
2016) showed a steady evolution of mean body weights without a specific drop. In contrast,
Group B (challenged with the HON2 strain isolated in 2022) showed a sharp decline in weight
between days 7 and 8 post-infection, followed by a recovery that brought their weight close
to the levels observed in Group A by day 9 (Fig 3). The significant weight loss in group B
correlated with the highest respiratory and ocular symptom scores, which may be explained
by the worsening of respiratory symptoms, dehydration and decrease of feed consumption.
Group C (not challenged and only subjected to cold stress) showed no drop of body weight,

1000

Average body weights (g)

D1 D3 D7 D10 D15 D21
Days at pre-challenge period

=4 Average BW group A —#=Average BW group B —#+— Average BW group C —e— Average BW group D

Fig 2. Average body weight trends for the four groups during the pre-challenge period.
https://doi.org/10.1371/journal.pone.0320666.g002
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Fig 3. Average body weight trends for the four groups during the post-challenge period.
https://doi.org/10.1371/journal.pone.0320666.9003

indicating that the low temperature (14°C for 6 hours) alone does not affect production per-
formance (body weight). On the other hand, the average body weights of chicks from the neg-
ative control group (D) followed a steady progression, with relatively higher values at the end
of the challenge, although they remained close to the values seen in the other groups (Fig 3).

However, the F-test, which compares intergroup variance with intragroup variance, gives
a score of 0.266. This value is accompanied by a p-value of 0.850, indicating that there is no
significant difference between the groups in terms of body weight gain. Despite this, we noted
a drop of weight in Group B which coincides with the highest scores of respiratory symptom
scores. Overall, there was no significant difference among the groups, despite the drop-in
weight noted in group B at 8 dpi (52 Appendix).

Evolution of respiratory symptom scores

The evolution of mean respiratory symptom scores during the post-challenge period showed
that groups A and B reached a maximum means of 2.36 and 2.70 on 6 dpi and 5 dpi, respec-
tively. Group C, which received only cold stress, exhibited regressing mean respiratory symp-
tom scores, with a maximum value of 1.70 noted on 2 dpi, decreasing to zero by 7dpi. This
suggests that cold stress factor alone may generate moderate respiratory symptoms, but they
tend to regress and disappear shortly after exposure. Birds of group D (control group) did not
show any respiratory symptoms throughout the post-challenge period. No significant differ-
ence was noted between groups C and D for respiratory symptom scores (P =0.44).

These results illustrated that the challenge model effectively reproduced the respiratory
symptoms characteristic of infection with LPAI virus subtype HON2. The combination of
cold-stress and virus inoculation induced a detectable and measurable clinical form of infec-
tion. Therefore, this model of challenge can be used as an alternative to co-infections with
other pathogens. Support of these findings is presented in Fig 4 and S3 Appendix.

Evolution of ocular symptom scores

The curves showing the evolution of average ocular symptom scores during the post-challenge
period showed that the maximum score values for groups A and B were recorded on 8 dpi,
with mean scores of 1.61 and 2.11 respectively (Fig 5).

No statistical difference was noted between groups C and D, as indicated by the same
superscript letters presented in S3 Appendix.
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Fig 5. Trends of average ocular symptom scores during the post-challenge period.
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Fig 6. Necropsy lesions of deceased chicks from group B, lesions are presented in yellow arrows. A) Fibrinous
plug in the tracheal bifurcation observed at 6 dpi. B) Congested trachea and hyperemia noted at 6 dpi. C) Fibrinous
airsacculitis and fibrinous perihepatitis observed at 13 dpi.

https://doi.org/10.1371/journal.pone.0320666.9006

Mortality rate

No mortality was observed in groups A, C, and D. Mortality was only noted in group B
(infected with HON2 virus isolated in 2022), with a rate of 10% (3/30). Statistical analysis
revealed a significant difference between group B and other groups (P=0.019).

Gross pathology post-challenge lesions

The three cases of mortality in group B were found on 6 and 13 dpi. The two birds died on
6 dpi exhibited airsaculitis, congestive tracheitis, fibrinous plugs, fibrinous pneumonia and
sero-fibrinous sinusitis. The cause of death was probably the obstruction of the bronchial
lumen by fibrin casts at the tracheal bifurcation.

The bird that died on 13™ dpi showed fibrinous airsacculitis, fibrinous perihepatitis, and
fibrinous pneumonia (Fig 6).

From the series of necropsies held at 5 dpi, birds of group C showed slight mucous and a
mild redness congestion of trachea. In contrast, birds of group A and B showed 100% mild to
severe congestive tracheitis. Group A had 50% of birds with fibrinous tracheitis, and group B
had 60%. Fibrinous plugs at the tracheal bifurcation were observed in 10% of birds of group
A and 40% of group B. Pneumonia was noted in 20% of individuals from group A and 100%
from group B, while fibrinous pneumonia was noted at 10% of sacrificed birds from group B.

Fibrinous sinusitis observed at 5dpc was at rates of 20% and 10% in groups A and B,
respectively. Statically, significant differences were noted between groups A and B (P <0.05),
except lesions of fibrinous airsaculitis, which were noted in 20% of flocks in both groups
(P=0.251). These results are detailed in S4 Appendix.

At 10 dpi, the severity of congestive tracheitis lesions had decreased to 70% and 80% in
scarified birds from groups A and B, respectively, with a statistically significant difference
(P=0.001). Fibrinous tracheitis was observed at rate of 10% in both groups, with no signif-
icant difference (P =0.45). Group A displayed fewer gross pathological lesions, with 20% of
birds exhibiting congestive pneumonia and 10% showing fibrinous airsaculitis and sinusitis.
In contrast, birds from Group B had higher rates of lesions: 60% showing congestive pneumo-
nia, 10% with fibrinous pneumonia, 40% with fibrinous airsaculitis, and 20% with fibrinous
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sinusitis. Notably, no group showed fibrinous plugs at 10 dpi. These differences between the
groups were statistically significant, as detailed in S4 Appendix.

At 15 dpi, lesions had regressed in autopsied birds from group A; mild congestive tracheitis
and congestive pneumonia were noted in 40% of chicks, serous sinusitis in 30%, and catarrhal
tracheitis and catarrhal sinusitis in 10%. No individuals presented with fibrinous tracheitis,
fibrinous plugs, fibrinous pneumonia, fibrinous airsaculitis, or fibrinous congestive sinusitis.
Conversely, Group B showed significantly higher rates of lesions: 88% had congestive pneu-
monia (P=0.001), 63% had congestive tracheitis (P =0.002), and 38% had congestive sinus-
itis and catarrhal sinusitis (P=0.091 and P=0.287). No birds in Group B showed fibrinous
tracheitis, fibrinous plugs, fibrinous pneumonia, fibrinous airsaculitis, or fibrinous sinusitis

(54 Appendix).

Histopathological lesions

Lungs and trachea of challenged chicks were subjected to microscopical investigations. In
trachea, hyperplasia, loss of cilia and the presence of exudate on the epithelial surface and
lumen were found, over the three necropsy days, in 60% of birds from group A and 80% from
group B. The mean individual lesion score (MILS) was higher in group B (1.85) compared to
group A (1.25) but with no statistical difference noted (P=0.41). Additionally, changes in lam-
ina propria were also noted in 90% of individuals from group B, with a MILS of 1.75 and in
70% of individuals from group A, with a MILS of 1.30 without statistical difference (P=0.63)
between the two groups. Individuals from group C, having received only cold stress, showed
very few mild lesions with lower MILS, not exceeding 2.. These changes were associated with
pneumonia extending to only 2% of the lung fragment surface. Mild loss of cilia was noted
in trachea of 10% of examined chicks from this group. Despite the difference in total tracheal
scores, no statistical difference was shown (P=0.53) as detailed in Table 2.

In the lungs, fibrinous-suppurative bronchitis associated to hyperplasia and loss of cilia
on primary and secondary bronchi were found in 40% of birds from groups A and 90% from
group B. Furthermore, 50% and 90% of samples from groups A and B, respectively, exhibited
changes in the interstitial inter-lobular spaces, characterized mainly by inflammatory cellu-
lar infiltration, edema and hyperemia. The MILS were 1,00 in group A and 2,64 in group B,

Table 2. Average histopathological lesions and scores noted in trachea and lungs of birds during post-infection period.

Organ Microscopic changes and mean scores Groups P-value
A B C D
Lung Fibrinous suppurative bronchitis 40%* 90%" 0% 0% 0.002
(6.4) (13.44)
Changes in interstitial inter-lobular spaces 50%* (1.00) 90%" 50%* 0%° 0.004
(2.64) (1.00)
Fibrinous suppurative pneumonia 60%"* 90%* 0%¢ 0%¢ 0.21
(2.7) (3.33)
Extent of pneumonia 6% 11% 2% 0%
Total pulmonary scores 10.1* 21.41° 1¢ 0° 0.002
Trachea Epithelial changes 60%* 80%* 10%”° 0%:* 0.41
(1.25) (1.85) (1.00)
Lamina Propria changes 70%* 90%* 0% 0% 0.63
(1.3) (1.75)
Total trachea scores 2.55% 3.6 1° 0° 0.53
Different superscript letters in the same row indicate a significant difference (P <0.05).
https://doi.org/10.1371/journal.pone.0320666.t002
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showing a significant difference (P =0.004). Diftuse fibrinious suppurative pneumonia was
observed in 60% of samples from group A and 90% of group B, with mean individual scores
of 1,89 and 2,64, respectively, presenting no statistical difference (P=0.21). The extent of
pneumonia was higher in group B (11%) compared to group A (6%).. Those findings were
illustrated in Figs 7 and 8 presenting changes noted in 5 and 10 dpi in both challenged groups.

Quantification of viral shedding

The viral shedding titers of LPAI HON2 during the post infection period was monitored at 3,
6,9, 11, 13 and 15 dpi. Oropharyngeal shedding in group B had significantly higher mean viral
load at 3 dpi (4.62 log)) compared to group A (3.57 log,o) (P=0.021).

At 6,9, 11, and 13 dpi, the mean viral loads were higher in group A; 2.87 logy, 2.49 log;o,
1.29 logo and 0.65 log,, respectively, although no statistically significant difference was noted
compared to group B (P =0.54). Additionally, the duration of oropharyngeal viral shedding
was shorter in group B compared to group A, while in group B it continued up to 13 dpi
(Fig 9). Although, there was no viral shedding in group C, which receive only stress cold, and
the negative control (group D).

Discussion

Avian influenza is one of the most significant threats for the poultry industry worldwide.

The HON2 subtype is highly widespread in turkey and chicken populations across many
regions, especially in Africa and Asia. Countries like China, South Korea, Pakistan, Iran, UAE,
Morocco and Egypt have implemented systematic vaccination strategies as a crucial measure
to control and prevent the spread of the virus in poultry [8,39-43]. In Morocco, the endemic
circulation of avian influenza has resulted in substantial economic losses, marked by high
mortality rates and significant decrease in production performances. This situation has raised
concerns about the virulence of the virus that may have increased since its initial introduction
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Fig 7. Microscopical lesions in trachea and lungs H&E staining on dpi 5. A) Moderate tracheitis with epithelial
hyperplasia (Asterisk), loss of cilia and inflammatory cellular infiltrate of lamina propria (Arrows) in a chick from
group A. B) Fibrino-suppurative pneumonia with locally diffuse inflammatory cell infiltrate and a large plug of
inflammatory exudate within a parabronchi (Arrow) a chick from group B. (H&E, X10).

https://doi.org/10.1371/journal.pone.0320666.g007
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Fig 8. Microscopical lesions in trachea and lungs H&E staining on dpi 10. A) Moderate to severe subacute
tracheitis (score 2) with epithelial hyperplasia (Asterisk) and mixed inflammatory cell infiltrate of the lamina
propria in an individual from group A. B) Moderate pneumonia with inflammatory exudate in the lumens of the
atria and parabronchi (Arrows) noted in a chick from group A. C) Mild to moderate chronic bronchitis (score 2)
with epithelial hyperplasia (Asterisk) and mononuclear cell infiltrate of the lamina propria and prominent nodular
development of bronchoalveolar lymphoid tissue (BALT) (Arrow) noted in a chick in group B. D) Moderate chronic
bronchitis with mild exudate in the bronchial lumen (Arrow) and mononuclear cell infiltrate of the lamina propria
and surrounding interstitial tissue (Asterisk) and prominent nodular BALT (Arrows) development noted in a bird of
group A. (H&E, X10).

https://doi.org/10.1371/journal.pone.0320666.9008

in 2016. Several genetic studies suggest that the viral evolution of HON2 in Morocco may have
implications for its host range and potential virulence. HON?2 strains circulating since 2021 has
exhibited notable nucleotide and amino acid variations, ranging from 1-6% compared to the
2016 strain. These differences include mutations at various genomic sites and changes in gly-
cosylation patterns, which potentially influence viral characteristics [9]. Furthermore, evolu-
tionary and network analyses between different temporal groups of HON2 viruses in Morocco
showed clear genetic divergence. The 2016-2017 HA sequences showed high similarity within
their group, but substantial genetic distance separates them from the 2018-2019 and 2020-
2021 strains [44].

Additionally, several factors also influence the virulence such as management practices,
co-infections with bacterial, viral, or fungal, immunosuppressive agents, and the age and
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Fig9. Mean AIV-H9N2 shedding titer (Log,,) in oropharyngeal swabs. Data are presented as means + SE. Bars with no common

superscript were significantly different at P<0.05.

https://doi.org/10.1371/journal.pone.0320666.9009

breed of chickens [45-48]. The discrepancy between pathogenicity observed in experimental
and field conditions has been widely studied. In this context, to better evaluate the notable
severity of HON2 under experimental condition, a challenge model using cold stress was
developed to reproduce the clinical symptoms observed in field without co-infections with
other pathogens.

Cold stress protocol was implemented at 14°C, as temperatures below 18°C are known to
induce cold-related stress responses, tissue damage, and potential mortality in poultry. This
specific temperature selection was based on previous research demonstrating significant
impacts on chicken health and performance [49-52]. Studies by Mendes et al. (1997) [50]
showed that exposure to 15.5°C negatively affected growing chickens’ feed intake, feed con-
version ratio, body weight, and mortality rates, while also leading to conditions such as ascites
and cardiomyopathy. Additionally, Zhang et al. (2014) [53] demonstrated that both acute (12
+ 1°C) and chronic cold stress conditions induced oxidative stress in broiler duodenum. The
timing of our cold stress protocol was carefully designed to stimulate field conditions. Based
on the observation by Shinder et al. (2002) [54], birds can adjust to temperature variations
within 24 hours, as evidenced by corticosterone levels. This timeframe was carefully selected
to induce measurable stress responses while preventing physiological adaptation that could
potentially mask HON2 infection severity [51,55]. To prevent this adaptation and maintain the
stress response, we implemented a protocol that mimicked natural diurnal temperature fluc-
tuations and timed the viral challenge to coincide with the cold stress period. This approach,
supported by Zhao et al. (2013) [49], was specifically chosen to maximize the impact on
host-pathogen interactions while reflecting field conditions.

Experimental infections of commercial broiler chickens with LPATV HON2 strains gener-
ally lead to moderate signs of illness including depression, crouching, decreased in feed and
water consumption and respiratory symptoms such as coughing, sneezing, gasping, eye and/
or facial swelling, and nasal discharge [11,22,48]. Despite these symptoms, the experimental
conditions often do not replicate the high virulence observed in the field, leading to a moder-
ate impairment of the general condition of the chickens [46,56,57].
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Our study revealed that body weight gain (BWG) from (day 1 to day 35) showed no sig-
nificant differences between the groups. However, Group B, which was challenged with the
recently isolated HON2, experienced a progressive decline in weight from day 5 post-
challenge, with a significant drop on the 8" dpi, followed by a gradual recovery. The substan-
tial weight loss in Group B coincided with the peak of respiratory and ocular symptom scores,
likely due to the worsening of the disease. Although limited data are available on the impact
of HON2 LPAI on growth performance, Substain et al, (2011) [56] reported that weight loss
could be associated with H9 virus infection in birds. Moreover, in group C, a sudden variation
in body weight was observed between days 22 and 35. This may be attributed to individual dif-
ferences among the animals or external environmental factors that specifically affected certain
individuals within the group, despite all groups being maintained under the same conditions.
Additionally, the sample size in the groups may have been insufficient to adequately account
for such variability, potentially leading to an inflated standard deviation.

Regarding the respiratory and ocular signs observed in our study, the control birds exhib-
ited no obvious clinical signs or mortality. In contrast, birds in Group B exhibited significantly
higher and earlier peak in mean respiratory symptom scores, reaching 2.7 at 5 dpi, compared
to 2.36 at 6 dpi in Group A. This peak occurred earlier than what was reported by Khantour
et al. (2021) [58], who observed that clinical signs in groups challenged with the first isolated
HON2 strain in Morocco (A/ chicken/Morocco/01/2016), appeared from 2 dpi, persisted
until 12 dpi and peaked at 9 dpi. Other studies have similarly reported that HON2 infection
symptoms appeared at 2-3 dpi, lasted until 5-7 dpi, and usually resolved by 10-12 dpi with-
out mortality [56,59]. The observed differences in the timing and severity of clinical signs in
our study may be attributed to several factors. First, prolonged viral replication in tissues and
the increased pathogenicity of the 2022 strain compared to the 2016 strain could explain the
earlier onset and higher peak of respiratory symptoms. Second, the stress experienced by our
chickens due to experimental conditions—such as handling, environmental changes, or the
challenge protocol itself—may have contributed to the exacerbation and earlier manifestation
of clinical signs.

For assessment of ocular sings, the peak in both challenged groups were reached at 8 dpi
and progressively regressed for the rest of the challenge period, lasting until 15 dpi. Evaluating
conjunctivitis as a clinical proxy was supported by Kim et al (2013) [60] for assessing AIV
vaccine efficacy. His study presented a significant difference between two SPF chicks groups
vaccinated and unvaccinated against HON2, challenged by bi-ocular instillation with the
virus. In contract to our findings, Spackman et al, (2011) [35], reported only mild, transient
conjunctivitis lasting from 3 to 5 days after ocular challenge with LPAI H7N2 in broilers, SPF
Leghorns and turkeys. Spackman and co-authors also noted a more severe impact on the chal-
lenged eye than on the opposite eye.

The mortality rate of 10% (3/30) observed in Group B, compared to no mortalities in
the other groups, is notably higher than previously reported in experimental studies. Previ-
ous research has shown that experimental inoculation with HON2 alone typically results in
no or low mortality rates, despite the virus replicating and causing localized lesions in the
respiratory tract [46,56,57]. In some cases, mortality rates in experimental settings have been
reported to be around 3.3% [61], 5% [11], and generally do not exceed 6% [62]. In contrast,
mortality rates in naturally infected farms are typically much higher, ranging from 5% to
30% depending on factors such as co-infections, vaccination status, and farm management
practices [11,14,63]. This variability under field conditions is often exacerbated by concur-
rent bacterial infections, which play a significant role in disease progression, particularly for
low to moderately pathogenic influenza strains [64]. Among the contributing factors, cold
stress has been shown to play a crucial role in exacerbating HON2 infection outcomes. It
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can compromise the immune system, increase susceptibility to viral infections, and predis-
pose birds to secondary bacterial complications. Additionally, it may reduce feed intake and
metabolic efficiency, further exacerbating weight loss and increasing mortality [52,53,65].
Future studies can be conducted to examine the effects of cold stress applied either before or
after Al challenge to better mimic field conditions, such as seasonal temperature fluctuations.
This would provide valuable insights into how environmental stressors interact with HON2
pathogenesis and help to further understand the full scope of the virus’s impact under varying
environmental conditions.

The distinct pathological profile of 2022 HIN2 strain was clear during the necropsy exam-
inations. We noted a higher incidence of congestive and fibrinous tracheditis, fibrinous plugs
and fibrinous pneumonia at 5 dpi in group B. This increased severity and frequency of lesions
in this group is in line with what was reported by Bona et al, (2023) [66] when comparing A/
chicken/Morocco/2021 HON2 virus with Egyptian and Saudi Arabian strains. Furthermore,
during our macroscopic examination, the most significant lesions were in respiratory air-
ways specifically the sinuses, trachea, bronchioles and to a lesser extent, the air sacs and lungs
and tended generally to recover by 10 and 15dpi. These findings align with previous reports
by Bano et al (2003), Gharaibeh (2008), Swayne and Pantin-Jackwood (2008), Awadin et al,

The macroscopic lesion pattern observed in group B, challenged with 2022 HON2
strain, corresponded closely with the microscopic findings, indicating a pronounced
pathogenic impact. This group exhibited significantly higher rates of severe changes in
trachea and lungs compared to group A, challenged with the 2016 strain. Notably, the
extent of pneumonia was greater in group B, affecting 11% of the lung surface com-
pared to only 6% in Group A, suggesting a more aggressive viral replication and tissue
damage. Previous studies confirmed that histopathological changes were predominant
in the respiratory tract, characterized by inflammatory with exfoliating epithelial cells,
epithelial degeneration and necrotic processes. The proliferation of goblet cells was
first seen in the trachea, followed by sloughing of the tracheal epithelium, deciliation
and lymphocytic infiltration of the mucosa. Lesions in the lungs were characterized
by congestion, interstitial pneumonia, bronchitis, catarrhal infiltration, edema around
the blood vessels with heterophil cell infiltration, and collapse of alveoli. Pale bluish
mucus and heterophil accumulation in the lumen of secondary bronchioles were also
present [56,66,67,69].

The monitoring of viral shedding using oropharyngeal swabs tested by RT-PCR revealed
that group B excreted higher viral loads (4.62 log;, vs. 3.57 log;, in Group A at 3 dpi) over a
shorter duration, ceasing at 11 dpi compared to 13 dpi in Group A. These findings suggest
that genetic changes in the 2022 HIN2 strain have influenced its replication dynamics and
shedding patterns, leading to an earlier peak compared to previous study where peak shedding
occurred between 5 and 7 dpi in unvaccinated birds [70]. However, these results are consistent
with Bortolami et al. (2022) [71] findings, who showed that, for the unvaccinated challenged
group with HON2 strain (A/Chicken/Saudi Arabia/3622-31/13) at a dose of 10° EID50, the
peak was occurred between 2 and 3 dpi.

Therefore, the combination of cold-stress and viral challenge allows for the clinical form of
the infection to be detectable and measurable using the established “scoring” system, making
it a suitable challenge model instead of H9 co-infections with other pathogens. A/chicken/
Morocco/178-2/2022(HI9N2) proved to be more virulent by several criteria used in our study
compared to a strain firstly introduced in Morocco in 2016. However, further investigations
may help to identify the specific factors contributing to the differences in virulence between
the HON2 strains.
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Conclusion

From this study, we conclude that the experimental model using cold as a stress factor to
exacerbate clinical and necropsy signs of LPAI virus subtype HON2 in conventional broilers is
valid. This model successfully used to mimic the field conditions, providing a reliable basis for
assessing virulence and pathogenicity. Our research revealed a significant difference in patho-
genicity between strains isolated in 2016 and 2022: A/chicken/Morocco/SF1/2016 (H9N2) and
A/chicken/Morocco/178-2/2022 (HIN2), both belonging to the G1 lineage. The 2022 HIN2
strain demonstrated a significantly higher pathogenicity compared to the 2016 strain. These
findings underscore the importance of ongoing surveillance and research to understand the
evolving nature of HON2 and its impact on poultry health. Further studies should focus on
identifying the genetic determinants responsible for this increase in virulence. Such research
will be crucial for developing effective strategies and compatible vaccination programs for
managing and controlling LPAI HIN2 infections in poultry.
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