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Avian influenza virus (AIV) H9N2 subtype is an infectious pathogen that can affect both the
respiratory and gastrointestinal systems in chickens and continues to have an important
economic impact on the poultry industry. While the host innate immune response pro-
vides control of virus replication in early infection, the adaptive immune response aids to
clear infections and prevent future invasion. Modelling virus-innate immune response
pathways can improve our understanding of early infection dynamics and help to guide
our understanding of virus shedding dynamics that could lead to reduced transmission
between hosts. While some countries use vaccines for the prevention of H9N2 AIV in
poultry, the virus continues to be endemic in regions of Eurasia and Africa, indicating a
need for improved vaccine efficacy or vaccination strategies. Here we explored how three
type-I interferon (IFN) pathways affect respiratory virus shedding patterns in infected
chickens using a within-host model. Additionally, prime and boost vaccination strategies
for a candidate H9N2 AIV vaccine are assessed for the ability to elicit seroprotective
antibody titres. The model demonstrates that inclusion of virus sensitivity to intracellular
type-I IFN pathways results in a shedding pattern most consistent with virus titres
observed in infected chickens, and the inclusion of a cellular latent period does not
improve model fit. Furthermore, early administration of a booster dose two weeks after the
initial vaccine is administered results in seroprotective titres for the greatest length of time
for both broilers and layers. These results demonstrate that type-I IFN intracellular
mechanisms are required in a model of respiratory virus shedding in H9N2 AIV infected
chickens, and also highlights the need for improved vaccination strategies for laying hens.
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Abbreviations

AIV Avian influenza virus
AICc Corrected Akaike information criterion
CAD Canadian dollars
dph Days post-hatch
dpi Days post-infection
HA Hemagglutinin
HI Hemagglutination inhibition
IFN Interferon
ODE Ordinary differential equations
ODN Oligodeoxynucleotides
PRCC Partial rank correlation coefficient
TCID Tissue culture infectious dose
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1. Introduction

Low pathogenic (LP) H9N2 avian influenza virus (AIV) is the causative agent of an important infectious disease in the
poultry population. The importance of this AIV subtype can be attributed to its potential to result in economic losses in the
event of an outbreak and production loss (Peacock, James, Sealy, & Iqbal, 2019; Sun & Liu, 2015). Effective control of the virus
in domestic poultry requires improved understanding of host-pathogen dynamics, and how interventions such as vaccination
can reduce infection and transmission in birds. Type-I interferons (IFNs) have been shown to play a major role in facilitating
early anti-viral mechanisms in infected hosts (Evseev & Magor, 2019; Hsu, 2018; Kreijtz, Fouchier, & Rimmelzwaan, 2011;
Williams, 2009). H9N2 AIV transmission between birds may results from virus shed through cloacal or respiratory routes
(Guan, Fu, Chan, & Spencer, 2013; Jegede, Fu, Lin, Kumar, & Guan, 2019). Respiratory and cloacal virus shedding patterns in
H9N2 AIV infected chickens have also been shown to differ, but it is still unclear whether this is due to differences in the route
of infection or in localized early immune response. Therefore, it is important to also examine type-I IFN mechanisms which
contribute to respiratory virus shedding patterns. Vaccination programs for the control of H9N2 AIV have been implemented
in Asian and Middle Eastern countries where outbreaks occur more frequently. Notably, the impact of these programs on the
spread of H9N2 AIV has been limited, primarily due to sub-optimal use of vaccines and antigenic drift, implying a need for
improved vaccines and vaccination strategies (Alexander, 2007; Gharaibeh & Amareen, 2016; Kilany et al., 2016; Peacock
et al., 2019; Sun & Liu, 2015). The experimental testing of vaccine candidates and exploration of novel vaccination strate-
gies in the laboratory is a critical step, but these studies are often limited in the number of animals used and the length of the
experimental period. Feasible tools to assess vaccine efficacy at the host and flock level over an extended timeframe are
needed to determinewhy previously implemented vaccination strategies have had limited success on the control of H9N2 AIV
in domestic poultry.

Mathematical models of within-host dynamics can improve our understanding of host-pathogen dynamics at the cellular
level, aid in the optimization of interventions (such as vaccination) against AIV, and contribute to the development of more
targeted experimental studies (Beauchemin et al., 2009; C.; Beauchemin & Handel, 2011; Cao et al., 2015; Handel, Longini, &
Antia, 2007; Manchanda et al., 2014; Pawelek et al., 2012; Perelson, 2002; Saenz et al., 2010; Smith & Perelson, 2011).
However, little work has been done using these models to examine the cell-level mechanisms of H9N2 AIV infections in
chickens (Hagenaars et al., 2016). A model that can reproduce respiratory and cloacal virus shedding patterns, as well as host
antibody responses would be a valuable tool for further examining a range of vaccine candidates and novel vaccination
strategies. Within-host modelling can also offer the benefit of assessing the longer-term implications of different vaccination
strategies, which is difficult to do experimentally. This study aimed to use a within-host model to evaluate the contributions
of three different type-I IFN pathways for the control of respiratory shedding fromH9N2 AIV infected chickens. Additionally, a
model of the antibody response resulting from different vaccination strategies over the average lifespan of broiler chickens
and laying hens will be assessed.

2. Materials and methods

2.1. Experimental data

The empirical data describing respiratory virus shedding originated from an experimental study of A/turkey/Wisconsin/1/
1966 (H9N2) infection in chickens (Yitbarek et al., 2018). Full details of the experimental design can be found in Yitbarek et al.,
2018. Briefly, layer-type chickens were challenged with H9N2 virus via the oral-nasal route with 400 ml of 107 tissue culture
infectious dose 50 (TCID50/ml) at 17 days of age (n ¼ 17). Oropharyngeal swabs were collected at 1, 3, 5, 7, and 9-days post-
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infection (dpi) to determine virus shedding using TCID50 (Table A1). Experimental data on oropharyngeal viral shedding were
reported as log10 TCID50/ml. It is assumed that the TCID50/ml measured from oropharyngeal swabs is proportional to virus
production at the site of respiratory infection. Type-I interferon (IFN-a and -b) expression in lung and tracheal tissues was
measured using quantitative real-time PCR relative to b-actin expression at 12 h, 24 h, and 36 h post-infection (Fig. A1).

Additional experimental data were obtained in order to parameterize the antibody production component of the model.
These data came from three studies of a novel candidate vaccine comprised of whole inactivated A/Turkey/Wisconsin/1/1966
H9N2 virus adjuvanted with 2 mg of CpG ODN 2007 (Astill, Alkie, Yitbarek, Taha-Abdelaziz, Bavananthasivam, et al., 2018;
Astill, Alkie, Yitbarek, Taha-Abdelaziz, Shojadoost, et al., 2018; Singh, Alkie, Hodgins, NagyShojadoost,& Sharif, 2015). In these
experimental studies, 15 mg of inactivated H9N2 virus was administered intramuscularly (IM) at 7 and 21 days post-hatch
(dph) (Astill, Alkie, Yitbarek, Taha-Abdelaziz, Bavananthasivam, et al., 2018; Astill, Alkie, Yitbarek, Taha-Abdelaziz, Shoja-
doost, et al., 2018; Singh et al., 2015). Each vaccine dose corresponds to ~960 hemagglutinin (HA) units (Astill, Alkie, Yitbarek,
Taha-Abdelaziz, Bavananthasivam, et al., 2018). Across these three experimental studies, serum hemagglutination inhibition
(HI) antibody titres were measured from 7 to 42 dph, every 7 days, with a total of 132 sampled timepoints. The HI titres were
expressed as the log2 of the reciprocal of the highest serum dilution resulting in complete HA inhibition of chicken red blood
cells (RBCs). Average HI antibody titre for each day sampled was used for model parameter estimation. All experimental
procedures listed here were approved by the University of Guelph Animal Care Committee and conducted according to
specifications of the Canadian Council on Animal Care (AUP #3284).
2.2. A within-host model of respiratory virus shedding

A previously established system of ordinary differential equations (ODEs) was used to assess the contributions of three
proposed type-I IFN pathways on respiratory virus shedding (Appendix A) (Xie et al., 2020). Model equations were solved
using RStudio (deSolve package) over a period of 9 days post-infection (dpi) to match experimental virus shedding data
(Soetaert, Petzoldt, & Setzer, 2010). Briefly, the model compartments represent host target (T) and infected (I) cells, as well as
infectious virus in the respiratory tract (V) (Fig. 1). Virus particles can infect susceptible host cells at a certain rate, after which
the host cell becomes actively infected and produces viral progeny. The type-I IFN pathways examined were represented by
an additional type-I IFN compartment (FR). We assumed that type-I IFN may affect virus production in three ways (Cao et al.,
2015; Saenz et al., 2010). Pathway 1 represents the induction of a refractory cell state in host cells, in which target cells are no
longer susceptible to infection but that theymay revert back to the susceptible state after a period of time. Pathway 2 involves
the activation of Natural Killer (NK) cells which facilitates the destruction of infected target cells. Intracellular anti-viral
pathways of type-I IFNs reduce the capacity of viruses to replicate in host cells is represented by Pathway 3.
Fig. 1. A simplified model schematic representing three type-I IFN pathways examined in this study. 1) Induction of a refractory cell state, 2) activation of Natural
Killer (NK) cells leading to destruction of infected cells, and 3) reduction of virus replication in infected cells (type-I IFN sensitivity). An eclipse phase was also
tested in the model in addition to account for the effect of a cellular latent period (blue dotted lines). The effect of vaccination on the production of neutralizing
antibodies was also examined (purple dashed lines).
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Refractory host cells that were associated with Pathway 1 are represented by a separate compartment (R), and these cells
may transition back into susceptible host cells at a given rate. Parameters associated with the destruction of infected cells and
virus sensitivity to intracellular type-I IFN pathways are used in the V compartment to represent Pathways 2 and 3. In order to
compare the relative contributions of these proposed mechanisms, the three type-I IFN pathways were assessed individually
as well as in combination with each other, for a total of 7 models tested with each representing a different hypothesis about
the immune response in chickens (Table 1). The parameter values for all models were determined using 10,000 iterations of
non-linear least-squares regression to minimize the sum of the squared errors (SSE) between the experimental data and the
model predictions of viral TCID50/ml, where all parameter values were constrained to be positive. To avoid over-fitting the
model, parameters not expected to vary between human and chicken AIV infections were held constant (Table 2) (Cao et al.,
2015). Initial conditions were T ¼ 1010, V ¼ 2900, and I]F¼0 (Hagenaars et al., 2016; Hylka & Doneen, 1983). This study also
examined the effect of a cellular latent period on model fit, which was represented by an eclipse phase compartment (E).
Exposed susceptible cells may move into the eclipse phase compartment at a certain rate, and subsequently become actively
infected. Details of all the biological pathways examined and the associated equations for each model can be found in
Appendix A and Table A. 2. The model with the lowest corrected Akaike Information Criterion (AICc) was considered to be the
best-fitting model and explanation for the observed data Eq. (A9) (Holder & Beauchemin, 2011). The nAICc was calculated for
all models, where nAICc > 10 indicates sufficient evidence that a model does not fit the experimental data better than the
model with lowest AICc, or AICcmin Eq. (1) (Burnham, Anderson,& Huyvaert, 2011). Latin hypercube sensitivity analysis (LHS)
was performed for all parameters whichwere fit to experimental data in this model of respiratory virus shedding. Partial Rank
Correlation Coefficients (PRCCs) were used to identify the parameters the model outcome is most sensitive to.

nAICci ¼ AICci � AICcmin: (1)
2.3. Antibody production in response to vaccination

To simulate the effects of vaccination on the host adaptive immune response, two compartments were used to represent
vaccination (V) and neutralizing antibodies (N). Vaccination was introduced into the model system through the addition of
960 HA units/vaccine (based on an experimental vaccine), which is cleared at rate sV Eq. (2). The vaccination event causes the
production of virus neutralizing antibodies (g), which are also cleared over time (p) (Eq. (3), Fig. 1). The parameters related to
vaccine clearance and antibody production (sV and g respectively) were fit to experimental HI antibody titre data post-
vaccination using biologically plausible ranges based on results from Cao et al. (2015). The antibody clearance rate p

(0.17d�1) was based on the previously reported chicken IgY half-life of 4.1 days (H€artle, Magor, G€obel, Davison, & Kaspers,
2013; Leslie & Clem, 1970; Watanabe, Kobayashi, & Isayama, 1975). For a prime-boost vaccination strategy, 960 HA units
were introduced in the model on 7 dph then again on 21 dph. For a single vaccination strategy, 960 HA units were introduced
on 7 dph only. Based on the average maximum lifespan of a broiler chicken (49 days), we examined the effect of the timing of
the booster administration at 21, 28, and 35 days post-hatch (dph) after a primary vaccination at 7 dph (Bennett et al., 2018).

Laying hens generally have a maximum lifespan of 490 days, therefore antibody titre resulting from booster adminis-
tration at 21, 150, and 250 dph was assessed (Mcwhorter & Chousalkar, 2018).

dV
dt

¼ � sVV ; (2)
Table 1
The relative contributions of three type-I interferon (IFN) pathways on respiratory shedding of H9N2 avian influenza (Fig. 1). The best-fit model of respi-
ratory H9N2 avian influenza virus shedding was determined based on the lowest corrected Akaike Information Criterion (AICc). A nAICc > 10 indicates that
there is no evidence to support better model fit to experimental data.

Model IFN Pathways SSE AICc nAICc

3 Pathway 3 1.34Eþ07 50.66 /
3E Eclipse Pathway 3 1.08Eþ07 52.91 2.25
2 Pathway 2 3.84Eþ07 55.94 5.28
7E Eclipse Pathways 2 þ 3 1.54Eþ07 56.71 6.05
7 Pathways 2 þ 3 3.58Eþ07 58.91 8.25
6 Pathways 1 þ 3 2.02Eþ07 59.39 8.73
5E Eclipse Pathways 1 þ 2þ3 1.51Eþ07 59.59 8.93
6E Eclipse Pathways 1 þ 3 1.54Eþ07 61.85 11.19
2E Eclipse Pathway 2 6.47Eþ07 61.88 11.22
4E Eclipse Pathways 1 þ 2 3.23Eþ07 62.7 12.04
4 Pathways 1 þ 2 1.04Eþ08 67.57 16.91
5 Pathways 1 þ 2þ3 8.80Eþ07 67.7 17.04
1 Pathway 1 1.40Eþ08 67.73 17.07
1E Eclipse Pathway 1 1.41Eþ08 69.11 18.45
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Table 2
Parameters used in all models, their interpretations, and themethod used to obtain parameter values. Ordinary differential equations
used in the model can be found in Appendix A. Parameters which were not fit to experimental data were derived from the literature.
Antibody clearance rate is based on a chicken IgY antibody half-life of 4.1 days. Parameters expected to differ from human infection
kinetics were fit to experimental data.

PARAMETER: RATE INTERPRETATION VALUE REFERENCE

b: infection Fit /
ε: eclipse phase Fit /
a: virus production Fit /
s: virus clearance 20d�1 Cao et al. (2015)
r: virus sensitivity to type-I IFN Fit /
m: infected cell lysis Fit /
f: refractory cells become susceptible again 0.05d�1 Cao et al. (2015)
u: susceptible cells become refractory cells Fit /
D: refractory cell death 0.01d�1 Cao et al. (2015)
q: IFN induced infected cell death 3d�1 Cao et al. (2015)
d: type-I IFN production Fit /
l: type-I IFN clearance 2d�1 Cao et al. (2015)
p: antibody clearance 0.17d�1 H€artle et al. (2013)
g: antibody production post-vaccination Fit /
sV : vaccine HA unit clearance Fit /
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dN
dt

¼ gV � pN: (3)
2.4. Model assumptions

The initial value of virus titre in the model on 1 dpi was set to the lower range of the observed experimental data, as the
measure of titre using an oropharyngeal swab so soon after virus inoculation through the oral-nasal route may result in a
higher virus titre than expected. Non-infectious particles were assumed to be negligible and are not considered in the model.
Additionally, the model did not include the loss of virus due to the infection of host cells, or the re-generation of target cells
since the timescale of infection considered is relatively short (Baccam, Beauchemin, Macken, Hayden,& Perelson, 2006; Ciupe
& Heffernan, 2017; Hagenaars et al., 2016). Type-I IFNs play a dominant role in the early anti-viral response, and the model
was simplified so that the contributions of other IFNs are not considered (Kreijtz et al., 2011; Sanders, Doherty, & Thomas,
2011; Santhakumar, Rubbenstroth, Martinez-Sobrido, & Munir, 2017). Lymphocytes such as B and T cells play important
roles in the adaptive immune response, however, due to a lack of chicken specific experimental data, model complexity was
limited to only represent those components for data was available, and which are necessary to describe the antibody
response. Hemagglutination-inhibition antibody titre is accepted as an appropriate indicator of vaccine efficacy, therefore the
production and clearance of neutralizing antibodies was assumed to be proportional to HI antibody titres. HI antibody titres
>5.3 (log2) were considered protective, which is equivalent to a 1:40 dilution in the HI assay (Trombetta &Montomoli, 2018).
Although HI titres were used in this study, assessment of neutralizing antibody titres would be a more accurate represen-
tation of vaccine efficacy. Infection was not introduced into the model when estimating parameters related to antibody
production and clearance, and therefore the adaptive response shown here is due to vaccination alone.

3. Results

3.1. Type-I IFN mechanisms of virus suppression

Threemajor type-I IFN antiviral pathways were systematically examined based on their effects on virus shedding from the
respiratory tract of infected chickens.When comparing betweenmodel structures that only included type-I IFN pathways and
no eclipse phase (Models 1e7), models of IFN pathways 2, 3, and 2 þ 3 had the lowest AICc of all models evaluated
(AICc2¼ 55.94, AICc3¼ 50.66, AICc7 ¼ 58.91) (Table 1). Model 3 had the lowest AICc and therefore, it was used to calculate the
nAICc to assess the fit of the other models. A model that included type-I IFN pathway 3 as well as an eclipse phase was the
most consistent with the observed experimental data compared to all other eclipse phase models tested (nAICc ¼ 2.25).
Model 3E also had the lowest nAICc compared to all other models. Compared to Model 3, Model 3E underestimated respi-
ratory virus titres on 5 and 9 dpi, and overestimated virus titre on 7 dpi (Fig. 2). Despite having a lower SSE compared toModel
3, the AICc of Model 3E was higher as a result of having an additional model parameter (Model 3 SSE ¼ 1.34Eþ07, Model 3E
SSE ¼ 1.08Eþ07) (Burnham et al., 2011). Seven of the tested models resulted in a calculated nAICc >10, which were Models 1,
1E, 2E, 4, 4E, 5, and 6E. This indicated that there was sufficient evidence to suggest poor model fit to the experimental data
compared to Model 3. Models 1 and 4 generated a very poor fit to the data compared to Model 3, evenwithout the penalty of
an additional eclipse phase parameter. These models corresponded to type-I IFN pathways 1 and 2, induction of a refractory
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Fig. 2. Estimated virus shedding output of two models with lowest corrected Akaike Information Criterion (AICc) compared to average experimental oropha-
ryngeal virus titres (TCID50/ml). The best fit model incorporates virus sensitivity to intracellular type-I interferon effects (Pathway 3) and does not include the
eclipse phase.
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cell state, and activation of NK cells leading to infected cell death. Based on these results, intracellular type-I IFN anti-viral
pathways (virus sensitivity to type-I IFNs) appear to be the most important mechanism to consider in models of H9N2 AIV
respiratory infection in chickens (Model 3, Eq. (4)). The best-fit value of the IFN sensitivity parameter was r ¼ 2:28 (Table 3).
Model output demonstrated type-I IFN response rapidly increased post-infection and peaked on 2 dpi, thenwas progressively
cleared until the end of the experimental period (Fig. A1). Unfortunately, experimental type-I IFN response relative to b-actin
expression was only measured up until 1.5 dpi and was therefore not directly comparable to our model output. Other
parameter values resulting from the best-fit model of respiratory H9N2 virus shedding in chicken hosts can be found in Table
3. Sensitivity analysis of the five parameters fit to experimental data in Model 3 demonstrated that the rate of cell infection by
virus (b) has the greatest effect on the resulting virus titre (Fig. 3).

dT
dt

¼ �bVT; (4)

dI

dt

¼ bVT � mI;

dV aI

dt

¼
1þ rF

� sV ;

dF

dt

¼ dI � lF:
3.2. Antibody response to single and double vaccination

The best-fit values of parameters related to vaccine clearance and antibody production as a result of vaccination on 7- and
21-dph can be found in Table 3. Based on experimental data resulting from a prime-boost vaccination strategy, the estimated
rate of antibody production post-vaccinationwas 8.29e�4 d�1, and the clearance rate of vaccine HA units was 3.42e�3 d�1. The
model slightly overestimated antibody production on 14 and 21 dph, and underestimated antibody production on 28 and 35
dph (Fig. 4). The model showed that antibody production resulting from a prime-boost vaccination strategy reached a
protective titre (>5 log2) between 21 and 28 dph, shortly after booster administration. Model predicted antibody production
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Fig. 3. Sensitivity analysis of five parameters used to fit a within-host model of H9N2 avian influenza virus infection in the chicken respiratory tract. Based on the
Partial Rank Correlation Coefficient (PRCC), b (rate of infection in host cells) is the most influential parameter in the model.
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followed the pattern of experimentally measured HI antibody titre and reached a titre of 8.48 by 42 dph. In comparison, the
single vaccination strategy produced a peak antibody titre of ~4.3 by 28 dph which was maintained until 35 dph, after which
the titre lowered to 4.12.

For the lifespan of broiler chickens, the model suggested that regardless of the timing of booster administration, the
antibody titre resulting from each scenario on 49 dph would be protective (8.28e8.29) (Fig. 5). A single vaccine dose was not
able to induce protective antibody titres, and delayed booster administration resulted in a longer period of low, non-
protective, antibody titres. In the case of layer hens, similar titres were observed between the three scenarios by 490 dph
ranging from 1.89 to 3.07, none of which would be considered seroprotective (Fig. 5). Additionally, later administration of
booster vaccine (150 and 250 dph) also resulted in reduced maximum titre compared to early administration of booster
vaccine (21 dph). Earlier administration of the booster vaccine appeared to provide the greatest length of time in which the
vaccinated chickens had protective antibody titres.
4. Discussion

4.1. Model of respiratory virus shedding

It is important to consider the effect of the host innate immune response on virus shedding to gain a better understanding
of H9N2 AIV infection in chickens as a whole. Previous work has focused on gastrointestinal cellular dynamics however, no
work has examined the dynamics associated with respiratory infections (Xie et al., 2020). This study investigated the effect of
the threemain type-I IFN pathways, and a cellular eclipse phase on respiratory virus shedding in LPAI H9N2 infected chickens.
As type-I IFNs of the innate immune response are the main source of anti-viral mechanisms in the early stages of infection,
three major mechanisms in which type-I IFNs can reduce virus shedding from the host were examined. Based on the model
results, respiratory virus shedding is mainly reduced by intracellular type-I IFN effects (Pathway 3) which inhibit virus
replication in H9N2 AIV infected respiratory epithelial cells. This does not imply that other type-I IFN pathways do not play
important roles in early infection, rather it suggests that when all pathways are considered, the intracellular anti-viral effects
may be most effective in controlling virus replication in the cells of the respiratory system. However, the calculated nAICc
values suggest that a model that considers only the induction of a refractory cell state, or this mechanism along with the
activation of NK cells, is not sufficient to replicate the observed experimental virus shedding data. The present results were
compared to those from a previous study that investigated the relative contributions of these three type-I IFN pathways in
reducing cloacal virus shedding in infected chicken gastrointestinal cells (Xie et al., 2020). Firstly, the rate at which host cells
are infected and the rate of type-I IFN production from infected cells is similar between both respiratory and gastrointestinal
496



Table 3
Parameter values from the best-fit model of respiratory H9N2 AIV shedding and neutralizing antibody response as a result of vaccination.

Parameter Interpretation Value Units

b Rate of infection of susceptible target cells 9.74e-05 uV
�1d�1

a Rate of virus production 0.21 uVuT
�1d�1

r Sensitivity of virus production to type-I IFN response 2.28 /
m Death rate of infected cells 1.96 d�1

d Rate of type-I IFN production 1.13e-07 uFuT�1d�1

g Rate of antibody production post-vaccination 8.29e-04 uAd�1

sV Rate of vaccine HA unit clearance 3.42e-03 uAd�1

Fig. 4. Comparison between model predicted host antibody response to whole inactivated H9N2 virus vaccine and experimental data. Shown are experimental
hemagglutinin inhibition (HI) antibody titre (log2) (standard deviation), antibody response to single vaccination at 7 dph (orange dashed line), and antibody
response to a prime-boost vaccination on days 7 and 21 dph (green dot-dash line). A seroprotective antibody titre (~5.3 log2) is represented by the grey dotted
line.
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models. In contrast, the rate of virus production and type-I IFN sensitivity appear higher in the respiratorymodel compared to
the gastrointestinal model. This implies that although the virus replicates efficiently in chicken respiratory epithelial cells, this
effect may be mitigated by increased sensitivity to type-I IFN anti-viral effects (Gu, Xu, Wang, & Liu, 2017; Pusch & Suarez,
2018; Sun & Liu, 2015). Finally, while the inclusion of an eclipse phase was able to better reproduce cloacal virus shedding
patterns, it did not improve the model fit to the respiratory virus shedding data. Experimental respiratory shedding patterns
generally show a peak in virus shedding on 2e3 dpi, whereas cloacal virus shedding peaks closer to 5 dpi. A comparison of the
SSE and nAICc between Models 3 and 3E suggest that although a cellular latent period may be biologically relevant, it is not
necessary to replicate the observed pattern of respiratory virus shedding. In addition toModel 3E, several models examined in
this study also have nAICc values < 10 compared to Model 3 (Table 1). This result further confirms that although intracellular
type-I IFN anti-viral effects are necessary in a model of H9N2 AIV infection in chickens, other biological pathways are also
involved in virus clearance and shedding patterns. Model 3 was identified to be the most parsimonious model that best fits
the experimental data based on AICc, but these results also demonstrate that other biological pathways may be included in
the model without compromising model fit to the data. Model 3 output demonstrates a peak in type-I IFN response on 2 dpi,
which is one day prior to peak virus shedding (Fig. A1). Although type-I IFN experimental data was not collected beyond 1.5
dpi, themodel output is consistent with previous work indicating that type-I IFN response generally peaks close to the time of
peak virus shedding (Baccam et al., 2006). The model was found to be most sensitive to parameter b, which is an expected
result as increasing the rate at which susceptible host cells are infected is directly related to the production of new virus
particles.
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Fig. 5. Antibody titre (log2) based on timing of booster administration in broiler chickens and laying hens compared to single vaccination at 7 days post-hatch
(dph). A Booster vaccine administered to broiler chickens at 21 (green triangle), 28 (purple diamond), and 35 (grey circle) dph. B Booster vaccine administered to
laying hens at 21 (green triangle), 150 (purple diamond), and 250 (grey circle) dph. A seroprotective antibody titre (~5.3 log2) is represented by the black dashed
line.

X.-T. Xie, A. Yitbarek, J. Astill et al. Infectious Disease Modelling 6 (2021) 490e502
4.2. Antibody production following vaccination

Antibody titre, activation of host adaptive immune system cells, and the overall reduction in virus shedding in infected
hosts are all important metrics of vaccine protection. In this study, different vaccination strategies were assessed based on the
production of virus neutralizing antibodies post-vaccination and the potential for reducing virus shedding over the average
lifespan of broilers and layers. To do so, a simple model simulation of antibody production was fit to HI antibody titres
resulting from a prime and boost vaccination strategy using whole-inactivated A/Turkey/Wisconsin/1/1966 H9N2 virus
vaccine adjuvanted with CpG ODN 2007. The results of modelling different vaccination strategies suggested that infection and
virus shedding may be avoided by early booster administration, however, a single dose of this candidate vaccine without a
booster vaccine would be insufficient to provide protection for the entirety of a layer’s lifespan. Although tedious and
expensive to implement, multiple boosters may be necessary to maintain long-term seroprotective titres in layers. It must be
noted that the model thus far only considers the residual antibody titre post-vaccination and does not incorporate the
activation of the adaptive immune response if the host were to be infected, which would lead to an increase in antibody titres.
A future model of H9N2 AIV infection in a vaccinated bird should also account for the adaptive response post-infection.
However, the residual antibody titre post-vaccination may play an important role in concert with the host innate immune
response to prevent infection of host cells and rapid early clearance of the virus from the host. A low residual antibody titre
post-vaccination may allow the virus to infect host cells, leading to virus shedding prior to the activation of the primed
adaptive immune response. The results of this study demonstrate that a high residual antibody titre post-vaccination would
decrease the risk of infection in other hosts.

Due to the simplicity of the antibody response model proposed here, it was assumed that the vaccine clearance parameter
sV inherently represents the time delay between vaccine administration and activation of other cells of the adaptive immune
response prior to antibody production. A model that includes B cell (naive and activated) and plasma cell (short-lived and
long-lived) populations was also examined however, that model structure did not improve the model fit to the experimental
data compared to the model presented in this study (results not shown).
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4.3. Model limitations and conclusions

This work represents an additional step towards a whole-host model of H9N2 AIV vaccination and infection in chickens.
Early booster administration 2 weeks after the primary vaccination may better protect broiler chickens from infection and
subsequent virus shedding, but improved strategies are still required to provide layers with a sufficient level of protection.
The model presented here is limited by the lack of experimental data for type-I IFN production through the infection period,
activation rates of host adaptive immune system cells, and antibody production from these cells. Although additional data
could improve model fit, the presented model output was consistent with the experimental data and has provided new
insights regarding chicken immune response dynamics following H9N2 virus infection and vaccination. This study focused on
one strain of H9N2 (A/Turkey/Wisconsin/1/1966) and therefore the immune response to infection described here may not be
completely applicable to different H9N2 AIV strains. Instead, this model provides the necessary framework to investigate the
infection dynamics of different H9N2 virus strains. Future work should be focused on introducing H9N2 AIV infection into a
model of a vaccinated host to assess the reduction in respiratory and cloacal virus shedding.
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Appendix A. Respiratory virus shedding model

Base model and type-I interferon response pathways.
The host target cell populationwas modelled in terms of susceptible cells (T) and infected cells (I), where b represents the

rate at which susceptible cells become infected by the virus, and m represents the rate at which infected cells die (Eq. (A1) and
(A2)). The viral load (TCID50/ml) is modelled by compartment V, where virus production is positively proportional to the
number of infected cells at rate a, and virus is cleared at rate s Eq. (A3).

dT
dt

¼ � bVT; A1

dI

dt

¼ bVT � mI; A2

dV

dt

¼ aI � sV : A3
This base model does not consider the interactions between the innate immune response, the target cell population, and
H9N2 AI virus. To assess the effects of type-I IFN pathways on the infection dynamics within a population of susceptible GI
tract cells, three previously proposed type-I IFN pathways were examined in the model each representing a different hy-
pothesis (Cao et al., 2015). The first type-I IFN pathway testedwas the induction of a refractory state in host target cells by rate
u, refractory cells may revert back to a susceptible state at rate 4, and die at a rate d (Eq. (A4) and (A5)). The second type-I IFN
pathway is explored in this model through the parameter q, which represents infected cell death that is positively propor-
tional to the level of type-I IFN in the system which activates the Natural Killer (NK) cell response Eq. (A6).
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dT
dt

¼ � bVT þ 4R� uFT ; A4

dR

dt

¼ uFT � 4R� dR; A5

dI

dt

¼ bVT � mI � qIF: A6
The final type-I IFN pathwaywasmodelled through inclusion of a sensitivity parameter, r. This represents the sensitivity of
the infectious viral particle population to intracellular type-I interferon anti-viral pathways Eq. (A7). An ODE was included to
represent type-I IFN response (F), where dand lrepresent type-I IFN production and clearance rates, respectively Eq. (A8).

dV
dt

¼ aI
1þ rF

� sV ; A7

dF

dt

¼ dI � lF: A8
Parameters which were held constant included the rate of virus clearance (s), the rate at which refractory cells become
susceptible again (4), refractory cell death rate (d), IFN induced infected cell death rate (q), and the rate of type-I IFN clearance
(l) (Cao et al., 2015). The best-fit model was determined using the corrected AICc for small sample size, where k represents the
number of parameters, and n is the number of data points Eq. (A9) (Holder & Beauchemin, 2011).

AICc ¼ 2kþ n
�
ln
�
SSE
n

��
þ ð2kðkþ 1Þ Þ

�
ðn� k� 1Þ A9
Cellular eclipse phase.
To determine the effect of a cellular eclipse phase, compartment E was added to the model to account for a time lag

induced by a group of infected cells not yet producing virus particles, which become actively infected at a rate ε (Eq. (A10) and
(A11)). In the event a model accounts for both the cellular eclipse phase and pathway 2 (IFN activated NK cells acting on
infected host cells), Eq. (A12) is used to represent the infected cells in the system. All models examined in this study and the
associated equations can be found in Table A.2.

dE
dt

¼ bVT� εE; A10

dI

dt

¼ εE� mI; A11

dI

dt

¼ εE� mI � qIF: A12
Table A.1
Specific-pathogen free (SPF) chickenswere experimentally inoculatedwith low pathogenic H9N2 avian influenza virus. Oropharyngeal swabs were collected
at 1, 3, 5, 7, and 9 days post-infection (DPI) and virus shedding was determined using TCID50. This table reports virus shedding data in exponentiated TCID50/
ml.
Host ID
 TCID50/ml
DPI1
 DPI3
500
DPI5
 DPI7
 DPI9
T2B1
 1.22Eþ03
 3.86Eþ03
 6.85Eþ03
 2.17Eþ02
 6.87Eþ01

T2B2
 3.85Eþ03
 2.17Eþ03
 1.22Eþ04
 6.86Eþ02
 2.17Eþ02

T2B3
 2.17Eþ03
 6.86Eþ02
 6.86Eþ02
 6.87Eþ01
 2.17Eþ02

T2B4
 2.17Eþ03
 2.17Eþ03
 2.17Eþ03
 6.86Eþ02
 2.17Eþ02

T2B5
 6.86Eþ02
 6.86Eþ02
 2.17Eþ04
 6.87Eþ01
 6.87Eþ01

T2B6
 2.17Eþ04
 6.84Eþ04
 2.17Eþ04
 6.87Eþ01
 6.87Eþ01

T2B7
 2.17Eþ03
 2.17Eþ04
 2.17Eþ04
 6.86Eþ02
 2.17Eþ02

T2B8
 6.85Eþ03
 6.84Eþ04
 6.85Eþ03
 6.87Eþ01
 6.87Eþ01
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Table A.2
Models examined in this study and the associated model equations. All equations and descriptions of the biological pathways considered can be found in
Appendix A.
Model
 IFN Pathways
501
Equations
3
 Pathway 3
 A1, A2, A7, A8

3E
 Eclipse Pathway 3
 A1, A3, A8, A10, A11

2
 Pathway 2
 A1, A3, A6, A8

7E
 Eclipse Pathways 2 þ 3
 A1, A7, A8, A10, A11

7
 Pathways 2 þ 3
 A1, A6, A7, A8

6
 Pathways 1 þ 3
 A2, A4, A5, A7, A8

5E
 Eclipse Pathways 1 þ 2þ3
 A4, A5, A7, A8, A10, A12

6E
 Eclipse Pathways 1 þ 3
 A2, A4, A5, A7, A8

2E
 Eclipse Pathway 2
 A1, A3, A8, A10, A11

4E
 Eclipse Pathways 1 þ 2
 A3, A4, A5, A8, A10, A12

4
 Pathways 1 þ 2
 A3, A4, A5, A6, A8

5
 Pathways 1 þ 2þ3
 A4, A5, A6, A7, A8

1
 Pathway 1
 A3, A4, A5, A6, A8

1E
 Eclipse Pathway 1
 A3, A4, A5, A8, A10, A11
Fig. A1. A) Type-I IFN (IFN-a and -b) mRNA expression relative to b-actin from lung and tracheal tissues collected from low pathogenic avian influenza (LPAI)
H9N2 infected chickens on 0.5, 1, and 1.5 days post-infection (dpi). B) Model output of type-I IFN response as a result of LPAI H9N2 infection in respiratory
epithelial cells of chickens. Due to differences in scaling and lack of quantitative data, model output of type-I IFN response is not directly comparable to
experimental results.
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