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Abstract: Changes in leukocyte populations and immune gene expression associated with attenuated
vaccine (SA2) or field (Class 9) strains of infectious laryngotracheitis virus in chicken pullets were
observed primarily in the trachea and conjunctiva, while no substantial changes were detected in
the Harderian gland. Although there were no significant differences in cellular infiltration in the
tissues exposed to Class 9 and SA2, Class 9 induced greater changes in immune gene expression
than SA2 in the trachea and conjunctiva and significantly upregulated CD4, CD8A, IRF1, STAT4
and downregulated CXCL12 expression in the trachea. Meanwhile, SA2 significantly upregulated
CD14 and downregulated MPO, CCR6 and RAG1 expression in the conjunctiva. In conclusion,
gene expression in pullets infected with SA2 and Class 9 were mostly related to inflammatory and
tissue-repairing responses in the trachea and conjunctiva. Compared to SA2, Class 9 inoculation was
associated with a more robust gene expression of immune markers; however, a larger infiltration of

Kul01+, Bul+ and CD8a+ cells was observed in trachea and conjunctiva after SA2 inoculation.

Keywords: ILTV; SA2; Class 9; gene expression; leukocyte population; immune response

1. Introduction

Infectious laryngotracheitis (ILT), caused by Gallid herpesvirus 1, also known as infec-
tious laryngotracheitis virus (ILTV), is a disease of the upper respiratory and ocular tracts of
birds that causes severe economic losses for poultry producers due to mortality, reduction
in body weight gain and egg production [1]. Strict biosecurity practices and vaccination
are most commonly used to reduce the economic impact of ILT outbreaks, which pose a
significant burden to the global poultry industry [2-5]. Cell-mediated immunity rather
than humoral immunity is critical in protecting chickens from disease [6—10]. More recent
studies on the immune responses after virulent ILTV intratracheal challenge of chickens
vaccinated with ILTV live vaccines indicate that minor CD8+ infiltration in the trachea is
associated with clinical protection against disease, while partially protected birds display
significant infiltration of natural killer, CD4+, CD8+ and v T cells [11,12]. Vaccination with
a chicken embryo origin vaccine led to an early increase in the percentage of CD3+CD8+
T cells at one day post-challenge with ILTV virulent strain 1874C5 and is associated with
decreases in clinical scores, mortality, virus replication and lesions in the trachea at four
days post-challenge compared to unvaccinated birds [11]. Furthermore, expansion of CD8+
cells expressing granzyme A is associated with ILTV clearance from the conjunctiva [13].
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A few studies have investigated the host gene expression in chicken embryo lung cells
and chickens after infection with ILTV [14-17]; however, the tissue tropism and protective
immunity against ILTV varies with the virus strain [18,19]. Moreover, there is a paucity
of information on the Australian ILTV vaccine and field strains. It has been shown that
different ILTV live vaccines provide various degrees of protection against challenges with
ILTV virulent isolates, but the mechanisms of these differences remain unclear. In addition,
it is known that different ILTV strains have different affinities toward the upper respiratory
tract and the conjunctiva [20], and these differences may influence host immune responses
within the trachea and conjunctiva (the target tissues of ILTV). Therefore, we predict that
the field Class 9 strain will cause a more robust inflammatory response as determined
by clinical signs of disease with greater infiltration of immune cells in the conjunctiva,
Harderian gland and trachea than the chicken embryo origin vaccine SA2 strain. This
pilot study evaluated the gene expression of immune markers and cell populations in the
conjunctiva, Harderian gland and trachea of chickens inoculated with a chicken embryo
origin vaccine (5A2) and a virulent ILTV field Class 9 strain to correlate these responses
against clinical signs of disease and virus DNA load. The findings in this study elucidated
the differences in the profile of the key immune components stimulated by the Australian
vaccine and field strains.

2. Materials and Methods
2.1. Experimental Design, Clinical Sign Scoring and Sample Collection

This research was approved by the Animal Ethics Committee (AEC20-054) of the
University of New England (UNE) and was performed in PC2 temperature-controlled
isolators with HEPA-filtered air. The twenty 5-week-old ISA Brown layer pullets used in
this study were part of another experiment (unpublished data). The birds had free access
to age-appropriate commercial feed and water. To mimic the vaccination program in the
field, at 5 weeks of age, the birds were inoculated with a dose of a 10*! plaque-forming unit
(pfu) of an ILTV chicken embryo origin commercial ILTV vaccine (Poulvac Laryngo SA2,
Zoetis, Rhodes, Australia, 8 birds) or with a dose of a 10*> median tissue culture infectious
dose (TCIDs) of a field Class 9 strain (8 birds) [21]. Additionally, 4 birds received a sham
inoculation with a sterile cell culture medium and served as controls. Individual birds were
evaluated at day post-inoculation (dpi) 5 and 10 for lesions on respiratory and ocular tissues
and general demeanor clinical signs using a scoring system previously described [20,22]
(Figure S1). To determine the viral loads on dpi 5 and 10, choanal cleft swabs were collected.
The birds were euthanized by CO, inhalation, and at necropsy, the conjunctiva, trachea
and cloaca tissues were collected and processed. Half of each tissue sample was embedded
in an optimal cutting temperature compound (OCT) (Sakura Finetek, Torrance, CA, USA),
snap-frozen in liquid nitrogen and stored at —80 °C until used for histology. The remaining
portion of each tissue was stored in in-house-prepared RNALater at 4 °C overnight and
then at —20 °C until used for RNA purification. The spleens were collected in the OCT and
used as the positive control for histological analyses. The experimental design is described
in Figure 1.
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Figure 1. Flow chart describes the experimental designs and the combination of data. Birds were
inoculated with ILTV vaccine strain (SA2, 10*! pfu) or ILTV field strain (Class 9, 10® TCIDsg) by
eye-drop (ED, 30 uL delivered in each eye) or oral inoculation (OR, 200 uL). Birds were euthanized
for sample collection at 5 and 10 days post-inoculation (dpi).

2.2. ILTV DNA Extraction and Quantification

The ILTV DNA was extracted from 200 uL of choanal swab wash using the Bioline
Isolate II Genomic DNA kit (Bioline, Redfern, Australia) as previously described [22].
Genome copies of ILTV were quantified using a gPCR targeting the glycoprotein C gene [23]
and the data reported as log10 (genomic copies (GCs) +1) per reaction.

2.3. Total RNA Extraction and Quality Control

The total RNA was extracted from 25-30 mg of tissue using the Isolate Il RNA Mini
Kit (Bioline, Australia) following the manufacturer’s instructions with modifications to
the tissue homogenization time and the addition of a 3 mm metal bead to each microtube.
The Harderian gland, conjunctiva and trachea were homogenized for two, three and five
minutes, respectively, using a Tissuelyser II (Qiagen, Hilden, Germany) at the frequency of
30 Hz. The RNA integrity and concentration were determined using a 2100 Bioanalyzer
(Agilent Technologies, Waldbronn, Germany). The total RNA samples with an RNA
integrity number (RIN) > 7 and a concentration >40 ng/pL were used for the RT? profiler
PCR array analysis.

2.4. RT? Profiler PCR Array

The RT? profiler™ PCR array chicken innate and adaptive immune responses (Format E,
GeneGlobe Id: PAGG-052ZE-4, Qiagen, Germantown, MD, USA), a gene expression analysis
tool based on SYBR Green quantitative PCR assaying the expression of 84 genes related to
chicken innate and adaptive immune responses and 5 housekeeping genes (Table S1), was
used according to the manufacturer’s instructions. Unexpectedly, none of the samples gave a
positive signal for the CD8a gene using the RT? profiler array primers. Therefore, alternative
primer pairs for the detection of the CD8a gene (Fw: AATGGTGTCTCCTGGATTCG; Rv:
CAGCATCTGGTTGATGTTGG) [24] and ribosomal protein L4 (RPL4) housekeeping gene
(Fw: TTATGCCATCTGTTCTGCC; Rv: GCGATTCCTCATCTTACCCT) [25] were tested in
separate qRT-PCR assays. All the amplifications were performed in a BioRad CFX384.

The RT? profiler data that passed the assay quality controls were analyzed using Qia-
gen’s GeneGlobe data analysis center web resource (https://www.qiagen.com/us/shop/
genes-and-pathways/data-analysis-center-overview-page/, accessed on 16 October 2022)
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for fold change (FC) determination. For each tissue type, the gene expression data were
normalized using Hexose-6-phosphate dehydrogenase (H6PD) and RPL4 housekeeping
genes. The stability of the selected housekeeping genes evaluated by the above Qiagen’s
online tool and Qbase+ (version 3.4) had an average M-value less than 0.474 and a coef-
ficient of variation less than 0.165. Then, the 2 22T method was used to calculate the
relative FC in gene expression from the SA2 or Class 9 ILTV-inoculated groups versus the
sham-inoculated group.

2.5. Fluorescence Microscopy

The fluorescence microscopy for quantification of CD4+, CD8a+, Kul01+ (mono-
cytes/macrophages) and Bul+ (B cell and subsets of monocytes and macrophages) cells
were performed as described [26]. All the antibodies were purchased from Southern
Biotech, Birmingham, USA. For each tissue, sections were incubated with mouse anti-
chicken CD4-FITC (CT-4); mouse anti-chicken CD8a-FITC (CT-8); mouse anti-chicken
monocyte/macrophage-FITC (KUL(1); and mouse anti-chicken Bul-AF647 (AV20), respec-
tively. For detecting non-specific staining, a section stained with isotype control mouse
IgG1-FITC (15H6) and mouse IgG1-AF647 (15H6) was used [27]. Antibodies conjugated
with FITC were diluted in 40 pL of immune fluorescence (IF) buffer (PBS containing 1%
BSA and 2% fetal bovine serum) at a dilution of 1:200 while antibodies conjugated with
AF647 were diluted in IF buffer at dilution of 1:50. Spleen sections were used as a positive
control for each staining batch (Figure S2).

2.6. Histological Tissue Image Analysis

The stained sections were scanned through multiple channels under fluorescence mi-
croscopy (Olympus, Tokyo, Japan) using the Stereo Investigator software (version 2022.2.3;
MBEF Bio-science, Williston, ND, USA) at a magnification of 20x. The total area of the
region of interest (ROI) in each section was estimated using the Cavalieri estimator software
function. The stained area of positive cells in the ROIs was estimated using the Qupath
software (version 0.4.2) [28] and presented as the percentage of the stained area of positive
cells measured in specific antibody-stained sections to the area of the ROI after subtracting
the percentage of the non-specific stained area detected in the corresponding isotype control
section. Measuring cell levels in entire tissue sections allows for large-scale histological
evaluations with high precision across the whole section [29]. Across tissue types, the
non-specific stained area in sections stained with the IgG1-AF647 isotype control had a
median of 0.008% (0 to 0.648%), while those stained with the IgG1-FITC isotype control
had a median of 0.005% (0 to 0.112%).

2.7. Statistical Analysis

The analyses were performed using JMP 17 (SAS Institute Inc., Cary, NC, USA) at the
significance level of p < 0.05. The gene expression data of different routes of inoculation
(oral and eye-drop) and different time points (dpi 5 and 10) were combined due to their
small effect sizes tested by multivariate analysis of variance (MANOVA), while the effect of
the inoculum (SA2 or Class 9) was retained for further analysis (Figure 1). The significance
of the change in gene expression between the SA2 and Class 9 groups and the sham-
inoculated group were evaluated by the unpaired Student t-test for each gene. The ILTV
GC in choanal swabs were log transformed [log10 (GC + 1)] before analysis. All the data,
including the gene expression, total clinical score, ILTV GC and stained area, were assessed
for normality using the Shapiro-Wilk normality test.

The one-way analysis of variance and t-test were used to assess the differences in the
ILTV GC in the choanal swabs and the gene FC in the conjunctiva and trachea between
the inoculated groups. Moreover, the non-parametric Kruskal-Wallis one-way analysis of
variance and Wilcoxon test were used to assess the differences in the total clinical score, in
the gene FC in the Harderian gland and in the tissue stained area between the inoculated
groups. The correlation of the choanal ILTV GC and total clinical score and gene expression
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level in each tissue type were investigated using Spearman’s rank correlation. The genes
with an FC associated with SA2 and/or Class 9 inoculation compared with those in the
sham-inoculated groups (p < 0.05) were selected to evaluate their correlations with the total
clinical score and choanal ILTV GC.

3. Results

3.1. Virulent ILTV Inoculation Elicited Greater Innate and Adaptive Immune Gene Expression
Response in the Trachea and Conjunctiva than ILTV Vaccination but Lower Cell Infiltration

Figures 2 and 3 show the differences in the levels of major leukocyte cell populations
and the expression levels of the genes stimulated by virulent Class 9 and SA2 vaccine
inoculation, respectively.
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Figure 2. The CD4+, CD8a+, Bul+ and Kul01+ cell quantification in the conjunctiva, Harderian gland

Kulol

‘ )

and trachea of the birds collected at dpi 5 and 10 after inoculation with SA2 vaccine, Class 9 virulent
ILTV or sterile cell culture medium (sham). (a): Photomicrographs of the region of interest (ROI,
area inside the white contour) in each tissue type were used to estimate the total and stained areas.
(b): The stained area (%) of the CD8a+, CD4+, Bul+ and Kul01+ cells in the tissues of the individual
birds inoculated with SA2 (blue triangle), Class 9 ILTV (orange circle) or sham (green rhombus). The
bold lines indicate the mean of the stained area (%) of the cells stimulated by SA2 (blue), Class 9
(orange) or sham inoculation (green). The levels not connected by the same letter are significantly
different (p < 0.05). (c): Representative photomicrographs of the CD4+, CD8a+, Kul01+ and Bul+
cells in the tissues inoculated with SA2 ILTV acquired at a magnification of 20 x under fluorescence
microscopy. The white scale bar indicates 20 pm in length. The cell subsets were identified by direct
immunofluorescence staining using mouse anti-chicken monoclonal antibodies conjugated with FITC
(CD8a, CD4 and Kul01) or Alexa Fluor 647 (Bul). The representative photomicrographs of the cells in
the tissues inoculated with Class 9 ILTV are presented in Figure S3.
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Figure 3. Differentially expressed genes after ILTV inoculation of chickens in conjunctiva (a), Hard-
erian gland (b) and trachea (c). Gene expression level is presented as fold change (FC) of ILTV-
inoculated birds (SA2, Class 9) relative to the sham group. FC values greater than 2 (full line) indicate
upregulation, while FC values less than 0.5 (dashed line) indicate downregulation. * signifies a
trend towards statistical difference (0.05 < p < 0.10) between groups. ** signifies statistical difference
(p < 0.05) between groups. p values were calculated using Student’s t-test of the replicate 2 -2t values
for each gene in the sham-inoculated and ILTV-inoculated groups.

After SA2 inoculation, the stained area of the CD8a+, Kul01+ and Bul+ cells in the
trachea were significantly larger than those of the sham-inoculated birds (1.75 4= 0.50 vs.
0.16 + 0.10, p = 0.01; 0.95 & 0.50 vs. 0.02 £ 0.10, p = 0.02; and 0.34 &+ 0.50 vs. 0.01 £ 0.10,
p = 0.02), with concomitant upregulation of the genes CATH2 (FC = 4.15; p = 0.03), C3
(FC =2.64; p = 0.05) and CD8A (FC = 2.16; p = 0.06) with no detected gene downregulation.
After Class 9 inoculation, there was no significant increase in the stained area for the
immune cells in the trachea, with the upregulation of nine genes, CD4, CD8A, IRF1, STAT4
(FC>2;p <0.05), CATH2, CCR4, CCR5, CCR8 and CD40LG (FC > 2; 0.05 < p < 0.10), and
significant downregulation of two genes, CXCL12 (FC = 0.45; p = 0.02) and CRP (FC = 0.44;
p = 0.09).

In the conjunctiva, there was no significant difference in the stained area between
the groups. In the conjunctiva of the SA2-inoculated birds, there was an upregulation of
the C5AR1 (FC = 2.60; p = 0.06) and IL8L1 (FC = 2.62; p = 0.09) genes, while for the Class
9-inoculated birds, there was upregulation of CD14 (FC =2.73; p = 0.03), CD80, IL1B, TF
and LY96 (FC > 2; 0.05 < p < 0.10) and downregulation of CCR6, MPO and RAG1 (FC < 0.5;
p <0.05).

In the Harderian gland, there was a larger stained area of Bul+ cells in the SA2-
inoculated birds than in the sham-inoculated birds (0.06 & 0.21 vs. 0.02 £ 0.03; p = 0.03).
The upregulation of the CD14 (FC =2.09; p = 0.01), CCR4 (FC =2.09; p = 0.10) and CCRS8
(FC =2.54; p = 0.08) genes was associated with Class 9 inoculation, while the upregulation of
TLR15 (FC =2.35; p = 0.02), CCRS, CD28, CD4, CD40LG and CD8A (FC >2; 0.05 < p < 0.10)
was associated with SA2 inoculation.



Poultry 2024, 3

405

3.2. The Correlations of Total Clinical Score and Choanal ILTV GC with Gene Expression Level
Varied with the Virus Strain

The correlations of the clinical score, ILTV GC in the choanal swab and gene expression
levels in the different tissues collected at dpi 5 and 10 are shown in Table S2.

In the trachea of the Class 9-inoculated birds, the expression level of IRF1 was posi-
tively correlated with the ILTV GC in the choanal swabs (p = 0.79; p = 0.02), while for the
SA2-inoculated birds, a positive correlation of CCR5 expression was detected (p = 0.81;
p = 0.01). There was no correlation between the clinical score and gene expression in the
trachea of the SA2- or Class 9-inoculated birds.

In the conjunctiva of the Class 9-inoculated birds, there were negative correlations
between CCR6 expression and the clinical score (p = —0.84; p = 0.01) and RAG1 expression
and the ILTV GC in the choanal swab (p = —0.79; p = 0.02). Similarly, there was a negative
correlation between the RAG1 expression level and the ILTV GC in the choanal swab
(p = —0.76; p = 0.02) in the conjunctiva of the SA2-inoculated birds. There was no correlation
of the clinical score or ILTV GC in the choanal swab with gene expression in the Harderian
gland of the inoculated birds.

4. Discussion

This study aimed to compare the immune responses in birds vaccinated against ILTV
using the chicken embryo vaccine SA2 and a virulent field Class 9 in the respiratory and
ocular organs. It has been suggested that the Harderian gland is an important site for
virus uptake and potentially for mounting immune response against ILTV after ocular
vaccination [13,19]. In this current study, there were no detectable increases in Bul+ and
CD4+ cells in the conjunctiva and Harderian glands of birds ocularly or orally challenged
with ILTV SA2 or Class 9 strains. There was, however, a significant increase in CD8a+ and
Kul01+ cells in the trachea of SA2-inoculated birds compared to sham-inoculated birds,
while Class 9-inoculated birds presented an intermediary increase in these cell populations
in the trachea. These results are unexpected, as the Class 9 strain caused clinical signs while
SA2 did not (p < 0.05; Table S2) and, therefore, was expected to induce more tissue damage
and, consequently, increased immune cell infiltration compared to the vaccine. However,
tissue samples were not collected for histology in this study, and thus, it was not possible
to directly correlate the tissue damage with leukocyte infiltration.

The higher infiltration of immune cells in the trachea of vaccinated birds in the current
study is in a disagreement with a previous study, which reported that a chicken embryo
origin vaccine (Laryngo-Vac, Zoetis, Parsippany, NJ, USA) caused no difference in the
infiltration level of CD4+ and CD8a+ cells compared to the control at dpi 4, but the field
strain 1874C5 caused a significant increase in CD4+ cells compared to the control from
dpi 3 to 7. Another study from the same group reported no significant differences in the
percentages of CD4+ and CD8+ cells in the conjunctiva and Harderian gland between
birds inoculated with the chicken embryo origin vaccine (Trachivax®, Rahway, Merck
Animal Health) and the ILTV field strain 63140, except at dpi 7, in which there was a
higher percentage of CD4+ cells in the conjunctiva and Harderian gland in the field ILTV-
inoculated birds [13]. The differences in virus strain, inoculation dose and time points of
detection used may explain the differences in findings between the US and Australian
studies because these factors would affect the level of infection and, consequently, the level
of immune responses.

Although Class 9 stimulated less infiltration of CD4+, CD8a+ and Kul01+ cells in the
trachea and conjunctiva than the SA2 vaccine, the latter group had a higher gene expression
level of CD14 (macrophage marker) in the conjunctiva and CD4 and CD8A in the trachea.
The immune gene expression response to Class 9 and SA2 ILTV strains was mostly related
to inflammatory and tissue-repairing pathways (Figure 3). The discrepancy between the
gene expression levels and the cell counts were not completely unexpected as the transcript
level is neither a predictor nor a clear indicator of the protein level in its functional form.
This is because the correlation between the protein level and corresponding transcript
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level is influenced by mRNAs’ spatial and temporal variations and the local availability of
protein biosynthesis resources [30].

In addition to the differences in the cell infiltration level and the magnitude of gene
expression, more genes were regulated in the trachea and conjunctiva compared to those in
the Harderian gland (Figure 3) after Class 9 or SA2 inoculation, suggesting that the trachea
and conjunctiva, in which ILTV produces lytic infection, have a higher immune response
than the Harderian gland that does not support lytic infection of the virus, as it has been
previously reported [13].

The limitations of this pilot study include using a low number of birds per treatment,
which reduced the statistical power of the study and limited the ability to detect small
effects of inoculation routes and time points observed on the gene expression level and
leukocyte populations. This also precluded the evaluation of the effect of time post-infection
(dpi 5 and 10) and the route of inoculation (oral and ocular). Further studies evaluating the
association of the expression level of genes associated with SA2 and Class 9 strains with
the clinical score and choanal ILTV GC over time are required.

5. Conclusions

In conclusion, this pilot study provides insight into the gene expression levels of
immune markers and cell populations in chickens after inoculation with an ILTV CEO
vaccine (SA2) and a field strain (Class 9). Compared to SA2, Class 9 led to a more robust
regulation of the immune markers; however, there was a larger infiltration of Kul01+, Bul+
and CD8a+ cells for the SA2. Further studies are needed to confirm these findings. The
gene expression responses elicited by SA2 and Class 9 inoculation were mostly related to
inflammatory and tissue-repairing responses and were found mainly in the trachea and
conjunctiva.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/poultry3040030/s1, Figure S1: ILTV genomic copies (GC) [log10 (GC +
1)/reaction] in choanal swabs (A) and clinical score (B) observed in birds inoculated with Class 9 or SA2
at dpi 5 and 10; Figure S2: Representative photomicrographs of CD4+, CD8a+, Kul01+ and Bul+ cells in
spleen (positive control) acquired at a magnification of 20x under fluorescence microscopy; Figure S3:
Representative photomicrographs of CD4+, CD8a+, Kul01+ and Bul+ cells in tissues of birds inoculated
with Class 9 ILTV acquired at a magnification of 20x under fluorescence microscopy; Table S1: Gene
panel designed in RT? profiler™ PCR array chicken innate and adaptive immune responses (Format E,
GeneGlobe Id: PAGG-052ZE-4, Cat. 330231, Qiagen, Germantown, USA) and gene function classification
obtained from Qiagen’s website; Table S2: The correlations of the total clinical score (LSM =+ SE) and
ILTV copies (LSM log10 [GC + 1] +£ SE) in the choanal cleft swab with the gene expression level (LSM
fold change + SE) of the statistically significant upregulation and downregulation genes associated with
SA2 and/or Class 9 inoculation detected in the conjunctiva, Harderian gland and trachea collected at
dpi 5 and 10.
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