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The Chicken Embryo Experimental Model
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(Kaplan‐Arabaci et al., 2025)

–
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Immune Development in the Chicken Embryo
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begins at 2 DED, the Harderian gland at 11 DED, Peyer’s patches emerge around 13–

18 DED, and Meckel’s diverticulum (a remnant of the yolk stalk on the small intestine) 

β α

β

αβ γδ

lineages. CD4⁺ αβ T cells act as helpers, while CD8⁺ αβ γδ
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β

γ

hatch, these early developmental signals highlight the embryo’s capacity to 

Salmonella Pullorum as an Infectious Agent in Embryos

host’s cellular immune response. However, the mechanisms that allow 

Animal welfare in research using alternative models

–
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ABSTRACT
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INTRODUCTION

(Horvatić et al., 2019)
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MATERIAL AND METHODS

Chicken embryos assays

Proteomics Analysis
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solution protein digestion, 50 µL of 

the blood serum was treated in an ultrasonic bath for 5 min with 1% RapiGest SF (w/v) 

(Waters, Milford, MA) and 0.5 M dithiothreitol (DTT). Samples were then incubated at 

60 °C for 45 min under constant agitation, followed by alkylation with 0.5 M 

iodoacetamide (IAA) and incubation at 37 °C for 60 min in the dark. Proteins were 

h trypsin (20 ng/µL) at 37 °C overnight with continuous agitation. Digestion 

incubation at room temperature for 60 min. Precipitates were removed by centrifugation 

at 14,500 g for 10 min. The resulting supernatants were desalted and concentrated using 

minutes at a constant flow rate of 0.4 mL/min. Ionization settings included a drying gas 

flow of 8 L/min at 325 °C, nebulizer pressure set to 45 psi, and a capillary voltage of 4 kV. 

accuracy threshold of <10 ppm and tandem MS/MS spectra. Data interpretation was 

Functional Enrichment Analysis

http://pantherdb.org/
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Statistical analysis

For proteomics analysis, at both time points, the distribution of protein 

concentration values exhibited strong zero inflation, indicating potential left-censoring at 

zero. Therefore, we applied Bayesian Tobit mixed-effects models using the brms package 

in R. Protein identity (“Compound”) was included as a random intercept to account for 

protein-specific variability, while sample category (“positive” or “negative”) was 

modeled as a fixed effect. All models assumed a Gaussian likelihood with censoring from 

below at zero. Models were estimated using four MCMC chains of 4,000 iterations each 

(1,000 warm-up), with adapt_delta = 0.95 and max_treedepth = 15. Convergence was 

assessed using the Rhat statistic and effective sample sizes.

Multivariate composition analysis was conducted for the 24-hour protein dataset. 

PCA and PCoA were used to explore variance structure and group separation, while 

PERMANOVA assessed statistical differences in composition. Differential abundance 

was assessed using limma for each feature type, except proteins at 48 hours, which were 

modeled separately using a Tobit Bayesian approach.

For both time points, functional annotation was evaluated across three gene 

ontology levels: Pathway, Biological Process, and Molecular Function. To assess 

differences between the sample categories, Bayesian hierarchical linear models were 

employed using the brms package, incorporating sample category as a fixed effect and 

functional annotations (e.g., pathway ID or molecular function) as random intercepts. 

These models assumed a Gaussian distribution and followed the same priors and sampling 

settings described previously.

In parallel, compositional and ordination analyses were performed to explore 

overall patterns in functional profiles. Bray–Curtis dissimilarity metrics were computed 

on sample-by-function matrices—log-transformed and scaled when appropriate—and 

used as input for Principal Coordinates Analysis (PCoA) and Principal Component 
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Analysis (PCA). Group-level differences in overall functional composition were then 

statistically tested using PERMANOVA with 999 permutations (adonis2 function).

Finally, differential abundance testing was conducted using the limma package. 

Linear modeling was followed by empirical Bayes moderation (via the eBayes() 

function), and the most differentially abundant features were extracted using topTable(). 

To account for multiple testing, p-values were adjusted using the False Discovery Rate 

(FDR) correction.

RESULTS

Chicken embryo weight and mortality
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Protein-level analysis

A total of 1,164 proteins were identified in samples collected 24 hours post-

inoculation, and 1,463 proteins were identified at 48 hours. Approximately 90% of the 

observations at both time points were zero. This high proportion of zero values, which is 

consistent with patterns reported in untargeted proteomic datasets, is often attributed to 

signals falling below the detection limit (Koopmans et al., 2014). 

Only 5.76% and 56.6% of the proteins identified at 24- and 48-hours post-

inoculation, respectively, could be functionally classified using PANTHER and KEGG 

databases. This limitation is primarily due to the lack of experimental annotation available 

for Gallus gallus in current reference databases. Consequently, our functional analysis 

was conducted based solely on the subset of proteins with available annotations.

Results are presented separately for each time point to highlight temporal 

dynamics in the host response. 

24 Hours Post-Inoculation 

The Bayesian Tobit model estimated a small positive effect of the infected 

category on protein concentration (estimate = 0.20, 95% CI: [0.08, 0.31]; Figure 2), with 
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a baseline concentration of 1.53 [1.38, 1.68] in the control group. We found 10 proteins 

with large absolute log2 fold changes (positive or negative) and p-values < 0.05 in the 

comparison between the negative and positive groups. However, none of these proteins 

remained statistically significant after multiple testing correction (adjusted p > 0.48; Table 

2). Model diagnostics were satisfactory (Rhat = 1.00), and substantial variation across 

proteins was observed (random intercept SD = 2.08; residual SD = 4.74).

Figure 2. Estimated effect of infection on protein concentration based on the Bayesian 

Tobit model. Posterior mean estimate and 95% credible interval for the effect of the 

infected group on overall protein concentration.

Table 2. Top 10 proteins with the largest absolute log fold change and corresponding 

significance values. 
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Negative values of logFC indicate lower expression in the infected group compared to 

controls, while positive values indicate higher expression. logFC: log fold change; p-

values: unadjusted p-values; adj.p-value: adjusted p-values (FDR). No proteins reached 

statistical significance after FDR correction. 

For functional pathway analysis (n = 38), the Bayesian linear mixed-effects model 

estimated a modest effect of infection (estimate = 0.36, 95% CI: [–0.09, 0.79]), although 

the credible interval included zero (Table 3). Pathway-level variability was high (SD = 

6.16), as was residual variance (SD = 5.77). Although several pathways exhibited notable 

fold changes, none met the criteria for statistical significance after FDR adjustment (Table 

3). Global compositional analyses (PERMANOVA: R² = 0.055, F = 1.05, p = 0.392; PCA 

and PCoA) revealed substantial overlap between infected and control samples.

Table 3. Top 10 functional pathways ranked by evidence of differential abundance.

Negative values of logFC indicate lower expression in the infected group compared to 

controls, while positive values indicate higher expression. logFC: log fold change; p-

values: unadjusted p-values; adj.p-value: adjusted p-values (FDR). No pathways reached 

statistical significance after FDR correction.  

In the analysis of biological processes (n = 9), a slightly stronger effect was 

detected (estimate = 0.60, 95% CI: [0.17, 1.03]). Among the processes, developmental 

process showed a nominally significant unadjusted p-value (p < 0.05); however, this 
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result did not remain significant after correction for multiple comparisons. Overall, none 

of the biological processes met the significance threshold following FDR adjustment 

(Table 4). The intercept for the control group was estimated at 5.92 [1.72, 9.89], with high 

residual (SD = 6.83) and random effect variability (SD = 6.53). PERMANOVA showed 

no significant group separation (R² = 0.073, F = 1.41, p = 0.36), and ordination analyses 

confirmed strong group overlap. 

Table 4. Differential abundance results for biological processes.

Negative values of logFC indicate lower expression in the infected group compared to 

controls, while positive values indicate higher expression. logFC: log fold change; p-

values: unadjusted p-values; adj.p-value: adjusted p-values (FDR). No biological process 

reached statistical significance after FDR correction. 

Analysis of molecular functions (n = 9) showed a similar result (estimate = 0.56, 

95% CI: [0.15, 1.00]; control intercept = 4.26 [1.63, 6.82]; residual SD = 6.50; random 

effect SD = 4.13). As in previous levels, global analysis did not indicate significant 

differences (PERMANOVA: R² = 0.069, F = 1.33, p = 0.22), and none of the functions 

passed the FDR threshold for statistical significance (Table 5), with ordination analyses 

confirming strong group overlap.

Table 5. Differential abundance results for molecular functions.
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Negative values of logFC indicate lower expression in the infected group compared to 

controls, while positive values indicate higher expression. logFC: log fold change; p-

values: unadjusted p-values; adj.p-value: adjusted p-values (FDR). No molecular function 

reached statistical significance after FDR correction. 

48 Hours Post-Inoculation

As observed at 24 hours, protein expression at 48 hours post-inoculation remained 

highly zero-inflated (~89.5%). The Bayesian Tobit model estimated a modest increase in 

overall protein concentrations in the infected group compared to controls (estimate = 0.26, 

95% CI: [0.12, 0.40]), with a control group intercept of 1.84 [1.70, 1.98]. This global 

effect suggests a mild but consistent shift in proteomic expression following infection. 

The overall distribution of posterior estimates is visualized in the credible interval plot 

(Figure 3). Despite the modest average change, ten proteins presented p<0.05 (Table 6) 

but only one protein (alpha-2-macroglobulin-like protein 1) stood out with a highly 

significant and biologically meaningful increase. This protein exhibited a log₂ fold change 

of 13.13 and remained significant after FDR correction (adjusted p = 0.0081), 

representing an over 8,000-fold elevation in the infected group (Table 6). 
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Figure 3. Estimated effect of infection on protein concentration at 48 hours post-infection. 

Posterior mean estimate and 95% credible interval for the effect of infection on protein 

concentration at 48 hours, based on the Bayesian Tobit model. 

Table 6. Top 10 proteins ranked by evidence of differential abundance at 48 hours post-

infection.

Negative values of logFC indicate lower expression in the infected group compared to 

controls, while positive values indicate higher expression. logFC: log fold change; p-

values: unadjusted p-values; adj.p-value: adjusted p-values (FDR). 
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At the pathway level, the Bayesian hierarchical model estimated a significant 

increase in expression values in the infected group (estimate = 0.31, 95% CI: [0.12, 0.51]), 

indicating consistently higher pathway-associated concentrations compared to controls. 

The model accounted for moderate variability across pathways (random effect SD = 3.28; 

residual SD = 5.23), with a control group intercept of 3.13 [1.54, 4.70]. Despite these 

differences in magnitude, multivariate analysis did not detect significant compositional 

shifts (PERMANOVA: F = 1.14, R² = 0.066, p = 0.284), and ordination confirmed 

overlapping group structures. Several pathways exhibited relatively large log₂ fold 

changes, and six pathways showed nominal significance (unadjusted p < 0.05). However, 

none of these results remained statistically significant after FDR adjustment (Table 7).

Table 7. Top molecular pathways ranked by evidence of differential abundance at 48 

hours post-infection.

Negative values of logFC indicate lower expression in the infected group compared to 

controls, while positive values indicate higher expression. logFC: log fold change; p-

values: unadjusted p-values; adj.p-value: adjusted p-values (FDR). No pathways reached 

statistical significance after FDR correction. 

At the biological process level (n = 18), the Bayesian hierarchical model estimated 

a small but statistically credible increase in the infected group (estimate = 0.21, 95% CI: 

[0.08, 0.33]), indicating slightly higher biological process–associated concentrations 

compared to controls. The model accounted for moderate variability across processes 

(random effect SD = 3.28). Despite this shift in average abundance, global compositional 
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differences were not significant (PERMANOVA: F = 0.24, R² = 0.015, p = 0.89), and 

ordination confirmed strong overlap between groups. Differential abundance analysis 

revealed moderate log₂ fold changes in some biological processes; however, none reached 

statistical significance, either before or after adjustment for multiple comparisons (Table 

8).

Table 8. Top biological processes ranked by evidence of differential abundance at 48 

hours post-infection.

Negative values of logFC indicate lower expression in the infected group compared to 

controls, while positive values indicate higher expression. logFC: log fold change; p-

values: unadjusted p-values; adj.p-value: adjusted p-values (FDR). No biological process 

reached statistical significance after FDR correction. 

At the molecular function level (n = 14), the Bayesian hierarchical model 

estimated a small but statistically credible increase in the infected group (estimate = 0.25, 

95% CI: [0.08, 0.42]), suggesting slightly higher molecular function–related values 

compared to controls. The model accounted for moderate variability across functions 

(random effect SD = 1.04). Despite this shift in average concentration, multivariate 

analysis did not indicate significant global compositional differences between groups 

(PERMANOVA: F = 0.99, R² = 0.059, p = 0.42), and ordination confirmed substantial 

overlap. Differential abundance testing highlighted some functions with relatively high 

log2 fold change, but none of these were statistically significant, either before or after 

FDR correction (Table 9).
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Table 9. Top molecular functions ranked by evidence of differential abundance at 48 hours 

post-infection.

Negative values of logFC indicate lower expression in the infected group compared to 

controls, while positive values indicate higher expression. logFC: log fold change; p-

values: unadjusted p-values; adj.p-value: adjusted p-values (FDR). No molecular function 

reached statistical significance after FDR correction.

DISCUSSION



31

(O’Connell et al., 2018)

Although only one protein reached statistical significance after multiple testing 

correction, our results consistently revealed small but credible increases in protein 

abundance and functional activity in infected samples. These effects were detected 

through Bayesian modeling under zero-inflated conditions, a common challenge in 

proteomic datasets (Koopmans et al., 2014). 

At 24 hours post-inoculation, the Bayesian Tobit model indicated a modest 

increase in overall protein concentration in the infected group. Although no individual 

proteins passed the significance threshold after FDR adjustment, the general upward trend 
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may reflect the embryo’s early systemic response to infection. For example, hemoglobin 

subunit alpha-D, known to function as a mitochondrial antioxidant in non-erythroid cells 

(Reed et al., 2025), was upregulated in positive samples and could suggest early oxidative 

stress responses in infected embryos.

The protein annotated as “Winged helix-turn-helix domain-containing protein” 

showed a tendency toward reduced abundance in infected embryos. Although this 

difference did not remain statistically significant after p-value correction, it was in line 

with the only biological process with a negative fold change and significant unadjusted 

p-value: “developmental process.” This alignment suggests that infection may interfere 

with key regulatory mechanisms active during early embryogenesis. Biological processes 

were classified using the PANTHER system, which incorporates Gene Ontology data 

(Carbon et al., 2021), and describes how living systems evolve over time. At early 

developmental stages, proper genome activation and transcription factor activity are 

crucial. Supporting this, Liao et al. (2022) reported dynamic expression of key 

transcription factor families during chicken embryogenesis, including Fox, belonging to 

the winged helix-turn-helix class, reinforcing the relevance of this protein’s 

downregulation within the broader context of developmental regulation. 

The minimal changes observed in inflammatory pathways, evidenced by only one 

inflammation-related protein showing an unadjusted p-value < 0.05, combined with the 

downregulation of development-associated proteins, align with the outright absence of 

mortality at 24 hours post-infection. Considering that even highly virulent Salmonella 

strains typically cause significant embryo mortality only after ~48 hours (Li et al., 2019). 

By 48 hours post-inoculation, the expression pattern remained highly zero-

inflated, yet the overall shift in protein abundance became more pronounced. The 

Bayesian Tobit model estimated a credible increase in protein levels in the infected group 

(estimate = 0.26, 95% CI: [0.12, 0.40]), reflecting a consistent global effect of infection. 

While most individual proteins did not reach statistical significance after multiple testing 

correction, alpha-2-macroglobulin-like protein 1 was significantly upregulated, 

indicating a targeted and biologically relevant response. This suggests that, alongside a 

subtle and diffuse modulation across many proteins, infection can also induce marked 

changes in selected components, which may reflect early activation of immune or stress 

pathways in the developing embryo (Vandooren & Itoh, 2021).
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Although α2-macroglobulin (A2M) is known to be a ubiquitous plasma protein 

across vertebrates (Bergwik et al., 2021; Sottrup-Jensen, 1989) its immunomodulatory 

role has been thoroughly documented only in mammalian species (Lagrange et al., 2022; 

Rehman et al., 2013; Vandooren & Itoh, 2021). In contrast, avian studies have focused 

almost exclusively on A2M (referred to as ovostatin in birds) in egg white, where it is 

synthesized by the oviduct and acts as an antibacterial, protease-inhibiting defense factor 

for the embryo (Lim et al., 2011; Pathirana et al., 2016; Wang et al., 2019). 

Importantly, no studies to date have examined A2M in chicken blood or liver in 

response to infection, and its presence in circulating avian tissues remains largely 

unexplored. Intriguingly, however, multiple proteomic analyses of embryonic chicken 

liver, originally aimed at metabolic profiling (Peng et al., 2018; Shen et al., 2023; Yang 

et al., 2021), consistently report the presence of A2M isoforms in supplementary data. 

This strongly suggests that A2M is endogenously synthesized by the embryo rather than 

merely maternally deposited. Therefore, our findings of differential A2M abundance in 

infected embryos indicate not a residual from egg white, but rather a true embryonic 

immune response, with production and regulation by the embryo itself. The significant 

upregulation of α2-macroglobulin-like protein 1 at 48 hours post-infection (coinciding 

with the onset of embryo mortality) raises the possibility that this protein may act as a 

biomarker of inflammation and disease progression in the embryonic context. 

In mammals, A2M is a well-established acute-phase protein induced primarily by 

innate immune signals such as IL-6 and TNF-α, and functions as a broad-spectrum 

protease inhibitor, cytokine carrier, and modulator of immune cell activity, particularly 

macrophages and neutrophils. Besides, its immunomodulatory properties extend to 

adaptive immune processes, making it a key player in both arms of immunity (Vandooren 

& Itoh, 2021). Although adaptive immunity is not fully functional at this embryonic stage, 

the observed increase in A2M may reflect innate immune activation in response to 

systemic infection. Its emergence only at 48 hours, and not earlier, suggests a role in later-

stage responses, potentially associated with attempts to limit tissue damage or regulate 

inflammation. Given the temporal association with increased mortality, it is plausible that 

α2-macroglobulin contributes to survival pathways under infectious stress, a hypothesis 

that remains unexplored in avian models and warrants further investigation. The present 

study not only identified a potential biomarker for inflammation in chickens but also 

highlighted a critical knowledge gap: whether A2M truly does not play a role in the 
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adaptive immune response in chickens, as it does in mammals, or whether its function in 

this species remains largely unexplored.

At the functional level, pathways, biological processes, and molecular functions 

showed slightly higher values in the infected group. Although these differences did not 

reach statistical significance after correction for multiple testing, the credible intervals of 

the model estimates excluded zero in several comparisons, suggesting weak but consistent 

biological effects. As observed in the 24-hour dataset, PERMANOVA and ordination 

analyses revealed no statistically significant global differences between groups, which 

supports the idea of subtle and distributed proteomic modulation.

Despite the absence of statistically robust findings, some pathways exhibited 

relatively large fold changes (p<0.05 before the adjusted p-value) that may indicate 

biologically meaningful trends. One notable example is the Plasminogen activating 

cascade, which promotes the conversion of plasminogen into active plasmin. This 

pathway plays a central role not only in fibrinolysis and extracellular matrix remodeling, 

but also in inflammation and tissue repair (Syrovets et al., 2012), and may reflect early 

host responses to infection-induced tissue stress.

Similarly, the blood coagulation pathway was upregulated in infected embryos, 

likely reflecting the activation of systemic inflammatory responses. Previous studies have 

shown that bacterial infection can trigger inflammation-driven coagulation cascades 

emphasizing the strong link between coagulation and immune activation in chickens (Li 

et al., 2023). In this context, increased coagulation activity may serve as an early and 

sensitive indicator of infection-induced inflammation.

In parallel, activation of the PPAR signaling pathway in infected embryos suggests 

an attempt to regulate inflammation and maintain metabolic balance. PPARs are nuclear 

receptors involved in lipid metabolism and immune modulation, and their activation can 

promote anti-inflammatory responses or facilitate pathogen persistence, depending on the 

context (Li et al., 2025). In this study, PPAR signaling may reflect a compensatory 

mechanism aimed at modulating the host’s inflammatory state. These immunometabolic 

adaptations are further supported by the upregulation of pathways related to carbon and 

pyruvate metabolism, which may indicate increased energy demands in response to 

infection-induced stress. Such metabolic shifts are consistent with reprogramming events 

described in broiler chickens, where PPAR activation was associated with attenuation of 
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inflammation and modulation of energy metabolism under challenging conditions (Li et 

al., 2025) 

Finally, the observed downregulation of mitophagy in infected embryos may 

compromise mitochondrial quality control during a critical period of embryonic 

development. Mitophagy is essential for eliminating damaged mitochondria and ensuring 

proper cell differentiation (Chen et al., 2021). Its suppression could therefore contribute 

to the developmental disturbances already observed in our dataset. Similar findings have 

been reported in embryos exposed to environmental toxins, where impaired mitophagy 

led to oxidative damage and embryotoxicity (Liu et al., 2023), supporting a broader role 

for mitochondrial stress in mediating infection-related developmental impairment.

The use of the CE as a model system, particularly before 12 DED, introduces 

several analytical challenges. Low protein levels, high biological variability, limited 

detection, and the lack of functional information for Gallus gallus make it difficult for 

conventional analyses to detect clear differences between groups. These limitations were 

addressed using Bayesian hierarchical models, including Tobit regression to handle 

censoring and mixed-effects models to account for variability across proteins and 

functional terms. These models proved effective in capturing nuanced, low-intensity 

signals associated with infection, providing a more interpretable representation of the host 

response under these constrained experimental conditions.

To our knowledge, this is the first study to characterize proteomic changes in the 

blood of chicken embryos infected prior to 12 DED. Moreover, this is the first report to 

associate A2M with an endogenous immune response in the embryonic or even adult 

bloodstream of Gallus gallus. While previous studies have documented the presence of 

this protein in the egg white, deposited during oogenesis, no prior work has demonstrated 

its differential expression in embryonic liver or circulation because of infection. 

This finding highlights not only the sensitivity of the model but also expands our 

understanding of innate immune responses in early avian ontogeny. Further validation is 

needed to confirm the role of A2M in the avian immune system. However, its consistent 

upregulation in response to infection suggests that A2M may play a similar 

immunomodulatory role in birds as described in mammals, extending its relevance to 

early embryonic development in avian species. In this context, A2M could represent a 

promising target for future studies aiming to identify new biomarkers of systemic 
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inflammation in chickens. Altogether, these findings support the utility of the CE before 

12 DED as a powerful and tractable model for infection and inflammation.
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ABSTRACT

presenting cell populations. A decline in CD8⁺ T cells 

γδ⁺ cells

while CD4⁺ T cell frequencies remained stable. T lymphocytes were more prevalent than 

INTRODUCTION
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β γ
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MATERIAL AND METHODS

Pilot test of inflammation
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Chicken embryos assay for ELISA and histopathological analysis

Inflammation assay for flow cytometry and RT-PCR analysis
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embryos inoculated via the allantoic cavity with 100 µL of 

embryos that received 100 µL of 0.85% sterile saline solution. Embryo viability was 

–80 °C for RT

–80 °C for 

Quantification of inflammatory proteins, corticosterone, and anti-inflammatory 
cytokines by ELISA kits

—

—

following the manufacturers’ instructions. Se

ogen®), according to the manufacturer’s instructions, using 
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manufacturers’ protocols.

Flow Cytometry Analysis

γδ γ

γ

γ
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Gene expression analysis by RT-qPCR

™

old embryos were cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

Table1. Primer sequences and characteristics for cytokine genes and reference gene used 
in RT-qPCR.

5’ 3’
5’ 3’
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Statistical analysis

RESULTS

Chicken embryo mortality
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Experiment
Embryonic 

day on 
inoculation

Treatment 
Group

No. of 
Embryos

Mortality 
at 24 hpi 

Mortality 
at 48 hpi

Mortality 
at 72 hpi

Mortality 
at 5 dpi

Pilot test 7 Inoculated 10 0/10 (0%) 8/9* 
(88,88%)

1/1 
(100%) -

Pilot test 7 Negative 
Control 10 0/10 (0%) 0/10 (0%) 0/10 (0%) -

First trial 7 Inoculated 20 1/20 (5%) 9/19 
(47,3%) - -

First trial 7 Negative 
Control 10 0/10 (0%) 0/10 (0%) - -

Second trial 9.5 Inoculated 15 0/15 (0%) 8/15 
(53.3%) - -

Second trial 9.5 Negative 
Control 10 0/10 (0%) 0/10 (0%) - -

First trial 
Citometry 9.5 Inoculated 20 0/20 (0%) 8/20 

(40%) - -

First trial 
Citometry 9.5 Negative 

Control 12 0/12 (0%) 0/12 (0%) - -

Second trial 
Citometry 9.5 Inoculated 30 0/30 (0%) 12/30 

(40%)
10/18 

(61.1%)
1/8 

(12.5%)

Second trial 
Citometry 9.5 Negative 

Control 12 0/12 (0%) 0/12 (0%) 0/12 (0%) 0/12 (0%)

 < 0.05.
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Inflammatory proteins, and corticosterone
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Student’s 

 < 0.05. Significant difference is indicated by *.

Student’s  < 0.05. 

group (negative control) exceeded the upper limit of the ELISA kit’s standard curve. 
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Student’s  < 0.05. Significant difference is indicated by *.

Flow Cytometry Analysis

The frequency of CD3⁺ cells within the total cell population progressively 

γδ cells within the CD3⁺ 

the PC compared to the NC group (Figure 4B). The frequency of CD4⁺ 

CD3⁺ population remained stable across all age groups and treatments (Figure 4C). In 

contrast, the frequency of CD8⁺ cells within the CD3⁺ population showed a marked 

⁺/CD ⁺ ratio 
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γδ

           

The frequency of CD45⁺ cells, representing total leukocytes, progressively 

The frequency of MHCII⁺ cells within the 

CD45⁺ population increased with age in both the control (NC) and infected (PC) groups 

(Figure 5B). In contrast, the frequency of MRC1⁺ cells within the CD45⁺ population 
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The frequency of CD3⁺ 

. Similarly, Bu⁺ cells, 
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dependent frequency of T lymphocytes (CD3⁺) and B lymphocytes (Bu⁺) 

   

Gene expression analysis by RT-qPCR

PCR analysis, gene expression was evaluated based on the ∆CT values, 

gene. Therefore, higher ∆CT values indicate lower gene expression. TGF expression was

significant variation in ∆CT values (Figure 
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; A: ∆CT 

; B: ∆CT values of IL 8; C: ∆CT values of IL

Histopathological analysis
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DISCUSSION

however, the volume obtained was less than 100 µL, making further analyses unfeasible. 
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–
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– –

Although the overall frequency of CD3⁺ cells among total leukocytes decreased 

γδ⁺ 

γδ

γδ

γδ

Although some studies have reported an increase in CD8⁺ T cell populations following 
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predominance of CD8⁺ cells at an early stage of thymic development

, the increased proportion of CD8⁺ cells co expressing CD4⁺ suggests an 

s (CD4⁺CD8⁺),

αβ

The progressive decline in CD45⁺ cell frequency with embryonic age likely 

rall decrease in leukocyte frequency, the proportion of MHCII⁺ cells within the CD45⁺ 

The apparent decline in MRC1⁺ cell frequency 

with age observed in the control group may follow a similar pattern seen with CD45⁺ 

of other leukocyte populations. This suggests that MRC1⁺ cells may be proportionally 

, the increase in MRC1⁺ cells in the infected group at 17 

In line with the trends observed for CD45⁺ and MRC1⁺ populations, the apparent 

decline in CD3⁺ and BU⁺ cell frequencies with embryonic age is likely due to a relative 

increase in the BU⁺/CD3⁺ ratio at 17 DED may reflect the natural rise in B cell maturation 

becomes functionally active around day 16. In contrast, T cell (CD3⁺) population

β
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β

β
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–

infection evolves dynamically over time. At 12 DED, the increase in CD8⁺ T cells, despite 

the absence of a corresponding rise in CD4⁺ cells, may reflect an early cytotoxic respon

increased frequency of MRC1⁺ macrophages together with elevated IL

γδ

γδ
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