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Abstract: As a vital global protein source, the commercial poultry industry relies on high-density breeding 
systems, which significantly heightens the risk of infectious disease. Broilers are particularly vulnerable at 2 to 3 
weeks post-hatch due to a critical ‘immune vacuum’ caused by the waning of maternal antibodies before 
endogenous immunity fully matures. To address this gap, non-invasive and in-feed immunostimulants offer a cost-
effective and stress-free strategy to rapidly enhance early innate defenses. This study evaluated the temporal 
immunological effects of a newly formulated immunostimulant administered ad libitum to 14-day-old broilers. By 
analyzing mRNA expression levels in the bursa of Fabricius at 3 and 7 days post-administration (dpa), we aimed 
to determine whether this formulation successfully bridges innate and adaptive immunity. Notably, our findings 
revealed a distinct sequential immune cascade: a significant early induction of antiviral genes such as interferon γ 
(IFNγ) and interferon regulatory factor 1 (IRF1) at 3 dpa, followed by the robust upregulation of specific antiviral 
2′-5′-oligoadenylate synthetase-like (OASL) gene and adaptive immunoglobulin Y (IgY) gene effectors at 7 dpa. 
Ultimately, these results suggest that this in-feed immunostimulant could be a practical strategy for enhancing 
broad-spectrum disease resistance in poultry farms. 
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1. Introduction 

Throughout the world, chickens are one of the most important sources of protein, and accordingly, the poultry 
industry has developed into large-scale, dense breeding systems [1–3]. However, there are many challenges in this 
growth process, one of which is infection. Chickens between 0 and 3 weeks of age are highly susceptible to infection 
by pathogens [4]. Chickens over 2 weeks are susceptible to death by infectious bursal disease (IBD) [5–8], necrotizing 
enteritis [9–14] as well as by infectious bronchitis (IB) [15] and avian influenza (AI) [16,17]. Traditionally, 
prophylactic antibiotics and vaccination have been primarily used to control these diseases. However, due to the 
problem of antimicrobial resistance (AMR) resulting from antibiotic overuse, the use of antibiotics in feed is 
regulated worldwide, and vaccination is not only labor-intensive and costly but also has limitations against viruses 
that mutate frequently, such as AI [18–20]. 

To overcome these limitations, the use of feed supplements for boosting immunity is increasing as an 
alternative to provide broad-spectrum defense against various pathogens [18,21–23]. In particular, 2–3 weeks after 
hatching is an immune vacuum period during which maternal antibodies are lost, and the chickens’ own immunity 
is not yet fully developed [24,25]. During this vulnerable period, feeding boosters mixed into the diet can be an 
economical strategy to rapidly and effectively boost the chickens’ early ‘innate immunity’ while minimizing labor. 
To accurately evaluate the efficacy of these immunostimulants, it is essential to understand how they modulate the 
transition from early innate signaling to the subsequent immune response. When an immunostimulant successfully 
activates the host defense, it first triggers an innate antiviral cascade, characterized by the rapid induction of 
primary cytokines (e.g., interferon γ (IFNγ)), which subsequently upregulate critical transcription factors (e.g., 
interferon regulatory factor 1 (IRF1)) and downstream effector genes (e.g., 2′-5′-oligoadenylate synthetase-like 
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(OASL)) [25–27]. Crucially, this robust innate alarm ultimately bridges to the adaptive humoral immune system, 
stimulating B cell activation and subsequent immunoglobulin (e.g., Immunoglobulin Y (IgY)) production to 
achieve sustained, broad-spectrum protection [28,29]. 

Among these markers, IFNγ, the sole type 2 interferon and an evolutionarily highly conserved molecule, acts 
as the primary trigger in this immune cascade [30]. Upon activation, it modulates downstream signaling pathways 
that strongly induce key transcription factors such as IRF1 [31,32]. As a crucial mediator, IRF1 directly drives the 
expression of various antiviral effector genes to restrict viral replication. One of the major downstream effectors 
transcribed in this process is the OASL gene [33–35]. OASL plays a direct role in viral clearance by activating 
latent ribonuclease (RNase L), which recognizes and degrades double-stranded viral RNA, ultimately preventing 
viral proliferation [36–38]. Finally, alongside this robust innate defense, the production of IgY, the predominant 
antibody isotype in chickens, serves as the ultimate effector molecule, indicating a successful transition to 
sustained adaptive humoral immunity [25]. 

In this study, the objective was to evaluate the temporal immunological effects of a newly formulated in-feed 
immunostimulant. The supplement was administered ad-libitum to 14-day-old broiler chickens, and the bursa of 
Fabricius was collected at 3 and 7 days post-administration (dpa). By analyzing the relative mRNA expression 
levels of these key immune markers, we aimed to determine whether the immunostimulant successfully bridges 
the early innate defense to the adaptive immune response. Notably, our overall findings revealed a sequential 
immune cascade: early induction of innate markers (IFNγ and IRF1) at 3 dpa, followed by significant upregulation 
of downstream antiviral and adaptive effectors (OASL and IgY) at 7 dpa. 

2. Materials and Methods 

2.1. Feed Preparation 

An immunostimulant (an investigational product currently under development by Kulf Co., Ltd., Namyangju, 
Republic of Korea) was prepared for dietary administration. The material was freeze-dried, ground into a fine 
powder, and manually mixed with a commercial basal diet (Henstar; Daehan Feed Co., Incheon, Republic of 
Korea) to ensure uniform distribution. A total of 3.25 g of the immunostimulant was incorporated into the feed 
provided to 20 chickens at 14 days of age. Feed was supplied ad libitum, allowing natural variation in individual 
intake. The immunostimulant was administered as a single dose, after which all groups were fed the same basal 
diet without supplementation. 

2.2. Animal Experiment and Sample Collection 

Ross 308 broiler chickens were obtained from Dongnam Yanggye Center (Anseong, Republic of Korea). 
Chickens were maintained under standard husbandry conditions and housed in separate pens according to 
experimental groups. At two weeks of age, chickens were assigned to a control group (n = 10) and a treatment 
group (n = 20). To evaluate the effect of early administration, the treatment group received the immunostimulant 
via feed at only 14 days of age, while the control group received the same basal diet without supplementation. 
From day 2 post-administration onward, all chickens were fed the same basal diet. For temporal analysis based on 
the biological progression of the immune cascade, 10 chickens from the treatment group were randomly selected 
and euthanized at 17 days of age (3 dpa) to capture the peak of the early innate antiviral triggers, along with all 
chickens in the control group (n = 10). The remaining 10 chickens in the treatment group were euthanized at 21 
days of age (7 dpa) to observe the subsequent transition to adaptive humoral immunity. All animals were humanely 
euthanized by CO2 inhalation. The bursa of Fabricius was collected, immediately frozen in liquid nitrogen, 
transported on dry ice, and stored at −80 °C until further analysis. During the experiment, two chickens could not 
be reliably distinguished between groups due to limitations in individual identification and were therefore 
conservatively assigned to the control group to minimize potential group assignment bias, resulting in final sample 
sizes of n = 11 for the control group and n = 9 for the day 3 post-administration group. 

2.3. RNA Extraction and RT-PCR 

Tissue samples were homogenized under liquid nitrogen prior to RNA extraction. Total RNA was isolated 
using TRIzol reagent (RNAiso; Takara, Kusatsu, Japan) following the manufacturer’s protocol. RNA quality and 
concentration were evaluated prior to downstream analysis, and 2 μg of total RNA was used for cDNA synthesis. 
cDNA was synthesized using LaboPass M-MuLV Reverse Transcriptase (Cosmogenetech, Seoul, Republic of 
Korea), and gene expression was subsequently analyzed by reverse transcription PCR (RT-PCR). The target genes 
included IFNγ, IRF1, OASL, IgY, and cKit, with β-actin used as the reference gene for normalization. PCR 
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amplification was performed under the following conditions: initial denaturation at 95 °C for 2 min, followed by 
30 cycles of denaturation at 95 °C for 20 s, annealing at gene-specific temperatures for 30 s, and extension at 72 °C 
for gene-specific durations. After amplification, the PCR products were separated by electrophoresis on a 1% 
agarose gel. Following electrophoresis, the gels were post-stained with Safe-Pinky (GenDEPOT, Katy, TX, USA) 
and visualized under a UV transilluminator. Subsequently, the intensity of the amplified PCR bands was quantified 
using ImageJ software (1.54r) [39]. The relative expression levels of the target genes were normalized to the 
expression level of β-actin, which served as an internal control. 

2.4. Statistical Analysis 

Data are presented as mean ± standard error of the means (±SEM). Statistical differences among groups were 
analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. All analyses 
were performed using a custom script in R (version 4.5.2). A p-value < 0.05 was considered statistically significant. 

2.5. Ethical Approval 

All animal experiments were conducted in accordance with institutional guidelines and were approved by the 
Institutional Animal Care and Use Committee (IACUC) of KULF (approval no. KULF-IACUC-2024-05). 

3. Results 

3.1. Changes in Immune-Related Gene Expression in the Bursa of Fabricius Following Immunostimulant 
Administration 

To evaluate the immunological effects of a single in-feed administration of the immunostimulant, broiler 
chickens were treated at 14 days of age and sampled at 3 and 7 dpa (Figure 1). The experimental design enabled 
assessment of both early and sustained responses under ad libitum feeding conditions. Subsequent analyses 
focused on cytokine expression and immune-related gene regulation in the bursa of Fabricius. 

 
Figure 1. Schematic diagram of the experimental schedule for in-feed immunostimulant administration in broiler 
chickens. The experimental design consisted of a pre-treatment phase, a single-dose administration, and a post-
administration sampling period. Experimental chickens were acclimated under standard conditions and maintained 
on a basal diet until 14 days of age. On day 14, chickens in the treatment group received a single dose of 
immunostimulant mixed into the feed (3.25 g per 20 chickens; approximately 0.16 g per chicken), while control 
chickens were maintained on the basal diet. Feed was provided ad libitum throughout the experiment. For temporal 
analysis, 10 chickens from the treatment group were sampled (euthanized) at 17 days (3 days post-administration; 
initial n = 10) together with all control chickens (initial n = 10), and the remaining 10 chickens were sampled at 21 
days (7 dpa). (Note: Please refer to the Materials and Methods section for the final adjusted sample sizes used in 
the analysis). Body weight progression and group assignments are depicted schematically. 
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Expression levels of immune-related genes were evaluated at 3 and 7 dpa and compared with the control 
group (Figure 2), with normalization to β-actin. IFNγ expression (Figure 2A) was significantly increased at 3 dpa, 
showing an approximately four- to five-fold increase compared with the control group, followed by a decrease at 
7 dpa, although levels remained statistically higher than those in the control group. IRF1 expression (Figure 2B) was 
significantly increased at both time points. OASL expression (Figure 2C) showed a marked increase at 7 dpa, 
corresponding to an approximately seven-fold increase compared with 3 dpa. Similarly, IgY expression (Figure 2D) 
gradually increased over time, reaching the highest levels at 7 dpa, with an approximately three- to four-fold 
increase relative to 3 days. In contrast, cKit expression (Figure 2E) remained unchanged across groups, indicating 
that the observed transcriptional changes were not uniformly distributed across all genes. 

 

Figure 2. Expression of immune-related genes in the bursa of Fabricius following in-feed immunostimulant 
administration. Relative mRNA expression levels of (A) IFNγ, (B) IRF1, (C) OASL, (D) IgY, and (E) cKit were 
measured at 3 and 7 dpa and compared with the control group. Expression levels were normalized to β-actin and 
presented relative to the control group. Data are presented as mean ± SEM. Individual data points represent 
individual animals. Statistical significance was determined by one-way ANOVA followed by post hoc analysis for 
all pairwise comparisons among the control, 3 dpa, and 7 dpa groups (* p < 0.05, ** p < 0.01, *** p < 0.001). Two 
chickens could not be reliably distinguished between groups and were conservatively assigned to the control group, 
resulting in final sample sizes of n = 11 (control), n = 9 (3 dpa), and n = 10 (7 dpa). 

3.2. Temporal Changes in Correlations Among Immune-Related Genes 

To further examine the relationships among immune-related gene expression patterns, pairwise correlation 
analysis was performed. At 3 dpa, significant positive correlations were observed between OASL and IRF1 (r = 
0.71, p < 0.05), IRF1 and IFNγ (r = 0.70, p < 0.05), and OASL and IgY (r = 0.99, p < 0.0001). A moderate 
correlation was also detected between IRF1 and IgY, whereas no significant association was observed between 
OASL and IFNγ (Figure 3A). At 7 dpa, correlations were observed across a broader range of gene pairs, with 
strong associations between OASL and IgY (r = 0.91, p < 0.0001) and IRF1 and IgY (r = 0.80, p < 0.01). In 
addition, a moderate correlation between IFNγ and IgY was observed at this time point, while correlations 
involving other gene pairs were generally weaker or not significant (Figure 3B). Overall, positive correlations 
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were observed among multiple gene pairs at both time points, with temporal changes in the strength and pattern 
of gene–gene associations. 

 

Figure 3. Correlation analysis of immune-related gene expression in the bursa of Fabricius. Pairwise correlations 
among IFNγ, IRF1, OASL, and IgY expression levels were visualized as bubble plots at 3 dpa (A) and 7 dpa (B). 
Circle size and color intensity represent the strength of correlation (red indicating positive correlation). Correlations 
were calculated using the Pearson correlation coefficient. Statistical significance is indicated by asterisks (* p < 
0.05, ** p < 0.01, **** p < 0.0001). 

4. Discussion 

In this study, the in vivo immune-modulatory activity of a newly formulated in-feed immunostimulant was 
evaluated by administering it ad libitum to broiler chickens (Figure 1). Our results demonstrated a sequential 
immune cascade: a significant induction of early innate markers (IFNγ and IRF1) at 3 dpa, followed by the 
upregulation of downstream antiviral and adaptive effectors (OASL and IgY) at 7 dpa. Notably, the expression of 
the proto-oncogene cKit remained completely unaltered (Figure 2E). Taken together, these data suggest that the 
formulation effectively functions as a broad-spectrum immunostimulant, safely bridging innate and adaptive 
immunity without inducing abnormal cellular proliferation. 

Upon the invasion of pathogenic agents, innate immune cells, particularly macrophages and natural killer 
cells, rapidly migrate to the site of infection and secrete various immunomodulatory cytokines [25]. Among these, 
IFNγ, the sole type II interferon, acts as a pivotal early responder. Following receptor binding, IFNγ primarily 
signals through the JAK/STAT pathway [40]. This signaling cascade ultimately initiates the transcription of 
numerous interferon-stimulated genes (ISGs) [31,32]. These include critical transcription factors such as IRF1, 
which orchestrates both antibacterial and antiviral defenses [33–35], and effector molecules like OASL, which 
specifically neutralizes viral threats [36–38]. Furthermore, these early innate responses serve as a bridge to the 
activation of adaptive immunity, ultimately triggering the production of immunoglobulins, among which IgG (also 
referred to as IgY) is the most predominant and representative isotype in avian species [25,28,29]. 

Consistent with this sequential immune transition, our study observed a distinct temporal progression in the 
expression of these markers. The upregulation of IFNγ and IRF1 at 3 dpa suggests that the immunostimulant successfully 
primes the early innate defense against viral infection (Figure 2A,B). This early signaling axis is statistically validated 
by the significant positive correlation between IFNγ and IRF1 at 3 dpa (r = 0.697, p < 0.05) (Figure 3A). This innate 
priming was followed by the subsequent upregulation of OASL and IgY at 7 dpa (Figure 2C,D). Importantly, while 
robust OASL expression reflects a sustained innate antiviral state, the significant increase in IgY levels 
demonstrates a functional bridge to adaptive humoral immunity. This connectivity is supported by the high correlation 
between OASL and IgY at both 3 dpa (r = 0.989, p < 0.001) and 7 dpa (r = 0.907, p < 0.001) (Figure 3B). Together, 
these mathematical interdependencies provide robust evidence that the magnitude of the early innate response 
directly dictates the strength of the subsequent adaptive immunity. 

Achieving this immune activation through a non-invasive, in-feed administration (ad libitum) could offer 
advantages for commercial poultry production. Unlike traditional injectable vaccines or therapeutics, which are 
highly labor-intensive and inevitably induce handling stress in flocks, dietary supplementation provides a stress-
free and potentially cost-effective strategy [18]. While ad libitum feeding introduces natural individual variation 
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in early immune responses (e.g., IFNγ at 3 dpa), this approach accurately reflects real-world farm conditions. 
Furthermore, the timing of this immunostimulant aligns with the vulnerable phase of the chicks. As previously 
noted, chicks between 2 and 3 weeks of age experience an ‘immune vacuum’ period, characterized by the waning 
of maternal antibodies and an immature endogenous immune system [24,25]. During this vulnerable window, 
flocks are highly susceptible to various bacterial and viral infections [4–17]. By administering the 
immunostimulant at 14 days of age, our results demonstrate that the temporal induction of antibacterial and 
antiviral (IFNγ/IRF1/OASL) markers effectively covers this critical gap, providing the broad-spectrum defense 
needed. Furthermore, while robust immune stimulation is beneficial, it is crucial to avoid detrimental 
overstimulation, such as abnormal cellular proliferation. In our study, the expression of cKit, a proto-oncogene 
associated with cellular proliferation and tumorigenesis [41], remained unaltered, as shown in Figure 2E. This lack 
of c-Kit induction underscores the safety of the formulation, indicating that it effectively boosts targeted immune 
responses without triggering adverse hyperproliferative side effects. 

In summary, this study evaluated the in vivo immunomodulatory efficacy of a newly formulated 
immunostimulant in 14-day-old broiler chickens. Despite the convenient, non-invasive ad libitum in-feed 
administration, we observed a statistically significant upregulation of key immune cascade markers (IFNγ, IRF1, 
OASL, and IgY) in the bursa of Fabricius. While these findings provide evidence of early immune activation, 
future studies should investigate the expression profiles in other primary and secondary lymphoid organs, such as 
the thymus and spleen, to confirm comprehensive systemic immune modulation. Furthermore, in vivo challenge 
trials with specific pathogens are warranted to evaluate the actual protective efficacy and survival rates. Ultimately, 
confirming these clinical benefits will solidify the potential of this in-feed immunostimulant as a practical and 
potentially cost-effective strategy to enhance disease resistance in commercial poultry production. 
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