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Abstract 

Background  The overuse of antibiotics in both veterinary and human medicine has resulted in the emergence 
of antibiotic-resistant bacteria, prompting a search for effective alternatives. Antimicrobial peptides (AMPs) are short, 
often cationic, peptide-based molecules with antimicrobial and immunomodulatory activity, which makes them 
promising alternatives to conventional antibiotics in poultry production.

Results  From a prior machine-learning-guided screen of 875 candidate AMPs against a wide bacterial panel, 62 
exhibited activity against avian pathogenic Escherichia coli (APEC) and low in vitro hemolytic and cytotoxic activity. We 
selected three lead AMPs from this list (named TeRu4, TeBi1, and PeNi4), and evaluated their in vitro and in vivo effi‑
cacy, safety, and immunomodulatory potential for use in poultry farming. In animal experiments, AMPs were admin‑
istered via in ovo injection on d 18 of embryonic development. In APEC challenge trials, yolk sacs were inoculated 
with APEC post-hatch to assess early chick mortality, while in pen trials, birds were raised in a commercial production 
setting for 35 d. For challenged birds, TeBi1 (10 μg/egg) significantly reduced culture-positive rates for APEC in the air 
sac and pericardium, increased body weight by 50% and reduced cytokine transcript levels by 10%–30% on d 7 
post hatch. In HD11 chicken macrophage-like cultured cells, TeRu4 (16 μg/mL) suppressed lipopolysaccharide (LPS)-
induced pro-inflammatory cytokine transcript levels. In pen trials, TeRu4 (20 μg/egg) increased the survival probability 
of female birds by 4.9%, while TeBi1 (20 μg/egg) increased the survival probability of all birds by 4.4%, by d 35. Gene 
expression analysis revealed AMP- and sex-specific cytokine responses. In pen trials, no significant differences were 
observed in mean weights, feed conversion ratio (FCR), and flock uniformity on d 35. By integrating high-throughput 
in ovo automation with large-scale commercial pen trials, this study provides a systematic translational bridge 
from in silico AI discovery to field-relevant poultry production interventions.

†Emre Demirsoy and Teagan I. Parkin contributed equally to this work.

*Correspondence:
Inanc Birol
inanc.birol@ubc.ca
Full list of author information is available at the end of the article

2256



Demirsoy et al. Journal of Animal Science and Biotechnology           

Conclusions  These findings demonstrate that TeBi1 and TeRu4 are promising antibiotic alternatives that improve sur‑
vival, modulate immune responses, and maintain normal growth performance in broiler chickens in this experimental 
setting.

Keywords  Antimicrobial peptide, APEC, Broiler chicken, Efficacy, Immunomodulation, Safety, Transcriptomics

Background
Avian pathogenic Escherichia coli (APEC) is a Gram-neg-
ative bacterium that poses a severe threat to the poultry 
industry. APEC infections induce fatal bacterial septice-
mia and early chick mortality (ECM), a significant cause 
of mortality and morbidity across multiple poultry com-
modities [1–6]. Antibiotics have been used to treat bacte-
rial infections since the early 20th century. In the poultry 
industry, antibiotics have been used as growth promot-
ers and prophylactic agents since the 1950s [7]. However, 
misuse or overuse of antibiotics has contributed to the 
rise of antibiotic-resistant bacteria in both veterinary and 
human medicine [7, 8]. To address this challenge, regu-
latory, veterinary, and poultry industry policy changes in 
Canada and in other jurisdictions have been instituted to 
limit the use of antimicrobials for growth promotion pur-
poses and, also, to limit the use of medically important 
antimicrobials [7, 9, 10]. This has resulted in fewer anti-
microbial options being available to control pathogens in 
poultry flocks [7]. The One Health approach recognizes 
the linkages between human, animal, and environmental 
health, and highlights the urgency of addressing antibi-
otic resistance as a global crisis [11]. Unfortunately, novel 
antibiotics are not approved at a pace sufficient to combat 
developing antibiotic-resistant bacteria [8]. Moreover, the 
last new class of antibiotics, oxazolidinones, was discov-
ered with linezolid in 1987 and subsequently approved by 
the United States Food and Drug Administration (FDA) 
in 2000 [12, 13]. Consequently, there is growing interest 
in alternative antimicrobial strategies, such as antimicro-
bial peptides (AMPs), to address this therapeutic gap.

AMPs are peptide-based biomolecules composed of 
5 to 100 amino acids and are typically cationic [14]. In 
nature, they are produced by the innate immune system 
and act as the first line of defense against infections in a 
wide variety of organisms, including humans, animals, 
and plants [12, 14]. Most conventional antibiotics have 
specific cellular targets, including cellular machinery 
involved in DNA and protein synthesis and components 
of bacterial cell walls [14]. In contrast, AMPs primarily 
cause rapid cell death by binding to anionic bacterial cell 
membranes and disrupting their integrity, leading to cell 
lysis [12, 14]. AMPs typically do not target eukaryotic 
cells, as their membranes usually have low anionic charge 
[14]. However, at higher concentrations, some AMPs 
may exhibit cytotoxic effects on eukaryotic cells [14]. 

Therefore, rigorous safety evaluation of AMPs is essen-
tial before regulatory approval, including in vitro assays, 
such as hemolysis and cytotoxicity tests, as well as in vivo 
experiments.

Many AMPs exert less selective pressure on bacteria 
than conventional antibiotics due to their nonspecific 
targets and diverse mechanisms of action, thus poten-
tially reducing the development of antimicrobial resist-
ance [8, 15–17]. In addition to their direct antimicrobial 
activity, some AMPs demonstrate immunomodula-
tory properties, recruiting immune cells or regulating 
cytokine levels to enhance the host response to infec-
tion [8, 18]. Cytokines are important signaling molecules 
that facilitate the growth, differentiation, and activation 
of immune cells [19]. In the present study, the effect of 
AMPs on the expression of the following cytokines was 
investigated: Interleukin (IL)-1β, IL-8, IL-6, IL-10, and 
interferon gamma (IFN-γ), as well as the transcription 
factor interferon regulator factor 4 (IRF-4). IL-1β, IL-8, 
and IL-6 are associated with activation of inflammation 
in chickens  [19, 20]. Furthermore, IL-8 recruits hetero-
phils to the infection site [20]. Conversely, IL-10 plays a 
role in tissue repair, angiogenesis, and attenuation of the 
inflammatory response and is an inducible feedback reg-
ulator of the immune response in chickens [19, 21, 22]. 
The roles of IRF-4 and IFN-γ are not well-characterized 
in chickens; however, there is evidence that IRF-4 plays a 
critical role in B cell development and maturation, similar 
to its mammalian counterpart [23], while IFN-γ generally 
functions to bridge the adaptive and innate immune sys-
tems [24, 25].

Previously, we screened 875 AMP candidates, identi-
fied using our artificial intelligence (AI) based prediction 
tools: AMPlify [26], rAMPage [27], and AMPd-Up [28], 
and used in  vitro assays to characterize their antibacte-
rial, hemolytic, and cytotoxic properties. While these 
computational tools have significantly accelerated the 
discovery of AMPs, a critical bottleneck remains in dem-
onstrating whether AI-identified AMPs maintain their 
efficacy and safety when transitioned from in vitro assays 
to the complex, large-scale environment of commercial 
poultry production. In this study, we selected three lead 
AMPs (named TeBi1, TeRu4, and PeNi4) for further test-
ing, due to their high antimicrobial activity and low toxic-
ity. The three AMPs were tested in vivo as a prophylactic 
treatment prior to APEC inoculation (challenge trials). 
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Immunomodulatory effects of these AMPs were tested in 
tissue harvested from animals involved in the challenge 
trials and in HD11 cells, a chicken macrophage-like cell 
line. Lastly, the AMPs were tested for their safety and 
efficacy against ECM in a commercial production set-
ting (pen trials). Overall, TeRu4 demonstrated activity in 
HD11 cell culture, while both TeBi1 and TeRu4 showed 
efficacy in challenge trials and maintained bird safety in 
commercial production settings, supporting their poten-
tial for future translational studies.

Materials and methods
In silico peptide selection
Candidate AMP sequences were predicted using three 
machine-learning-based software programs developed 
by our team: AMPlify, rAMPage, and AMPd-Up [26–28]. 
Candidate AMPs were evaluated for potential cytotoxic-
ity using tAMPer [29], a machine-learning-based toxicity 
prediction tool, and those predicted to be cytotoxic were 
excluded from further evaluation.

Peptide synthesis
All AMPs for this study were synthesized by GenScript 
(Piscataway, NJ, USA) via solid-phase synthesis. The 
identities of the AMPs were confirmed by electrospray 
ionizing mass spectrometry (ESI–MS) while the mini-
mum AMP purity specification was set at ≥ 85% for all 
peptides, as determined by the vendor using analytical 
HPLC. For in  vitro assays and APEC challenge trials, 
AMPs were synthesized in 80  µg aliquots, while AMPs 
selected for pen trials were synthesized in 125, 250, or 
500 mg aliquots. All aliquots were stored at −20 °C.

Bacterial species and growth
APEC strain EC317 [30] (clinical turkey isolate, obtained 
from VIDO-InterVac, Saskatchewan, CA) was used as the 
bacterial target for AMPs. Glycerol stocks were stored at 
−80  °C. The primary streaks were done by plating the 
stocks on 5% Columbia blood agar (Thermo Fisher Scien-
tific, Waltham, MA, USA) and incubating for 20–24 h at 
37  °C under aerobic conditions, as described by Richter 

et  al. [8]. The secondary streaks were done by transfer-
ring 2–3 colonies from the primary streak on a new 5% 
Columbia blood agar plate. Colonies from the second-
ary streak were used for downstream analysis. Bacterial 
growth medium was prepared by dissolving 10.5 g Muel-
ler Hinton Broth (Sigma-Aldrich, St. Louis. MO, USA) 
powder in 500  mL distilled water and autoclaving for 
sterility.

In vitro lead peptide selection
Minimum inhibitory concentrations (MICs) of candi-
date AMPs were determined in  vitro against EC317, 
using antimicrobial susceptibility tests (ASTs) as previ-
ously described [8]. For the selection process, candidate 
AMPs with MICs ≤ 32 µg/mL against EC317 were desig-
nated as hit AMPs and selected for further in vitro test-
ing. Following the protocol by Richter et al. [8], hemolytic 
activities of hit AMPs were evaluated in porcine red 
blood cells (RBCs). Porcine RBCs were used due to lim-
ited availability of high-quality fresh chicken RBCs dur-
ing the study period. AMPs with low hemolytic activity 
(HC50 ≥ 128 µg/mL, where HC50 is the AMP concentra-
tion that lyses 50% RBCs) were subsequently tested for 
their potential cytotoxicity to human kidney HEK293 
cells according to the protocol described [8]. AMPs with 
CC50 ≥ 128  µg/mL (CC50, the AMP concentration that 
reduces cell viability to 50%) were designated as lead 
AMPs (Table  1). Additional in  vitro assays were con-
ducted on a panel of E. coli isolates and SL‑29 chicken 
embryonic fibroblast cell line to evaluate the antimi-
crobial activity and cytotoxicity of selected peptides 
(Table S2).

Care and use of animals
All animal experiments were approved by the Univer-
sity of Saskatchewan and University of Victoria Animal 
Care Committees (Protocols #19940213 and AE-23-
012, respectively) and conducted in accordance with the 
guidelines of the Canadian Council on Animal Care.

Table 1  Physicochemical properties and in vitro activities of three lead AMPs TeRu4, TeBi1, and PeNi4

Listed for each AMP are their sequence length, net charge, and amino acid sequence. Each AMP was synthesized as the C-terminal carboxylic acid. In vitro activities 
include the antimicrobial activity against avian pathogenic E. coli (APEC) EC317 (minimum inhibitory concentration, MIC), the hemolytic activity against porcine red 
blood cells (RBCs) (hemolytic concentration 50%, HC50), and cytotoxicity towards HEK293 cells (cytotoxic concentration 50%, CC50)

AMP Sequence 
length

Net charge 
(+)

Amino acid sequence EC317 MIC,  
μg/mL

RBC HC50,  
μg/mL

HEK293 CC50, 
μg/mL

TeRu4 30 8 SWLSKSVKKLVNKKNYTRLEKLAKKKLFNE 1.3 > 128 > 128

TeBi1 23 6 KIKIPWGKVKDFLVGGMKAVGKK 1.75 > 128 128

PeNi4 15 3 GLLGKVLGVGKKVLC 32 > 128 > 128
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APEC challenge trials
On d 18 of incubation (trial d −3), 50–57 fertilized Ross 
broiler chicken eggs per treatment were injected with 
either 1, 5, 10, or 20 μg of AMP, or PBS control. When 
the birds hatched on d 21 post-fertilization (trial d 0), 
they were neck-tagged with unique identification num-
bers and co-housed on Biofresh bedding (Early’s Farm 
and Garden, Saskatoon, Canada), with a light:dark cycle 
of 23L:1D. Egg hatchability rates and average bird weights 
were recorded for each treatment group. One day after 
hatch, the birds were challenged with 5 × 104 CFU EC317.

Before inoculation, APEC was cultured overnight at 
37 °C in LB broth (Difco, Becton Dickinson, Sparks, MD, 
USA) in a shaking incubator (Model No.: 1570, Sheldon 
Manufacturing Inc., Cornelius, OR, USA) at 240  r/min. 
This culture was sub-cultured to a pre-determined OD600 
of 0.7, at which time the bacteria were harvested by cen-
trifugation, resuspended in phosphate-buffered saline 
(PBS) at the desired concentration, and administered to 
the birds by yolk sac injection.

The birds were given feed (Masterfeeds, Humboldt, 
SK, Canada) and water ad  libitum. On d 4 after hatch, 
approximately half of the birds (between 8–17) were 
euthanized. The remaining birds were euthanized at 7 d 
after hatch. Birds were monitored two to four times per 
day for symptoms, and birds reaching a humane inter-
vention point were euthanized. Only the birds euthanized 
on schedule on d 4 and 7 were included in the analyses. 
Bird survival was also tracked.

All analyzed birds were weighed after death, and swabs 
were taken aseptically from the air sac and pericar-
dium and streaked on MacConkey agar (Difco, Becton 
Dickinson, Sparks, MD, USA) for a semi-quantitative 
assessment of APEC growth. Plates were scored from 
0–3, representing no, low, medium, and severe levels of 
growth, respectively. Samples from the air sacs, cecal 
tonsils, and spleens of birds euthanized on scheduled 
days were preserved in RNALater (Thermo Fisher Scien-
tific) at −20 °C for analysis by quantitative PCR (qPCR).

Immunomodulatory activity assays with HD11 cells
The effects of AMPs on in vitro cytokine production were 
assessed using an HD11 chicken semi-adherent mac-
rophage-like cell line (obtained from VIDO-InterVac). 
HD11 cells were cultured in RPMI medium with 1X Glu-
tamax and 10% Fetal Bovine Serum (Thermo Fisher Sci-
entific) at 41 °C (normal chicken body temperature) and 
5% CO2 and were routinely passaged every 2 d.

Cell plating
HD11 cells were plated for experimentation between pas-
sages three to twelve. Suspended cells were collected with 
the growth medium, and adherent cells were obtained 

after washing with PBS and trypsinization with 0.25% 
Trypsin–EDTA in PBS (both from Thermo Fisher Sci-
entific). The cells were centrifuged at 200 × g for 7 min 
and the pellet was resuspended in fresh medium. Trypan 
Blue (Thermo Fisher Scientific) was added to a sample 
of cells and live cells were counted on a Hausser Scien-
tific Bright-Line Phase Hemacytometer (Fisher Scientific, 
Hampton, NH, USA). HD11 cells were plated at 2.5 × 104 
cells per well on Nunclon Delta 96-well plates (Thermo 
Fisher Scientific) and incubated overnight.

HD11 experiment overview
In all experiments, HD11 growth medium was used to 
resuspend and dilute AMPs and other reagents, and 
all incubations were carried out at 41  °C and 5% CO2. 
All experiments included a medium-only control and 
a lipopolysaccharide (LPS)-only control (final concen-
tration of 25  ng/mL). In all experiments other than the 
AMP-only Screen, 8 μg/mL polymyxin B sulfate (PB) was 
used as a positive control as it is known to attenuate the 
LPS-triggered inflammatory response [31, 32]. Prior to 
treatment, the supernatant was removed from the wells, 
therefore only the adherent cell monolayer was used dur-
ing the experiments.

Four experimental approaches were devised to inves-
tigate the immunomodulatory activity of AMPs. First, 
HD11 cells were treated solely with AMPs (AMP-Only 
Screen). Second, cells were treated with a range of AMP 
concentrations followed by treatment with LPS from E. 
coli O111:B4 (Sigma-Aldrich), to test if the AMPs could 
modulate the immune response triggered by LPS (AMP 
Preincubation Screen). If an AMP showed immunomod-
ulatory activity in the AMP Preincubation Screen, it was 
then tested in the AMP Preincubation with Wash Step 
and the AMP and LPS Coaddition experiments.

AMP‑only screen
HD11 cells were treated with 100 µL 16  µg/mL TeRu4, 
TeBi1, or PeNi4, and incubated for 6 h.

AMP preincubation screen
HD11 cells were treated with 100 μL of 1, 2, 4, 8, or 16 μg/
mL TeRu4, TeBi1, or PeNi4, and incubated for 3 h. After 
the incubation, 100 μL LPS (50 ng/mL) was administered 
to the cells, resulting in a final concentration of 25 ng/mL 
LPS. The cells were incubated for an additional 3 h.

AMP preincubation with wash step
The cells were treated identically to the AMP Preincuba-
tion Screen but with the addition of a wash step prior to 
the addition of LPS. Briefly, after the first 3 h incubation, 
the medium (containing the AMP or PB) was removed 
from the wells and the cell monolayer was washed three 
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times using fresh medium.  100 μL LPS (25 ng/mL) was 
administered, and the cells were incubated for an addi-
tional 3 h.

AMP and LPS coaddition
AMP was resuspended and diluted to prepare a 2× con-
centration curve of 32, 16, 8, 4, and 2  μg/mL. PB and 
LPS were prepared at 2× concentrations of 16  μg/mL 
and 50  ng/mL, respectively. At regular time intervals, 
2× AMP or 2× PB was added in equal volume to 2× LPS 
to yield a 1× mixture of AMP or PB, and LPS. Mixtures 
were vortexed for 1 min and incubated for 30 min prior 
to being administered to cells at regular time intervals in 
the order in which they were made. The cells were incu-
bated for 3 h.

Cell harvest and RNA isolation
Supernatant was removed from HD11 cells after the final 
incubation. Buffer RLT from the miRNeasy Micro Kit 
(Qiagen, Mississauga, ON, Canada) with 2  mol/L DL-
dithiothreitol (Sigma-Aldrich) was added to lyse adherent 
cells at a volume of 130 μL per well, with each technical 
replicate comprising two wells in the 96-well plate. HD11 
cells in lysis buffer were disrupted by pipetting up and 
down, vortexed, and stored at −80 °C until RNA isola-
tion. In total, three technical replicates per treatment 
were collected for RNA isolation and qPCR analysis.

Commercial pen trials
Each pen trial examined the efficacy against ECM and the 
safety of a single AMP. Cobb 500 or Ross 308AP broiler 
chicken breeds were used in pen trials (Table  S1). All 
breeds were sourced from a commercial hatchery (Ross-
down Farms & Natural Foods, Abbotsford, BC, Canada), 
and the specific breed used in each trial is summarized in 
Table S1. Of the seven pen trials, five were full-duration 
(35 d) pen trials and two were “Hatch Only” pen trials. 
The “Hatch Only” pen trials were conducted specifically 
to record hatchability and early-stage viability outcomes 
for AMP-dosage pairs where these parameters were not 
captured during the corresponding full-duration pen 
trial. For all pen trials, birds were sourced from older 
breeder flocks (a different flock for each trial).

AMPs were solubilized in 400 mL sterile diluent (SD) 
bags, obtained from the hatchery, to reach a concentra-
tion of 0.4 or 0.2 mg/mL, except in the 20 µg TeRu4 trial 
where PBS was used instead. An AMP-free SD bag was 
used for control. The AMP and control solutions were 
then taken to the hatchery, for in ovo injections on d 18 
post-fertilization, where 50 µL AMP or SD solution was 
injected into the air sac of 1,680 to 2,352 eggs using the 
Embrex Inovoject injection machine (Zoetis Inc., Parsip-
pany, NJ, USA). After the injections, eggs were incubated 

for 3 d. On the hatching day (d 0), pips, culls, late-stage 
embryo mortalities (deaths occurring between d 15 and 
21 of incubation), post-hatch mortalities, and nonvi-
able eggs/embryos (total of pips, culls, late-stage embryo 
mortalities, and post-hatch mortalities) were counted 
and recorded. For “Hatch Only” pen trials, the experi-
ment concluded at this stage.

For the full-duration pen trials, the birds were then 
transferred to SJ Ritchie Research Farms (Abbotsford, 
BC, Canada) where they were cloacally sexed by profes-
sionals and then separated by sex and treatment. A total 
of 24 mini pens, within six blocks, were set up. The birds 
were weighed individually, then 50 birds were placed 
into each mini pen according to their sex and treatment, 
with each block containing each of the four experimental 
groups in a random order. Birds were provided ad  libi-
tum access to water and an all-vegetable, raised without 
antibiotic (RWA) feed (Trouw Nutrition, Chilliwack, 
BC, Canada). A step-down lighting program was imple-
mented: from d 0 to d 21, birds experienced 6 h darkness 
per 24 h cycle; from d 21 to 28, 4 h darkness; and from 
d 28 to the end of the trial, 1 h darkness per day. Num-
ber of birds in each mini-pen was reduced to 12 on d 10 
to prevent overcrowding of the mini-pens. Birds were 
checked three times per day throughout the trial and 
were weighed individually on d 10, 21, and 35. Any mor-
tality during the pen trial was noted.

qPCR analyses
Multiplex qPCR assays were designed and separately 
validated for three chicken tissues: air sac, cecal ton-
sil, and spleen; and for the HD11 macrophage-like cell 
line. Primers and probes were designed for the normal-
izer genes ribosomal protein L8 (rpl8) and ribosomal 
protein S10 (rps10); the cytokine genes IL-1β, IL-6, IL-8, 
IL-10, and IFN-γ; and the gene for the transcription fac-
tor IRF-4. The primer and probe sequences are reported 
in Table S3.

RNA was extracted from tissues with the miRNeasy 
Tissue/Cells Advanced Mini Kit and Qiavac vacuum 
manifold (Qiagen). Tissue samples were homogenized 
in 450 μL buffer RLT reduced with 2 mol/L DTT, loaded 
on the RNeasy mini spin column, washed on the Qiavac 
vacuum manifold, and eluted in 50 μL RNAse-free water. 
RNA was extracted from HD11 cells using the QIAGEN 
miRNeasy Tissue/Cells Advanced Micro Kit, per the 
manufacturer’s instructions, except for the final elution, 
where 11.2 μL RNase-free water was added to the col-
umn, centrifuged, and the eluate was added back to the 
column and centrifuged again.

The concentration of RNA from tissue samples was 
measured by NanoDrop (NanoDrop 1000 V3.8.1; 
Thermo Fisher Scientific) and diluted to a concentration 
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of approximately 100 ng/μL before complementary DNA 
(cDNA) synthesis, while RNA from HD11 cells was used 
neat due to its low concentration. All RNA samples were 
converted to cDNA using the Applied Biosystems High-
Capacity cDNA Reverse Transcription Kit (Thermo 
Fisher Scientific), per the manufacturer’s instructions.

cDNA from HD11 cells and chicken tissues was 
diluted 1/20 after synthesis and analysed by their respec-
tive qPCR assays with reaction conditions outlined in 
Table S4. All samples and controls were run in technical 
quadruplicates, and all plates included a non-template 
(negative) control and inter-plate standard as a positive 
control. Standard deviations between the Cycle Thresh-
old (Ct) values of technical replicates were computed. 
If any deviation was greater than 0.5 cycles, the outlier 
value in that set of replicates was removed. Normalizer 
stability was verified by BestKeeper [33]. Mean values 
between technical replicates were taken into the next 
stage of analysis. Data was normalised against the geo-
metric mean of rpl8 and rps10, and fold change was cal-
culated using the 2−ΔΔCt method, as previously described 
[34]. Final relative fold changes for each sample and 
cytokine were determined by comparing to the relevant 
control: median of the PBS-treated birds from d 4 (for 
challenge trials), median of the PBS-treated female birds 
(for pen trials), or the mean of medium-treated HD11 
cells (for cell culture experiments).

Statistical analyses
Statistical analyses of the qPCR results were conducted 
in R version 3.6.3 [35]. The data were tested for normality 
by the Shapiro–Wilk and Levene’s tests. They were then 
subjected to pairwise analyses by the Kruskal–Wallis and 
Wilcoxon rank-sum tests for non-parametric data with 
a significance threshold of α = 0.1. For the challenge and 
pen trials, this significance cut off was selected due to 
the high variability of in vivo data. For the HD11 experi-
ments, this threshold was appropriate as the smallest P 
achievable using a rank-sum test with n = 3 was approxi-
mately 0.08.

The rest of the challenge trial data was analyzed in R 
version 4.4.0 and 4.5.1 [35]. Hatchability rates of treated 
eggs compared to control eggs, as well as rates of bacte-
rial detection in the birds’ air sacs and pericardia, were 
evaluated using the Fischer’s exact test. The presence 
or absence of bacteria detected in the birds’ air sacs 
and pericardia was also compared to AMP dose using 
a Cochrane-Armitage trend analysis on both d 4 and 7. 
Cumulative weight gain of birds euthanized on d 4 and 7 
was evaluated using a Wilcoxon rank-sum test, and sur-
vival was graphed and evaluated using the log-rank test 
and the “survminer” package [36]. Other challenge trial 
graphs and HD11 graphs were constructed using the 

packages “tidyverse”, “readr”, “janitor”, “superb”, “ggsignif”, 
“rstatix”, “DescTools”, and “ggpubr” [37–45].

An additional analysis was conducted to compare the 
relative cytokine abundance in bird air sacs to the air sac 
bacterial load scores of the same birds. The difference in 
cytokine abundance for each bacterial level (light, mod-
erate, severe) was compared to the cytokine abundance 
for no growth using a Wilcoxon rank-sum test, and addi-
tionally, a correlation coefficient was determined using 
Spearman’s Rho.

Statistical analyses of hatchability, survival, mean 
weights, feed conversion ratio, and flock uniformity in 
pen trials were conducted using R (version 4.1.3) and 
the packages: “survival”, “survminer”, “openxlsx”, “readxl”, 
“tidyverse”, “zoo”, “car”, “ggplot2”, “ggsignif”, and “MHT-
discrete” [36, 40, 44, 46–52]. For pen trials, statistical 
comparisons between treatment and control groups used 
Wilcoxon rank-sum tests (hatchability and production 
parameters) and log-rank tests (survival), with produc-
tion and survival analyzed separately by sex. P were cor-
rected for multiple comparisons using the Šidák method.

Results
In vitro peptide selection
The 875 candidate AMPs identified by rAMPage [27], 
AMPlify [26], and AMPd-Up [28] were previously tested 
for antimicrobial activity and cellular toxicity in vitro [8]. 
Of these, 331 with MICs ≤ 32 µg/mL against EC317 were 
designated as hit AMPs. Among hit AMPs, 275 exhibited 
minimal hemolytic activity (HC50 ≥ 128  µg/mL) against 
porcine RBCs. Of these, 62 also demonstrated mini-
mal cytotoxicity (CC50 ≥ 128  µg/mL) in HEK293 cells. 
These were classified as lead AMPs. Three representa-
tive lead AMPs (TeRu4, TeBi1, and PeNi4) were selected 
for further experiments. TeRu4 and TeBi1 demonstrated 
lower mean MIC values than PeNi4. The physicochemi-
cal properties of these AMPs and their in vitro activities 
are summarized in Table 1. These AMPs were evaluated 
in  vitro using HD11 cells and in  vivo using APEC chal-
lenge trials and pen trials.

qPCR primer design and validation
The sequences of the qPCR primers and probes, reaction 
conditions, and assay efficiencies are reported in Tables 
S2–S4. Primer efficiencies ranged from 93%–108% in the 
air sac, 92%–107% in the cecal tonsil, 87%–107% in the 
spleen, and 84%–101% in HD11 cells.

APEC challenge trials
To assess the prophylactic efficacy of TeBi1, TeRu4, and 
PeNi4 in chickens, fertilized eggs were injected in ovo 
at d 18 of incubation with either 1, 5, 10, or 20 μg AMP, 
or a PBS control. One day after hatch, the birds were 

2261



Demirsoy et al. Journal of Animal Science and Biotechnology           	

challenged with 5 × 104 CFU APEC strain EC317 by yolk 
sac injection.

Egg hatchability was between 90%–98% in all treat-
ment groups, with no significant differences between 
treated birds and control birds (Table S6). Notably, when 
birds were treated with 20  μg AMP (Fig. S1), mortality 
occurred earlier in treated birds than controls within the 
first few days of post-infection, though cumulative sur-
vival by d 7 did not differ significantly between groups. 
Because of this high mortality rate, subsequent challenge 
trials tested the AMPs on a dose curve at 1, 5, or 10 μg. 
In the latter trials, there were no significant differences in 
survival probability with any dose of AMP (≤ 10 μg) com-
pared to control (Fig. S2).

Among APEC-challenged birds, those treated with 1 
or 5  μg of TeBi1 were approximately 25% heavier than 
control birds (P = 0.03 and P = 0.07, respectively, Fig. 1a), 
and birds treated with 10  μg TeBi1 were approximately 
50% heavier than control birds (P = 2 × 10–4) on d 7 post-
hatch. This weight preservation likely reflects reduced 
disease burden rather than direct growth promotion, as 
no weight differences were observed in unchallenged pen 
trial birds. There were no significant differences in weight 
gain in birds treated with TeRu4 or PeNi4 (Fig. S3).

On d 7, birds treated with 10 μg TeBi1 had significantly 
lower rates of infection in both the air sac (P = 0.01) 
(Fig.  1b) and pericardium (P = 0.03) (Fig.  1c). Increased 
peptide dose was also generally correlated with decreased 
numbers of birds with detectable bacteria in either 
the air sac or the pericardium (P = 0.02 and P = 0.008, 

respectively, also on d 7). There were no significant dif-
ferences in bacterial detection rates in the air sacs and 
pericardia of birds treated with TeRu4 or PeNi4 (Fig. S4), 
but for TeRu4-treated birds on d 4, there was a slight but 
similar trend of decreased numbers of infected birds with 
increasing AMP dose (air sac: P = 0.009, pericardium: 
P = 0.1), and for PeNi4, on d 4, in the air sac only, there 
was a slight trend of increasing numbers of infected birds 
with increased AMP dose (P = 0.1).

Increased bacterial load in the air sac was correlated 
with increased levels of transcript abundance of certain 
cytokines in the air sac (Fig. 2), confirming that the APEC 
challenge model induces inflammatory responses. Across 
all three challenge trials, birds with light, moderate or 
heavy levels of active APEC infection in their air sacs 
had significantly higher relative abundance of IL-1β tran-
scripts (P = 2 × 10–4, 1 × 10–6, and 7 × 10–13, respectively) 
than birds with no bacterial growth in their air sacs 
(Fig.  2a). They are also positively correlated by Spear-
man’s rho, with ρ = 0.58 and P = 1 × 10–19. The same trend, 
though weaker, is observed with IL-8. While ρ = 0.32 
(P = 3 × 10–6) overall, birds with light, moderate, or heavy 
levels of APEC infection also had significantly higher rel-
ative abundance of IL-8 transcripts (P = 0.03, 3 × 10–6, and 
5 × 10–6, respectively) than birds with no bacterial growth 
in their air sacs (Fig. 2b).

In the cecal tonsil (Fig. S5), qPCR results show mini-
mal changes due to treatment with PeNi4, with only a 
2-fold increase in the inflammatory cytokine IL-8 in the 
10 μg group on d 4 (P = 0.1); and with TeRu4, a 2-fold 

Fig. 1  Weight gain and bacterial detection rates in air sacs and pericardia in TeBi1 administered birds. a Weight gain of TeBi1 treated birds 
between d 4 and 7. Birds, euthanized on schedule, were weighed individually, and values shown are median ± median absolute deviation. On d 7, 
birds treated with 1 or 5 μg TeBi1 were approximately 25% heavier than control birds, and birds treated with 10 μg TeBi1 were approximately 50% 
heavier than control birds. Significance (P ≤ 0.05) relative to the phosphate buffered saline (PBS) control is indicated by an asterisk. b and c Percent 
of TeBi1 treated birds infected by avian pathogenic E. coli (APEC) on d 4 and 7 post-hatch in the b) air sacs and c) pericardia. Birds were euthanized 
as scheduled and aseptic swabs were taken from the tissues and streaked onto MacConkey agar. The percentage of birds in each treatment group 
that resulted in bacterial growth is shown, with the error bars denoting a 90% Wilson confidence interval. Each treatment group was compared 
to the PBS control by Fisher’s Exact Test. Significance (P ≤ 0.05) relative to the PBS control is indicated by an asterisk. On d 7, there were significantly 
fewer birds with detectable bacteria in the 10 μg TeBi1 treatment group than the control group, in both tissues
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decrease in IL-8 in the 1  μg group on d 4 (P = 0.1). In 
contrast, there are numerous changes due to treat-
ment with TeBi1, including a 2.4-fold increase in IL-
8 transcripts in the 5  μg group on d 4 (P = 0.1), and a 
5-fold decrease in IL-8 transcripts in the 10  μg group 
on d 7 (P = 0.06). IFN-γ expression increased 1.4- and 
2.5-fold (P = 0.03) in the 5 and 10  μg groups, respec-
tively, on d 4, but decreased 1.4- and 1.1-fold (P = 0.03 
and  P = 0.09, respectively) in the 1 and 10  μg groups, 
respectively, on d 7. With respect to IL-1β, on d 7, the 5 
μg TeBi1 group showed a 5-fold decrease (P = 0.07). For 
the anti-inflammatory transcript IL-10, there is a 2.5-
fold decrease (P = 0.07) with 5 μg TeBi1 on d 7. Finally, 
TeBi1 treatment was also associated with changes in 
IRF-4 transcripts: the 10 μg group was associated with 
a 1.7-fold increase on d 4 (P = 0.04), and the 5 μg group 
was associated with a 1.5-fold increase on d 7 (P = 0.1).

In the spleen (Fig. S6), fewer responses are observed. 
For TeRu4, there is a 2-fold decrease in IL-8 tran-
scripts on d 7 (P = 0.1) after treatment with 1  μg. For 
PeNi4, there is a 5-fold increase in IL-10 transcripts on 
d 7 (P = 0.09) after treatment with 5 μg. For TeBi1, while 
there are no differences in the inflammatory cytokines 
IFN-γ, IL-1β, or IL-8, there is a 3-fold increase in IL-10 
transcripts on d 4 (P = 0.03) after treatment with 10 μg. 
There are also multiple increases in IRF-4 transcripts: on 
d 4, a 2-fold increase after treatment with 1 μg (P = 0.1), a 
3-fold increase after treatment with 5 μg (P = 0.1); and on 
d 7, a 1.3-fold decrease after treatment with 1 μg (P = 0.1).

In the air sac (Fig.  3), all observed changes are on d 
7, after treatment with 10  μg TeBi1 relative to the PBS 
control. There is a 10-fold decrease in IFN-γ transcripts 
(P = 0.1), a 3-fold decrease in IL-1β transcripts (P = 0.07), 
and a 5-fold decrease in IL-8 transcripts (P = 0.02). Addi-
tionally, there is a 50-fold decrease in IL-10 transcripts 
(P = 0.1), and a 10-fold decrease in IRF-4 transcripts 
(P = 0.1).

HD11 experiments
In addition to challenge trials, the ability of TeRu4, TeBi1, 
and PeNi4 to influence the cellular immune response 
was tested in an HD11 cell model system. In all HD11 
experiments (n = 21), the LPS induction control resulted 
in a wide-ranging, but consistent increase in relative 
fold change compared to the medium control for IL-1β 
(14–677), IL-8 (8–249), and IL-6 (55–3,284) (Fig.  4 and 
Figs. S7 and S8). Except for the AMP-only experiment, 
all stated fold-changes are relative to the LPS induc-
tion control. The induction of cytokine transcripts by 
LPS was significantly attenuated by PB in all but a single 
cytokine measurement from one experiment (n = 15), 
with fold change decreases compared to LPS alone rang-
ing from 6–166 for IL-1β, 2–34 for IL-8, and 11–335 for 
IL-6 (Fig.  4 and Fig. S8). The preincubation, preincuba-
tion with wash step, and coaddition experiments were 
performed in biological triplicate, and the AMP-only 
experiments in biological duplicate. While only one rep-
resentative biological replicate is shown per experiment, 

Fig. 2  Relative transcript abundance of a) IL-1β and b) IL-8 in air sacs versus bacterial load. These birds were treated with ≤ 10 μg TeRu4, TeBi1, 
or PeNi4. Each data point represents the air sac of a single bird. The light, moderate, and heavy infection groups were compared to the non-infected 
group (none) using the Wilcoxon rank-sum test. Significance (P ≤ 0.05) relative to non-infected group is indicated by an asterisk
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these selected replicates capture the overall trends in 
fold changes observed across replicates (unless otherwise 
stated). The fold change values stated are that of the rep-
resentative replicate.

AMP‑only screen of TeRu4, TeBi1, and PeNi4
To assess the ability of AMPs alone to induce cytokine 
production in HD11 cells, cells were incubated with 

16  µg/mL of each AMP or 8  µg/mL PB, and cytokine 
levels were compared to a medium-only control. Treat-
ment with TeRu4 resulted in a 2-fold increase in IL-1β 
(in one of two biological replicates) and 3-fold increase 
in IL-8, while TeBi1 lead to a 4-fold decrease in IL-6 (Fig. 
S7). Treatment with PeNi4 did not significantly alter the 
abundance of any of the three cytokines, while TeBi1 had 
no significant effect on IL-1β and IL-8, and TeRu4 had 

Fig. 3  Relative fold change of cytokine transcripts in the air sac of APEC challenged birds. Birds were treated before hatch with 1, 5, or 10 μg AMP 
and euthanized on d 4 or 7 after hatch, and all significance comparisons are relative to the phosphate-buffered saline (PBS) on their respective days. 
Asterisks indicate significance at P ≤ 0.1. IFN, interferon; IL, interleukin; IRF, interferon regulatory factor
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no significant effect on IL-6 (Fig. S7). Treatment with PB 
alone did not significantly or consistently change IL-1β, 
IL-8, and IL-6 levels (Fig. S7).

Preincubation screen of TeRu4, TeBi1, and PeNi4
To examine if AMPs affect HD11 response to LPS, cells 
were preincubated with the designated AMP or PB, 
followed by treatment with LPS. Here and in subse-
quent experiments, medium only and LPS only served 
as negative and positive controls, respectively. A 2-fold 
decrease was observed for IL-1β and IL-6 following pre-
incubation with 8  µg/mL TeRu4 (Fig. S8). Preincuba-
tion with 16 µg/mL TeRu4 led to a significant reduction 
in IL-1β, IL-8, and IL-6 levels by 13-fold, 4-fold, and 
28-fold, respectively (Fig. S8). Similarly, treatment with 
8 µg/mL PB significantly decreased IL-1β, IL-8 (in 2 of 
3 biological replicates), and IL-6 abundance by 10-fold, 
3-fold, and 20-fold, respectively (Fig. S8). While a sig-
nificant 4-fold increase was observed for IL-8 at 4  µg/
mL TeRu4, this observation was only seen in two of 
three biological replicates (Fig. S8). Preincubation with 
TeBi1 and PeNi4 did not consistently induce a signifi-
cant change in IL-1β, IL-6, and IL-8 transcript levels 
across biological replicates (Fig. S8). The attenuation 

of LPS-induced responses of IL-1β, IL-8, and IL-6 tran-
scripts after TeRu4 preincubation prompted further 
investigation via the subsequent experiments to pro-
vide some insight into possible mechanisms of action.

Preincubation experiment with wash step
The effects on HD11 cells of transient exposure to 
TeRu4, followed by its removal and the addition of 
LPS, were examined. A significant decrease in IL-1β, 
IL-8, and IL-6 transcripts remained after preincuba-
tion with 8 µg/mL PB (21-, 5-, and 80-fold respectively) 
and 16  µg/mL TeRu4 (2-, 1-, and 2-fold, respectively) 
(Fig.  4). Preincubation with 8  µg/mL TeRu4 induced a 
significant decrease in IL-1β levels by 2-fold and IL-6 
by 1-fold in two of three biological replicates (Fig.  4). 
Unlike in the previous preincubation experiment (with-
out a wash step), treatment with 1 and 2 µg/mL TeRu4 
followed by the wash step resulted in a 1- and 2-fold 
increase respectively in IL-1β and IL-8 transcript levels 
(but not consistently in all biological replicates) (Fig. 4). 
For IL-6 in this experiment, treatment with 1 and 2 µg/
mL TeRu4 resulted in a 2- and 3-fold increase respec-
tively across all three biological replicates (Fig. 4).

Fig. 4  Relative fold change of IL-1β, IL-8, and IL-6 transcripts in HD11 cells treated with TeRu4. Results of the “preincubation with wash step” (left 
column) and “AMP and LPS coaddition” experiments (right column) are shown as determined by qPCR. In the preincubation with wash step 
experiment, cells were incubated for 3 h with medium, a range of 2-fold serially diluted antimicrobial peptide (AMP; 1 to 16 µg/mL TeRu4), or 8 µg/
mL polymyxin B sulfate (PB), followed by three washes prior to the addition of 25 ng/mL LPS for an additional 3 h. In the coaddition experiment, 
cells were incubated for 3 h with medium, or with 25 ng/mL LPS mixed with a range of 2-fold serially diluted AMP (1 to 16 µg/mL TeRu4), or 8 µg/
mL PB. A significant difference from the medium control is indicated by “*”, and “#” indicates a significant difference from LPS treatment (P < 0.1, 
Mann-Whitney-U test). Open circles represent the fold change of one technical replicate relative to the medium control. The horizontal lines 
represent the median of the three technical replicates within each treatment condition, the boxes show the interquartile range, and the vertical 
whiskers represent the minimum and maximum values. Shown are representative experiments of three biological replicates
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Coincubation of TeRu4 and LPS
The impact of co-incubating TeRu4 and LPS prior to 
treating HD11 cells on cytokine transcript expression 
was assessed. Coaddition of LPS with either PB or TeRu4 
(at concentrations ranging from 4 to 16 µg/mL) resulted 
in significant decreases in all cytokine transcripts across 
all three biological replicates (Fig.  4). Specifically, co-
treatment with PB and LPS led to reductions of 75-fold 
for IL-1β, 24-fold for IL-8, and 226-fold for IL-6 (Fig. 4). 
Similarly, co-treatment with 16  µg/mL TeRu4 and LPS 
decreased IL-1β abundance by 70-fold, 18-fold for IL-8, 
and 191-fold for IL-6 (Fig.  4). LPS and 8  µg/mL TeRu4 
reduced IL-1β transcripts by 83-fold, IL-8 by 23-fold, and 
IL-6 by 363-fold (Fig. 4). LPS and 4 µg/mL TeRu4 resulted 
in reductions of 46-fold for IL-1β, 15-fold for IL-8, and 
205-fold for IL-6 (Fig.  4). For IL-6, 4-16  µg/mL TeRu4 
repressed the LPS induction so much that expression 
levels were not significantly different from the medium 
only negative control (observed in two of three replicates 
at 4 µg/mL) (Fig. 4). Similar to what was observed in the 
previous experiment, 1 and 2  µg/mL of TeRu4 resulted 
in significantly increased transcript abundance of IL-1β 
(2-fold), IL-8 (2-fold), and IL-6 (3-fold) relative to the LPS 
control, but unlike the previous experiment, these results 
were consistent across three biological replicates (Fig. 4).

Commercial pen trials
Pen trials were designed to test the efficacy against ECM 
and the safety of treating chickens with TeBi1, TeRu4, and 
PeNi4 in a commercial production setting. To account 

for differences in breed and trial design (e.g., “Hatch 
Only” vs. Full-duration pen trials), results for each trial 
were analyzed independently and are reported separately 
below. Late-stage viability (viable embryos from d 15 of 
incubation until placement in pens) was between 88% 
and 98% in all pen trials. No statistically significant differ-
ences were detected between the treatment and control 
groups (Fig. S9). There were no significant differences 
between the treatment and control groups for post-hatch 
mortality, culls, pips, and late embryo mortality.

For the first 10 d, there were no statistical differences 
between the survival probability of males and females 
(Fig. S10). Thus, the sexes were combined for subsequent 
analyses. No significant differences in survival probability 
were detected between treatment and control groups for 
any AMPs during the first 10 d of the pen trials, indicat-
ing that the tested AMPs had no measurable impact on 
ECM (Fig. S11). However, for the full duration of the pen 
trials (35 d), sex-specific differences in survival probabili-
ties were observed for TeRu4 at 20 µg and TeBi1 at 10 µg 
(Fig. S12). For these two pen trials, the sexes were kept 
separate for analysis (Fig. 5 and Fig. S13). Notably, TeRu4 
at 20  µg significantly increased the survival probability 
of female birds compared to the controls by approxi-
mately 4.9% by d 35 (P = 0.04); this sex-specific effect 
was not observed in males and requires prospective vali-
dation. Moreover, TeBi1 at 20 µg significantly increased 
the survival probability of all birds compared to control 
by approximately 4.4% by d 35 (P = 0.02); this benefit 
was not sex-specific unlike TeRu4. There was no other 

Fig. 5  Kaplan-Meier curves depicting the survival probabilities of groups during pen trials. Columns represent AMPs at specific dosages and each 
AMP-dosage combination corresponds to a separate pen trial. Sex-specific differences in survival probabilities were observed in the TeRu4 
(20 µg) and TeBi1 (10 µg) trials. For these trials, males and females were analyzed separately, and each panel is labeled with "F" for females or "M" 
for males in the top right corner to indicate the sex of the birds included in the analysis. P-values, as determined by Log-rank tests, are displayed 
in the bottom-left corner of each panel
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difference in survival probabilities between the treatment 
and control groups by d 35. In the 10 µg TeRu4 and TeBi1 
trials, survival curves for both sexes closely overlapped 
(Fig. S13).

Significant differences in mean weight between treat-
ment and control groups were observed only in the 20 µg 
TeBi1 trial (Fig. S14). Notably, on d 0, mean weights in 
the treatment groups were approximately 2.8% lower in 
males and 2.4% lower in females compared to controls 
(P = 0.02 and 0.03). However, on d 10, no significant dif-
ference in mean weights were observed. Moreover, in the 
10 µg TeRu4 trial, numerous birds of both sexes exhibited 
lower body weights on d 21 and 35, particularly in the 
treatment group, although this difference was not statisti-
cally significant. This observation may suggest subclinical 
effects of TeRu4 at lower doses, high biological variability 
among individual birds, or environmental effects, all of 
which warrant further investigation. By d 35, no signifi-
cant differences in mean weight were detected (Fig. S14).

No statistically significant differences were detected 
between FCR of the treatment and control groups on d 
35, suggesting that the tested AMPs did not exhibit meas-
urable growth-promoting properties (Fig. S15). Of inter-
est, there were occasions where FCR values were below 
1 (Fig. S15). One was observed between d 0 and 10, in 
the 10 µg TeBi1 trial (FCR = 0.997). Further, in the 20 µg 
TeRu4 trial, two FCR values were below 1 (FCR = 0.923 
and 0.961) in the second interval, between d 11 and 
21. Overall, the mean FCR values were consistently the

lowest in the first interval, and the highest in the last 
interval, between d 21 and 35, for both sexes. These 
findings suggest that AMPs did not significantly alter 
FCR under the tested conditions, and observations dur-
ing the first interval of certain pen trials warrant further 
investigation.

Coefficient of variation (CV) percentages were calcu-
lated as a measure of flock uniformity. There was no sig-
nificant difference in the CV percentages of the treatment 
and control groups on d 35 (Fig. S16). Among males, on 
d 10 in the 20  µg TeBi1 trial, the treatment group had 
an approximately 2.8% lower CV compared to the con-
trol group, but this difference did not reach statistical 
significance (P = 0.07) (Fig. S16). Moreover, the birds in 
the 10 µg TeRu4 trial exhibited greater variability in flock 
uniformity on d 21 and 35, with CV values exhibiting 
greater range than those in the control, consistent with 
the presence of birds with low body weight.

The qPCR results were analyzed with sexes separated, 
and significant differences are reported for both compari-
sons between birds in the same sex group that received 
different treatments, and for birds in the same treatment 
group with differences between sexes. As there were 
some significant differences in transcript abundance 
between male and female birds in the same treatment 
groups, the results are shown with sexes separated in 
Fig. 6.

After treatment with 10 μg of TeRu4, female birds had 
a 1.8-fold increase (P = 0.1) in IFN-γ transcripts relative 

Fig. 6  Relative fold change of cytokine transcripts in the spleens of pen trial birds. These birds (no pathogen challenge) were treated with 10 or 20 
μg TeRu4, TeBi1, or PeNi4. Birds were euthanized 10 d after hatch. Asterisks indicate significance at P ≤ 0.1. F, Female birds; M, male birds. Additional 
details are available in the Fig. 5 legend
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to (female) control birds, and in that trial, male controls 
birds had a 1.2-fold increase (P = 0.1) in IRF-4 tran-
scripts relative to female control birds. After treatment 
with 20 μg of TeRu4, male birds had a 1.3-fold increase 
(P = 0.08) in IRF-4 transcripts relative to control birds.

After treatment with 20  μg PeNi4, female birds had a 
1.4-fold increase (P = 0.02) in IRF-4 transcripts relative 
to control birds. Additionally, in that trial, male control 
birds had a 1.3-fold increase (P = 0.01) in IRF-4 tran-
scripts and a 1.6-fold increase (P = 0.04) in IL-8 tran-
scripts relative to female control birds.

When considering the sexes separately, there were no 
significant differences in transcript abundance in birds 
treated with 10 μg TeBi1 (Fig. 6). As there were no signifi-
cant differences between sexes in this trial, qPCR results 
from that trial were also combined (Fig. S17). Here, a 1.2-
fold increase (P = 0.1) in IL-1β transcripts was observed. 
Examination of the transcript abundances in birds 
treated with 20 μg TeBi1 revealed numerous differences 
relative to PBS controls.

After treatment with 20  μg TeBi1, male birds had a 
2-fold decrease in IFN-γ and IRF-4 transcripts (P = 0.02 
for both), and a 3-fold decrease in IL-10 and IL-8 tran-
scripts (P = 0.03 and 0.02, respectively) relative to control 
birds. In that trial, male control birds had higher abun-
dance of all tested transcripts than female control birds: 
2-fold more IFN-γ transcripts (P = 0.1), 3-fold more IL-
10 transcripts (P = 0.06), 1.7-fold more IL-1β transcripts 
(P = 0.008), 3-fold more IL-8 transcripts (P = 0.01), and 
2-fold more IRF-4 transcripts (P = 0.1). Additionally, male 
birds treated with 20  μg TeBi1 had significantly lower 
abundance of certain transcripts than female birds in the 
same treatment group, a 1.3-fold decrease in both IFN-γ 
and IRF-4 transcripts (P = 0.09 for both).

Discussion
The present study demonstrates the potential for 
machine-learning identified antimicrobial peptides to 
improve early health outcomes in broiler chickens while 
maintaining production performance under commercial 
conditions. Across complementary in  vivo and in  vitro 
assays, two of the three lead AMPs, TeBi1 and TeRu4, 
showed efficacy and immunomodulatory activity consist-
ent with their intended roles as antibiotic alternatives for 
preventing APEC-associated diseases. Here, AI-assisted 
discovery is relevant for enabling large-scale candidate 
generation and triage that would be impractical by hand. 
However, extensive experimental validation in  vitro, 
in  vivo as well as in a commercial production environ-
ment remained essential, as in silico predictions cannot 
yet reliably predict real-world efficacy. All outcome data 
from the in vivo and in vitro assays were analyzed using 
nonparametric methods, Kruskal–Wallis for omnibus 

comparisons and Wilcoxon rank-sum for pairwise con-
trasts. Given the inherent variability of in vivo data and 
the exploratory nature of this study, a significance thresh-
old of α = 0.1 was used, as specified in the methods.

First, in controlled challenge trials, pre-hatch adminis-
tration of TeBi1 was associated with reduced post-hatch 
bacterial burden and improved early growth. At 10  μg 
per egg, TeBi1 significantly lowered culture detection of 
APEC in the air sac and pericardium by d 7 and yielded 
an approximate 50% increase in body weight relative 
to controls at the same time point. These findings sup-
port a direct antibacterial contribution in vivo and align 
with TeBi1’s favorable in  vitro profile [27]. Concordant 
decreases in pro-inflammatory cytokine transcripts in 
air sac tissue at d 7 (Fig.  3) further suggests that limit-
ing bacterial load mitigates downstream inflammatory 
responses. In contrast, TeRu4 and PeNi4 did not repro-
ducibly reduce organ-specific bacterial detection in the 
challenge setting at tested doses up to 10 μg, indicating 
peptide-specific differences in in vivo antibacterial activ-
ity despite their performance in in  vitro experiments. 
Consistent with this, positive correlations between air 
sac bacterial loads and IL-1β (ρ = 0.58) and IL-8 (ρ = 0.32) 
expression (Fig. 2) both support the validity of the infec-
tion model and indicate that AMP-mediated reductions 
in bacterial burden translate to dampened inflammatory 
signaling.

Second, the HD11 macrophage-like cell experi-
ments demonstrate the potential for TeRu4 to attenu-
ate the inflammatory effects of LPS. Preincubation with 
TeRu4 and its coaddition with LPS elicited robust and 
dose-dependent attenuation of IL-1β, IL-6, and IL-8 
transcripts, with effects at higher exposures of TeRu4 
that were comparable in direction and magnitude to 
PB. While the persistence of attenuation throughout 
the experiments (Fig.  4) may indicate that TeRu4 can 
interact both with LPS and with HD11 cells to mitigate 
inflammation, further study is required to confirm these 
mechanisms. Notably, a biphasic pattern was observed: 
attenuation of IL-1β, IL-6, and IL-8 at higher exposures 
of TeRu4, but mild potentiation at sub-threshold doses. 
Taken together, these data support an immunomodula-
tory profile for TeRu4 that could help contain excessive 
inflammation induced by LPS, even when direct antibac-
terial effects are limited in vivo.

Third, pen trials provide critical evidence of field-rel-
evant safety and performance. In ovo administration of 
TeBi1 or TeRu4 at 10 or 20 μg per egg did not adversely 
affect hatchability, FCR, or flock uniformity through d 
35. Importantly, survival probabilities improved mod-
estly but significantly in two settings: a 4.9% increase in 
females with 20 μg TeRu4 and a 4.4% increase in all birds 
with 20  μg TeBi1 by d 35. Although effect sizes were 
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small, they are operationally meaningful at commer-
cial scale and were achieved without detectable adverse 
effects in growth or efficiency. These findings support 
a favorable benefit-risk profile for both peptides when 
delivered through standard in ovo automation.

Together, the in  vivo and in  vitro data outline com-
plementary roles for these leads. TeBi1 appears to act 
primarily through direct antibacterial activity in the 
immediate post-hatch period, reducing tissue coloniza-
tion and the associated inflammatory response. TeRu4 
shows consistent anti-inflammatory activity in a mac-
rophage model and over 35 d translates to a survival 
advantage in females at higher dose, suggesting that 
immunomodulation can contribute to resilience under 
farm conditions. These sex-specific responses may reflect 
differences in immune system maturation rates or hor-
mone-immune interactions, as male broilers typically 
show different growth and immune development pat-
terns than females [53, 54]. The patterns observed in both 
survival and cytokine transcript baselines warrant addi-
tional investigation into sex-dependent pharmacodynam-
ics (PD), immune set-points, and potential interactions 
with breeder age and genetics.

While the results presented here are encourag-
ing, this study also has several limitations. First, the 
challenge trials used a single APEC strain and a pro-
phylactic in ovo regimen, limiting inference across 
heterologous strains and alternative administration 
strategies. Broader pathogen panels, additional expo-
sure routes, and therapeutic or peri-hatch dosing 
schedules should be evaluated to define generalizability 
and optimal use cases. Because culture‑based detec-
tion provides only semi‑quantitative resolution, future 
challenge trials should incorporate CFU enumera-
tion to more precisely characterize bacterial burden, 
as well as standardized lesion and pathology scoring. 
Second, critical gaps remain before regulatory submis-
sion, including pharmacokinetics (PK), peptide stabil-
ity in the embryonic and early post-hatch milieu, and 
residue depletion profiles—all essential for establishing 
withdrawal periods and ensuring food safety. While our 
preliminary investigations demonstrated that TeRu4 
and TeBi1 (2 mg/mL) maintain full antimicrobial activ-
ity in sterile distilled water when stored at 4 °C over 14 
d (Fig. S18), more rigorous experiments are required to 
characterize their stability under physiological condi-
tions. In addition, the absence of PK/PD and exposure–
response data limits our ability to define a mechanistic 
basis for dose selection and to quantitatively interpret 
the safety window suggested by the early mortality 
observed at 20  μg. While mammalian cell surrogates 
provided a conservative initial screen corroborated by 
low toxicity in SL-29 chicken fibroblasts (Table S2), the 

early mortality at 20 μg/egg highlights the necessity of 
using such in  vivo signals to refine the safety window 
beyond the limitations of in vitro models. Establishing 
peptide distribution, clearance, and exposure thresh-
olds in ovo will be essential for refining dose ranges and 
confirming the biological rationale for future efficacy 
studies. Third, gene expression endpoints were meas-
ured at discrete time points and in a single cell line or 
selected tissues. High-resolution temporal profiling, 
including protein-level cytokine measurements and 
cellular phenotyping in multiple cell lines and tissues, 
would sharpen mechanistic inference, validate tran-
script-level patterns that served as early indicators, and 
help explain biphasic responses at lower TeRu4 concen-
trations. Further, some FCR values below 1.0 in early 
trial periods likely reflect measurement artifacts related 
to initial hydration status rather than true feed con-
version, highlighting the importance of standardized 
weighing protocols in early post-hatch periods. Finally, 
while the analyses used conservative non-parametric 
tests and multiple-comparison corrections, some find-
ings were near the chosen α threshold of 0.1, reflecting 
expected variability in vivo and underscoring the need 
for replication across flocks and sites.

The results have practical implications for poultry 
health programs. The in ovo delivery method offers 
multiple advantages: it integrates cleanly into existing 
hatchery workflows, avoids post-hatch handling, and 
ensures uniform exposure across flocks. This delivery 
approach, combined with a demonstrated safety profile, 
minimizes barriers to commercial adoption. From an 
economic perspective, even modest survival improve-
ments could translate to substantial numbers at com-
mercial scale, while early bacterial control reduces 
the need for subsequent therapeutic interventions. A 
formal cost–benefit analysis accounting for treatment 
costs, implementation expenses, and variable mortal-
ity baselines across production systems is needed to 
establish commercial viability. The complementary 
mechanisms of TeBi1 (direct antibacterial) and TeRu4 
(immunomodulatory) suggest potential for combina-
tion strategies that leverage both activities, though this 
hypothesis requires experimental testing as peptide-
peptide interactions and combined effects on immune 
signaling remain unpredictable. Future work should 
benchmark these AMPs against current antimicro-
bial interventions and animal husbandry standards 
to establish comparative efficacy and identify specific 
use cases where these AMPs provide advantages over 
existing approaches. These may include evaluation of 
alternative delivery formats, such as water supplemen-
tation during high-risk periods, to optimize protection 
throughout the production cycle.
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Conclusions
In conclusion, the AI-discovered AMPs TeBi1 and TeRu4 
show complementary efficacy and safety signals in broil-
ers when administered in ovo. TeBi1 reduces early APEC 
burden and inflammation and improves early growth, 
whereas TeRu4 attenuates HD11 inflammatory responses 
and improves survival under commercial conditions 
without compromising performance. These findings sup-
port advancement to dose-optimization, PK and residue 
studies, expanded pathogen panels, and multi-site valida-
tion, with an eye toward integrated antimicrobial stew-
ardship in poultry production.
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