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Abstract
Background  Maintaining immune homeostasis is essential for livestock health and productivity, particularly in 
the face of infection or stress. Host defense peptides (HDPs), including β-defensins and cathelicidins, are key innate 
immune components with both antimicrobial and immunomodulatory properties. This study aimed to characterize 
the immunomodulatory effects of five bovine HDPs—BNBD1, BNBD3, LAP, Bac5, and BMAP27—on peripheral blood 
mononuclear cells (PBMCs) and bovine turbinate (BT) epithelial cells, under both basal and lipopolysaccharide 
(LPS)-stimulated inflammatory conditions. Cytokine secretion, cell viability, and real-time epithelial cell behavior were 
assessed to evaluate peptide-specific immune modulation.

Results  Under non-stimulated conditions, LAP stimulated the secretion of IL-8 (LAP p < 0.0001). In LPS-stimulated 
PBMCs, prophylactic HDP treatment (4 h pre-LPS) amplified inflammatory cytokine secretion. BNBD3 and LAP 
significantly increased IL-1β, IL-6, TNF-α, IFN-γ (p < 0.05), and chemokines such as IL-8 and MIP-1α (p < 0.01), 
suggesting an immune-priming effect that may enhance responsiveness to subsequent LPS stimulation. Notably, 
BNBD3 and LAP failed to induce a comparable inflammation when added 0.5 h after LPS, highlighting the context-
dependent nature of HDP action. Conversely, BMAP27 demonstrated anti-inflammatory activity by reducing LPS-
induced IL-1β, IFN-γ, and IL-10 (p < 0.001), irrespective of timing. Bac5 increased IL-8 secretion (p < 0.001) and MCP-1 
(p < 0.05), suggesting a chemotactic effect. Cell viability assays confirmed that none of the peptides exhibited 
cytotoxicity in PBMCs at tested concentrations, although BMAP27 reduced lymphocyte numbers (40% decrease, 
p < 0.0001), possibly indicating selective immunoregulatory effects. In BT cells, Bac5 enhanced proliferation (11% 
increase, p < 0.05), while BNBD1 (23% decrease, p < 0.01) and BMAP27 (10% decrease, p < 0.05) mildly reduced cellular 
impedance, reflecting divergent impacts on epithelial dynamics.

Conclusions  These findings reveal distinct immunomodulatory profiles among bovine HDPs, ranging from pro-
inflammatory (BNBD3, LAP) to suppressive (BMAP27), and underscore the importance of treatment timing. The 
immune-priming capacity of certain HDPs suggests potential use as prophylactic agents to enhance resilience to 
infections, while suppressive peptides like BMAP27 may serve therapeutic roles in resolving excessive inflammation. 
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Background
Immune responses in livestock exhibit continual fluctua-
tions after establishment in utero to functional matura-
tion in the neonate and throughout the lifetime of the 
individual as a result of commensal colonisation and 
pathogen challenge. Maintaining a balanced immune 
response in the face of such prokaryotic diversity and 
opportunism is essential for the long-term health, 
welfare, and productivity of livestock [1, 2]. Ideally, a 
prompt and effective innate immune response will elimi-
nate pathogens without the need for adaptive immune 
responses, but excessive or sustained activation of innate 
immunity can result in pathological inflammation and 
tissue damage [3–5]. Compromised cellular integrity 
can contribute to pathological inflammation, and then, 
commensal bacteria such as Escherichia coli, a common 
Gram-negative bacterium in the gastrointestinal tract 
that usually supports gut health, can trigger disease [6, 7]. 
When immune responses are unbalanced, severe pathol-
ogy leading to organ dysfunctions and increased suscep-
tibility to secondary infections can result, as observed in 
sepsis [3, 4, 8–10], bovine respiratory disease (BRD) [11, 
12], and Covid-19 [13, 14].

Molecules involved in maintaining an optimal immune 
balance between protection and pathology include Host 
Defense Peptides (HDPs). HDPs are key effector mol-
ecules of the innate immune system with pleiotropic 
activities, including direct antimicrobial activity against 
bacteria, viruses, fungi, and even cancer cells [15, 16]. 
Beyond their widely studied antimicrobial roles, HDPs 
also exhibit immunomodulatory functions at lower con-
centrations, which are thought to be more relevant in 
physiologic conditions [16–19]. 

In the context of maintaining protective epithelial bar-
riers, human cathelicidin LL-37 and human β-defensin 
3 (hBD3) accelerate wound healing by promoting fibro-
blast migration and proliferation; enhancing macrophage 
and neutrophil infiltration into injured tissues to resolve 
inflammation; and inducing the expression of enzymes 
involved in angiogenesis and extracellular matrix remod-
eling [20, 21].

In response to infection, HDPs recruit immune effec-
tor cells through both direct and indirect chemotactic 
mechanisms. The LL-37, hBD3, and human β-defensins 
2 (hBD2) bind to chemokine receptors, attracting neu-
trophils, monocytes, eosinophils, T cells, and immature 
dendritic cells to infection sites [22–30]. They also induce 

the secretion of chemokines such as IL-8 to attract neu-
trophils [31, 32] and MIP-1β/CCL4 [33, 34] to recruit 
monocytes, dendritic and T cells [35]. As the response 
progresses, HDPs modulate inflammation by regulating 
cytokine levels. hBD3 induces pro-inflammatory cyto-
kines IL-1β and IL-6 in monocytes [36] and IL-6, TNF-
α, and IL-1α in macrophages [37]; while the cathelicidin 
Bovine Myeloid Antimicrobial Peptide 28 (BMAP28) 
enhances IL-1β without affecting IL-6 in macrophages 
[38]. Conversely, LL-37 and hBD2 upregulate anti-
inflammatory cytokines IL-10 and IL-1RA [39–42]; and 
LL-37 and hBD3 suppress LPS-induced IL-6, IL-1β, and 
TNF-α [39, 43–46].

HDPs also influence cell effector functions. In neutro-
phils, LL-37 regulates reactive oxygen species (ROS) pro-
duction [47, 48], promotes neutrophil extracellular trap 
(NET) formation [49, 50], and, along with hBD3, inhibits 
apoptosis to prolong immune activity [51, 52]. Moreover, 
they facilitate the transition to adaptive immunity. LL-37 
enhances antigen uptake [53] and promotes antigen-pre-
senting cell (APCs) maturation [54–56], bridging innate 
and adaptive immunity. Moreover, it further guides TH 
cells toward TH 1 or TH 2 responses [53].

To date, most of these immunomodulatory activities 
have been characterized in detail for only a limited num-
ber of human HDPs, most notably the cathelicidin LL-37 
and certain β-defensins. In contrast, much less is known 
about the regulatory functions of bovine HDPs, since 
most studies have focused on expression patterns and 
antimicrobial functions. For instance, the cathelicidin 
BMAP28 and the β-defensin Lingual Antimicrobial Pep-
tide (LAP) are constitutively expressed in the mammary 
gland to protect from infection [57, 58], whereas the 
secretion of β-defensin Tracheal Antimicrobial Peptide 
(TAP), and also LAP, is induced in response to infection 
stimuli like LPS [59–62]. In addition, decreased levels of 
HDPs have been associated with infection susceptibil-
ity. TAP-induced expression, for example, is reduced by 
stress (glucocorticoids) and Bovine Virus Diarrhea Virus 
(BVDV), factors related to a higher risk of infections [63]. 
These findings underscore the importance of HDPs in 
bovine immunity, yet their functional roles in immune 
regulation remain largely uncharacterized.

In this study, we investigated the immunomodulatory 
effects of five bovine HDPs on peripheral blood mononu-
clear cells (PBMCs) and bovine turbinate (BT) epithelial 
cells. The selected HDPs included β-defensin – bovine 

Importantly, the variability observed among individual animals emphasizes the need for personalized approaches 
in immunomodulation. Overall, this study provides novel insights into the immunological functions of bovine HDPs, 
supporting their potential as alternatives or adjunctive therapies to antibiotics in veterinary medicine.
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neutrophil β-defensins 1 (BNBD1), bovine neutrophil 
β-defensin 3 (BNBD3), and the lingual antimicrobial 
peptide (LAP) – as well as cathelicidins – bactenecin 5 
(Bac5) and bovine myeloid antimicrobial peptide 27 
(BMAP27). Their effects were assessed by quantifying 
cytokine and chemokine secretion in PBMCs under basal 
conditions and before and after LPS stimulation, also 
evaluating their cytotoxicity on PBMCs and BT cells. The 
present work aimed to characterize the immunomodula-
tory potential of these peptides and identify differences 
in their activity that could guide strategies to enhance 
disease resilience and therapeutic interventions in cattle.

Materials and methods
Synthetic peptides
Mature sequences of bovine neutrophil β-defensin 1 
(BNBD-1, UniProt_P46159) and β-defensin 3 (BNBD-
3, UniProt_P46161), as well as the Lingual Antimicro-
bial Peptide (LAP, UniProt_Q28880) and cathelicidins 
2 (Bac5, UniProt_P19660) and 6 (BMAP27, UniProt_
P54228) were chemically synthesized in the linear form 
(Table 1) by RoyoBiotech (Shanghai, China). Peptides 
were resuspended in 20 mM HEPES (pH = 5.2) prepared 
with endotoxin-free water, aliquoted, and stored at – 80 
°C or re-lyophilized for longer storage periods.

Animals and blood sampling
Blood was collected from cattle aged 23–24 months old, 
owned by IRTA experimental farm, in EDTA-K2 blood 
collection tubes (367861, BD Vacutainer, Eysins, Swit-
zerland) following a protocol approved by the Animal 
Care Committee of the Generalitat de Catalunya (project 
number 12287).

PBMC isolation
PBMCs were isolated from fresh blood either using 
pooled blood from multiple animals (13 and 21 animals) 
or individual samples obtained from three healthy female 
Holstein cows. Blood was diluted twofold in Dulbecco’s 
Phosphate Buffered Saline (D-PBS, 14190-094, Gibco) 
and transferred to a PBMC isolation tube (SepMate™ − 50 
mL, StemCell Technologies) previously loaded with 15 
mL of Histopaque 1077 (10771, Sigma-Aldrich). Tubes 
were centrifuged at 1,500 × g for 25 min at room temper-
ature (RT) and without brake. We collected the buffy coat 
and performed three washes with D-PBS, centrifuging at 

300 × g for 10 min at RT with low braking force. Cells 
were resuspended in RPMI Medium 1640 + Gluta-
MAXTM-I (61870-010, Gibco), supplemented with 10% 
low-endotoxin Foetal Bovine Serum (FBS MaxSpec, 
A4766801, Thermo Fisher) and 1% Penicillin/Streptomy-
cin (10,000 U/mL, 15140-122, Gibco) and counted using 
the auto-haematology analyzer (BC-5150, Mindray).

PBMC stimulation
In 24-well plates (TC-plate 24w, 83.3922, Sarstedt), 400 
µL of PBMC suspension was added to each well, ensur-
ing a final count of 5 × 105 cells/well. Plates were incu-
bated at 37 °C in a humidified atmosphere with 5% CO2 
overnight to recover cells from the stress of the isolation 
process and improve viability. PBMCs were treated with 
synthetic peptides (50 µL) at concentrations of 1 or 4 µM 
for 4 h before an immune challenge with 100 ng/mL (50 
µL) of Escherichia coli O111:B4 lipopolysaccharides (LPS, 
L4391, Merck) or 0.5 h after LPS treatment. Controls of 
cells grown with 50 µL of protein buffer and stimulated 
with LPS without any HDP were included. PBMCs were 
also incubated with HDP treatments alone to test if HDPs 
stimulated the secretion of cytokines. Cells were then 
incubated for 24 h at 37 °C in a humidified atmosphere 
with 5% CO2. On the one hand, supernatants were first 
centrifuged at 600 × g for 5 min at 4 °C to remove cells in 
suspension, followed by a second centrifugation at 10,000 
× g for 2 min at 4 °C to eliminate cell debris. Supernatants 
were kept at – 80 °C until use. On the other hand, cells 
were recovered and resuspended in a final volume of 100 
µL for cell counting with the auto-haematology analyzer 
(BC-5150, Mindray).

Cytokine measurement
IL-1β and IL-6 were quantified using commercial ELISA 
kits for bovine IL-1β (ESS0027, ThermoFisher) and IL-6 
(ESS0029, ThermoFisher) and following the manufactur-
er’s protocol. IL-8 was quantified following the protocol 
previously described [64] using 5% Tween 20 in D-PBS as 
a blocking buffer. MILLIPLEX multiplex assay for bovine 
cytokines/chemokines (Millipore) was performed using 
Luminex technology (MAGPIX automated analyzer, 
Luminex) to measure: IL-8, IL-1β, TNF-α, IL-17 A, IL-6, 
IFN-γ, IL-10, MCP-1, MIP-1α, and TGF-β1.

HDP cytotoxicity in PBMCs
HDP toxicity on PBMCs was evaluated using MTT 
assays. Briefly, 80 µL of PBMC suspension was added to 
each well of 96-well plates (96w Nucleon Delta-Treated, 
167008, ThermoFisher Scientific), ensuring a final count 
of 1 × 105 cells/well with 10 µL extra of cell media. The cell 
number per well was adjusted to match the PBMC exper-
iments done in 24-well plates, ensuring a consistent final 
cell concentration of 1 × 106 cells/mL in all experiments. 

Table 1  Sequence of selected HDPs
Name Sequence
BNBD1 DFASCHTNGGICLPNRCPGHMIQIGICFRPRVKCCRSW

BNBD3 QGVRNHVTCRINRGFCVPIRCPGRTRQIGTCFGPRIKCCRSW

LAP VRNSQSCRRNKGICVPIRCPGSMRQIGTCLGAQVKCCRRK

Bac5 RFRPPIRRPPIRPPFYPPFRPPIRPPIFPPIRPPFRPPLGPFP

BMAP27 GRFKRFRKKFKKLFKKLSPVIPLLHLG
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Cells were rested overnight and then treated with 10 µL 
of HDPs at a final concentration of 1 and 4 µM for 24 h 
at 37 °C in a humidified atmosphere with 5% CO2. Cell 
cytotoxicity was assessed using an MTT kit (Cell Pro-
liferation Kit I – MTT, 11465007001, Roche) and fol-
lowing the manufacturer’s protocol. A low cytotoxicity 
control (LC) with protein buffer and a high cytotoxicity 
control (HC) with Triton X-100 were included. For this, 
cells were treated with 10 µL of TritonTMX-100 (T8787, 
Sigma-Aldrich) diluted 1:10 in water for 15 min at 37 °C 
in a humidified atmosphere with 5% CO2 before adding 
the MTT reagent solution. Complete solubilization of the 
purple formazan crystals was confirmed, and absorbance 
was measured at 570 nm with a reference wavelength of 
650 nm using a Lumistar plate reader (LUMIstar® Omega, 
BMG Labtech).

Cell viability was calculated as:
Equation 1 Cell viability (%) = (sample−HC)

(LC−HC ) × 100.

Real-time cell analysis (RTCA) of BT cells
Bovine Turbinate cells (BT CRL-1390, ATCC) were 
grown in DMEM media with 4.5 g/L glucose, L-gluta-
mine and sodium pyruvate (10–013-CV, Corning) sup-
plemented with 10% FBS (10082-147, Gibco) and 1% 
penicillin/streptomycin (5,000 U/mL, 15070063, Gibco) 
and incubated at 37 °C in a humidified atmosphere with 
5% CO2. Cells were detached with 0.25% trypsin-EDTA 
(25200056, Gibco) for subcultivation. Real-time cell 
growth was analyzed using a xCELLigence RTCA DP 
instrument (Agilent Technologies) with 16-well E-plates 
(5469830001, Agilent Technologies). Wells were filled 
with 100 µL/well of cell culture media and left to equili-
brate at RT for 30 min before inserting the plate in the 
analyzer for background measurement. A volume of 90 
µL BT cells was plated on each well to obtain 1 × 104 cells/
well and left at RT for 30 min for the cells to settle. Cell 
adhesion and growth were tracked by measuring the 
impedance every 15 min until cells reached the grow-
ing phase (~ 24 h). Cells were treated with 5 µL/well of 
synthetic peptides at 4 µM and/or LPS at 100 ng/mL and 
incubated for 24 h while measuring impedance every 15 
min. All samples were run in duplicates and controls with 
protein buffer and LPS alone were included. Results were 
analyzed using the RTCA software Pro. Cell index (CI) is 
the unitless parameter used to evaluate the impedance of 
electron flow caused by adherent cells on the golden chip, 
which enables tracking cell activity, including adherence, 
proliferation, and spreading.

Data and statistical analysis
Outliers were detected using the Interquartile Range 
(IQR) method, where values falling outside 1.5 times 
the IQR below the first quartile or above the third 
quartile were excluded. Normality was assessed using 

Shapiro-Wilk and Anderson-Darling tests and log trans-
formation was applied to datasets that did not meet nor-
mal distribution to improve normality. Statistical analyses 
were performed using a mixed-model ANOVA followed 
by least square means (LSMeans) tests, considering main 
effects and interactions among treatment and concen-
tration, as well as time of administration relative to LPS 
addition. The animal effect was included in the model 
when blood from individual animals was used. Dunnett’s 
post-hoc test was applied to compare treatments to the 
control. One-way or Two-way ANOVA were applied for 
cytotoxicity assays, as appropriate. Statistical analyses 
were performed in JMP Pro software v17.0.0, and figures 
were created using GraphPad Prism v8.3.0.

Results
The effects of HDPs on PBMC cytokine secretion
The immunomodulatory activity of five bovine HDPs was 
first explored using pooled PBMCs from multiple ani-
mals. Only BNBD1 significantly increased IL-6 secretion 
compared to the untreated control (p < 0.05), Fig. 1B). The 
secretion of the chemokine IL-8 increased by BNBD1, 
Bac5, and BMAP27, with BNBD1 achieving the greatest 
effect (p < 0.01, Fig. 1C). Additionally, BNBD1, BNBD3, 
and LAP promoted IL-1β secretion, with BNBD1 also 
producing the highest response (p < 0.05, Fig. 1D).

Experiments were repeated using PBMCs from three 
individual animals and measuring cytokines IL-8 and 
IL-1β. IL-8 secretion was elevated by all treatments 
except BNBD1, with LAP inducing the highest levels 
(p < 0.0001, Fig. 2B). A modest secretion of IL-1β was 
detected after BMAP27 treatment (p < 0.01, Fig. 2C). No 
significant interaction between HDP treatment and con-
centration was observed in any analysis.

Preventive roles of HDPs during inflammation
To assess the prophylactic potential of HDPs, PBMCs 
were pretreated with peptides 4 h before LPS stimula-
tion. No changes were observed in the IL-6 secretion 
upon HDP treatments. Bac5 was the only one to increase 
IL-8 regardless of the concentration used (p < 0.01, Fig. 
3C). There was a significant interaction between treat-
ments and concentration for IL-1β analyses (p < 0.05, 
Fig. 3D). All HDPs at 4 µM enhanced IL-1β secretion, 
except BMAP27, which suppressed LPS-induced IL-1β 
(p < 0.0001).

Experiments with PBMCs from individual animals 
confirmed that BNBD3 and LAP pretreatment boosted 
the LPS-induced secretion of proinflammatory IL-1β 
(p < 0.05, Fig. 4C) and the chemokine IL-8 (p < 0.01, Fig. 
4B); with Bac5 also enhancing IL-8 (p < 0.05, Fig. 4B). 
Meanwhile, BMAP27 significantly decreased IL-1β secre-
tion induced by LPS (p < 0.001).
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BNBD3 and LAP also increased other proinflammatory 
cytokines such as TNF-α, IL-17 A, and IL-6, and IFN-γ, 
anti-inflammatory cytokine IL-10, along with chemokine 
MIP-1α (Fig. 5). MCP-1 was increased by BNBD3 pre-
treatment (p < 0.05, Fig. 5H) but not by LAP. On the con-
trary, BMAP27 consolidated its anti-inflammatory role 
–previously observed with pooled PBMCs– by reducing 
IL-17 A and IFN-γ (p < 0.0001, Fig. 5C and E), but also the 
anti-inflammatory cytokine IL-10 (p < 0.0001, Fig. 5F). 
BNBD1 showed minor effects, increasing IL-17A and 
IL-10 (p < 0.001, Fig. 5C and F). Treatment with any of the 
HDPs did not alter TGF-β1 cytokine expression.

Therapeutic roles of HDPs during inflammation
When HDPs were administered 0.5 h after LPS stimu-
lation, BMAP27 and Bac5 increased IL-8 secretion in 
pooled PBMCs (p < 0.0001, Fig. 3C), but this was not 
replicated in PBMCs from individual animals (Fig. 4B). 
Remarkably, BNBD3 and LAP administered after the LPS 
insult did not elicit proinflammatory responses observed 
under prophylactic simulations (Fig. 5). BMAP27 con-
sistently reduced IL-1β, IL-17 A, IFN-γ, and IL-10 levels 

(Figs. 3, 4 and 5), demonstrating a suppressive effect inde-
pendent of concentration (1 or 4 µM) and administration 
timing (before or after LPS).

Statistical analysis revealed interaction effects between 
treatment and the time of LPS administration (preventive 
or therapeutic) for IL-8 (p < 0.001). For IL-1β, the three-
way interaction (treatment × concentration × time) was 
significant when pooled blood was used (p < 0.05), but 
not when blood from individual animals was analyzed 
(p = 0.09071). In the latter case, the two-way interaction 
treatment × concentration was significant (p < 0.01).

The effect of HDPs on PBMCs and BT cell growth and 
viability
HDPs did not impair the metabolic activity of PBMCs 
measured by MTT (Fig. 6A) but increased the cell activ-
ity after 4 µM BMAP27 treatment. In contrast, the same 
treatment caused a significant reduction in lymphocyte 
count (Fig. 6B). The possible effect of HDPs on epithelial 
cells was assessed by Real-time Cell Analysis on BT cells 
using an xCELLigence RTCA DP instrument, whereas 
secretion of IL-6, IL-8, and IL-1β was not quantifiable 

Fig. 1  Cytokine response of bovine PBMCs to HDPs. Mononuclear cells were isolated from pooled bovine peripheral blood and treated with either 4 or 
1 μM of synthetic HDPs for 24 h (A). Cell culture supernatants were collected to quantify the secretion of IL-6 (B), IL-8 (C), and IL-1β (D) by ELISA. Statistical 
analysis was performed using the Least Squares Means (LSMeans) method. The model included simple effects and a two-way interaction between treat-
ment and concentration; however, the interaction was not significant, so only simple effects are shown. Dunnett’s post hoc test was used to compare 
each group with the negative control. The experiment was repeated twice, each run performed in duplicate, resulting in four independent data points 
(n=4). Data are presented as the model-adjusted means ± SEM from four replicates. Statistical significance is denoted by (*): p ≤ 0.05. Horizontal lines 
above different bars indicate no significant differences between those groups, whereas dashed lines indicate statistical differences
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Fig. 3  Cytokine response of pooled bovine PBMCs to HDPs given an LPS challenge. PBMCs from pooled bovine peripheral blood were treated with either 
4 or 1 μM of synthetic HDPs, together with an immune challenge using Escherichia coli O111:B4 lipopolysaccharide (LPS, 100 ng/mL). HDPs were added 4 
h before (−4 h) or 30 minutes (0.5 h) after the LPS challenge (A). After 24 h of incubation, cell culture supernatants were collected to quantify the secretion 
of IL-6 (B), IL-8 (C), and IL-1β (D) by ELISA. Statistical analysis was performed using the LSMeans method. The model included simple effects, two-way, and 
three-way interactions (treatment × concentration × time). For IL-8, treatment × time was significant (p < 0.001) and shown. For IL-1β, the triple interaction 
was significant (p < 0.05) and shown. Dunnett’s post hoc test was used to compare each group with the LPS control. Each condition was tested once in 
duplicate. Data are presented as the model-adjusted means ± SEM. Statistical significance is denoted by (*): p ≤ 0.05. Horizontal lines above different bars 
indicate no significant differences between those groups, whereas dashed lines indicate statistical differences

 

Fig. 2  Effect of HDPs on IL-8 and IL-1β secretion across individual animals. The experiment was repeated with blood from three different animals, each 
of which was used in a separate parallel experiment to account for individual variability. HDPs were added and supernatants collected after 24 h (A) to 
quantify IL-8 (B) and IL-1β (C). Statistical analysis followed the same model as in the previous figure, but included individual animal variability as a random 
effect. The interaction between treatment and concentration was not significant, so only simple effects are shown. The experiment was repeated three 
times using different animals, each run performed in duplicate, resulting in six independent data points (n=6). Data are presented as the model-adjusted 
means ± SEM, and statistical significance is denoted by (*): p ≤ 0.05. Dashed lines indicate statistical differences between specific groups
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using ELISA techniques (Results not shown). Cells were 
treated with HDPs at 4 µM or LPS 100 ng/mL, and cell 
behaviour was compared to cells alone for 24 h. After 
10 h of incubation, significant reductions in the cell 
index (CI) were observed with both LPS (8% reduction, 
p < 0.05) and BNBD1 (23% reduction, p < 0.01). These 
effects persisted throughout the experiment, with LPS 
reducing CI to 25% (p < 0.0001), surpassing BNBD1. By 
24 h, BMAP27 treatment induced a slight but significant 
decrease in the cell index (10%, p < 0.05), whereas Bac5 
caused a significant increase (11%, p < 0.05) compared to 
the negative control.

Discussion
In light of growing issues with antimicrobial resistance 
(AMR), there is an urgent need to reduce our collective 
dependence on exogenous antimicrobials in agricul-
ture, specifically antibiotics and anthelmintics [65–68]. 
Host Defence Peptides (HDPs) offer potential new 

therapeutics, but their immunological mechanisms of 
action have not been extensively investigated in livestock 
species. While previous studies have explored the anti-
microbial activity of bovine HDPs, their immunomodu-
latory role on cytokine secretion in PBMCs is not well 
characterized. This study provides an initial comparative 
analysis of the immunomodulatory profiles of five bovine 
HDPs—BNBD1, BNBD3, LAP, Bac5, and BMAP27—rep-
resenting the two main HDP subfamilies: β-defensins 
and cathelicidins. Preferentially expressed at mucosal 
surfaces, these peptides can influence both local and sys-
temic immune responses.

Results showed that HDPs had a limited impact on 
PBMCs in the absence of LPS stimulation. Main changes 
were observed in IL-8 secretion, which was increased 
consistently by most of HDPs (Figs. 1 and 2). In contrast, 
cytokine and chemokine modulation by HDPs became 
more pronounced in the presence of LPS (Figs. 3, 4 and 
5). Under these conditions, BNBD3 and LAP consistently 
promoted a proinflammatory and chemotactic response, 
significantly increasing IL-1β, IL-17 A, IL-6, TNF-α, IFN-
γ, and chemokines IL-8 and MIP-1α (Fig. 5). BNBD3 also 
stimulated the chemokine MCP-1 and the anti-inflam-
matory IL-10, suggesting a dual role: initiating immune 
activation while simultaneously engaging regulatory 
mechanisms to prevent overactivation. BNBD1 induced 
a narrower yet similarly balanced cytokine response, 
marked by the secretion of IL-17 A and IL-10 (Fig. 5). 
Although specific studies on BNBD1, BNBD3, and LAP 
are lacking, human β-defensin 3 (hBD3) has been shown 
to promote secretion of pro-inflammatory IL-1β and IL-6 
[36], and human β-defensin 2 (hBD2) to induce LPS-
stimulated IL-10 [42].

Amongst cathelicidins, BMAP27 demonstrated a pre-
dominantly immune-dampening function, reducing 
LPS-induced IL-1β (Figs. 3 and 4) and Il17A, IFN-γ, and 
IL-10 (Fig. 5). These results align with previous studies 
reporting that BMAP27 does not stimulate IL-8 secre-
tion in monocytic cells, but does suppress LPS-induced 
signalling, including the expression of IL-10 [40]. That 
same study also reported reductions in IL-8 and TNF-α 
following LPS stimulation, which were not observed. 
These discrepancies could be due to methodological dif-
ferences, including variations in cell type, HDP and LPS 
concentrations, and the use of gene expression analysis 
instead of cytokine quantification [40]. In contrast, Bac5 
enhanced IL-8, IL-6 and MCP-1 production in response 
to LPS (Figs. 4 and 5), indicating a role in immune cell 
recruitment. Overall, these findings support the concept 
of HDPs as pleiotropic molecules with overlapping yet 
distinct immunological roles.

MTT assay results showed that none of the peptides 
were cytotoxic to PBMCs at 4 µM. Instead, BMAP27 
increased metabolic activity, while independent cell 

Fig. 4  Effect of HDPs on IL-8 and IL-1β secretion given an LPS immune 
challenge across individual animals. HDPs were added either 4 h before 
(−4 h) or 30 min after (0.5 h) LPS (A). IL-8 (B) and IL-1β (C) were quantified. 
Statistical analysis was performed using the LSMeans method. For IL-8, the 
three-way interaction was not significant; treatment × time was significant 
(p < 0.001) and shown. For IL-1β, the three-way interaction was not sig-
nificant; treatment × concentration was significant (p < 0.01) and shown. 
The experiment was repeated three times using different animals, each 
run performed in duplicate (n=6). Data are presented as the model-ad-
justed means ± SEM, and statistical significance is denoted by (*): p ≤ 0.05. 
Horizontal lines above different bars indicate no significant differences be-
tween those groups, whereas dashed lines indicate statistical differences
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Fig. 5  Modulation of cytokine and chemokine secretion by HDPs in LPS-stimulated bovine PBMCs isolated from individual animals. A broader cytokine 
and chemokine panel was analysed following 4 μM HDP treatment at −4 h and 0.5 h relative to LPS. (A) Heat-map representing log2 fold changes in 
cytokine levels compared to LPS alone. IL-8 and IL-1β were calculated from ELISA results (Figure 3). Remaining analytes were quantified via multiplex 
immunoassay. (B – I) Effects of HDPs on individual cytokine concentrations. Statistical analysis was performed using the LSMeans method accounting 
animal variability. The interaction between treatment and time of administration was significant for IFN-γ, IL-17A, TNF-α, and IL-6, and is shown. This 
interaction was not significant for IL-10, MCP-1, and MIP-1α; therefore, the protein effect is represented. The experiment was repeated three times using 
different animals, each run performed in duplicate (n=6). Data are presented as model-adjusted means ± SEM, and statistical significance is indicated by 
(*): p ≤ 0.05. Solid lines denote no significant differences, dashed lines indicate statistical differences
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counts revealed a reduction in lymphocyte numbers (Fig. 
6). Previous studies have reported that BMAP27 is non-
cytotoxic to bovine epithelial cells [69] or when injected 
intraperitoneally in mice [70], but it has been suggested 
to possess anti-cancer [71–73] and pro-apoptotic activi-
ties [71, 73]. Risso et al.. demonstrated that BMAP27 
at 3 µM induces membrane permeabilization and pro-
grammed cell death in activated, non-cancerous lympho-
cytes [73]. This could potentially be due to its preferential 
targeting of membranes exposing phosphatidylserine 
(PS), as observed by Yang et al. [72]. Under homeostatic 
conditions, PS is located in the inner leaflet of the plasma 
membrane, but externalized during apoptosis and cell 
stress – even in response to cytokines like IFN-γ [74] – 
serving as a signal for phagocytosis and immune suppres-
sion [75–77]. Apoptotic cell death promotes the release 

of anti-inflammatory cytokines and the inhibition of pro-
inflammatory molecules and TLR signaling [75]. Con-
sistent with this, BMAP27 was shown to induce IL-10 
secretion in PBMCs [40], further supporting its immuno-
modulatory potential. Thus, BMAP27 may help prevent 
excessive immune activation, hyperinflammation, and 
collateral tissue damage by selectively inducing apopto-
sis in activated or stressed lymphocytes while promoting 
anti-inflammatory responses.

Real-time cell analysis (RTCA) showed that BNBD1 
impaired cell growth, as the cell index remained stable 
throughout the experiment and, at 24 h, was comparable 
to that of LPS-treated cells. The fact that its effect is anal-
ogous to that of LPS suggests a potential involvement of 
the inflammatory response pathway, which may be linked 
to growth arrest. Nevertheless, future work is required to 

Fig. 6  Cytotoxicity of HDPs on PBMCs from individual animals and bovine turbinate (BT) cells. (A) The metabolic activity of PBMCs was measured using 
the MTT assay. Data are represented relative to the negative control (cells treated with protein buffer only). (B) After a 24-h incubation of cells with HDPs, 
cells were recovered and concentrated in a controlled volume. Cell counting was performed using an auto-haematology analyzer. Data represented as 
the mean ± SEM. One-way ANOVA with Dunnett’s post-hoc was used to calculate significant differences compared to the negative control (Ctrl -). Statisti-
cal significance is represented by (*): p ≤ 0.05. (C) Real-time cell analysis of BT cells treated with BNBD1, BNBD3, LAP, Bac5, and BMAP27 at 4 μM or LPS (100 
ng/mL). Cells were grown in T-flasks and then seeded onto e-plates at 10,000 cells/well. HDPs or LPS were added after cells were accommodated and in 
the growth phase (t = 0 h). A control with cells alone was included. Mean values are represented as solid lines and SEM as dotted. Statistical differences 
compared to the control were calculated using a 2-way ANOVA and are represented by (*): p ≤ 0.05 at t=10 h and 24 h
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elucidate this aspect, as we were unable to detect cyto-
kine secretion from the BT cells in our experimental con-
ditions. On the other hand, there was a slight increase in 
cell index with the treatment of Bac5 compared to the 
control, suggesting that Bac5 can promote cell prolif-
eration (Fig. 6). These findings are consistent with those 
reported by Tomasinsig et al., who observed that Bac5 
promoted fibroblast proliferation at concentrations above 
10 µM [78]. Since epithelial cell proliferation is key in 
wound healing, Bac5 could be involved in tissue repair. 
This aligns with the known roles of HDPs in wound heal-
ing through a multifaceted array of mechanisms, includ-
ing modulation of cytokine and chemokine secretion, 
and stimulation of cell proliferation and migration [79, 
80]. For instance, LL-37 has been demonstrated to induce 
epithelial cell proliferation and migration, helping in the 
re-epithelialization of skin wounds [81, 82].

Interestingly, the timing of HDP administration sig-
nificantly influenced peptides’ activity. Overall, HDP 
pretreatment 4 h before the LPS insult (−4 h) induced 
greater effects on cytokine production than when admin-
istered after (0.5 h) (Figs. 3, 4 and 5). This was evident 
with LAP, BNBD3, BNBD1, and Bac5, which promoted 
secretion of proinflammatory cytokines IL-8, IL-6, and 
TNF-α only when given before the immune challenge 
(Fig. 5). In contrast, HDP administration after the LPS 
challenge (0.5 h) resulted in a more restrained cytokine 
response. These findings suggest that HDPs may prime 
the innate immune system for enhanced responsiveness 
to future pathogen encounters.

This priming effect aligns with the concept of trained 
immunity, in which innate cells develop an enhanced 
ability to respond to secondary challenges, often through 
increased secretion of IL-1β, TNF-α, and IL-6 [83, 84]. 
However, elevated or sustained levels of these cytokines 
have been associated with worsened infection-related 
pathology [85–88]. Thus, the tempered response follow-
ing post-LPS treatment suggests that these peptides may 
prime innate immunity while also preventing harmful 
hyperinflammation.

Using a PBMC pool in a preliminary experiment is an 
efficient strategy to reduce variability, save resources, and 
obtain a robust signal to guide the design of definitive 
experiments with individual donors. It is crucial to under-
stand that using pools is a tool for preliminary phases, 
but it does not replace individual analysis in the definitive 
study. This provides a result that is more representative 
of an average immune response or the study population, 
rather than a result that might be an outlier from a single 
donor. As expected, differences were detected between 
experiments using PBMCs from pooled blood or indi-
vidual animals. While pooled samples provided a general 
overview, individual variability was evident and impacted 
on results. Previous studies have reported significant 

inter-individual variation in cytokine profiles in basal lev-
els and LPS-induced responses, which could be linked to 
disease susceptibility [5]. Therefore, a larger number of 
animals would be necessary to account for this variabil-
ity and strengthen the findings. However, herein, the first 
use of pooled samples allowed us to select the most func-
tional concentrations and incubation times.

While this study provides novel insights into the immu-
nomodulatory roles of bovine HDPs, several limitations 
should be acknowledged. The in vitro experiments using 
isolated PBMCs and BT cells may not fully reflect the 
complexity of immune responses in vivo. In addition, 
only a limited panel of cytokines was measured, and 
cytokine kinetics were not assessed. Future studies using 
whole blood, more animals, and a broader cytokine pro-
filing would be needed to confirm these findings and pro-
vide a wider overview of the immunomodulatory effects 
of HDPs.

Conclusions
Our findings demonstrate that BNBD1, BNBD3, LAP, 
Bac5, and BMAP27 exhibit distinct immunomodulatory 
profiles on PBMCs and BT epithelial cells. Prophylactic 
treatment with BNBD1, BNBD3 and LAP significantly 
enhanced LPS-induced inflammatory responses, sug-
gesting their potential as immune-priming agents. Nota-
bly, LAP also triggered IL-8 secretion in unstimulated 
PBMCs, indicating an intrinsic chemotactic capability. 
BMAP27 exhibited a clear immunosuppressive effect, 
suggesting a therapeutic potential in controlling exces-
sive inflammatory responses such as those occurring in 
BRD. These results underscore the functional diversity of 
bovine HDPs, beyond their antimicrobial roles, and their 
potential for therapeutic and prophylactic applications in 
cattle.
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