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Previous research has investigated highly inbred chicken genetic lines from a
metabolic, immune response, genetic profile, and immune trait standpoint,
including response to lipopolysaccharide (LPS). Fayoumi lines (M5.1, M15.2) are
known for their resistance to bacterial and viral infections, while Leghorn lines
(Ghs6, Ghs13) display lower disease resistance. Results highlighted a need to
increase LPS dose above initial work using 1mg/kg bodyweight (BW). Therefore,
this study investigated the immune profiles and metabolic phenotypes of
peripheral blood mononuclear cells (PBMC) from highly inbred genetic lines
under resting and stressed metabolic states. Fifty-four adult birds from 5 highly
inbred genetic lines (M5.1, M15.2, Ghs13, Line-8, and Sp-21.1) were randomly
assigned to 0.9% sterile saline control or 2.4 mg/kg BW intramuscular LPS
(Escherichia coli O55:B5). BW was recorded at baseline before injection and 24
h post-injection (hpi). Cloacal temperature was recorded at baseline, 2 hpi, and
24 hpi, while blood was collected for flow cytometry and metabolic analysis. Data
were analyzed using the SAS 9.4 MIXED procedure with genetic line, injection
status, and interaction as fixed effects, with significance at p < 0.05. Baseline
immune cell profiles varied by line (p < 0.001). At 2 hpi, LPS did not impact BW or
temperature, but influenced all queried immune cell populations while
decreasing ATP production and glycolytic rates (p < 0.02). At 2 hpi, M5.1, Line-
8, and Sp-21.1 LPS-inoculated birds had increased circulating CD3* cells
(51.8-62.3%, p < 0.0001). LPS decreased CD3"CD1.1" cell levels by 34.1% at 2
hpi (p < 0.0001). M5.1, M15.2, and Line-8 controls had 14.9-66.5% higher
CD3"CD4" levels than LPS-inoculated birds, while CD3*CD4" cells were 12.2%
lower in Ghs13 post-LPS (p < 0.0001). CD3"CD8a" populations increased 41.1-
63.2% in all LPS-injected birds at 2 hpi, except Ghsl13 (p < 0.0001). These results
highlight genetic line-specific immune responses to LPS. By 24 hpi, immune
profiles and glycolytic rates were largely recovered from LPS, while genetic line
effects persisted, indicating line-specific immune responses (p < 0.04). Further
understanding cellular preference and metabolic switching during inflammatory
challenges could provide insight into how to best support and optimize bird
performance during the production cycles.

cellular metabolic profile, genetic line, immune cell profile, immunometabolic assay,
lipopolysaccharide, poultry

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1608391/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1608391/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1608391/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1608391/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1608391&domain=pdf&date_stamp=2025-06-16
mailto:eabobeck@iastate.edu
https://doi.org/10.3389/fimmu.2025.1608391
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1608391
https://www.frontiersin.org/journals/immunology

Elmore et al.

1 Introduction

Extensive research on genetic profiling and immune traits has
been conducted using highly inbred genetic chicken lines, including
the Fayoumi lines M5.1 and M15.2 and Leghorn lines Ghs6 and
Ghs13 (1). These genetic lines have contributed to key discoveries in
several areas, including but not limited to heat tolerance, immune
markers, immune function, disease resistance, antibody production,
and antibody genetic markers (1-4). Evaluating gene expression has
allowed researchers to describe the Fayoumi lines as being relatively
resistant to viral diseases, such as Avian Influenza Virus (AIV) and
Newcastle Disease Virus (NDV), compared to Leghorn lines (3, 5).
This resistance is thought to be a result of upregulated hemoglobin
family genes, thus increasing oxygen carriers to help maintain
normal blood chemistry (5). Additionally, mRNA expression in
bone marrow-derived dendritic cells from Fayoumi lines (M5.1)
showed a reduced heat-induced inflammatory response compared
to Ghs6, suggesting Fayoumi lines may be able to maintain
homeothermy more adequately than Leghorn lines (4, 6, 7). Bone
marrow derived dendritic cells from the M5.1 and M15.2 lines have
also been shown to be more resistant to lipopolysaccharide (LPS)
than the Ghsé6 line due to increased nitric oxide production, higher
MHC II surface expression, and increased phagocytic capability (4,
6). When evaluating differences within genetic line, Fayoumi lines
were relatively resistant to avian coccidiosis, with M5.1 being more
resistant than M15.2 (Eimeria maxima (8); Eimeria tenella (9)).
Within the Leghorn lines, Ghs13 is known to be more resistant to
NDV than Ghs6, while the two lines have not been investigated
using a bacterial infection model (5, 10). Therefore, Ghs13 was
expected to perform similarly to Ghs6 (7, 10).

While Leghorn Line-8 and Spanish-21.1 (Sp-21.1) inbred lines
have not been as thoroughly investigated as Fayoumi and Ghs
Leghorn lines, acute LPS exposure has been previously investigated
in the Ghs, Line-8, and Sp-21.1 genetic lines at an intramuscular
dose of 1 mg/kg BW (11). LPS is an outer component of gram-
negative bacteria, such as Escherichia coli, and is widely used in
research to model acute and chronic inflammatory responses (12).
Using a similar study design, previous results suggested that genetic
line may have a greater influence on metabolic pathway preferences
than LPS injection at 6 and 24 hours post-injection (hpi) (11).
While fever responses were not found due to LPS, the Ghs line
displayed delayed immune cell recruitment following LPS injection
but resolved LPS-induced inflammation by 24 hpi. Additionally,
Line-8 had a strong baseline T-cell presence and balanced immune
and metabolic response following LPS challenge. Sp-21.1 line had a
robust T cell response and glycolytic metabolic activity, which may
benefit rapid, energy-intensive immune responses (11). All genetic
lines showed metabolic recovery by 24 hpi despite evident genetic
line differences (11). The previous experimental designs concluded
that genetic background influenced the scale and efficiency of
immune activation and resolution. A future goal, therefore, was
to investigate increased dosages and query earlier timepoints to
determine if line-specific immune preferences and responses may

be more pronounced at earlier activation timepoints post-LPS
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exposure, further providing insight into genetic background
influence on bacterial resistance.

For example, 18-wk-old New Hampshire and Rhode Island Red
pullets experienced severe hypothermia within the first 4 h, while a
White Leghorn line had severe hyperthermia as early as 4 h
following a 2 mg/kg LPS intramuscular injection (13). In 12-wk-
old Rhode Island Red and New Hampshire cockerels, a 2 mg/kg
intramuscular LPS dose had been shown to significantly decrease
rectal body temperature at 3 hpi, leading to severe hypothermia at 5
hpi, and temperatures resolved at 24 hpi (14). In contrast, 12-wk-
old White Leghorn cockerels elicited severe biphasic hyperthermic
responses at 2 hpi, lasting 2-4 h following an identical LPS dose
(14). Therefore, a 2 hpi sampling timepoint was selected in the
present study to capture LPS-induced body temperature changes
across varying genotypes.

Based on previous work from this lab investigating PBMC
immune profiles and cellular metabolism of highly inbred and
advanced intercross genetic lines following an intramuscular LPS
injection at a 1 mg/kg dose (Escherichia coli O55:B5 (11)), the
authors chose to continue to use a non-infectious LPS model with
an intramuscular dosage of 2.4 mg/kg BW to further stimulate a
physiological response and enhance immune profiles and
immunometabolic phenotypes. Therefore, the objectives of this
study were to assess immune profiles and metabolic phenotypes
of peripheral blood mononuclear cells (PBMC) in 5 highly inbred
genetic lines (M5.1, M15.2, Ghsl13, Line-8, and Sp-21.1) of adult
chickens before and after a single 2.4 mg/kg BW intramuscular
LPS injection.

2 Materials and methods
2.1 Animals and LPS administration

All experimental procedures were approved by the Iowa State
University Institutional Animal Care and Use Committee #22-113.
This study utilized 54 adult birds representing five distinct highly
inbred genetic lines (M5.1, M15.2, Ghs13, Line-8, and Sp-21.1) sourced
from an existing breeding colony at Iowa State University’s Robert T.
Hamilton Poultry Teaching and Research Facility (Ames, IA). The
birds were ~127-130 weeks old. Not all genetic lines could be replicated
from previous work due to bird availability (11, 15). All birds were
individually housed in hanging cages with continuous access to a
standard laying hen diet and water. On day 0, birds from each genetic
line (n = 10 per line) were randomly assigned to one of two injection
treatments, creating a 5 x 2 factorial design of genetic line (M5.1,
M15.2, Ghsl3, Line-8, and Sp-21.1) by injection. Each bird received an
intramuscular injection administered in equal portions across the left
and right breast and thigh muscles. Treatments consisted of either 2.4
mg/kg BW lipopolysaccharide (LPS, Escherichia coli O55:B5; Sigma-
Aldrich, St. Louis, MO) or an equivalent volume of 0.9% sterile saline.
Body weight was recorded at baseline before injection and 24 h post-
injection (hpi). Cloacal temperature measurements were recorded at
baseline, 2 hpi, and 24 hpi.
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2.2 Sample collection

At each timepoint, 1 ml of blood was collected from the brachial
vein of all birds using heparinized syringes and collection tubes.
Blood was diluted to a I1:1 ratio with sterile phosphate-buffered
saline (PBS), and PBMC were isolated following previously
published methods (15, 16). Briefly, PBMC were isolated using
layered Histopaque 1077 and 1119 density gradient (Sigma Aldrich,
St. Louis, MO), centrifugation, and washed with sterile PBS. For
Seahorse metabolic assays, PBMC were resuspended in Seahorse XF
DMEM medium (pH 7.4, 37°C; Agilent, Santa Clara, CA) and
counted by hemocytometer. Fresh PBMC was used in Seahorse XF
metabolic assays. A mixture of heat-inactivated chicken serum
(Equitech-Bio Inc., Kerrville, TX) and DMSO (Thermo Fisher
Scientific, Waltham, MA) was added to the remaining PBMC and
stored at -80°C for flow cytometry.

2.3 Cytometric and metabolic assays

Flow cytometric and metabolic assays were performed following
previously published methods (15, 16). Briefly, PBMC from all
timepoints were thawed and washed in RPMI-1640 medium
(Cytiva-Hyclone, Logan, UT), resuspended in PBS (Corning,
Corning, NY), and aliquoted evenly across 6 flow cytometry tubes
(Corning, Corning, NY). All samples were stained using
fluorescence-minus-one controls and corresponding isotype
controls. The panel used in the current study included: PE anti-
chicken monocyte/macrophage (clone KUL01; mouse IgG1x), Pacific
Blue"" anti-chicken CD3 (clone CT-3; mouse IgGlk), FITC anti-
chicken CD1.1 (clone CB3; mouse IgG1k), PE/CY7 anti-chicken CD4
(clone CT-4; mouse IgG1x), Alexa Fluor® 700 anti-chicken CD8o.
(clone CT-8; mouse IgGlk; Southern Biotech, Birmingham, AL;
(15)). All samples were stained in the dark for 30 min at 4°C.
Samples were analyzed using a BD FACSCanto cytometer (BD
Biosciences, San Jose, CA), and gating strategies were generated using
FlowJo version 10.5.0 software (BD Biosciences, San Jose, CA).

For Seahorse XF metabolic assays, fresh PBMC isolated from
each baseline sample were plated in quadruplicate, and all PBMC
from 2 hpi and 24 hpi were plated in triplicate at 200,000 cells/well
for use in the Seahorse XF Real-Time ATP Rate Assay and
Glycolytic Rate Assay kits on the Seahorse XFe96 Analyzer
(Agilent, Santa Clara, CA). Agilent User Guides and protocols
were followed to perform metabolic tests.

2.4 Statistical analysis

Outliers in each dataset were identified using the UNIVARIATE
procedure. Data were analyzed separately at each timepoint using a
mixed linear model and Tukey-Kramer adjustment to correct for
multiple comparisons (PROC MIXED, SAS 9.4, Cary, NC). The
model included fixed effects for genetic line, injection status, and their
interaction across all timepoints (baseline, 2 hpi, and 24 hpi). For flow
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cytometric data, tube effects were treated as a random factor. Least-
square means and standard errors (SEM) were calculated for all
variables and statistical significance was determined at p < 0.05.

3 Results
3.1 Body weight and temperature

LPS injection had no significant impact on bird body weight or
temperature at any timepoint (p = 0.05, Table 1). The observed
differences in body weight among genetic lines are an inherent trait
of their genetic background.

3.2 Flow cytometry

Before inoculation, genetic line significantly influenced all
queried cell populations (p < 0.001, Figure 1). M15.2 birds had
36.6% more monocyte/macrophage” cells than Line-8 birds, while
M15.2 and M5.1 displayed similar monocyte/macrophage” levels at
baseline (p = 0.001, Figure 1A). Sp-21.1 birds exhibited 37.1-49.4%
fewer monocytes/macrophages than M5.1, M15.2, and Ghsl3 at
baseline (p = 0.001). Line-8 birds had 21.5-47.8% more CD3" cells
at baseline than Ghs13, Sp-21.1, and M5.1 (p < 0.0001, Figure 1B).
The M15.2 line also had 20.7-39.7% more CD3" cells than Sp-21.1
and M5.1 at baseline, while Sp-21.1 and M5.1 were not significantly
different (p < 0.0001). Within baseline CD3" subpopulations, Ghs13
birds had significantly more CD3"CD1.1" cells, with a 52.4-96.9%
increase compared to all other lines (p < 0.0001, Figure 1C). M15.2
and Line-8 were similar regarding baseline CD3"CD1.1"
populations, while M5.1 had 88.4% more CD1.1" cells than
MI15.2 (p < 0.0001). Ghs13 and Line-8 birds had significantly
more CD3"CD4" cells at baseline, with an 8.1-35.0% increase
compared to M15.2, M5.1, and Sp-21.1 (p < 0.0001, Figure 1D).
M15.2 and M5.1 were similar in this regard, and both exhibited
21.1-25.6% more CD3"CD4" cells than Sp-21.1 birds (p < 0.0001).
In baseline CD3"CD8a" cell populations, M5.1 birds had the
highest levels, with 22.9-45.1% more CD3"CD8o." cells than all
other lines (p < 0.0001, Figure 1E). M15.2 also had 28.9% more
CD3*CD8a." cells than Line-8, while Sp-21.1 and Ghs13 birds had
similar levels to Line-8 and M15.2 (p < 0.0001).

At 2 hpi, genetic line and injection status interaction was
significant for all cell populations except for CD3"CD1.1* (p <
0.001). Control birds had significantly more monocyte/
macrophage” cells in all lines at 2 hpi, except for Sp-21.1 (M5.1
83.7%, M15.2 88.9%, Line-8 89.4%, and Ghs13 84.9%; p = 0.001,
Figure 1A). Total CD3" cells were significantly elevated in LPS-
injected Line-8, M5.1, and Sp-21.1 birds compared to their
respective controls, with increases of 59.6%, 62.3%, and 51.8%,
respectively (p < 0.0001, Figure 1B). In contrast, Ghs13 and M15.2
birds showed no significant differences in CD3" cells between
treatment groups (p < 0.0001). Within CD3" subpopulations,
control birds had 34.1% more CD3"CD1.1" cells than LPS-
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TABLE 1 Body weight and temperature of 5 highly inbred genetic lines of adult birds (M5.1, M15.2, Ghs13, Line-8, and Sp-21.1) administered + 2.4 mg/

kg lipopolysaccharide injection at baseline, 2 hpi, and 24 hpi.

M5.1 M15.2 Ghs13

Measure CON LPS CON LPS CON LPS

CON LPS

Line-8 Sp-21.1

CON LPS

Adj. p-value

LinexTrt? Trt2Trt?

Line! Trt?

Body weight (kg)

Baseline 1.33° - 1.66" - 1.47%° - 1.49%° - 1.65" - 0.03 - -
Pooled SEM 0.08 - 0.08 - 0.07 - 0.07 - 0.08 - - - -
24 hpi 118 1.34 1.97 1.63 1.53 1.39 143 1.57 1.57 1.73 0.20 091 0.78
Pooled SEM 022 022 0.18 0.18 0.18 0.18 0.18 0.18 0.22 0.22 - - -
A24 hpi 004 | -004  -003  -0.04 -0.02 | -0.06 -0.04 | -004 -002 | -0.06 - - -
Average SEM 0004 | 002 0001 001 0.01 0.04 = 0.02 001 = 0003  0.06 - - -
Temperature (C°)

Baseline 40.99 - 40.78 - 41.00 - 40.93 - 40.84 - 0.61 - -
Pooled SEM 0.12 - 0.12 - 0.11 - 0.11 - 0.12 - - - -
2 hpi 40.96 | 4139 4089 | 4063  41.00  40.67 = 40.85  40.63 = 40.74 | 40.85 = 0.63 0.81 0.73
Pooled SEM 030 0.30 0.37 0.37 0.30 0.30 0.30 0.30 030 | 030 - - -
24 hpi 41.00 | 41.80  41.05 | 41.10  41.17  41.13 4113 4070 = 40.80 | 40.55 = 0.32 0.86 0.44
Pooled SEM 0.31 0.31 0.26 0.26 0.26 026 026 | 026 031 0.31 - - -
A6 hpi 017 048  -011 017  -006 | -035 -0.19  -0.41  0.02 0.06 - - -
Average SEM 0.20 0.41 0.50 017 023 0.58 0.20 0.60 010 | 020 - - -
A24 hpi -0.14 | 089 033 0.19 0.22 0.15 006 | 026 = 008 | -0.61 - - -
Average SEM 0.42 0.17 0.17 0.11 0.00 0.48 034 | 023 0.25 0.06 - - -

Data represent the mean and SEM for all genetic lines at each timepoint (n = 12 birds for Ghs13 and Line-8 lines, and n = 10 birds for M5.1, M15.2, and Sp-21.1 lines at baseline; n = 3 birds/
treatment for M5.1, Ghs13, Line-8, and Sp-21.1 lines, and n = 2 birds/treatment for M15.2 line at 2 hpi; n = 3 birds/treatment for M15.2, Ghs13, and Line-8 lines, and n = 2 birds/treatment for
M5.1 and Sp-21.1 lines at 24 hpi). Different letter superscripts within a timepoint indicate significance at p < 0.05.

!Line, Genetic line main effect.
>Trt, Challenge main effect.

injected birds at 2 hpi (p < 0.0001, Figure 1C). Among genetic lines,
Sp-21.1 birds exhibited 40.6-74.9% higher CD3"CD1.1" cell levels
than all other lines at 2 hpi (p < 0.0001). M5.1 and M15.2 lines were
similar in CD3"CD1.17 cells but had 44.5-50.7% more CD3"CD1.1"
cells than Line-8 birds at 2 hpi (p < 0.0001). In CD3"CD4"
populations, control birds in the M5.1, M15.2, and Line-8 lines
had significantly higher CD3"CD4" cell levels at 2 hpi compared to
their LPS-injected counterparts, being 66.5%, 37.6%, and 14.9%
higher, respectively (p < 0.0001, Figure 1D). Additionally, Ghs13
LPS-injected birds had 12.2% more CD3"CD4" cells than their
controls at 2 hpi, while Sp-21.1 birds showed no significant
difference between treatments (p < 0.0001). In contrast, for
CD3"CD80" cells, Ghs13 birds were similar across treatments (p
< 0.0001, Figure 1E). However, LPS injection led to significantly
increased CD3"CD8a" cells in M5.1, M15.2, Line-8, and Sp-21.1
birds compared to their controls, with increases of 63.2%, 54.2%,
41.1%, and 55.2%, respectively (p < 0.0001).

At 24 hpi, Ghsl3 and Line-8 birds had more monocytes/
macrophages+ than M5.1, M15.2, and Sp-21.1 birds (35.5-42.4%

Frontiers in Immunology

M5.1,21.7-30.1% M15.2, and 41.9-48.2% Sp-21.1, respectively; p <
0.0001, Figure 1A). Additionally, LPS injection increased
monocytes/macrophages’ populations by 17.9% at 24 hpi
compared to control (p = 0.03). Similarly, Line-8 birds had the
highest levels of total CD3" cells compared to all other lines at 24
hpi, while Sp-21.1 and Ghsl13 birds were similar and fell
intermediate (p < 0.0001, Figure 1B). In CD3" subpopulations at
24 hpi, LPS injection increased CD3"CD1.1" cells by 15.2% and
55.0%, respectively, in M15.2 and Line-8 lines compared to
control, while M5.1 LPS birds had 29.3% fewer CD3"CD1.1"
cells than their respective control (p < 0.0001, Figure 1C). LPS
injection also significantly increased CD3"CD4" populations by
7.2% compared to control at 24 hpi (p = 0.02, Figure 1D). Ghs13
had more CD3"CD4" cells and fewer CD3"CD80." than all other
lines at 24 hpi (22.4-36.7% and 28.7-48.2%, respectively; p <
0.0001). M5.1 and M15.2 had similar immune cell profiles
across all cell populations at 24 hpi, except for CD3"CD8a"
levels where M5.1 had 18.3% more CD3"CD8o." cells than
M15.2 birds (p < 0.0001, Figure 1E).
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Percentages of (A) Monocyte/Macrophage*, (B) total CD3*, (C) CD3* CD1.1%, (D) CD3* CD4", and (E) CD3* CD8a." cells isolated from peripheral
blood mononuclear cells of 5 highly inbred genetic lines of adult birds (M5.1, M15.2, Ghs13, Line-8, and Sp-21.1) + 2.4 mg/kg intramuscular LPS
injection at baseline, 2 hpi, and 24 hpi. Data represents the mean + SEM (n = 4 birds/genetic line at baseline; n = 3 birds/treatment for M5.1, Ghs13,
Line-8, and Sp-21.1 lines, and n = 2 birds for M15.2 line at 2 hpi; n = 2 birds/treatment for M5.1 and Sp-21.1 lines, and n = 3 birds/treatment for
M15.2, Ghs13, and Line-8 lines at 24 hpi). Note that panels A and C are on a smaller scale than the remaining panels. Different letter superscripts

denote significant differences within a timepoint p < 0.05.

3.3 Metabolic assays

No effects in any of the measurements were found with the
interaction of line and treatment, therefore, only main effects will be
discussed. Glycolytic ATP production did not differ significantly
among genetic lines at baseline prior to inoculation (p = 0.15,
Table 2, Figure 2A). Genetic line significantly impacted baseline and
24 hpi mitochondrial and total ATP production. At baseline, Sp-
21.1 birds produced more mitochondrial and total ATP than all
other lines (80.7-90.4% and 76.7-88.7%, respectively; p < 0.0002;
Figures 2B, C). By 24 hpi, M5.1 birds had less mitochondrial and
total ATP production compared to Ghs13, M15.2, and Sp-21.1
lines, while Line-8 birds fell intermediate at 24 hpi (59.6-68.9% and
56.7-63.8%, respectively; p < 0.04; Table 2). LPS treatment had
significant impacts only at 2 hpi that were resolved by 24 hpi
(Table 2). LPS significantly decreased glycolytic, mitochondrial, and
total ATP by 70.2%, 80.5%, and 76.3%, respectively, in inoculated
birds compared to control at 2 hpi (p < 0.01). Likely due to the
resolution of LPS inoculation, the effects seen at baseline prior to
LPS inoculation resolved by 24 hpi, which suggested the early
impacts of LPS on the birds noted at 2 hpi had resolved. In
addition, genetic line main effects reemerged at 24 hpi.

No interaction effects were found at any timepoint within basal
PER, glycolysis, compensatory glycolysis, or post-2-DG
acidification rates (Table 3). Treatment was the only main effect
with significant outcomes. Baseline glycolytic rate assay measures
prior to LPS injection were consistent across genetic lines (p = 0.20,
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Table 3). At 2 hpi, LPS significantly reduced basal PER, basal
glycolysis, compensatory glycolysis, and post-2-dg acidification
compared to control birds (68.0%, 70.0%, 70.5%, and 77.7%,
respectively; p < 0.01). By 24 hpi, no significant differences in
glycolytic output were observed due to genetic line, LPS injection, or
their interaction (p = 0.10). These results mirrored the outcomes
found in Table 2.

4 Discussion

This study evaluated the physiological outcomes, immune
profiles, and metabolic phenotypes of PBMC in five highly inbred
genetic lines of adult chickens (M5.1, M15.2, Ghs13, Line-8, and Sp-
21.1) before and after a single 2.4 mg/kg intramuscular LPS injection.

Genotype-related differences in baseline body weight were
expected. Line-8 and Sp-21.1 initial body weights were similar to
those reported in previous work by our lab, including adult Line-8
and Sp-21.1 birds (11). Immune cell populations also varied across
genetic lines before LPS administration. While M5.1 and M15.2
were similar across monocyte/macrophage and CD3"CD4"
populations, M5.1 was observed to have higher baseline levels of
CD3*CD1.1" and CD3*CD8a", while M15.2 had elevated total
CD3" T cells. However, baseline glycolytic rate and ATP production
did not differ between these Major Histocompatibility Complex
(MHC) congenic relatives (1, 17). While differences in T cell
populations did not contribute to metabolic outcomes between
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TABLE 2 Glycolytic, mitochondrial, and total adenosine triphosphate (ATP) production of peripheral blood mononuclear cells isolated from 5 highly
inbred genetic lines of adult birds (M5.1, M15.2, Ghs13, Line-8, and Sp-21.1) administered + 2.4 mg/kg intramuscular lipopolysaccharide injection at
baseline, 2 hpi, and 24 hpi.

M5.1 M15.2 Ghsl3 Line-8 Sp-21.1 Adj. p-value
ATP Production Pooled
(pmol/min) CON LPS CON LPS CON LPS CON LPS CON LPS SEM Line' Trt> LinexTrt?
Glycolytic
Baseline 166.3 - 192.8 - 85.2 - 169.5 - 529.0 - 121.1 0.15 - -
2 hpi 1394 1151 | 3727 | 710 | 2621 | 643 1471 | 27.6 4214 1224 107.0 0.41 0.01 0.64
24 hpi 3580 | 2616 1812 | 1057 @ 2937 | 3853 2043 | 2543 1531  342.1 78.9 0.10 0.54 0.46
Mitochondrial
Baseline 186.2° - 283.1° - 145.2° - 293.0° - 15151 - 1102 <0.0001 - -
2 hpi 1957 996 = 4587 | 428 = 4422 | 530 2054 | 626 6517 122.6 139.8 0.42 0.01 0.53
24 hpi 3277 2956 = 1657 | 86.1 | 3623 | 4469 2849 2714 4142 4013 87.6 0.02 0.85 0.87
Total
Baseline 352.5° - 475.9° - 230.4° - 462.5" - 2044.1° - 227.7 0.0002 - -
2 hpi 3352 | 2147 8314 | 1138 7042 | 1174 3525 902 10732 2450 260.1 0.42 0.01 0.58
24 hpi 6857 | 5573 | 3469 | 191.8 6560 | 8322  489.2 5256 5673 7434 160.3 0.04 0.84 0.73

Data represent the mean and SEM for all genetic lines at each timepoint (n = 4 birds/genetic line at baseline; n = 3 birds/treatment for M5.1, Ghs13, Line-8, and Sp-21.1 lines, and n = 2 birds for
M15.2 line at 2 hpi; n = 2 birds/treatment for M5.1 and Sp-21.1 lines, and n = 3 birds/treatment for M15.2, Ghs13, and Line-8 lines at 24 hpi). Different letter superscripts within a timepoint
indicate significance at p < 0.05.

'Line, Genetic line main effect.

>Trt, Challenge main effect.

these two lines in this setting, other results suggest that M5.1 may
have a more efficient adaptive immune response regarding antigen
presentation and cytotoxic activity than M15.2 (18, 19). Notably,
M5.1 has been reported to be more resistant to Eimeria tenella and
C. perfringens/Eimeria maxima infections than M15.2, which
further supports a more efficient adaptive response in M5.1 than
M15.2 (9, 20, 21).

When comparing baseline immune profiles of the Fayoumi and
Leghorn Ghs lines, Ghs13 had more CD3", CD3"CD1.1", and
CD3*CD4" cells but fewer CD3*CD80" than M5.1 in the current
study. Whereas in younger birds, Fries-Craft et al. noted 21-d-old
M5.1 chicks had more peripheral monocytes/macrophages and

cytotoxic T cells than the Ghsl13 line, while total CD3" and
CD3"CD4" populations remained similar between the two lines
(40.3% and 67.7%, respectively; (16)). Since LPS is a major
endotoxin and component of gram-negative bacteria, the lower
cytotoxic T cell populations observed in Ghsl3 across age may
indicate susceptibility to gram-negative bacteria such as Salmonella,
but further research is needed to confirm this outcome. However,
previously research has demonstrated that the Ghsl13 line is more
susceptible to viral infections, such as Marek’s and Newcastle
Disease than M5.1 (10, 22).

Within the Leghorn lines, Line-8 birds exhibited higher baseline
CD3" levels than Ghs13, Sp-21.1, and M5.1 but fewer monocytes/
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FIGURE 2

(A) Glycolytic, (B) mitochondrial, and (C) total adenosine triphosphate (ATP) production of peripheral blood mononuclear cells isolated from 5 highly
inbred genetic lines of adult birds (M5.1, M15.2, Ghs13, Line-8, and Sp-21.1) + 2.4 mg/kg intramuscular lipopolysaccharide injection at baseline, 2 hpi,
and 24 hpi. Data represent the mean + SEM (n = 4 birds/genetic line at baseline; n = 3 birds/treatment for M5.1, Ghs13, Line-8, and Sp-21.1 lines,
and n = 2 birds for M15.2 line at 2 hpi; n = 2 birds/treatment for M5.1 and Sp-21.1 lines, and n = 3 birds/treatment for M15.2, Ghs13, and Line-8 lines
at 24 hpi). Different letters denote significant differences within a timepoint (p < 0.05). Note that the y-axis is larger in (C).
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TABLE 3 Basal proton efflux rate (PER), basal glycolysis, compensatory glycolysis, and post-2-DG acidification of peripheral blood mononuclear cells
isolated from 5 highly inbred genetic line of adult birds (M5.1, M15.2, Ghs13, Line-8, and Sp-21.1) administered + 2.4 mg/kg intramuscular
lipopolysaccharide injection at baseline, 2 hpi, and 24 hpi.

M5.1 M15.2 Ghs13 Line-8 Sp-21.1 Adj. p-value
Measure Pooled
(pmol/min) CON LPS CON LPS CON LPS CON LPS CON LPS SEM Line! Trt® Line'xTrt?
Basal PER®
Baseline 165.7 - 151.2 - 101.7 - 144.7 - 210.2 - 30.7 0.23 - -
2 hpi 1373 946 | 3035 850 2303 525 1434 307 | 303.6 = 952 90.9 0.67 0.02 0.84
24 hpi 2264 | 2199 1689 | 820 = 2209 | 2536 1652 | 1947 = 803  190.8 53.2 0.16 0.65 0.51
Basal glycolysis
Baseline 188.2 - 184.0 - 119.5 - 1822 - 276.2 - 41.9 0.20 - -
2 hpi 1619 | 1058 = 3555 = 912 2792 | 582  167.1 | 367 @ 3724 109.3 100.6 0.65 0.02 0.82
24 hpi 257.0 | 2549 1941 | 922 = 2654 | 3128 2068 | 2293 = 968 | 2359 63.5 0.14 0.62 0.51
Compensatory glycolysis
Baseline 215.3 - 221.1 - 1413 - 235.6 - 348.7 - 67.9 0.37 - -
2 hpi 1927 1272 4142 1064 = 3925 682 = 2135 432 | 4678 | 1513 137.7 0.63 0.02 0.81
24 hpi 3194 | 3050 2496 | 1003 3669 | 3941 3147 | 2810 @ 1010 | 290.6 93.4 0.17 0.95 0.59
Post-2-DG
Baseline 472 - 58.7 - 383 - 42.7 - 77.0 - 15.7 0.46 - -
2 hpi 417 214 83.8 11.1 1072 215 39.8 733 1001 | 227 29.7 0.51 0.01 0.69
24 hpi 52.3 54.1 48.0 122 85.0 80.6 54,5 47.0 15.1 51.0 21.1 0.10 0.89 0.65

Data represent the mean and SEM for all genetic lines at each timepoint (n = 4 birds/genetic line at baseline; n = 3 birds/treatment for M5.1, Ghs13, Line-8, and Sp-21.1 lines, and n = 2 birds for
M15.2 line at 2 hpi; n = 2 birds/treatment for M5.1 and Sp-21.1 lines, and n = 3 birds/treatment for M15.2, Ghs13, and Line-8 lines at 24 hpi). Different letter superscripts within a timepoint

indicate significance at p < 0.05.
!Line, Genetic line main effect.
*Trt, Challenge main effect.
PER, Proton Efflux Rate.

macrophages and cytotoxic T cells than M15.2. Similar results were
observed here and previously in our lab group, where ~64-wk-old
Line-8 birds had 50.9 and 19.5% more total CD3" T cells than Ghs
and Sp-21.1 birds at baseline, respectively (Table 4, (11)). The
Leghorn lines, Ghs13 and Line-8, also had greater helper T-cell
activity at baseline than Fayoumi lines and Sp-21.1. Ghs13 birds had
the highest proportion of CD3"CD1.1" and CD3"CD4" cells,
suggesting greater potential for antigen presentation and early
immune response initiation (18). Meanwhile, Sp-21.1 had fewer
monocytes/macrophages at baseline than other lines, which may
indicate potential differences in innate immune activation or
immune surveillance. Similar results were also observed by
Elmore et al., where adult Sp-21.1 had significantly fewer
monocytes/macrophages at baseline compared to Ghs and Line-8
birds (11). Within metabolic measures at baseline, glycolytic results
suggest that all genetic lines were at similar initial metabolic states
before LPS injection. However, Sp-21.1 had significantly higher
mitochondrial and total ATP production than all other lines at
baseline, indicating a potential preference for mitochondrial
production, while all other lines did not indicate a preference for
anaerobic or anaerobic pathways. In support of Elmore et al.’s
findings, Sp-21.1’s preference for oxidative phosphorylation at
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baseline could be linked to a more efficient phenotype than all
other inbred genetic lines as oxidative phosphorylation produces
significantly more ATP per molecule of glucose and produces fewer
reactive oxygen species compared to glycolysis (36-38 ATP vs 2
ATP per glucose molecule, respectively (11, 23)).

At 2 hpi, LPS-induced changes in cloacal temperature were not
observed but were expected among treatment groups as LPS has been
shown to cause severe hyperthermic responses as early as 2 hpi
following a 2 mg/kg intramuscular LPS dose (14). Additionally, it
has been well reported that 1 mg/kg BW intravenous LPS (Escherichia
coli O127: B8) or 1 and 2.5 mg/kg BW intraperitoneal LPS (S.
Typhimurium) injection elicited a fever response as early as 2 hpi in
broilers and laying birds (24, 25). Using an identical 1 mg/kg BW
intramuscular LPS dosage (Escherichia coli O55:B5), our group has
demonstrated that LPS significantly lowered cloacal temperatures in
~133-wk-old White Leghorn roosters and trended to reduce cloacal
temperature in 4 highly inbred genetic lines (11, 15). While the LPS
model was not confirmed by physiological changes induced by LPS
injection in the current study, the interaction between genetic line and
LPS injection was significant for all immune cell populations except
CD3*CDI1.1" at 2 hpi. Control birds had higher monocyte/
macrophage” levels in all genetic lines except Sp-21.1, where LPS-
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TABLE 4 The relative impact of LPS on cell profiles and metabolic phenotypes of peripheral blood mononuclear cells isolated from 3 highly inbred
genetic line of adult birds (Ghs6, Ghs13, Line-8, and Sp-21.1).

Ghs
LPS dose (mg/kg BW) 1)
S8 (Gf\'s‘;rl_?;) (Ghs6, 2.4/1 2.4 2.4/1 2.4 2.4/1
Ghs13)
Measure Units 2 hpi 6hpi 24 hpit 2 hpi 6 hpi 24 hpit 2 hpi 6 hpi 24 hpit
Immune populations %
Monocyte/ 1 1 -1 1 - /- - T /
macrophage”
CD3" - l -/- 1 1 / T l /
CD3"CD1.1" - T -/- - T /- - T /
CD3*CD4" T - /- 1 - v _ _ /
CD3*CD8a." - - -1 1 | - 1 1 /
ATP? Production pm.ol/
min

Glycolytic - - /- - - / _ _ /
Mitochondrial - - -/- - - / — 1 /
Total - - -/- - 1 A - ! /
Glycolytic Rat pmol/

ycolytic Rate min
Basal PER® - - -/ - - v _ _ /
Basal glycolysis - - -/- - - /- - - /
Compensatory - - -/- - - / _ _ /
glycolysis
Post-2- - - -/- - - -/- - - /
DG acidification

"Two LPS doses (1 mg/kg and 2 mg/kg BW) are represented at the 24 hpi timepoint, with 2.4 mg/kg BW dose outcomes being displayed on the left side of the column and those from the 1 mg/kg

BW dose on the right side.
2ATP, adenosine triphosphate production.
*PER, Proton Efflux Rate.

Lipopolysaccharide (LPS) was administered intramuscularly at + 1 mg/kg bodyweight (BW), and outcomes were analyzed at 6 hpi and 24 hpi [data adapted from (11)], or 2.4 mg/kg BW and
analyzed at 2 hpi and 24 hpi. Directional arrows indicate significant increases or decreases in the measures (P<0.05), while a dash indicates no significant change (p > 0.05).

injected birds had similar responses to control. Given the use of an
acute LPS challenge and likely previous chronic exposure to
environmental LPS, this response is likely a typical sterile
inflammatory response, as documented in other sterile inflammation
models (26-28). In contrast, our lab previously reported that a single 1
mg/kg intramuscular LPS dose resulted in higher monocyte/
macrophage” levels in LPS-stimulated birds than control at 6 hpi
(23.8%, (11)). However, in both studies, monocyte/macrophage” levels
were significantly decreased in LPS-stimulated Ghs birds at 2 hpi and 6
hpi (Table 4, (11)). Therefore, these results may suggest that monocyte/
macrophage cells were recruited from circulation upon LPS recognition
and were migrating to infected tissues at 2 hpi, while cells had returned
to circulation by 6 hpi using a lower LPS dose (i.e., breast and thigh
muscle (29)).

In addition, LPS injection significantly increased circulating
CD3" T cells in Line-8, M5.1, and Sp-21.1 birds compared to their
respective controls, while Ghs13 and M15.2 lines remained similar
across treatments at 2 hpi in the present study. In contrast, total
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CD3" cell levels were significantly lower in LPS-stimulated Line-8
and Sp-21.1 birds 6 h post-1mg/kg intramuscular LPS dose, while
Ghs birds remained similar (Table 4, (11)). This suggests Line-8 and
Sp-21.1 birds had an early response to an increased dose of LPS,
while the Ghs line may have delayed responses to immune
activation at 2 hpi. Within CD3" subpopulations, control birds
had significantly more CD3*CD1.1" and CD3"CD4" cells than their
LPS-stimulated counterparts. Meanwhile, LPS-stimulated birds had
higher CD3"CD1.1" and CD3*CD4" levels 6 h post 1 mg/kg LPS
dose (Table 4, (11)). However, within Ghs, Line-8, and Sp-21.1,
CD3"CD1.1" levels remained similar across lines at 2 h post-1 mg/
kg LPS dose, while LPS increased CD3"CD1.1" cells in all lines at 6
h post-2.4 mg/kg LPS dose. Therefore, 6 hpi is likely to be a more
appropriate timepoint to capture shifts CD3*CD1.1" cells following
a 1-2.4 mg/kg LPS dose in highly inbred genetic lines, but not in
adult White Leghorn roosters (15).

In contrast, the LPS dose of 2.4 mg/kg at 2 hpi was a more sensitive
model for detecting changes in circulating CD3"CD4" and
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CD3"CD80." for Fayoumi lines and Line-8. For example, LPS
stimulation decreased the amount of circulating effect T cells but had
the inverse effect on cytotoxic T cells in M5.1, M15.2, and Line-8 lines
at 2 hpi in the current study. Meanwhile, no differences were reported
in CD3"CD4" or CD3"CD80." cells across treatment groups in Ghs
and Line-8 at 6 h-post 1 mg/kg LPS dose (Table 4, (11)). However,
LPS-stimulated Sp-21.1 birds had higher CD3"CD80." levels at both 2
hpi and 6 hpi, indicating an early and strong cytotoxic immune
response that is line-specific, despite different LPS doses (30).
Additionally, Fayoumi lines were shown to quickly favor cytotoxic
T-cell mobilization at 2 hpi at a higher LPS dose, while Ghs birds
showed little to no T-cell reactivity to LPS in comparison to all other
lines in either model (1 mg/kg LPS at 6 hpi vs. 2.4 mg/kg LPS at 2 hpi,
Table 4). These results indicate that line-specific responses varied
following LPS stimulation and immune activation at 2 hpi and 6 hpi.
Regarding immunometabolic activity at 2 hpi, LPS significantly
decreased ATP production and glycolytic rate across all measures.
LPS injection has also been shown to not significantly impact ATP
production or glycolytic rate in adult Ghs, Line-8, Sp-21.1, advanced
intercross line (AIL-F), or White Leghorn birds 6 h post-1 mg/kg
intramuscular LPS dose (11, 15). These results were not expected as
immune cells typically switch metabolic pathways from oxidative
phosphorylation to glycolysis following LPS stimulation and immune
activation to accommodate increased energetic demands (31-34).
Therefore, metabolic shifts were expected to favor glycolysis over
oxidative phosphorylation during immune activation.

At 24 hpi, distinct differences in immune cell profiles were driven
by both LPS- and genetic line-specific responses. Notably, LPS injection
significantly increased monocyte/macrophage-+ levels from 2 hpi, while
control birds maintained significantly higher CD3"CD4" levels from 2
hpi compared to LPS-stimulated birds. LPS injection also led to greater
CD3"CD1.1" levels in M15.2 and Line-8 birds but reduced
CD3"CD1.1" levels in M5.1 birds at 24 hpi. However, all remaining
cell populations were similar across treatment groups in all genetic lines
at 24 hpi, suggesting possible LPS clearance or recovery from its earlier
effects at 2 hpi. Within genetic lines, Leghorn birds (Ghs13 and Line-8)
maintained a more robust monocyte/macrophage response during LPS
clearance compared to all other lines. Line-8 birds also continued to
have the highest total CD3" populations compared to the remaining
lines despite total CD3" populations numerically decreasing from 2 hpi
to 24 hpi. Similar findings were reported by Elmore et al., 2025, where
Line-8 birds had greater CD3" populations at baseline, 6 hpi and 24 hpi
of a 1 mg/kg intramuscular LPS dose than Ghs, Sp-21.1, and AIL-F
lines (11). This may indicate that Line-8 birds prefer adaptive
immunity to all other lines regardless of LPS injection dose.
Interestingly, M5.1 had a stronger cytotoxic immune profile than
M15.2 from 2 hpi to 24 hpi. M5.1’s cytotoxic phenotype further
supports its known resistance to Eimeria tenella and C. perfringens/
Eimeria maxima infections when compared to M15.2 (9, 20, 21).

Overall, these results demonstrate distinct immune and metabolic
phenotypes contributing to varied LPS response among 5 highly inbred
genetic lines (M5.1, M15.2, Ghs13, Line-8, and Sp-21.1). These findings
support our hypothesis that both immune profiles and PBMC
metabolic phenotypes differ by genetic line and influence early
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response to systemic LPS challenge. The Fayoumi M5.1 displayed a
stronger cytotoxic immune profile than M15.2, which aligned with its
known resistance to parasitic infections. The Leghorn lines, Ghs13 and
Line-8, had greater helper T-cell activity at baseline. Line-8 also had a
more robust adaptive immune response 2 h post-LPS injection. Sp-21.1
preferred mitochondrial ATP production at baseline. At 2 h post-2.4
mg/kg LPS dose, immune activation varied by line. Fayoumi birds
showed rapid cytotoxic T-cell mobilization, while Ghs13 birds showed
a weaker response and possible delayed immune activation. Thus, the
24 mg/kg LPS dose at 2 hpi was likely optimal for detecting early
immune responses in Fayoumi lines, whereas Ghs birds may be more
responsive to a lower 1 mg/kg dose at 6 hpi. Immunometabolic shifts
following LPS stimulation did not favor glycolysis as expected,
indicating potential line-specific differences in metabolic regulation.
By 24 hpi, LPS clearance occurred across most immune cell
populations. Future research with increased sample sizes and
additional sampling timepoints are warranted to further investigate
the relationship between immune profile and immunometabolism
following LPS stimulation in these highly inbred genetic lines. These
findings highlight the role of genetic background on immune and
metabolic responses and provide insight into line-specific immune
strategies that may influence resistance to gram-negative bacteria.
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