&g | frontiers
* | in Immunology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Jayne Hope,
University of Edinburgh, United Kingdom

REVIEWED BY

Kieran G. Meade,

University College Dublin, Ireland

Gilles Foucras,

Ecole Nationale Vétérinaire de Toulouse
(ENVT), France

*CORRESPONDENCE
Marta Alonso-Hearn
malonso@neiker.eus

RECEIVED 12 November 2025
REVISED 28 January 2026
ACCEPTED 27 April 2026
PUBLISHED 20 May 2026

CITATION

Prado-Ldpez A, Badia-Bringué G,
Torremocha R, Navarro Leodn Al,
Casais R and Alonso-Hearn M (2026)
Whole transcriptome analysis of
peripheral blood identifies systemic
innate immune responses and
translation inhibition in subclinical
Holstein cattle naturally infected
with Mycobacterium avium

subsp. paratuberculosis.

Front. Immunol. 17:1744978.

doi: 10.3389/fimmu.2026.1744978

COPYRIGHT

© 2026 Prado-Lopez, Badia-Bringu€,
Torremocha, Navarro Ledn, Casais and
Alonso-Hearn. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance
with accepted academic practice. No
use, distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Immunology

TYPE Original Research
PUBLISHED 20 May 2026
Dol 10.3389/fimmu.2026.1744978

Whole transcriptome analysis of
peripheral blood identifies
systemic innate immune
responses and translation
Inhibition in subclinical Holstein
cattle naturally infected with
Mycobacterium avium subsp.
paratuberculosis

Arrate Prado-Ldpez'?, Gerard Badia-Bringué®,
Rosana Torremocha®, Alejandra I. Navarro Ledn®, Rosa Casais®
and Marta Alonso-Hearn™

Department of Animal Science, NEIKER-Basque institute for Agricultural research and Development,
Basque Research and Tecnology Alliance (BRTA), Derio, Bizkaia, Spain, 2Doctoral Program in
Immunology, Microbiology, and Parasitology, Euskal Herriko Unibertsitatea (EHU), Leioa, Bizkaia, Spain,
3Genomic Unit, Scientific Park of Madrid, Madrid, Spain, “Centre of Animal Biotechnology, Regional
Service of Agricultural Research and Development (SERIDA), Deva, Asturias, Spain

Bovine paratuberculosis (PTB), caused by Mycobacterium avium subsp.
paratuberculosis (MAP), is a chronic granulomatous intestinal disease that leads
to substantial economic losses in the global dairy industry. Current diagnostic
tests have limited sensitivity, as they can reliably detect only animals that have
advanced stages of disease characterized by diffuse lesions and with the presence
of clinical signs, but fail to identify those in earlier or subclinical stages, with focal
or multifocal lesions in gut tissues. Previous studies have suggested that multi-
focal granulomas prevent lesions progression, but the molecular mechanisms
involved in the establishment and maintenance of a chronic MAP infection are not
fully understood. This study aimed to compare the whole transcriptomic profiles
of peripheral blood (PB) samples from Holstein cattle with multifocal lesions and
those without lesions in gut tissues. Total RNA was extracted from samples from
PB samples collected from 11 cows with multifocal lesions and no clinical signs of
PTB, and from 4 control cows without lesions that tested negative in several PTB
diagnostic assays. RNA libraries were prepared using 250 ng of RNA with the
Ilumina NEBNext Ultra Directional RNA library preparation kit and sequenced on
an lllumina NextSeq sequencer. On average, 34.08 million raw reads were
sequenced from PB samples. In cows with multifocal lesions compared with
control cows, 1,272 differentially expressed genes (DEGs) were identified in PB.
Protein-to-protein interaction analysis revealed that several DEGs were highly
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interconnected and associated with molecular processes related to splicing and
translation inhibition, as well as with the activation of a robust innate immune
response in PB. Overall, this study provides new insights into MAP pathogenesis
and identifies potential biomarkers and therapeutic targets.
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inhibition

1 Introduction

Bovine paratuberculosis (PTB), also known as Johne’s disease, is
a chronic granulomatous enteritis caused by Mycobacterium avium
subsp. paratuberculosis (MAP) that affects both domestic and wild
ruminants worldwide. The main clinical signs in cattle include
chronic diarrhea, progressive weight loss, and decreased milk
production. PTB occurs worldwide, and estimates show that over
50% of cattle herds in Europe and North America are infected (1).
The disease is responsible for substantial economic losses, estimated
at approximately US$4 billion annually worldwide (2), including
US$364 million in Europe and around US$12 million per year in
Spain (3). In addition to production losses, PTB can lead to fertility
problems and increased susceptibility to other diseases such as
mastitis (1). Furthermore, MAP infection has been associated with a
range of inflammatory and autoimmune conditions, including
Crohn's disease (4-6), type I diabetes (7), sarcoidosis (8), rheuma-
toid arthritis (9), Hashimoto’s thyroiditis (10), Blau syndrome (11)
and multiple sclerosis (12). More recently, associations have also
been suggested with other human disorders such as Alzheimer’s
disease (13) and colorectal cancer (14).

Cattle are exposed to MAP via the fecal-oral route during the
first months of life, through ingestion of contaminated feces, milk,
water, or colostrum. Vertical transmission in utero has also been
reported (15). Once ingested, MAP penetrates the intestinal mucosa
through M cells located in Peyer’s patches, where it is phagocytosed
by macrophages. Inside macrophages, MAP evades the host
immune response through multiple mechanisms, including inhibi-
tion of macrophage apoptosis, prevention of phagosome acidifica-
tion and subsequent fusion with lysosomes, suppression of antigen
presentation via downregulation of the bovine major histocompat-
ibility complex II (BOLA), and stimulation of the anti-inflammatory
cytokine interleukin-10 (IL-10) (16). The mechanisms employed by
MAP to evade immune clearance facilitate the establishment of
chronic infection and significantly hinder the development of
efficacious vaccines. PTB-associated lesions are classified as focal,
multifocal, or diffuse, depending on the extent and cellular com-
position of the inflammatory infiltrate (17). Diffuse forms are
further subdivided into three categories- lymphocytic/
paucibacillary, intermediate, and multibacillary based on the
nature of the infiltrate and the number of acid-fast bacilli present
(17). In some infected animals, the granulomatous infiltrate be-
comes diffuse disrupting the intestinal mucosal structure. In ad-
vanced stages of the infection, MAP may also disseminate to the
mammary gland, resulting in contamination of milk and colostrum
(18, 19).
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Granuloma formation is a key characteristic of MAP infection
and is best described as an organized aggregate of various immune
cells such as macrophages, multinucleated giant cells, epithelioid
cells, lymphocytes, neutrophils, and fibroblasts. It allows these
immune cells to enact a localized inflammatory response, encasing
the bacilli within to prevent further dissemination, and inhibiting
MAP replication. Focal and multifocal granulomas are typically
associated with chronic and subclinical infection, whereas granu-
lomas found in PTB-associated diffuse lesions are characteristics of
disease progression and clinical disease. Recent studies suggest that
host genetics, cellular composition, and the molecular mechanisms
underlying PTB-associated multifocal and diffuse lesions may differ,
and that progression from a multifocal to a diffuse lesion might not
always occur (20-23). These previous studies have suggested that
multifocal granulomas prevent lesions progression, but the molec-
ular mechanisms involved in the establishment and maintenance of
a chronic MAP infection are not fully understood.

Current diagnostic tests, MAP antibody ELISA and fecal PCR,
do not allow the detection of all infected animals in a herd due to
their low sensitivity for the animals in the subclinical stage of MAP
infection. At this stage, MAP bacterial load is low and the host
immune response is weak or delayed. These factors make conven-
tional ante-mortem diagnostic methods insensitive, highlighting the
need for novel biomarkers. Transcriptomic profiling is a source of
novel biomarkers for the detection of animals in subclinical stages.
RNA sequencing (RNA-Seq) is a third-generation sequencing tool
that allows the complete transcriptomic analysis of a cell or tissue.
RNA-Seq studies have used different samples from MAP-infected
cattle including ileocecal valve (ICV) (22, 24-26), salivary glands
(27), whole blood (22, 28), Peyer’s patches (29), jejunum (30, 31)
and ileum (30). More recently, the ABCA13 transporter, a bio-
marker identified in peripheral blood (PB) from subclinically MAP-
infected cattle, was successfully validated as a serum biomarker for
detecting Holstein cows with focal lesions (22, 32). To date, no
RNA-Seq studies have analyzed samples from MAP-infected ani-
mals exhibiting multifocal lesions in gut tissues. In this study, we
performed RNA-Seq analyses of PB from cattle with PTB-associ-
ated multifocal lesions and from control animals without lesions.
Gene expression data were analyzed using gene ontology and
metabolic pathway enrichment to identify gene ontologies and
metabolic pathways enriched for differentially expressed differen-
tially expressed genes (DEGs) genes. Using the DEGs from the
RNA-Seq data we performed protein-to-protein interaction analysis
to identify functional networks and determine which proteins
interact and act together. The workflow of the study is presented
in Figure 1.
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Study design. The infectious status of the animals included in this study was determined by histopathological analysis of gut tissues, acid-fast stain,
ELISA for the detection of anti-MAP antibodies, and fecal and gut tissues PCR and bacteriological culture. Total RNA was extracted from peripheral
blood samples from cows with multifocal lesions (N = 11) and control cows without lesions (N = 4). RNA libraries were prepared with the Illumina
NEBNext Ultra Directional RNA library preparation kit and sequenced on an Illumina NextSeq sequencer. A bioinformatic pipeline was applied for
differential expression analysis and the search for DEGs, GOs, and metabolic pathways. Created with BioRender.com.

2 Materials and methods
2.1 Ethics statement

The study is reported in accordance with ARRIVE guidelines
(https://arriveguidelines.org). The Animal Ethics Committee of the
Servicio Regional de Investigacion y Desarrollo Agroalimentario
(SERIDA) approved the procedures on the animals included in this
study. All procedures were authorized by the Regional Consejeria de
Agroganaderia y Recursos Autoctonos of the Principality of
Asturias (authorization codes PROAE 29/2015, PROAE 66/2019,
and PROAE17/2022) and were carried out following the European
Guidelines for the Care and Use of Animals for Research Purposes
(2012/63/EU). PB, gut tissues, and fecal samples were collected by
trained personnel and in accordance with good veterinary practice.

2.2 Animals and PTB diagnostic status

The animals included in this study came from a single com-
mercial farm located in Asturias (Spain). The mean prevalence of
PTB in the farm estimated by ELISA was 6,29% in the sampling
period (2016-2018). The study population consisted of 15 Holstein
cattle, 11 cows with PTB-associated multifocal lesions and 4 control
cows without PTB-associated lesions in gut tissues. The infectious
status of the animals included in this study was determined by
histopathological analysis of gut tissues, acid-fast stain, ELISA for
the detection of anti-MAP antibodies, and fecal and gut tissues PCR
and bacteriological culture, as previously described (22). Only
animals with well-characterized multifocal lesions and confirmed
infection status (ZN, ELISA, fecal or tissue bacteriological culture
and/or PCR) were included, while control animals (IDs 29-32)
showed no PTB-associated lesions and were negative in all diag-
nostic tests. Without examining multiple tissue sites, infection could
potentially be missed in the control cows. However, in our study,

Frontiers in Immunology

several tissue sites were analyzed histopathologically, including
ileocecal lymph nodes, distal jejunal lymph nodes, ileocecal valve,
and distal jejunum (22), to minimize this possibility. At the time of
slaughter, none of the animals with multifocal lesions exhibited
clinical signs of PTB, ensuring that this group represented a
subclinical phenotype. The average age of animals without lesions
and with multifocal lesions was 2.95 and 5.92 years old, respectively.

2.3 RNA extraction, library preparation and
RNA-sequencing

At the time of slaughter, RNA was extracted from PB samples
collected from the 15 cows included in the study. PB samples were
collected from the coccygeal vein of cows using PAXgene Blood
RNA tubes (2.5 ml) (Qiagen, Hilden, Germany). Total RNA was
extracted with the PAXgene blood RNA kit according to manufac-
turer’s instructions (Qiagen, Hilden, Germany). Residual DNA was
removed by digestion with RNase-free DNase I Amplification
Grade following the recommended protocol (Invitrogen, Spain).
The concentration and quality of the RNA were measured with the
Agilent Bioanalizer 2100 (Agilent Technologies, Santa Clara, Ca,
US). Only RNA samples with an RIN value > 7 were selected for
RNA-Seq (Supplementary Table 1). Each RNA library was prepared
with approximately 250 ng of RNA using the Illumina NEBNext®
Ultra Directional RNA library preparation kit following the man-
ufacturer's instructions (Illumina, San Diego, CA, US). The RNA-
Seq libraries’ quality was assessed on the Agilent Bioanalizer using a
highly sensitive DNA chip to confirm that the insert size was
between 188-274 bp for all individual libraries. All RNA-Seq
libraries were quantified using a Qubit® Fluorometer and doubled
stranded DNA high Sensitivity Assay Kit (Invitrogen, Spain).
Libraries were sequenced by single-end sequencing in 1x100
format on the Illumina NextSeq sequencer at the Genomic Unit
of the Scientific Park of Madrid, Spain.
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2.4 Bioinformatic analysis of RNA-Seq data

Raw reads were trimmed and filtered based on a Phred quality
score >30, read length >100 bp, and a percentage of ambiguous
bases <10% using Prinseq-lite 0.20.4 (33). Trimmed and filtered
reads were subsequently aligned to the Bos taurus reference genome
(ARS_UCD2.0) using the Spliced Transcripts Alignment to a
Reference aligner (STAR 2.7.0a) (34). Reads were assigned to a
gene if they were not multi-hit reads. The resulting aligned reads
were used to generate a table of counts for each gene using the
FeatureCounts function from the R library Rsubread 1.32.4 (35).
Gene counts were then normalized with the mean-of-ratios method
included in the DESeq2 1.22.2 software (36). Differential expression
analysis of mRNAs for the comparison of cows with multifocal
lesions versus (vs) controls was performed with DESeq2. An mRNA
was considered differentially expressed (DE) if its false discovery
rate (FDR)-adjusted P-value was <0.05 after correction for multiple
testing using the Benjamini-Hochberg method (37).

2.5 Gene ontology and metabolic
enrichment analysis

Genes differentially expressed between the animals with multifocal
lesions and controls were analyzed for enrichment of gene ontologies
(biological process, cellular components, molecular functions) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways using
the R library ClusterProfiler 4.14.4 (38). The Benjamini-Hochberg
method was applied to adjust for multiple testing, considering a FDR-
adjusted P-value < 0.05 as significant. Only enriched metabolic
pathways containing more than two DEGs were considered.

2.6 Protein to protein interaction networks

Using the DEGs with fold change (log,) > or < 2, PPI networks
were analyzed using String 12.0 (39), setting the minimum required
interaction score to 0.4. A STRING network is made up of nodes
(proteins) and edges (interactions between two proteins). Proteins that
participate in the same biological pathway typically form dense clusters,
whereas proteins with few or no known interactions appear as isolated
nodes. Proteins connecting different clusters are often key regulators or
hub nodes. The networks were exported to Cytoscape 3.10 (40). for
visualization of the level of expression of each gene in the network. The
candidate proteins with no associations to other proteins were hidden.

2.7 Reverse transcription quantitative PCR
for RNA-seq validation

Changes in Interferon stimulated gene 15 (ISG15) expression
were validated by RT-qPCR using RNA isolated from the same
animals analyzed by RNA-Seq. First-strand cDNA was synthesized
from 250 ng of total RNA using the High-Capacity RNA to cDNA
Kit (Applied Biosystems, Thermo Fischer) according to the man-
ufacturer s instructions. For the RT reactions, a total volume of 10
ul was incubated for 60 min at 42 °C to perform the RT and 5 min at
95 °C to inactivate the reverse transcriptase. RT control reactions
without the enzyme were included. The resultant cDNAs were
amplified using a ISG15 specific TagMan Gene Expression Assay in
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a QuantStudioT 12K Flex Real-Time PCR System (Applied
Biosystems, Thermo Fisher). PCR conditions were: 50 °C for
2 min (UNG activation), 95 °C for 10 min (enzyme activation)
followed by 40 cycles of 95 °C for 15 s (denaturation) and 60 °C for
60 s (annealing and extension). Appropriate controls (no template)
were included. RT-qPCR experiments were performed by triplicate.

To obtain Ct values, the 2nd derivative max method of
QuantStudio " 12K Flex Software was used. Using the results of
the samples from cows with multifocal lesions and without lesions,
AACt method.
Normalization was performed using the Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) reference gene. The results were

fold changes in expression were calculated using the 2~

expressed as fold change and were standardized by log, transfor-
mation to be comparable to the RNA-Seq differential expression
results. To test if the differences between the groups were statisti-
cally significant, an unpaired t-test was run using R. The Pearson
correlation coefficient between the RNA-Seq and RT-qPCR quan-
titative results was calculated using R. Differences and correlations
were considered statistically significant if the P-value was < 0.05.

2.8 Bovine interferon stimulated gene 15
ELISA

The ISG15 expression was validated by quantitative sandwich
ELISA in plasma samples (50 pl) from 18 animals without lesions
and 25 with multifocal lesions according to the manufacturer’s
instructions (MyBioSource, San Diego, US). The control cows tested
negative by ELISA, PCR, and bacteriological culture of gut tissues. The
sensitivity of the kit is 10 pg/ml and the detection range is 62.5 pg/ml-
2000 pg/ml. Briefly, standards and samples (50 pl) were added in
duplicate into an appropriate ELISA plate coated with the anti-ISG15
antibody. One hundred microliters of the horseradish peroxidase-
conjugated antibody were added to each well. After incubation for
60 min at 37 °C, the plate was washed four times with 350 pl of wash
solution and incubated with 50 ul of 3, 3’, 5, 5'-Tetramethylbenzidine
for 15 min at 37 °C in the dark. After adding 50 pl of stop solution into
each well, the OD values were measured in an ELISA reader at 450 nm
(Thermo Scientific Multiskan, US). To obtain the final value for each
standard and sample, the average OD of the blank wells was subtracted
from their respective average OD values. A standard curve was
generated by plotting the mean OD values of each standard on the
vertical axis and the corresponding concentration on the horizontal
axis. The concentration level of the ISG15 in each sample was
interpolated from the standard curve. Statistical analysis was performed
using an unpaired t-test for comparison between two groups
(GraphPad Prism 8, San Diego, California, US). Differences were
considered significant when P-value < 0.05.

3 Results

3.1 Peripheral blood transcriptomic
profiling of cattle with multifocal lesions

The infectious status of the animals included in this study
(Table 1) was determined by histopathological analysis of gut
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TABLE 1 Histopathological analysis, ZN stain, ELISA, PCR and bacteriological culture, from all the animals included in the study.

Histological group ELISA (OD) Fecal PCR Fecal culture (CFUs) Tissue PCR Tissue culture (CFUs)

18 | Multifocal Pos Neg (3.46) Nc Neg Pos Neg

19 | Multifocal Neg Neg (2.96) Neg Neg Pos Pos (10-50)
20 Multifocal Pos Neg (3.407) Pos Neg Neg Pos (10-50)
21 | Multifocal Pos Neg (4.57) Neg Neg Neg Neg

22 | Multifocal Pos Neg (4.58) Neg Neg Pos Neg

23 | Multifocal Pos Neg (5.06) Neg Neg Pos Neg

24 Multifocal Pos Neg (12.56) Pos Pos (>50) Pos Neg

25 | Multifocal Pos Neg (1.65) Neg Neg Neg Neg

26 Multifocal Pos Pos (67.58) Pos Pos (<10) Pos Pos (>50)
27 | Multifocal Pos Neg (13.72) Pos Neg Pos Neg

28 | Multifocal Pos Neg (1.50) Neg Neg Neg Pos (<10)
29 | Without lesions Neg Neg (2.91) Neg Neg Neg Neg

30 | Without lesions Neg Neg (2.95) Neg Neg Neg Neg

31 | Without lesions Neg Neg (1.26) Neg Neg Neg Neg

32 Without lesions Neg Neg (2.45) Neg Neg Nc Neg

Neg, Negative; Pos, Positive, N¢; non-conclusive; ZN, Ziehl-Neelsen; OD, Optical density; CFU, colony forming units.

tissues, acid-fast stain, ELISA for the detection of anti-MAP
antibodies, and fecal and gut tissues PCR and bacteriological
culture, as previously described (22). The cows with multifocal
lesions were Ziehl-Neelsen (ZN) positive (10/11), gut tissue PCR
positive (7/11), fecal PCR positive (4/11), tissue culture positive (4/
11), fecal culture positive (2/11), and ELISA positive (1/11). Only
one animal with multifocal lesions (ID 26) tested positive across all
diagnostic methods, including ELISA, and showed a high bacterial
load (>50 CFU/g) in gut tissues.

RNA-Seq libraries were prepared from PB samples of 11 cows
with PTB-associated multifocal histopathological lesions and 4
control cows without lesions in gut tissues. The RNA-Seq data
summary for each biological sample including raw reads and
uniquely mapped reads is provided in Supplementary Table 1.
After quality control, an average of 34.08 million filtered reads
were retained. Alignment of these reads to the Bos taurus reference
genome yielded an average of 31.22 (91%) million mapped
reads per library. Of the mapped reads, an average of 2.57 million
reads (8%) aligned to multiple genomic locations and were
excluded from gene expression analysis. Reads mapped to unique
genomic locations were analyzed in detail using FeatureCounts,
a software package designed to quantify reads in 3° UTR and 5
UTR, exons, introns and intergenic regions. Analysis of PB reads
mapped to unique genomic locations revealed that 24.34%
aligned to exons, 66.48% to introns, 9.18% to intergenic re-
gions, 13.96% to 3> UTRs and 1.22% to 5° UTRs. The resulting
aligned reads were used to generate a table of counts for each gene.
Gene counts normalized with the mean-of-ratios method
included in the DESeq2 1.22.2 software are presented in
Supplementary Table 2.

Frontiers in Immunology 05

3.2 ldentification of differentially expressed
genes in PB from cows multifocal lesions
vs control cows

Differential expression analysis of mRNAs comparing cows
with multifocal lesions vs controls was performed with DESeq2.
Genes differentially expressed in PB samples (FDR-adjusted P-value
< 0.05) are highlighted as red dots in Figure 2A. Among the 1,272
genes differentially expressed in PB samples from cows with
multifocal lesions compared to controls, 442 were upregulated
and 830 downregulated. Table 2 shows the top upregulated genes
(fold change (log,) > 2) in PB from cows with multifocal lesions vs
controls. Among the top 15 genes in the PB samples were the
Cytochrome P450 Family 4 Subfamily F Member 22 (CYP4F22;
FDR-adjusted P-value = 6.98E-03), Adenylate Cyclase 8 (ADCYS;
FDR-adjusted P-value = 1.66E-02), Latent Transforming Growth
Factor Beta Binding Protein 4 (LTBP4; FDR-adjusted P-value =
4.69E-02), T-Box Transcription Factor 3 (TBX3; FDR-adjusted P-
value = 1.49E-02), and 2’-5>-Oligoadenylate Synthetase 1 (OAS1Y;
FDR-adjusted P-value = 1.05E-02). All these genes were upregu-
lated, with fold changes ranging from 2.9-6.3).

3.3 Functional enrichment analysis of
differentially expressed genes in PB from
cows with multifocal lesions vs control
cCows

Genes with differential expression between the animals with

multifocal lesions vs controls were investigated for the enrichment
of gene ontologies (biological process, cellular components,
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RNA-Seq DE analysis. (A) Volcano plots showing the DE fold change (log,) vs -log (P-value). The red spots represent the DEGs (N = 1272) between
cows with multifocal lesions vs controls. (B) Enriched biological processes based on DEGs in animals with multifocal lesions compared to controls.

molecular functions) using clusterProfiler. All the molecular func-
tions, biological processes, and cellular components that were
enriched in the PB samples of the cows with multifocal lesions vs
controls are summarized in Supplementary Table 3. A total of 22
biological processes were enriched in the PB samples from animals
with multifocal lesions vs controls, respectively (Figure 2B). The
top-10 enriched GOs were associated with translation (GO:0006412
and GO:0002181), RNA splicing (GO:0008380, GO:0000375,
GO:0000377, GO:0000398), mRNA processing (GO:0006397), ri-
bonucleoprotein complex biogenesis (GO:0022613), and protein
catabolic process (G0:0030163, GO:0006511), among others. In
agreement with these data, some of the enriched cellular compo-
nents were related to the ribosome (GO:0022626, GO:0005840),
ribonucleoprotein (G0:1990904), and spliceosomal com-
plex (GO:0005681).

3.4 Pathway enrichment analysis of DEGs
in peripheral blood from cows with
multifocal lesions vs control cows

Using the DEGs identified in PB, enrichment pathway analysis
was performed with Cluster Profiler. As shown in Table 3, four
metabolic pathways referenced in the KEGG database were signifi-
cantly enriched in the PB samples from cows with multifocal lesions
vs controls, including the ribosome (bta03010, FDR-adjusted P-value
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= 1.85E-22), COVID-19 (bta05171, FDR-adjusted P-value = 1.85E-
19), thermogenesis (bta04714, FDR-adjusted P-value = 2.18E-02) and
Parkinson disease (bta05012, FDR-adjusted P-value = 3.51E-02). The
ribosome pathway was enriched for 35 differentially expressed
ribosomal protein (RP) genes, which were consistently downregu-
lated, suggesting a potential global reduction in translational activity
in cows with multifocal lesions relative to controls. Notably, these
same RP genes were also included in the COVID-19 pathway.

3.5 Protein—to-protein interaction
networks revealed coordinated translation
inhibition and innate immune activation

PPI networks analysis of DEGs (fold change (log,) > 2 or < 2)
from cows with multifocal lesions vs controls was performed using
STRING. The analysis identified atotal of 131 nodes, 861 edges, 2
functional associations and 1 network with significant PPI enrich-
ment (P-value:< 1.0E-16). Using Cytoscape, upregulated and down-
regulated genes in the PPI network were represented in red and blue
colors, respectively. As shown in Figure 3, the network contains a
central hub composed of 17 downregulated RPs involved in
translation. A functional interaction between the RPS24 and the
Small Nuclear Ribonucleoprotein Polypeptide F (SNRPF; fold change
-2.76; FDR-adjusted P-value = 1.19E-04), involved in
spliceosomal snRNP assembly, suggests inhibition not only of
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TABLE 2 DEGs (fold change (log,) > 2) in PB samples from cows with
multifocal lesions vs controls.
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TABLE 2 Continued

FDR-
- FDR- Gene ID Description adjusted
Gene ID Description adjusted p-value
p-value
N .
Uncharacterized ENSBTAG00000076331 Unct aracterized 2.47 2.61E-02
ENSBTAG00000055484 , 6.28 8.12E-03 protein
protein Uncharacterized
aracterize
Uncharacterived ENSBTAG00000078567 r’:;ein 245 1.51E-02
ENSBTAG00000073693 ’ 6.17 3.88E-03 P
protein
Leucine Rich Repeat
ENSBTAG00000059510 | U characterized 6.10 3.12E-03 And Fibronectin Type
protein ENSBTAG00000037404 | III Domain 245 1.23E-03
. Containing 4
Uncharacterized
ENSBTAG00000077237 | — o aracterze 457 1.08E-02 (LREN4)
protein
Rac Family Small
Cytochrome P450 ENSBTAG00000022927 | o -ty >ma 243 3.47E-03
Family 4 Subfamily F GTPase 3 (RAC3)
ENSBTAG00000059781 ¥ T 439 6.98E-03
Member 22 ENSBTAGO0000014707 Interferon-Induced 15 242 3.19E-02
(CYP4F22) KDa Protein (ISG15) ’ S
Uncharacterized indi
ENSBTAG00000078470 | 1o oractenz 433 2.50E-02 ENSBTAG00000005734 | U+ 1A Binding 2.42 4,69E-02
protein Protein 6 (GATAG6)
Adenylate Cyclase 8 i
ENSBTAG00000014600 | ooy ae yciase 427 1.66E-02 ENSBTAG00000076201 | Uneharacterized 241 457E-02
(ADCY8) protein
Uncharacterized i
ENSBTAG00000075045 | 1 oocierize 3.84 4.74E-02 ENSBTAGO0000015557 | U rcharacterized 2.40 1.09E-02
protein protein
T-Box Transcripti .
ENSBTAG00000021706 O% “ranseription | 5 65 1.49E-02 ENSBTAGO0000055358 | Cncharacterized 2.37 2.44E-02
Factor 3 (TBX3) protein
ENSBTAG00000056982 Unchfiracterlzed 348 3.03E-05 Solute Carrier Family
protein ENSBTAG00000000936 | 39 Member 2 228 2.65E-02
Latent Transforming (SLC3942)
ENSBTAG00000004757 G.ronTh Factm" Beta 3.40 4.69E-02 ENSBTAG00000015350 | Perilipin 1 (PLINI) 221 3.82E-02
Binding Protein 4 7 DNA Bindi
(LTBP4) ENSBTAG00000012406 | - mams 2.16 1.00E-02
Protein 1 (ZBP1)
ENSBTAG0000007513g | U neharacterized 331 3.32E-02 DExH-Box Heli
protein ' ' ENSBTAG00000046580 H-Box Hellcase s 9.68E-03
58 (DHX58)
Uncharacterized
ENSBTAG00000078609 r‘;ie;rac erize 3.23 1.58E-02 Transmembrane
P ENSBTAG00000014693 | Protein 88 212 8.32E-03
ENSBTAG00000050199 | U ncharacterized 3.17 2.20E-02 (TMEM33)
protein
Cytochrome P450
2’-5-Oligoadenylate family 2 subfamily J
ENSBTAG00000039861 292 1.05E-02 ) 02E-
Synthetase 1 (OASIY) ENSBTAG0000051030 | “ 7Y~ ° 211 1.02E-02
) (CYP2J30)
ENSBTAG00000011131 | curomedin U 2.83 457E-02 :
Receptor 2 (NMUR2) Creatine Kinase B
ENSBTAG00000035998 2.08 9.91E-03
(CKB)
Cellular
ENSBTAG00000006037 | _Cmmunication 275 2.19E-02 Tigger Transposable
Network Factor 5 ENSBTAG00000003079 | Element Derived 3 2.02 3.13E-02
(CCN3) (TIGD3)
Myb/SANT DNA
Bindine Domai
ENSBTAG00000003776 | Linding Domain 265 249E-02
containing 1 lation but splici Il in the animals with multifocal
(MSANTD1) translation but splicing as well in the animals with multifoca
) ) lesions. Interestingly, functional associations of four upregulated
Protein Tyrosine . L . .
ENSBTAG00000013798 | Phosphatase Receptor | 2.65 8.18E-03 genes that trigger activation of the innate immune response
Type N (PTPRN) including ISG15 (fold change = 2.42; FDR-adjusted P-value =
h ; 3.19E-02), a DNA-Dependent activator of IFN-Regulatory Factors
ENSBTAG00000050515 | U rcharacterized 2.63 1.69E-02 ) P . guiatory
protein (ZBPI; fold change = 2.16; FDR-adjusted P-value = 1.00E-02),
Uncharacterized DExH-Box Helicase 58 (DHX58; fold change = 2.13; FDR-adjusted
ENSBTAG00000073538 | o ocierize 248 3.83E-02 ( 8 ’ )
protein P-value = 9.68E-03), and OASIY (fold change = 2.91; FDR-adjusted
DLG Associated 3 — 1.05E- ) .
ENSETAGU000013867 | - G. s;oc[l)aL eG " 47 5 59E.0 P-value = 1.05E-02) was observed. ISG15, through ISGylation, can
rotein 3 ( ) modify ribosomal proteins and translation factors, and drives a
(Continued)  controlled shutdown of global translation (41).
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TABLE 3 Enriched metabolic pathways in PB samples from cows with multifocal lesions vs control cows.

FDR-
adjusted
p-value

Gene ID

Description ID

MRPS2/RPS11/RPL12/RPL4/RPL6/RPL32/RPL14/RPS2/RPL13A/RPL35/RPL21/RPLPO/RPL27/RPL5/FAU/MRPL1/
RPL22L1/RPS8/RPS7/LOCI101907658/RPS20/LOC101902907/RPL30/LOC101906221/RPL34/RPL11/RPLY/LOC101905894/
LOC107132967/RPL17/LOC101906914/RPS15A/LOC619131/RPL37A/LOC132344361/RPS3A/RPL26/RPS25/RPS27/RPL23/
RPL39/LOC101902490/LOC101907518/LOC112441655/LOC132346402/RPL36A/RPL37/RPL35A/RPS24/LOC781576/
RPL36AL/RPL22

Ribosome bta03010 | 1.85E-22

OAS1Y/ISG15/MX1/0OAS2/C2/C3/CFD/IRF9/NFKBIB/RPS11/RPL12/RPL4/RPL6/RPL32/RPL14/RPS2/RPL13A/MAP3K7/
RPL35/RPL21/RPLP0/RPL27/RPL5/FAU/RPL22L1/RPS8/RPS7/LOC101907658/RPS20/LOC101902907/RPL30/
LOC101906221/RPL34/RPL11/RPL9/LOC101905894/LOC107132967/RPL17/LOC101906914/RPS15A/LOC619131/RPL37A/
LOC132344361/RPS3A/RPL26/RPS25/RPS27/RPL23/RPL39/LOC101902490/LOC101907518/LOC112441655/
LOC132346402/RPL36A/RPL37/RPL35A/RPS24/LOC781576/RPL36AL/RPL22

COVID-19 bta05171 | 5.18E-19

ADCYS8/PLINI/SMARCB1/RPS6KA1/ATP5F1B/NDUFA9/NDUFA10/KDM3A/ATF2/KRAS/PRKAA1/NDUFB4/FRS2/KLB/
NDUEFS5/COX7A2/NDUFA5/NDUFB3/UQCRH/COX7B/ATP5F1E/LOCI132343467/COX7C/LOC101902937/COX6C/
LOC132344161

Thermogenesis bta04714 | 2.18E-02

SLC39A2/SLC39A5/ATP5F1B/NDUFA9/PSMC5/ADRM1/NDUFA10/KEAP1/UBE2]1/ITPR2/PSMA2/PSMC6/NDUFB4/
SLC39A10/NDUFS5/PSMA3/COX7A2/NDUFA5/NDUFB3/UQCRH/COX7B/TUBA3E/ATP5F1E/LOC132343467/COX7C/
LOC101902937/COX6C/LOC132344161

Parki
arkinson bta05012 | 3.51E-02

disease

3.6 Validation of the ISG15 mRNA
differential expression in PB samples by
RT-gPCR

Since ISG15 mRNA was upregulated (fold change = 2.42) in cattle
with multifocal lesions vs controls, appeared to connect different
clusters within the PPI network, and may act as a key regulator of the
observed transcriptional changes, we evaluated its potential as a
biomarker. ISG15 mRNA differential expression was validated by
RT-qPCR using total RNA isolated from PB samples of the animals
included in the study. The results of the QRT-PCR are presented in

Figure 4A and were expressed as fold changes and standardized by
log, transformation to be comparable to the RNA-Seq differential
expression results. The normalization of the RT-qPCR results was
performed using the expression of the GAPDH as the endogenous
reference gene. The RT-qPCR results showed a statistically significant
upregulation of the ISGI5 mRNA in the comparison of cows with
multifocal lesions vs controls (fold change = 1.93; P-value = 0.03). A
similar trend (upregulation) was observed in the results obtained with
both RNA-Seq and RT-qPCR methods. Indeed, the Pearson corre-
lation coefficient calculated for the RNA-Seq and RT-qPCR fold
change data was p= 0.98 (P-value = 1.667E-11).

Fold change (log2)

FIGURE 3

Protein-protein network analysis using the DEGs [fold change (log, > 2 and < 2)] in blood samples from cows with multifocal lesions vs the control
group. Individual nodes represent proteins with relationships represented by edges. The proteins with no associations to other proteins in the
networks were hidden.
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Differential expression of ISG15 in PB samples analyzed by RT-gqPCR and ELISA. (A) Validation of the ISGI5 mRNA differences in expression
performed by RT-qPCR. Changes in the expression levels, expressed as the fold change (log,), were calculated using RNA-Seq (in black) and RT-
gPCR (in white). Significant changes in mMRNA expression (P < 0.05) are indicated with an asterisk. (B) Quantitative sandwich ELISA was used to
measure ISG15 protein in plasma samples from cows without lesions and PCR, ELISA and bacteriorological culture negative (control, N = 18) and
cows with multifocal lesions (N = 25). Cows with multifocal lesions exhibited elevated mean plasma ISG15 levels (656.85 pmol/ul) compared with
controls (575.29 pmol/ul). However, the difference (~81.5 pmol/ul) did not reach statistical significance (P-value = 0.6881). Data are presented as
mean + standard error of the mean (SEM). Each sample is represented by a circle on the dot plot.

3.7 Plasma ISG15 protein levels in animals
with and without multifocal lesions

The ISG15 was tested by quantitative sandwich ELISA in
plasma samples from 18 animals without lesions and with negative
diagnostic test results and 25 animals with multifocal lesions.
Figure 4B shows that cows with multifocal lesions had higher
mean plasma ISG15 protein levels (656.85 pmol/ul) than control
cows (575.29 pmol/ul). However, the difference (~81.5 pmol/pl) did
not reach statistical significance (P-value = 0.6881).

4 Discussion

Transcriptomic profiling of the host responses to MAP infec-
tion has the potential to enhance our understanding of MAP-host
interactions, elucidate mechanisms underlying the control or pro-
gression of MAP infection, and provide a valuable source of
biomarkers for the development of novel diagnostic tools.
Transcriptional responses in blood and tissue in response to MAP
infection are known to differ due to specific cellular composition
and immune dynamics (22). Intestinal tissues and draining lymph
nodes reflect localized and often heterogeneous responses, which
can limit the detection of consistent DEGs, particularly in early and
subclinical stages of MAP infection. In contrast, PB captures
systemic immune responses and circulating signals released from
infected tissues, making blood transcriptomics more sensitive for
detecting coordinated host responses. Moreover, focusing on blood
transcriptomics allows the identification of systemic biomarkers in
cattle during the subclinical stage of MAP infection. To our
knowledge, this study is the first to compare PB gene expression
profiles of naturally MAP infected cattle with multifocal lesions
(N = 11) to uninfected control cows (N = 4) using RNA-Seq. In a
herd where MAP is present, most animals have been exposed to the
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pathogen, making it challenging to identify uninfected controls. As
a result, control cows in such herds are often limited in number and
may not be perfectly age-matched with infected cows. In this study,
controls were fewer in number compared with the multifocal lesion
group. However, all animals came from the same herd, ensuring
comparable environmental exposure. For genes with a large effect
size (e.g., 2-fold change), a group of 4 controls versus 11 lesion-
positive cows provides high statistical power. However, power may
decrease for moderate or small fold changes (42). The unbalanced
study design may also affect variance estimates, increasing the
likelihood of false negatives, particularly for genes with moderate
expression changes; therefore, non-significant trends should be
interpreted cautiously. However, DESeq2, used in this study for
differential expression analysis, mitigates some of these limitations
by stabilizing dispersion and fold-change estimates, even when
group sizes are small or unbalanced. Unlike previous studies,
which primarily selected RNA-Seq samples from animals (unin-
fected, clinical and subclinical) based on ELISA and/or fecal PCR
results, our RNA-Seq study specifically selected naturally MAP-
infected animals with multifocal lesions and without clinical signs,
allowing identification of early host responses that were often
missed in earlier studies. Comparing RNA-Seq studies is challeng-
ing due to differences in experimental design, tissue type, infection
stage, and sample preparation, as well as variability in sequencing
platforms, library preparation, read depth, and bioinformatics
pipelines. Differences in statistical thresholds, genome annotations,
and normalization methods can further complicate comparisons.
In this study, PB samples were selected for RNA-Seq analysis to
capture systemic host responses to MAP infection. Comparison of
cows with multifocal lesions to controls, revealed 1,272 DEGs in PB,
including both 442 upregulated and 830 downregulated genes.
These findings are consistent with previous transcriptomic studies
in subclinical PTB, which also reported significant systemic tran-
scriptional changes detectable in blood (28). Analysis of the top 15
upregulated genes in PB samples indicates that cattle with
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multifocal lesions exhibit upregulation of anti-inflammatory mol-
ecules (LTBP4, TBX3, ADCYS), suggesting a regulatory response
aimed at limiting tissue damage. At the same time, immune
surveillance remains active but tightly regulated (OASIY), while
the observed upregulation of CYP4F22 may reflect a balance
between host defense and pathogen persistence, possibly by mod-
ulating lipid-mediated immune responses. The LTBP4 (fold change
= 3.4; FDR-adjusted P-value = 4.69E-02), is a key regulator of
transforming growth factor beta (TGF-f§) that controls TGF-8
activation by maintaining it in a latent state during storage in
extracellular space (43). The OASIY (fold change = 2.9; FDR-
adjusted P-value = 1.05E-02) was also highly upregulated in PB
samples from cows with multifocal lesions vs controls. OAS1Y,
belonging to 20-50-oligoadenylate synthetases (OAS), is a dsSRNA-
activated antiviral enzyme which plays a critical role in cellular

innate immune response and cellular processes like cell growth,
apoptosis, positive regulation of Interferon-f8 (IFN-3) production,
and tumor necrosis factor (TNF) production (44). Polymorphisms
in the OAS1Y gene have been associated with increased OAS1 levels
and reduced susceptibility to viral infections, including SARS-CoV-
2 and Type-1 diabetes mellitus (45-47). Among its related pathways
are antiviral mechanism by IFN-stimulated genes (G0O:0032728)
and host-pathogen interaction of human coronaviruses-IFN induc-
tion (GO:0032760). In addition, it has been previously reported that
the expression of OASI, OAS2 and OAS3 in human macrophages
infected with Mycobacterium tuberculosis restricts mycobacterial
intracellular replication and enhance cytokine secretion (48). In our
DE analysis, we found that OAS2 (fold change = 1.89; FDR-adjusted
P-value = 3.55E-02) was also upregulated in PB samples from
animals with multifocal lesions vs controls.

The PPI analysis revealed functional associations among genes
involved in the innate immune response that were upregulated in
PB samples from cattle with multifocal lesions compared with
controls, including OASIY, ISG15 (fold change = 2.42; FDR-ad-
justed P-value = 3.19E-02), DHX58 (fold change = 2.12; FDR-
adjusted P-value = 9.68E-03), and ZBP1I (fold change = 2.16; FDR-
adjusted P-value = 1.00E-02). The upregulation of ISG15, ZBPI,
DHX58, and OAS1Y aligns with prior evidence that MAP infection
triggers innate immune activation in subclinical or early-stage PTB

(49, 50). ISG15 is a ubiquitin-like protein that plays a key role in the
activation of the innate immune response either via its conjugation
to a target protein (ISGylation) or via its action as a free or
unconjugated protein (51). Through ISGylation, ISG15 triggers
activation of innate immunity against a range of viruses, including
coronaviruses, flaviviruses and picornaviruses, blocking the entry,
replication, trafficking or release of intracellular pathogens. Apart
from the conjugated form, the secreted form of ISG15 can induce
natural killer cell proliferation, function as a chemotactic factor for
neutrophils and act as an IFNy-inducing cytokine playing an
essential role in antimycobacterial immunity (52). The tumor
stroma and activated macrophage protein (ZBPI) is an innate
immune sensor that regulates cell death and inflammation. It
contributes to the innate immune response by binding to foreign
DNA and inducing Type-I IFN production. ZBP1 acts as an
essential mediator of Pyroptosis, Necroptosis and Apoptosis
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(PANoptosis), an integral part of host defense against pathogens,
by activating RIPK3, caspase-8 (CASP8), and the NLRP3
inflammasome. Finally, DHX58 is involved in negative regulation
of type I IFN production and regulation of innate immune response
to various RNA viruses and some DNA viruses such as poxviruses
and coronavirus SARS-CoV-2, and also to the bacterial pathogen
Listeria monocytogenes (53, 54). Collectively, our results suggest
that OAS1Y, ISG15, ZBP1, and DHX58 form a defense network that
detects intracellular bacteria, activates and regulates innate immune
responses, and restricts bacterial replication in animals with PTB-
associated multifocal lesions. In the PPI analysis, we also observed
that in PB samples from cattle with multifocal lesions, ISG15
interacts with a central hub composed of 17 downregulated RPs
involved in translation. Due to the central position of ISG15 in the
network, we evaluated its potential as a biomarker. The ISGI5
mRNA expression changes observed in PB samples by RNA-Seq
were validated using RT-qPCR. Although ISGI5 was upregulated at
the mRNA level in PB from cows with multifocal lesions, this
increase was not statistically significative in plasma protein levels
measured by ELISA. This discrepancy may be due to post-tran-
scriptional regulation of ISG15, protein stability, secretion rates or
extracellular degradation. RNA-Seq can detect even modest tran-
scriptional changes because mRNA is amplified, while ELISA relies
on absolute protein concentration.

Our findings align with previous studies showing that ISG15,
through the process of ISGylation, can modify ribosomal proteins
and translation factors, resulting in a controlled reduction of global
protein synthesis (55). Such translational regulation enables cells to
prioritize the production of immune and stress-response proteins
over general housekeeping proteins and serves as a valuable
indicator of latent or stress-adapted cellular states. The observation
of downregulated ribosomal protein genes and enrichment of
translation-related GO terms is a novel finding in PTB research.
While other chronic infections (e.g., tuberculosis) have shown
translational inhibition in host cells (56), ours is one of the first
studies to suggest systemic translational downregulation in subclin-
ical MAP infection in cattle, potentially linked to controlled
immune responses or pathogen-mediated modulation.
Translational regulation plays a role in adaptation to stress and
pathogen persistence, supporting the idea that modulation of
translation is a conserved response in chronic infection contexts.
In the PPI analysis, we also observed a functional interaction
between the RPS24 (fold change = -3.15; FDR-adjusted P-value =
9.86E-06) and the Small Nuclear Ribonucleoprotein Polypeptide F
(SNRPF) (fold change = -2.76; FDR-adjusted P-value = 1.19E-04),
involved in spliceosomal snRNP assembly, which suggests inhibi-
tion not only of translation but splicing as well in the animals with
multifocal lesions. In the PPI analysis, SNRPF was found to interact
with other splicing-related molecules, including Small Nuclear
Ribonucleoprotein Polypeptide B2 (SNRPB2; fold change = -2.02;
FDR-adjusted P-value = 8.28E-03), U6 Small Nuclear RNA and
mRNA Degradation Associated 3 (LSM3; fold change = -2.37; FDR-
adjusted P-value = 5.69E-04), and LSM5 (fold change = -2.31; FDR-
adjusted P-value = 2.21E-03), all of which were downregulated.
Global disruption of mRNA splicing may decrease host protein and
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mRNA levels by triggering non-sense mediated decay of improperly
spliced mRNAs (57). The results of the PPI analysis correlated with
the enrichment of GO analysis since translation (GO:0006412),
RNA splicing (GO:0008380), and mRNA processing (GO:0006397)
were enriched in the PB samples of cow with multifocal lesions vs
controls. The main GOs and pathways identified in PB of cattle with
multifocal lesions vs controls are summarized in Figure 5. In line
with these findings, the cellular components and pathways enriched
in the analysis were primarily associated with the ribosome
(G0:0022626, GO:0005840, bta03010), ribonucleoprotein com-
plexes (GO:1990904), and the spliceosomal complex
(GO:0005681). In a previous RNA-Seq study, no significant over-
expressed GO terms were identified in PB of cattle with subclinical
PTB and focal lesions (22). That study also revealed strong
downregulation of CXCL8/IL8 in PB and ICV of cattle with both
focal and diffuse lesions. In the current study, CXCL8/IL8 down-
regulation was again observed in PB (fold change = -2.10) suggest-
ing a consistent suppression of neutrophil chemotaxis during
MAP infection.

Enriched metabolic pathways in the comparison of cows with
multifocal lesions vs controls included those related to COVID-19
(bta05171), thermogenesis (bta04714), and Parkinson’s disease
(bta05012). The genes set shared between cows with multifocal
lesions and COVID-19 reflects a coordinated response to both MAP
and COVID-19 infection, capturing three major biological pro-
cesses: IFN and complement mediated antiviral defense, and broad
remodeling of host translation machinery. Several innate immune
related genes, many of which are also associated with COVID-19,
such as OAS1Y, OAS2, ISGI15, Interferon-Induced GTP-Binding
Protein MX1, Complement C2, Complement C3, Complement
factor D (CFD), Interferon Regulatory Factor 9 (IRF9) appeared

10.3389/fimmu.2026.1744978

enriched in the transcriptome of cows with multifocal lesions.
Regulators of inflammatory signaling, such as NFKB Inhibitor
Beta (NFKBIB; fold change = 0.76; FDR-adjusted P-value
3.73E-02) and Mitogen-Activated Protein Kinase 7 (MAP3K7; fold
-1.13; FDR-adjusted P-value 1.89E-03), were also
enriched and might restrain excessive inflammatory signaling.

change

Many of the genes in the list are downregulated ribosomal protein
genes (RPL and RPS family members) reflecting the extensive
translational reprogramming that occurs in infected cattle with
multifocal lesions. As observed in cattle with PTB-associated
multifocal lesions, SARS-CoV-2 disrupts essential cellular processes
in human cells, including mRNA splicing and protein translation,
and induces and regulates the innate immune response (58).
Mitochondrial respiratory genes, cAMP-signaling components,
and lipid-droplet regulators involved in thermogenesis are also
required in cattle with multifocal lesions and this explains the
genes sets overlapping thermogenesis (bta04714). Finally, several
genes appeared DE in the transcriptome of cattle with
multifocal lesions and associated with Parkinson disease (PD)
(bta05012) because both conditions involve strong perturbations
of mitochondrial respiration, proteasome function, and
oxidative stress pathways even though one disease is infectious
and the other neurodegenerative. MAP DNA has been detected
by PCR in patients with PD, raising the possibility that chronic
MAP infection may contribute to PD pathogenesis (59). One
proposed link is the shared inhibition of autophagy (60). MAP is
known to actively suppress autophagic pathways in infected mac-
rophages to avoid intracellular degradation, while PD is character-
ized by impaired autophagy-lysosomal function leading to
accumulation of misfolded a-synuclein and dysfunc-
tional mitochondria.
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FIGURE 5

Enriched biological processes and metabolic pathways in PB of animals with multifocal lesions compared to control cows without gut lesions. The
gene ontology terms shown in the figure were predominantly enriched among downregulated genes, suggesting that these biological processes are

likely suppressed. Created with BioRender.com
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5 Conclusions

This study provides the first transcriptomic comparison of PB
from naturally MAP-infected cattle with multifocal lesions vs control
cows. Upregulation of OAS1Y, OAS2, ISG15, DHX58, and ZBPI in PB
suggests a coordinated innate defense network that detects intracellu-
lar bacteria and activates and regulates innate immune responses.
Concurrent downregulation of ribosomal proteins and splicing factors
suggests global translational and mRNA processing reprogramming.
Enrichment of COVID-19 and Parkinson’s disease-related pathways
suggest shared processes, highlighting common stress and defense
mechanisms across diverse pathogens and pathological conditions.
Overall, the study suggests that MAP persistence involves a complex
balance of host innate immunity activation and regulation, transla-
tional reprogramming, and metabolic adaptation, offering novel
insights into MAP pathogenesis and potential biomarkers.

Data availability statement

The datasets generated during the current study are available in the
NCBI Gene Expression Omnibus (GEO) repository [https://www.ncbi.
nlm.nih.gov/geo/] under the accession number GSE313938.

Ethics statement

The animal study was approved by Animal Ethics Committee of
the Servicio Regional de Investigacion y Desarrollo Agroalimentario
(SERIDA). The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

AP-L: Investigation, Methodology, Visualization, Writing — orig-
inal draft, Data curation, Formal analysis, Validation. GB-B: Formal
analysis, Investigation, Methodology, Data curation, Writing — review
& editing. RT: Data curation, Investigation, Methodology, Writing —
review & editing, Resources. AL: Methodology, Resources, Writing —
review & editing, Formal analysis. RC: Methodology, Resources,
Writing — review & editing, Investigation. MA-H: Investigation,
Methodology, Resources, Conceptualization, Formal analysis,
Funding acquisition, Project administration, Supervision, Validation,
Visualization, Writing — original draft.

Funding

The author(s) declared that financial support was received for this
work and/or its publication. Financial support for this study was
provided by a grant funded by MCIN/AEI/10.13039/501100011033,
and FEDER, UE (PID2021-1221970R-C21) and by regional funding

Frontiers in Immunology

12

10.3389/fimmu.2026.1744978

through SEKUENS Agency (PCTI 2024-2026, IDE/2024/000764) co-
funded by FEDER. Arrate Prado-Lopez is the recipient of a predoctoral
contract funded by the Department of Economic Development,
Sustainability and Environment of the Basque Government
(IKERTALENT Scholarship Program 2024). We acknowledge the
National Institute for Agricultural Research (INTA) for the scholarship
of Alejandra Isabel Navarro-Leon (PRE2020-096451). The funding
bodies have not been involved in the design of the study and collection,
analysis, and interpretation of data and in writing the manuscript.

Acknowledgments

We would like to thank the i2basque Research and Academic
Network for computational support. We are grateful to Kyle P.
Hearn for the careful editing of the manuscript.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author MA-H declared that they were an editorial board
member of Frontiers, at the time of submission. This had no impact
on the peer review process and the final decision.

Generative Al statement

The author(s) declared that generative AI was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2026.1744978/full#supplementary-material

frontiersin.org


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1744978/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1744978/full#supplementary-material
https://doi.org/10.3389/fimmu.2026.1744978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Prado-Lopez et al.

References

1. Whittington R, Donat K, Weber MF, Kelton D, Nielsen SS, Eisenberg S, et al.
Control of paratuberculosis: Who, why and how. A review of 48 countries. BMC Vet
Res. (2019) 15:1-29. doi:10.1186/s12917-019-1943-4

2. Rasmussen P, Barkema HW, Osei PP, Taylor J, Shaw AP, Conrady B, et al. Global
losses due to dairy cattle diseases: A comorbidity-adjusted economic analysis. ] Dairy
Sci. (2024) 107:6945-70. doi:10.3168/jds.2023-24626

3. Rasmussen P, Barkema HW, Mason S, Beaulieu E, Hall DC. Economic losses due to
Johne’s disease (paratuberculosis) in dairy cattle. J Dairy Sci. (2021) 104:3123-43.
doi:10.3168/jds.2020-19381

4. Sechi LA, Mura M, Tanda E, Lissia A, Fadda G, Zanetti S. Mycobacterium avium
sub. paratuberculosis in tissue samples of Crohn’s disease patients. New Microbiol.
(2004) 27:75-7. doi:10.1016/j.jneuroim.2016.02.016

5. Behr MA, Kapur V. The evidence for Mycobacterium paratuberculosis in Crohns
disease. Curr Opin Gastroenterol. (2008) 24:17-21. doi:10.1097/
MOG.0b013e3282f1dcc4

6. Juste RA, Elguezabal N, Garrido JM, Pavon A, Geijo MV, Sevilla I, et al. On the
prevalence of M. avium subspecies paratuberculosis DNA in the blood of healthy
individuals and patients with inflammatory bowel disease. PloS One. (2008) 3:e2537.
doi:10.1371/journal.pone.0002537

7. Naser SA, Thanigachalam S, Dow C, Collins MT. Exploring the role of
Mycobacterium avium subspecies paratuberculosis in the pathogenesis of type 1
diabetes mellitus: a pilot study. Gut Pathog. (2013) 5:14. doi:10.1186/1757-4749-5-14

8. Celler BG. Case study: Cardiac sarcoidosis resolved with Mycobacterium avium
paratuberculosis antibiotics (MAP). Sarcoidosis Vasculitis Diffuse Lung Dis. (2018)
35:171-7. doi:10.36141/svdld.v35i2.6769

9. Bo M, Jasemi S, Uras G, Erre GL, Passiu G, Sechi LA. Role of infections in the
pathogenesis of rheumatoid arthritis: Focus on mycobacteria. Microorganisms. (2020)
8:1459. doi:10.3390/microorganisms8101459

10. Sisto M, Cucci L, D’Amore M, Dow TC, Mitolo V, Lisi S. Proposing a relationship
between Mycobacterium avium subspecies paratuberculosis infection and Hashimoto’s
thyroiditis. Scand J Infect Dis. (2010) 42:787-90. doi:10.3109/00365541003762306

11. Dow CT, Ellingson JLE. Detection of Mycobacterium avium ss. Paratuberculosis in
Blau syndrome tissues. Autoimmune Dis. (2010) 2010:1-5. doi:10.4061/2010/127692

12. Frau J, Cossu D, Coghe G, Lorefice L, Fenu G, Melis M, et al. Mycobacterium
avium subsp. paratuberculosis and multiple sclerosis in Sardinian patients: epidemi-
ology and clinical features. Multiple Sclerosis J. (2013) 19:1437-42. do0i:10.1177/
1352458513477926

13. Dow CT. Warm, sweetened milk at the twilight of immunity - Alzheimer’s disease -
inflammaging, insulin resistance, M. paratuberculosis and immunosenescence. Front
Immunol. (2021) 12:714179. doi:10.3389/fimmu.2021.714179

14. Pierce ES. Could Mycobacterium avium subspecies paratuberculosis cause Crohn’s
disease, ulcerative colitis ... and colorectal cancer? Infect Agent Cancer. (2018) 13:1.
doi:10.1186/s13027-017-0172-3

15. Whittington RJ, Windsor PA. In utero infection of cattle with Mycobacterium
avium subsp. paratuberculosis: A critical review and meta-analysis. Veterinary J. (2009)
179:60-9. doi:10.1016/j.tvjl.2007.08.023

16. Weiss DJ, Souza CD. Review paper: Modulation of mononuclear phagocyte
function by Mycobacterium avium subsp. paratuberculosis. Vet Pathol. (2008)
45:829-41. doi:10.1354/vp.45-6-829

17. Gonzalez ], Geijo MV, Garcia-Pariente C, Verna A, Corpa JM, Reyes LE, et al.
Histopathological classification of lesions associated with natural paratuberculosis
infection in cattle. ] Comp Pathol. (2005) 133:184-96. doi:10.1016/j.jcpa.2005.04.007

18. Sweeney RW, Whitlock RH, Rosenberger AE. Mycobacterium paratuberculosis
cultured from milk and supramammary lymph nodes of infected asymptomatic cows. ]
Clin Microbiol. (1992) 30:166-71. doi:10.1128/jcm.30.1.166-171.1992

19. Sivakumar P, Tripathi BN, Singh N. Detection of Mycobacterium avium subsp.
paratuberculosis in intestinal and lymph node tissues of water buffaloes (Bubalus
bubalis) by PCR and bacterial culture. Vet Microbiol. (2005) 108:263-70. doi:10.1016/
j.vetmic.2005.04.002

20. Navarro Leon Al, Alonso-Hearn M, Muifioz M, Iglesias N, Badia-Bringué G,
Iglesias T, et al. Early growth response factor 4 (EGR4) expression in gut tissues and
regional lymph nodes of cattle with different types of paratuberculosis-associated
lesions: Potential role of EGR4 in resilience to paratuberculosis. Animals. (2025)
15:1012. doi:10.3390/ani15071012

21. Canive M, Badia-Bringue G, Vazquez P, Gonzalez-Recio O, Fernandez A, Garrido
JM, et al. Identification of loci associated with pathological outcomes in Holstein cattle
infected with Mycobacterium avium subsp. paratuberculosis using whole-genome
sequence data. Sci Rep. (2021) 11:20177. doi:10.1038/s41598-021-99672-4

22. Alonso-Hearn M, Canive M, Blanco-Vazquez C, Torremocha R, Balseiro A,
Amado J, et al. RNA-seq analysis of ileocecal valve and peripheral blood from
Holstein cattle infected with Mycobacterium avium subsp. paratuberculosis revealed
dysregulation of the CXCLS8/IL8 signaling pathway. Sci Rep. (2019) 9:14845.
doi:10.1038/s41598-019-51328-0

Frontiers in Immunology

13

10.3389/fimmu.2026.1744978

23. Badia-Bringué G, Canive M, Fernandez-Jimenez N, Lavin JL, Casais R, Blanco-
Vazquez C, et al. Summary-data based Mendelian randomization identifies gene
expression regulatory polymorphisms associated with bovine paratuberculosis by
modulation of the nuclear factor kappa B (NF-«f3)-mediated inflammatory response.
BMC Genomics. (2023) 24:605. doi:10.1186/s12864-023-09710-w

24. Hempel RJ, Bannantine JP, Stabel JR. Transcriptional profiling of ileocecal valve of
Holstein dairy cows infected with Mycobacterium avium subsp. Paratuberculosis. PloS
One. (2016) 11:€0153932. doi:10.1371/journal.pone.0153932

25. Liang G, Malmuthuge N, Guan Y, Ren Y, Griebel PJ, Guan LL. Altered microRNA
expression and pre-mRNA splicing events reveal new mechanisms associated with
early stage Mycobacterium avium subspecies paratuberculosis infection. Sci Rep. (2016)
6:24964. doi:10.1038/srep24964

26. Badia-Bringué G, Alonso-Hearn M. RNA-sequencing studies suggest that
microRNAs and alternative splicing of pre-mRNAs modulate immune and inflamma-
tory responses in Holstein cattle infected with Mycobacterium avium subsp.
paratuberculosis. Front Immunol. (2025) 16:1597736. doi:10.3389/fimmu.2025.1597736

27. Mallikarjunappa S, Adnane M, Cormican P, Karrow NA, Meade KG.
Characterization of the bovine salivary gland transcriptome associated with
Mycobacterium avium subsp. paratuberculosis experimental challenge. BMC
Genomics. (2019) 20:491. doi:10.1186/5s12864-019-5845-4

28. Malvisi M, Curti N, Remondini D, De Iorio MG, Palazzo F, Gandini G, et al.
Combinatorial discriminant analysis applied to RNAseq data reveals a set of 10
transcripts as signatures of exposure of cattle to Mycobacterium avium subsp.
paratuberculosis. Animals. (2020) 10:253. doi:10.3390/ani10020253

29. Facciuolo A, Lee AH, Gonzalez Cano P, Townsend HGG, Falsafi R, Gerdts V, et al.
Regional dichotomy in enteric mucosal immune responses to a persistent
Mycobacterium avium ssp. paratuberculosis infection. Front Immunol. (2020)
11:1020. doi:10.3389/fimmu.2020.01020

30. Ibeagha-Awemu EM, Bissonnette N, Do DN, Dudemaine P-L, Wang M, Facciuolo
A, et al. Regionally distinct immune and metabolic transcriptional responses in the
bovine small intestine and draining lymph nodes during a subclinical Mycobacterium
avium subsp. paratuberculosis infection. Front Immunol. (2021) 12:760931.
doi:10.3389/fimmu.2021.760931

31. Gao Y, Cao J, Han B, Sun D. Preliminary exploration of mRNA, IncRNA, and
miRNA expressions in the bovine jejunum unveils novel aspects of Mycobacterium
avium subspecies paratuberculosis infections. BMC Genomics. (2025) 26:108.
doi:10.1186/512864-025-11299-1

32. Blanco-Vazquez C, Alonso-Hearn M, Iglesias N, Vazquez P, Juste RA, Garrido M,
et al. Use of ATP-binding cassette subfamily A member 13 (ABCA13) for sensitive
detection of focal pathological forms of subclinical bovine paratuberculosis. Front Vet
Sci. (2022) 9:816135. doi:10.3389/fvets.2022.816135

33. Schmieder R, Edwards R. Quality control and preprocessing of metagenomic
datasets. Bioinformatics. (2011) 27:863-4. doi:10.1093/bioinformatics/btr026

34. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics. (2013) 29:15-21. doi:10.1093/
bioinformatics/bts635

35. Liao Y, Smyth GK, Shi W. The R package Rsubread is easier, faster, cheaper and
better for alignment and quantification of RNA sequencing reads. Nucleic Acids Res.
(2019) 47:€47-7. doi:10.1093/nar/gkz114

36. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biol. (2014) 15:550. doi:10.1186/s13059-014-0550-8

37. Benjamini Y, Hochberg Y. Controlling the false discovery rate: A practical and
powerful approach to multiple testing. J R Stat Soc Ser B Stat Methodol. (1995) 57:289—-
300. doi:10.1111/j.2517-6161.1995.tb02031.x

38. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: A universal
enrichment tool for interpreting omics data. Innovation. (2021) 2:100141. doi:10.1016/
jxinn.2021.100141

39. Szklarczyk D, Kirsch R, Koutrouli M, Nastou K, Mehryary F, Hachilif R, et al. The
STRING database in 2023: protein—protein association networks and functional
enrichment analyses for any sequenced genome of interest. Nucleic Acids Res. (2023)
51:D638-46. doi:10.1093/nar/gkac1000

40. Smoot ME, Ono K, Ruscheinski J, Wang P-L, Ideker T. Cytoscape 2.8: new features
for data integration and network visualization. Bioinformatics. (2011) 27:431-2.
doi:10.1093/bioinformatics/btq675

41. Sandy Z, da Costa IC, Schmidt CK. More than meets the ISG15: Emerging roles in
the DNA damage response and beyond. Biomolecules. (2020) 10:1557. doi:10.3390/
biom10111557

42. Schurch NJ, Schofield P, Gierlinski M, Cole C, Sherstnev A, Singh V, et al. How
many biological replicates are needed in an RNA-seq experiment and which differential
expression tool should you use? RNA. (2016) 22:839-51. doi:10.1261/rna.053959.115

43. Giltay R, Kostka G, Timpl R. Sequence and expression of a novel member (LTBP-
4) of the family of latent transforming growth factor-B binding proteins. FEBS Lett.
(1997) 411:164-8. doi:10.1016/S0014-5793(97)00685-6

frontiersin.org


https://doi.org/10.1186/s12917-019-1943-4
https://doi.org/10.3168/jds.2023-24626
https://doi.org/10.3168/jds.2020-19381
https://doi.org/10.1016/j.jneuroim.2016.02.016
https://doi.org/10.1097/MOG.0b013e3282f1dcc4
https://doi.org/10.1097/MOG.0b013e3282f1dcc4
https://doi.org/10.1371/journal.pone.0002537
https://doi.org/10.1186/1757-4749-5-14
https://doi.org/10.36141/svdld.v35i2.6769
https://doi.org/10.3390/microorganisms8101459
https://doi.org/10.3109/00365541003762306
https://doi.org/10.4061/2010/127692
https://doi.org/10.1177/1352458513477926
https://doi.org/10.1177/1352458513477926
https://doi.org/10.3389/fimmu.2021.714179
https://doi.org/10.1186/s13027-017-0172-3
https://doi.org/10.1016/j.tvjl.2007.08.023
https://doi.org/10.1354/vp.45-6-829
https://doi.org/10.1016/j.jcpa.2005.04.007
https://doi.org/10.1128/jcm.30.1.166-171.1992
https://doi.org/10.1016/j.vetmic.2005.04.002
https://doi.org/10.1016/j.vetmic.2005.04.002
https://doi.org/10.3390/ani15071012
https://doi.org/10.1038/s41598-021-99672-4
https://doi.org/10.1038/s41598-019-51328-0
https://doi.org/10.1186/s12864-023-09710-w
https://doi.org/10.1371/journal.pone.0153932
https://doi.org/10.1038/srep24964
https://doi.org/10.3389/fimmu.2025.1597736
https://doi.org/10.1186/s12864-019-5845-4
https://doi.org/10.3390/ani10020253
https://doi.org/10.3389/fimmu.2020.01020
https://doi.org/10.3389/fimmu.2021.760931
https://doi.org/10.1186/s12864-025-11299-1
https://doi.org/10.3389/fvets.2022.816135
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/nar/gkz114
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.1093/bioinformatics/btq675
https://doi.org/10.3390/biom10111557
https://doi.org/10.3390/biom10111557
https://doi.org/10.1261/rna.053959.115
https://doi.org/10.1016/S0014-5793(97)00685-6
https://doi.org/10.3389/fimmu.2026.1744978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Prado-Lopez et al.

44. Wickenhagen A, Sugrue E, Lytras S, Kuchi S, Noerenberg M, Turnbull ML, et al. A
prenylated dsRNA sensor protects against severe COVID-19. Science. (2021) 374:
eabj3624. doi:10.1126/science.abj3624

45. Field LL, Bonnevie-Nielsen V, Pociot F, Lu S, Nielsen TB, Beck-Nielsen H. OAS1
splice site polymorphism controlling antiviral enzyme activity influences susceptibility
to type 1 diabetes. Diabetes. (2005) 54:1588-91. doi:10.2337/diabetes.54.5.1588

46. Tessier M-C, Qu H-Q, Fréchette R, Bacot F, Grabs R, Taback SP, et al. Type 1
diabetes and the OAS gene cluster: association with splicing polymorphism or
haplotype? ] Med Genet. (2006) 43:129-32. doi:10.1136/jmg.2005.035212

47. Zhou S, Butler-Laporte G, Nakanishi T, Morrison DR, Afilalo J, Afilalo M, et al. A
Neanderthal OASI isoform protects individuals of European ancestry against COVID-
19 susceptibility and severity. Nat Med. (2021) 27:659-67. doi:10.1038/s41591-021-
01281-1

48. Leisching G, Cole V, Ali AT, Baker B. OASI, OAS2 and OASS3 restrict intracellular
M. tb replication and enhance cytokine secretion. Int J Infect Dis. (2019) 80:S77-84.
doi:10.1016/j.1jid.2019.02.029

49. Li H, Huang J, Zhang J, Gao Y, Han B, Sun D. Identification of alternative splicing
events associated with paratuberculosis in dairy cattle using multi-tissue RNA se-
quencing data. Genes (Basel). (2022) 13:497. doi:10.3390/genes13030497

50. Bannantine JP, Hines ME, Bermudez LE, Talaat AM, Sreevatsan S, Stabel JR, et al.
A rational framework for evaluating the next generation of vaccines against
Mycobacterium avium subspecies paratuberculosis. Front Cell Infect Microbiol.
(2014) 4:126. doi:10.3389/fcimb.2014.00126

51. Swaim CD, Canadeo LA, Monte KJ, Khanna S, Lenschow DJ, Huibregtse JM.
Modulation of extracellular ISG15 signaling by pathogens and viral effector proteins.
Cell Rep. (2020) 31:107772. doi:10.1016/j.celrep.2020.107772

Frontiers in Immunology

14

10.3389/fimmu.2026.1744978

52. Swaim CD, Scott AF, Canadeo LA, Huibregtse JM. Extracellular ISG15 signals
cytokine secretion through the LFA-1 integrin receptor. Mol Cell. (2017) 68:581-
590.¢5. doi:10.1016/j.molcel.2017.10.003

53. Saito T, Hirai R, Loo Y-M, Owen D, Johnson CL, Sinha SC, et al. Regulation of
innate antiviral defenses through a shared repressor domain in RIG-I and LGP2. Proc
Natl Acad Sci. (2007) 104:582-7. doi:10.1073/pnas.0606699104

54. Paine I, Posey JE, Grochowski CM, Jhangiani SN, Rosenheck S, Kleyner R, et al.
Paralog studies augment gene discovery: DDX and DHX genes. Am ] Hum Genet.
(2019) 105:302-16. doi:10.1016/j.ajhg.2019.06.001

55. Alvarez E, Falqui M, Sin L, McGrail JP, Perdiguero B, Coloma R, et al. Unveiling
the multifaceted roles of ISG15: From immunomodulation to therapeutic frontiers.
Vaccines (Basel). (2024) 12:153. doi:10.3390/vaccines12020153

56. Sawyer EB, Grabowska AD, Cortes T. Translational regulation in mycobacteria and
its implications for pathogenicity. Nucleic Acids Res. (2018) 46:6950-61. doi:10.1093/
nar/gky574

57. Kurosaki T, Popp MW, Maquat LE. Publisher correction: Quality and quantity
control of gene expression by nonsense-mediated mRNA decay. Nat Rev Mol Cell Biol.
(2019) 20:384. doi:10.1038/s41580-019-0138-y

58. Banerjee AK, Blanco MR, Bruce EA, Honson DD, Chen LM, Chow A, et al. SARS-
CoV-2 disrupts splicing, translation, and protein trafficking to suppress host defenses.
Cell. (2020) 183:1325-1339.e21. doi:10.1016/j.cell.2020.10.004

59. Dow CT. M. paratuberculosis and Parkinson’s disease — is this a trigger. Med
Hypotheses. (2014) 83:709-12. doi:10.1016/j.mehy.2014.09.025

60. Arru G, Caggiu E, Paulus K, Sechi GP, Mameli G, Sechi LA. Is there a role for
Mycobacterium avium subspecies paratuberculosis in Parkinson’s disease? |
Neuroimmunol. (2016) 293:86-90. doi:10.1016/j.jneuroim.2016.02.016

frontiersin.org


https://doi.org/10.1126/science.abj3624
https://doi.org/10.2337/diabetes.54.5.1588
https://doi.org/10.1136/jmg.2005.035212
https://doi.org/10.1038/s41591-021-01281-1
https://doi.org/10.1038/s41591-021-01281-1
https://doi.org/10.1016/j.ijid.2019.02.029
https://doi.org/10.3390/genes13030497
https://doi.org/10.3389/fcimb.2014.00126
https://doi.org/10.1016/j.celrep.2020.107772
https://doi.org/10.1016/j.molcel.2017.10.003
https://doi.org/10.1073/pnas.0606699104
https://doi.org/10.1016/j.ajhg.2019.06.001
https://doi.org/10.3390/vaccines12020153
https://doi.org/10.1093/nar/gky574
https://doi.org/10.1093/nar/gky574
https://doi.org/10.1038/s41580-019-0138-y
https://doi.org/10.1016/j.cell.2020.10.004
https://doi.org/10.1016/j.mehy.2014.09.025
https://doi.org/10.1016/j.jneuroim.2016.02.016
https://doi.org/10.3389/fimmu.2026.1744978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Whole transcriptome analysis of peripheral blood identifies systemic innate immune responses and translation inhibition in subclinical Holstein cattle naturally infected with Mycobacterium avium subsp. paratuberculosis
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Animals and PTB diagnostic status
	2.3 RNA extraction, library preparation and RNA-sequencing
	2.4 Bioinformatic analysis of RNA-Seq data
	2.5 Gene ontology and metabolic enrichment analysis
	2.6 Protein to protein interaction networks
	2.7 Reverse transcription quantitative PCR for RNA-seq validation
	2.8 Bovine interferon stimulated gene 15 ELISA

	3 Results
	3.1 Peripheral blood transcriptomic profiling of cattle with multifocal lesions
	3.2 Identification of differentially expressed genes in PB from cows multifocal lesions vs control cows
	3.3 Functional enrichment analysis of differentially expressed genes in PB from cows with multifocal lesions vs control cows
	3.4 Pathway enrichment analysis of DEGs in peripheral blood from cows with multifocal lesions vs control cows
	3.5 Protein–to-protein interaction networks revealed coordinated translation inhibition and innate immune activation
	3.6 Validation of the ISG15 mRNA differential expression in PB samples by RT-qPCR
	3.7 Plasma ISG15 protein levels in animals with and without multifocal lesions

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


