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Abstract

Interferons (IFNs) are a class of cytokines with antiviral, antitumor, and immunoregulatory
functions, and they have great potential for use in veterinary science. Bovine interferon alpha
(BoIFN-a), as a crucial member of the type I IFN family, is essential for keeping Bovine
population healthy and preventing diseases. In recent years, research on BoIFN-a has been
increasing, covering aspects such as its structural characteristics, biological functions, and
mechanisms of action. But in practical real-world application in clinical settings, BoIFN-a
still has a variety of significant challenges, like keeping its clinical effectiveness stable and
managing production costs. This review gives a thorough overview of the research on
BoIFN-q, particularly its applications in antiviral, immune regulation, and disease treatment,
and also introduces its clinical applications in the prevention and control of common viral,
bacterial, and parasitic diseases in Bovine population. Additionally, the review discusses the
challenges BoIFN-a faces in veterinary practice and future development directions, with the
goal of giving solid theoretical support and practical advice for its in-depth research and
widespread application in veterinary science.
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crucial for antiviral and immune regulation, protecting
bovine health ..

INTRODUCTION

The bovine industry is crucial for global farming,
impacting meat and dairy quality, but diseases threaten
herds, causing production losses and economic damage "\,
Traditional disease control methods like vaccination and
antibiotics have helped, but pathogen mutations and drug
resistance necessitate new prevention strategies.

Interferons (IFNs) are crucial for the immune
defense, recognized since 1957 for their antiviral,
immunoregulatory, and antitumor effects . Based
on their structure, receptor specificity, and functional
characteristics, IFNs can be classified into type I, II,
and III. Among them, type I IFNs are the most diverse,
including several subtypes such as IFN-a, IFN-f, and

Significant progress in veterinary science on BolFN-a
includes its gene structure, protein characteristics,
mechanisms, and clinical applications (Fig. 1), showing
its role in bovine antiviral immunity and potential in
regulating immune responses and reducing diseases like
respiratory issues and dermatitis ©°\.

A deeper understanding of BoIFN-a’s biological
characteristics and mechanisms is crucial for advancing
bovine health and industry sustainability, with molecular
biology research providing new evidence for improving
bovine health and informing related fields .

IFN-w Bl Bovine interferon alpha (BoIFN-a) rapidly
triggers the immune response after pathogen infection,

This review systematically summarizes BoIFN-a research
in veterinary medicine, covering its classification,

@ OO ‘ ‘ This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)
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Fig 1. Study scheme on the research progress of Bovine Interferon Alpha (BoIFN-a) in Veterinary Science

structure, functions, mechanisms, applications,
production, challenges, and future directions to enhance
its use in bovine herd health and livestock sustainability.

Basic Classification of Bovine Interferons

Bovine interferons (BoIFNs) are crucial for bovine
immunity, classified into type I, II, and III, each with
distinct gene families and functions. Type I (IFN-a, IFN-f,
IFN-w, IFN-t, IFN-y, IFN-¢, IFN-k) mediates antiviral
responses, while type II (IFN-y) and type III (IFN-\) are
involved in immune response networks, aiding in disease
prevention and control.

Characteristics of Bovine Type I IFNs

Type I IENs, particularly IFN-a and IFN-B, vary in
tissue expression and are regulated by viral infections,
influencing their antiviral activity "®. Bovine interferon-
omega (BoIFN-w), a type I IFN, has broad antiviral
functions, inducing ISGs via the JAK (Janus kinase)-
STAT (signal transducer and activator of transcription)
pathway and showing potential as a therapeutic agent
due to its efficacy in other species *'%. Bovine interferon-
tau (BoIFN-7) is vital for early pregnancy by promoting
maternal recognition and endometrial receptivity
through Interferon regulatory factor 1 (IRF1) and
Leukemia inhibitory factor receptor (LIFR) expression,
enhancing implantation, and regulating prostaglandin
synthesis for pregnancy maintenance !"'2. Bovine
interferon-chi (BoIFN-Y) is a type I IFN with immune
functions, enhancing innate immunity and promoting
IFN production during viral infections via the JAK-STAT
pathway [*l. Bovine interferon-epsilon (BoIFN-), cloned
from bovine liver, has a specific gene structure, shows
lower antiviral activity than BoIFN-al, and is expressed in
various organs, indicating its typical type I IFN properties

and therapeutic potential . Bovine interferon-kappa
(BoIFN-k) is a 215-amino acid protein with 63%
similarity to human IFN-k, showing type I IFN traits-
like antiviral activity. It binds to the bovine type I IFN
receptor, inducing Mx1, ISG15, and ISG56 transcription,
and operates mainly via the JAK-STAT pathway . The
summary of Bovine interferon subtypes are listed in
Table 1. Based on the retrieved PubMed literature, it is
important to note that for Bovine Type I IFNs, all entries
remain at the laboratory stage, and no specific trade names
or commercially approved products are mentioned in the
literature (Table 2). Therefore, we clarified the regulatory
status of all products are “experimental”. This statement
highlights the gap between Bovine Type I IFNs research
and practical application, emphasizing challenges like
production, stability, delivery, safety, and regulation.

Characteristics of Bovine Type II IFNs

Bovine Type II IFN, mainly IFN-y, is produced by T cells
and NK cells, enhancing immune responses through
macrophage activation and antigen presentation via the
STAT1 pathway, playing a crucial role in antiviral and
immune regulation . This literature highlights IFN-
Y’s key role in immune responses and its application in
disease control, but does not address the STAT1 pathway.

Characteristics of Bovine Type III IFNs

Bovine Type III IFNs (IFN-A) resemble type I IFNs but
are limited to epithelial cells, aiding mucosal immunity.
Research shows IFN-\’s antiviral activity against bovine
viral diarrhea virus (BVDV), reducing viral load and
symptoms, and it primarily induces local antiviral states,
minimizing systemic inflammation, highlighting its
importance in mucosal immunity ?!. The study had a
small sample size (n=4 treatment, n=2 control), limiting
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Table 2. Summary of commercial and experimental use of bovine type I IFNs
Active Target Formulation Common Dosage/ Regulator
Trade Name . '8 Indication and Route of . 8 gu ¥ Key References
Ingredient | Species . q Regimen Status
Administration
Antiviral

Ni BoIFN-alph Swi t issible | R binant protein, 1 11 12 .

No . 0 alpha wine ( ransmissible | Recombinant protein mg orally every B peisnarial -
information 1-1 population | gastroenteritis oral hours

virus)
. Antiviral . . .

No Bovine VI Recombinant protein, No specific dosage . 125)

. . rIFN-alpha . diseases (e.g., . . . Experimental

information population | . " q expression system information

viral infections)
No . BN e Bovinfz Antiviral (e.g., | Recombinant pltotein, No .specific (.iosage el -
information population VSV, BEV) yeast expression information
Bovi i in, ifi .

No . BoIFN-epsilon ovine |\ iviral Recomb}nant prc.)tem No specific qosage T 4l
information population E. coli expression information

No Bovine - . . No specific dosage .

. . BoIFN-kappa Vi Antiviral Recombinant protein Spectlic dosag Experimental sl
information population information

Based on the retrieved PubMed literature, the above table summarizes the commercial and experimental applications of Bovine Type I IFNs. It is important to note that all entries
are derived from research contexts, and no specific trade names or commercially approved products are mentioned in the literature

its statistical power and generalizability, and focused on
BVDV type-2, suggesting varying effects of IFN-A with
other strains.

Molecular Structure and Classification of Boifn-A
Gene Structure and Expression Regulation of BoIFN-a

BoIFN-a is a key antiviral cytokine in cattle, with its gene
on chromosome 1 consisting of 5 exons and 4 introns,
coding for about 567 bp. There are at least 10 subtypes,
showing 80%-95% sequence homology, possibly linked to
bovine adaptation to pathogens 2728,

Research indicates that BoIFN-a subtypes regulate
immune responses via different pathways, offering insights
into bovine immune systems . The subtypes differ in
antiviral, antibacterial, and immune regulation, impacting
bovine herd health. BoIFN-a levels are affected by factors
like viral infections, which significantly upregulate its
expression, highlighting its role in antiviral responses 1**..

Further research shows BoIFN-a levels are linked to the
JAK-STAT pathway; using the BacMam system allows
effective expression of BoIFN-a in cells to observe its viral
replication inhibition P!. The key to this process is that
BoIFN-a induces ISG transcription, enhancing antiviral
capacity and supporting its veterinary use.

Protein Structure and Functional Domains of BoIFN-a

The BoIFN-a precursor protein has 189-192 amino acids,
a 23-amino acid signal peptide, and a mature form of 166-
169 amino acids, weighing about 19 kDa with a pI of 5.0-
6.5, featuring a structure of 5 anti-parallel a-helices (A-E)
crucial for receptor binding 1*2l.

Compared to IFN-a from other species, BoIFN-a has the
highest amino acid homology with sheep IFN-a (about

85%), about 60% with human IFN-q, and about 70% with
pig IFN-a. This species difference causes some specificity
in BoIFN-a activity, yet there is cross-reactivity with
related species (3.

BoIFN-aq, a secreted glycoprotein, has a central a-helical
structure and 3-sheet segments, allowing it to bind to IFN
receptors and trigger signal transduction pathways for
its biological functions. In the structure of BoIFN-a, the
receptor-binding domain is one of its important functional
regions Y. The domain composition affects BoIFN-
o’s receptor binding affinity and selectivity, influencing
its biological effects through stable interactions and
activation of signaling pathways that enhance antiviral
and immune responses.

Additionally, the signaling domain of BoIFN-a is also
crucial ® The signaling domain transduces external
signals into cells, activating the JAK-STAT pathway
after BoIFN-a binds to its receptor, which regulates cell
proliferation, differentiation, and immune responses by
recruiting and activating JAK enzymes firstly and then
followed by activating STAT transcription factors that
express specific genes involved in antiviral, antitumor, and
immune regulation.

It is noteworthy that the glycosylation modifications of
BoIFN-a also have a significant impact on its function B
3. Glycosylation not only affects its stability and biological
activity but may also influence its binding ability to
receptors **4°. By regulating the glycosylation pattern, the
biological activity of BoIFN-a can be enhanced or reduced,
resulting in different effects in clinical applications "],
Therefore, in-depth studies of the protein structure and
functional domains of BoIFN-a are of great significance
for understanding its role in veterinary science and
developing new therapeutic approaches.
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Biological Functions of Boifn-A
Antiviral Effects (by Activating the JAK-STAT Pathway)

BoIFN-a is a crucial cytokine that plays a key role in
antiviral immunity. Studies have shown that BoIFN-a
significantly inhibits the replication of viruses by activating
the JAK-STAT signaling pathway “+*! (Fig. 2). The JAK-
STAT pathway is crucial for cytokine signaling, regulating
immune responses; BoIFN-a activates it, through boosting
ISG expression and enhancing antiviral capacity.

The specific process is as follows: after IFN-a binds to the
IFN-a-receptor on the cell surface, it subsequently activates
intracellular Janus kinases (Janus kinases 1(JAK1) and tyrosine-
protein kinase 2 (TYK2)). The phosphorylation of JAK kinases
leads to the activation of STAT proteins, causing STAT1 and
STAT?2 to be phosphorylated and form heterodimers, which
bind to IRF9 to form “interferon-stimulated gene factor
3 (ISGF3)” ISGF3 enters the cell nucleus and binds to the
“interferon-stimulated response element (ISRE)” in the
promoter region of target genes, initiating downstream gene
transcription. Ultimately, it regulates the expression of ISGs,
thereby enhancing the cell’s resistance to viruses.

Antiviral Effects of Effector Molecules, Inducing the
Expression of Antiviral Proteins

BoIFN-a exerts significant antiviral effects in veterinary
science by inducing the expression of antiviral proteins

IFN-induced cells

and regulating the immune responses of host cells *! (Fig.
3). Key effector molecules induced by BoIFN-a include:
(1) 2’5’-oligoadenylate synthetase (OAS): catalyzes the
production of 2’5-oligoadenylate from ATP, activating
RNase L to degrade viral RNA; (2) Protein kinase R (PKR):
phosphorylates the eukaryotic translation initiation factor
elF2a, inhibiting viral protein synthesis; (3) Mx protein:
prevents the release and replication of viral nucleic acids
by binding to viral nucleocapsid proteins (e.g., inhibition
of BVDV); (4) Interferon regulatory factors (IRF): further
amplify immune signals and enhance antiviral responses.

Research indicates that BoIFN-a activates ISGs like MxA,
OAS, and PKR, crucial for antiviral immunity; rBoIFN-a
transduced via BacMam significantly inhibited virus
replication and induced ISG transcription PU. It was
proved that BoIFN-a enhances antiviral response via
JAK-STAT, but the study lacks focus on long-term effects
like viral adaptation or immune tolerance.

Additionally, IFNs have antiviral effects through various
mechanisms; herbal extractslike matrine and icariin upregulate
IFN-a and IFN-B, enhancing antiviral protein production and
inhibiting BVDV  replication in vitro, but more research is
needed for “synergistic effect” conclusions 7.

BoIFN-a’s antiviral mechanisms also include regulating
host cell metabolism, with IFNs inhibiting viral infections

IFN-effector cells
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Virus
IFN
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Antiviral Actions of Interferon
Single-Cell Responses
Signal pathways
Anti-Viral Protein Kinase PKR Oligoadenylate Adenosine Protein GTPase Mx
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N
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(Ribosome-associated) Synthetase OAS A ' Nitric Oxide
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Fig 3. Functions of selected IFN-inducible proteins are critical. Among the IFN-induced proteins that affect virus multiplication within single cells are
PKR kinase, the OAS synthetase family, the Mx protein GTPase family, and ADAR. These proteins appear to target viral nucleocapsids and inhibit RNA

synthesis, thereby preventing viral replication

by altering metabolic states. For example, SAMHDI] limits
some RNA virus (such as Hepatitis C Virus and yellow
fever virus) replication by regulating lipid synthesis,
highlighting IFNs antiviral effects . However, the
studied viruses are human viruses, while our BoIFN-a is
bovine-derived, indicating potential functional differences
in IFN and SAMHD1 across species.

Moreover, BoIFN-a is linked to interactions with other
cytokines. For example, ZAP protein, as an ISG, exhibits

broad antiviral activity, and in cells lacking a robust type I
IFN system, ZAP can also inhibit the replication of certain
viruses 1. However, Further studies are warranted to
elucidate this IFN-alpha and -beta independent anti-Zika
virus activity and involvement of ZAP.

Immunoregulatory Functions

BoIFN-a is important for immune regulation, enhancing
NK cells and macrophages™ activity, and boosting NK
cells” ability to kill tumors and viruses-infected cells .
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Besides, BoIFN-a boosts macrophage phagocytosis and
bactericidal functions, crucial for innate immunity, and
enhances cytokine secretion like tumor necrosis factor
alpha (TNF-a) and IFN beta (IFN-f) in bovine infection
models ',

In adaptive immunity, BoIFN-a promotes Th1 responses
and inhibits Th2, regulating immune balance by enhancing
Thl cell differentiation and cytokine production,
activating T and B cells ®. This regulatory effect is
significant for fighting viral infections and tumors, as
Th1 responses eliminate infected cells and tumors while
suppressing excessive humoral responses, reducing allergy
and autoimmune risks. Moreover, BoIFN-a has notable
antitumor effects, such as inhibiting cell proliferation,
suppressing angiogenesis, and boosting immune cell
activity. One study showed it significantly inhibits tumor
growth by upregulating tumor suppressor genes and
downregulating oncogenes **!. At the same time, BoIFN-a
can induce apoptosis in tumor cells ¥, and enhance the
immune surveillance capacity of macrophages and NK
cells against tumor cells, providing new ideas and potential
applications for cancer immunotherapy.

Auxiliary Effects Against Bacterial and Parasitic
Infections

The use of BoIFN-a in veterinary science is gaining
attention for aiding in bacterial and parasitic infections
by enhancing immune functions, crucial for combating
diseases that affect bovine health and farming economics.
In terms of combating bacterial infections, BoIFN-a has
been found to significantly enhance the phagocytic ability
of bovine macrophages against Brucella °.. Brucella
causes brucellosis in cattle, impacting reproduction and
milk yield. BoIFN-a activates macrophages, boosting their
ability to kill Brucella by enhancing activation, cytokine
secretion, and antibacterial proteins. It also helps against
calf diarrhea from E. coli . Escherichia coli diarrhea in
calves can cause high mortality, but BoIFN-a enhances
local immunity and intestinal barrier functions, aiding
infection control and informing prevention strategies.
BoIFN-a shows promise against parasitic infections like
bovine babesiosis and theileriosis, which cause anemia
and reduced production performance, by boosting the
host’s immune response 7. BoIFN-a enhances T cell
activation and cytokine secretion, such as IFN-y and
TNF-a, improving bovine resistance to parasites.

Potential Applications of BOIFN-A in the Area of
Animal Breeding

BoIFN-a improves animal reproduction by increasing
pregnancy rates and regulating immunity, with sheep
studies showing rates rising from 58% to 79% without
teratogenic effects **l. Additionally, BoIFN-a is linked
to embryo signaling molecules like Bovine trophoblast

protein-1 (bTP-1), which aids in maternal immune
regulation to prevent embryo rejection **.. Furthermore,
BoIFN-a inhibits lymphocyte migration from lymph
nodes but does not affect their entry into lymph nodes,
supporting embryo implantation and pregnancy
maintenance, suggesting its immunity may influence
reproduction . Overall, BoIFN-a improves pregnancy
rates and immune responses in animals, but further
research is needed for safety in species like cattle, requiring
more clinical trials for livestock management.

Mechanisms of Action of Boifn-A

BoIFN-a functions through the “receptor-signaling
pathway-effector molecules” axis, primarily activating the
JAK-STAT pathway to express antiviral proteins I,

Binding to IFN Receptors

BoIFN-a binds to type I IFN a receptors (IFNAR)
on target cells, with IFNAR2 binding BoIFN-a and
IFNARLI involved in signaling; this high-affinity binding
(Kd ~107'® M) relies on BoIFN-a’s a-helical structure,
activating antiviral gene expression and highlighting its
role in immunity through bioassays in MDBK cells that
stimulate Toll-like receptors TLRs (e.g. TLR3, TLR7, and
TLR8) and RIG-I-like receptors (RIG-I and MDAS5) 61,

Moreover, the antiviral mechanism of BoIFN-a includes
regulating host immune responses, not just direct effects
2l BoIFN-a significantly increases during BVDV
infection, enhancing antiviral factors and improving
bovine resistance by upregulating cytokines like IFN-p,
interleukin-1(IL-1), and TNF-a ¥,

After binding to the IFN receptor, the activated IFN
receptor signaling pathways induce ISG expression,
crucial for antiviral, antitumor, and immunoregulatory
responses, with BoIFN-a enhancing antiviral gene
expression like Mx1, OAS1, and IFIT in host cells ¢,

It is noteworthy that the effects of BoIFN-a on IFN
receptors depend on factors like the host’s genetics and the
virus type, indicating the need to consider immune status
and viral circumstances for effective treatment strategies.
Future research should investigate BoIFN-a’s efficacy
against various pathogens for improved veterinary
options.

Clinical Applications of Boifn-A in Veterinary Medicine
Antiviral Therapy

Treatment of Bovine Viral Diarrhea Virus (BVDV)
Infection: BVDV is a harmful virus in cattle, causing
symptoms like calf diarrhea, respiratory issues, and
abortions, leading to economic losses 4.

Research shows that BoIFN-a can significantly inhibit
the replication of different biotypes of BVDV (cytopathic
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and non-cytopathic) 7, and its antiviral effect is time-
dependent and dose-dependent. In the early stages of
infection (0-20 h), BoIFN-a maximally inhibits BVDV
RNA synthesis in the early stages of infection (0-20 h),
reducing viral load significantly without relying on the
PKR pathway, indicating alternative antiviral mechanisms
6l Experimental results show rBoIFN-a significantly
inhibits BVDV replication in Madin Darby Bovine
Kidney (MDBK) cells, indicating its antiviral potential
4. Additionally, rBoIFN-a boosts antiviral capacity
by activating immune cells and inducing interferon-
stimulated genes (ISGs) like ISG15 and OASI1, lowering
viral load and disease severity .

In scientific experiments, BoIFN-a significantly relieved
BVDV symptoms in cattle, reducing viral load and
improving CD,* and CD,* T cell function *°!

Prevention and Treatment of Infectious Bovine
Rhinotracheitis  Virus (IBRV): Infectious Bovine
Rhinotracheitis Virus (IBRV) is a common virus in the
bovine respiratory tract, which early infection damages
the respiratory mucosal barrier, leading to decreased
immune defense and susceptibility to secondary bacterial
infections 1" The early use of BoIFN-a in IBR infection
boosts antiviral responses in respiratory cells and immune
cells, strengthening local immune barriers and lowering
viral replication.Studies indicate BoIFN-a activates ISGs
in respiratory mucosa, boosting NK cells and macrophages
to enhance immune clearance of IBR virus ). Meanwhile,
The combination of BoIFN-a and the IBR vaccine enhances
immune protection and lowers viral transmission risk ).

Prevention of Bovine Respiratory Disease (BRD):
Akiyama et al.l described a clinical trial testing the effect
of recombinant bovine interferon alpha 1 (rBoIFN-al)
on the incidence of bovine respiratory disease (BRD).
The experiment with 60 bulls showed that rBoIFN-al
injections significantly reduced respiratory disease
symptoms, with lower incidence, recurrence rate, and
average days of illness, and slightly higher weight gain,
leading to the conclusion that it may prevent BRD.

Treatment of Foot-and-Mouth Disease Virus (FMDV),
Bovine Rotavirus (BRV), Coronaviruses (CoV), and
Influenza Virus (IFV) Infections: Regarding Foot-and-
Mouth Disease Virus (FMDV), BoIFN-a has inhibits
effects by regulating immune responses and promoting
antibody production . BoIFN-a activates the IFN
pathway, inhibiting the virus and boosting immune
response for better resistance.

Regarding Bovine Rotavirus (BRV), BoIFN-a treatment
positively affects calf diarrhea, alleviating the condition
and promoting recovery 772,

Regarding Coronaviruses (CoV), Recombinant bovine

interferon-alpha I1 (rBolFN-a) is a sustained release
treatment for bovine respiratory disease, indicating broad
antiviral potential, but its effect on coronaviruses is not
mentioned in the literature ©,

Regarding the Influenza Virus (IFV), BoIFN-a inhibits
viral replication by impairing early protein synthesis
in bovine cells, unlike BoIFN-y ™. The antiviral effect
relates to two Mx-related proteins from BoIFN-q, akin to
the resistance against influenza in mice 4.

Adjunctive Therapy for Bovine Leukemia Virus (BLV)
Infection: BLV infection is a chronic disease causing
lymphocyte proliferation and immune dysfunction,
potentially leading to leukemia or lymphoma .
Currently, there is no cure, so management focuses on
controlling the virus and regulating immunity.

BoIFN-a enhances T cell and NK cell recovery [,
boosts cytokine production, reduces viral load, inhibits
replication, and improves immune function against BLV.

BoIFN-a can enhance conventional
managing BLV-infected cattle, alleviating symptoms,
improving health indicators, and extending lifespan while
strengthening immune responses.

vaccines in

Adjuvant Role in Immunization

BoIFN-a is a key immunoregulatory factor studied in
veterinary science, particularly as a vaccine adjuvant,
enhancing immunogenicity by promoting cytokine
secretion, boosting antibody production, and regulating T
cell activity, thus improving vaccine efficacy. Traditional
adjuvants like aluminum salts stimulate immune responses
but have limitations and side effects, making the search
for new adjuvants crucial. BoIFN-a enhances vaccine
immunogenicity by inducing strong cell-mediated and
humoral immune responses, as shown in a study where
it increased antibody levels and T cell responses with the
foot-and-mouth disease vaccine "%,

More importantly, Vaccines with BoIFN-a enhance specific T
cell responses, increasing IFN-y-positive CD,* lymphocytes,
offering new insights for foot-and-mouth disease vaccine
research and application. Optimizing adjuvants may improve
vaccine efficacy and safety for sustainable farming.

Production and Purification Techniques of Boifn-A
Recombinant Expression Systems

The choice of expression system is vital for producing
recombinant BoIFN-a, with options like Escherichia coli,
yeast, and mammalian cells, each having pros and cons.
Escherichia coli is fast and cost-effective for large-scale
production but lacks post-translational modifications 1*2,
potentially impairing protein folding and antiviral activity
G311 Yeast, a eukaryotic system, allows some modifications
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and is suitable for medium-scale production, but may
still struggle with glycosylation and stability issues.
Mammalian cell systems like HEK293T better mimic
in vivo conditions, enabling crucial post-translational
modifications for BoIFN-a activity. Baculovirus-mediated
gene transfer (BacMam) effectively expresses BoIFN-a
in these cells, yielding a biologically active product with
antiviral properties, showing promise in veterinary
science P!. Researchers optimize BoIFN-a yield and
activity through strategies like media optimization,
culture condition adjustments, and genetic engineering,
enhancing protein effectiveness and safety for clinical use.

Purification and Quality Control

Purification and quality control of BoIFN-a are vital for
its biological activity and safety, with methods like affinity
and ion exchange chromatography influencing the final
product’s  characteristics. ~ Affinity  chromatography
uses specific binding to enhance purification %, often
employing antibodies against IFN-a as ligands . ITon
exchange chromatography separates proteins based on
charge at varying pH levels, using appropriate resins for
effective purification.

Activity testing uses bioactivity assays like MTT, cell
proliferation, or ELISA to assess BoIFN-a’s effects on
cells, showing its role in immune responses against BVDV
by upregulating gene expression "I, Stability assessments
ensure product effectiveness during storage, with
research indicating BoIFN-a’s long stability under proper
conditions, supporting its clinical potential.

Administration Routes and Pharmacokinetics of Boifn-A
Comparison of Different Administration Routes

The choice of administration routes for BoIFN-a
in veterinary science is vital for treatment efficacy.
Subcutaneous injections provide slower release and
sustained immune activation, while intramuscular
injections offer quicker delivery and higher bioavailability
7l though they may cause more local reactions. Nebulized
inhalation delivers BoIFN-a directly to the respiratory
tract, minimizing systemic side effects and enhancing local
immunity, with good tolerance and bioavailability in small
animals, but requires further validation for large animals 77,
The half-life varies by administration route, with nebulized
inhalation achieving higher initial concentrations but
shorter half-life, impacting its use in chronic diseases
(781 Thus, careful selection of administration routes and
frequencies is crucial for maximizing therapeutic effects.

Pharmacokinetic Models

BoIFN-a is a key immune regulator in bovine population
with significant pharmacokinetic traits essential for
clinical use. It quickly enters the bloodstream post-

injection, maintaining high concentrations influenced by
administration route, dosage, and bovine physiological
state 7. It is widely distributed, mainly in immune
organs like the liver, spleen, and lungs, which relates to
its immune regulation function "¢, Metabolized by the
liver and excreted by the kidneys, BoIFN-a has a short
biological half-life, limiting long-term efficacy . Thus,
dosing regimens must account for its rapid clearance,
possibly requiring frequent doses or sustained-release
formulations "), while individual bovine differences may
necessitate tailored clinical applications.

The dose-response relationship of BoIFN-a is vital in
drug research and requires systematic clinical trials,
as it significantly influences cattle’s immune response;
low doses enhance antiviral capacity while high doses
may cause immunosuppression . Establishing this
relationship involves controlled experiments to monitor
immune indicators like cytokines and clinical symptoms,
aiding in determining optimal dosages and providing
evidence for clinical applications 1*!,

Challenges and Solutions in the Clinical Application of
Boifn-A

Mechanisms of Drug Resistance

In the context of viral infections, working procedures
of drug resistance mainly manifest in two aspects: the
emergence of viral escape mutants and adaptive changes
in host immune responses.

Firstly, the emergence of viral escape mutants involves
viruses altering their antigenic epitopes through mutations
to evade the host immune system. Research shows BoIFN-a
is vital in regulating immune responses, particularly for
CD," T cell responses against viral infections . Besides,
studies on CpHV-1 (Caprine herpesvirus type 1) infection
have found that this virus can regulate immune genes within
host cells, thereby affecting the host's immune response
82 This phenomenon is crucial in viral transmission and
persistent infections, showcasing virus-host interactions.

Secondly, Adaptive changes in host immune responses
involve adjustments to the immune system due to viral
infections, with research indicating significant changes in
immune gene expression, including ISG upregulation crucial
for antiviral immunity ®. Studies show that heat-inactivated
Mycobacterium (HIMB) and P22PI protein complexes
stimulate the innate immune response, increasing cytokine
expression and enhancing pathogen defense ®. This adaptive
change enhances the hosts defense against infections and
may create lasting “trained immunity”.

Side Effects and Safety

BoIFN-a has therapeutic effects in veterinary science but
also presents side effects and safety concerns, necessitating
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careful monitoring. Common side effects include fever
and leukopenia, which can affect bovine health and
performance. Long-term use is generally safe at proper
doses, with studies showing good tolerance in cattle when
monitored effectively.

However, the use of BoIFN-a must adhere to dosage
guidelines to prevent misuse and side effects, while
veterinarians should tailor treatment plans based on the
health and disease of the bovine population, adjusting
them through regular monitoring.

Existing Bottlenecks

BoIFN-a faces significant clinical application bottlenecks,
primarily due to its short half-life, which complicates
maintaining effective body concentrations and reduces
therapeutic efficacy ', necessitating frequent dosing that
may lower compliance from patients and veterinarians.

BoIFN-a production costs are much higher than other
drugs, hindering its use, especially in economically
disadvantaged areas where affordability is a concern 8.

The administration of BoIFN-a via injection faces
challengeslike animal cooperation and stress, complicating
large-scale operations . Oral administration research is
still exploratory and lacks a mature regimen.

BoIFN-a can trigger immunogenic reactions, posing a
significant risk; exogenous proteins may cause antibody
production, reducing IFN efficacy and leading to immune-
related diseases, complicating clinical management 1),

Breakthrough Strategies

The use of gene editing (such as CRISPR/Cas9) in BoIFN-a
research enhances its activity and production, optimizing
expression systems for higher yields and aiding vaccine
and drug development 1*],

Multi-omics research is crucial for understanding
BoIFN-a by integrating genomic, transcriptomic,
proteomic, and metabolomic data, revealing its effects
on viral infections and host responses, and aiding in new
therapeutic strategies and personalized medicine ¥\,

The development of new formulations is key for improving
BoIFN-a’s clinical use, with researchers investigating
drug delivery systems like nanoparticles, liposomes, and
hydrogels to enhance IFNs’ stability and bioavailability,
protect against degradation, and enable targeted release,
thus improving therapeutic effects and sustaining antiviral
responses, particularly in veterinary medicine .

Combination therapy with BoIFN-a and other antivirals or
immune modulators shows promise in enhancing efficacy,
improving host resistance, reducing viral replication, and
minimizing drug resistance, requiring personalization for
different pathogens 7.,

Personalized dosing regimens for BoIFN-a enhance
treatment efficacy by adjusting dosage and frequency
based on individual immune responses, pathogen types,
and resistance characteristics, relying on detailed patient
assessments (%I,

Future Research Directions for Boifn-A
Short-term Perspectives

The development of BoIFN-a derivatives advances
veterinary science by enhancing activity and stability
through genetic engineering, with BacMam systems
effectively ~ expressing recombinant BoIFN-a in
mammalian cells against viruses like bovine parainfluenza
virus 3 (BPIV3) and BVDV BY. This process boosts
BoIFN-a expression and antiviral effects both in vitro and
in vivo, showing genetic engineering’s effectiveness.

Middle-term Perspectives

PEGylation attaches PEG chains to biomolecules,
improving pharmacokinetics and biocompatibility; in
BoIFN-a development, it enhances stability, extends half-
life, reduces immune clearance, and boosts therapeutic
effects while minimizing immunogenicity and allergic
reactions, crucial for veterinary medicine safety ().

Long-term Perspectives

BoIFN-a shows potential in veterinary science, particularly
in its synergistic effects when combined with antiviral drugs
or vaccines. Research indicates that IFNs play an important
role in enhancing the immune response, improving the
efficacy of antiviral drugs, and enhancing vaccine immune
responses. This combination therapy strategy enhances the
overall therapeutic effects by boosting the body’s antiviral
response, making the synergistic effects of IFNs with
antiviral drugs or vaccines more pronounced.

In co-infections, IFNs offer unique benefits by enhancing
immune responses against multiple pathogens, as shown in
studies with pigs infected by porcine epidemic diarrhea virus
(PEDV) and porcine delta coronavirus (PDCoV), where
IFN-a improved disease severity and immune response °\.

Moreover, research on canines has shown that in the
treatment of canine vascular sarcoma, the combined use
of IFNs with chemotherapy drugs showed better efficacy,
enhancing the immune system’s ability to recognize and
eliminate tumors . This combination therapy strategy
not only reduces recurrence rates but also provides new
treatment options for clinical practice.

CONCLUSION

The prospects of BoIFN-a in veterinary science are
promising, particularly in antiviral and immune regulation,
showing great potential in tackling various viral infections
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and offering novel ideas for antiviral treatments. However,
research on BoIFN-o’s antiviral effects and applications
varies, with some studies showing effective virus inhibition
while others highlight species and method differences,
necessitating consideration of experimental conditions.

Future research should focus on optimizing BoIFN-a
production and administration methods for better clinical
use and personalized plans to enhance effectiveness and
reduce side effects. Systematic clinical trials will evaluate
its safety and efficacy for veterinary applications.

At the same time, exploring BoIFN-a’s potential for
new treatments is vital, as combining it with vaccines
and antiviral drugs may enhance clinical outcomes and
improve animal immunity against diseases.

In summary, BoIFN-a, as a biologic with significant
therapeutic potential, has promising development
prospects in veterinary science. By examining molecular,
clinical, and epidemiological research perspectives, we can
gain a deeper understanding of BoIFN-a’s role in antiviral
activity and immune regulation. Future research should
focus on enhancing BoIFN-a’s clinical applications. This
will facilitate its broader adoption in the veterinary field,
helping to address the continuously evolving challenges
posed by infectious and immune-related diseases. We can
only unlock BoIFN-a’s true potential through ongoing
exploration and validation, which will provide more
effective solutions for animal health and welfare.

Highlight Keypoints

1. BoIEN-q, as a key cytokine, can effectively inhibit virus
replication, activate host immune responses, and protect
the health of bovine population.

2. The gene structure, protein characteristics, signaling
pathways, antiviral activities, and immunoregulatory
functions of BoIFN-a were analyzed. It shows significant
effects in antiviral, immune regulation, antitumor, and
assisting in anti-bacterial and anti-parasitic infections.

3. The effects of BoIFN-a in clinical treatment, vaccine
adjuvant applications, and production purification
technologies were evaluated. The clinical application
potential of BoIFN-a is enormous, but it needs to
overcome limitations such as stability, production costs,
and drug delivery methods.

4. The pharmacokinetic characteristics and safety issues of
BoIFN-a were discussed.

5. Future research for BoIFN-a should focus on
optimizing production technology, developing new drug
delivery methods, and creating personalized therapy plans
to promote the widespread application of BoIFN-a in
veterinary medicine and the sustainable development of
the bovine industry.
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