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Abstract: Bovine viral diarrhea (BVD) is caused by bovine viral diarrhea virus (BVDV). The disease 

incurs $1.5-2.5 billion/year and $0.50 to $687.80/cow loss in beef and dairy farms respectively. This 

review aims to provide insights into the interaction of BVDV with host immunity, currently available 

vaccines, and strategies used to advance the vaccines. The virus causes immunosuppression by 

interfering with the innate and adaptive immune systems in a strain and biotypes-dependent 

manner. Interferon production, apoptosis, neutrophil activity, macrophages, and antigen-presenting 

cells are significantly affected during viral infection. Maternal antibodies (MatAb) are crucial to 

protect calves from early infection. However, the MatAb is counterproductive during vaccination 

against the virus. There are several types of licensed commercial inactivated or modified live 

vaccines, most of which are made of cytopathic BVDV 1 and 2 and the BVDV 1a subtype. Subunit 

and marker vaccines are made of E2,  Erns, and NS3 proteins in combination with modern adjuvants, 

respectively. Such types of vaccines are not yet licensed and are in the experimental stage. The 

limitations of currently available conventional vaccines are minimal or lack of cross-protection, 

production costs, safety concerns, and inefficiency in provoking both humoral and cellular immune 

systems. To alleviate these limitations, the knowledge of developing next-generation vaccines using 

appropriate viral proteins and the use of modern adjuvants is promising.  
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1. Introduction 

The disease Bovine viral diarrhea (BVD) globally affects over 80% of the cattle population and 

causes severe economic loss in cattle-producing countries [1,2]. BVD is characterized by diarrhea, 

respiratory disease, immunosuppression, abortion, congenital malformations, and the birth of 

persistently infected (PI) calves [3,4]. It is caused by bovine viral diarrhea virus (BVDV) of the genus 

Pestivirus, family Flaviviridae [5]. The virus  is categorized into 3 species: BVDV 1, which has 21 sub-

genotypes (1a-1u); BVDV 2, which has four sub-genotypes (2a-2d) [6]; and four Hobi-like (BVDV-3) 

species (3a-3d) [7]. Based on the cytopathic effect on cell lines, the virus is also classified into two 

biotypes: cytopathic (cp) and non-cytopathic (ncp) BVDV [8].  

According to Hilleman[9],   viruses employ two different strategies to remain allied with their 

hosts: 1) a 'hit-and-run' strategy characterized by the sequential spread of infection in a series of hosts; 

2) a hit-stay or infect and persist strategy that enables the virus to remain in the individual host for a 

longer period, and occasionally or rarely transmit to subsequent hosts. During transient infection 

which is seen mostly in adult cattle, the virus follows the 'hit-and-run' strategy [10] whereas “hit-stay 
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or infected and persist” is seen in persistently infected calves. Hit-and-stay viruses use strategies such 

as sequestration, blockade of antigen presentation, cytokine escape, evasion of natural killer cell 

activities, escape from apoptosis, and changing the antigenicity as means to evade the immune 

system of the host [9].  

The innate immune system acts as the first line of defense during viral infections, aiming to 

prevent viral invasion or replication before the adaptive immune system generates more specific 

protection [11,12]. BVDV impairs both the adaptive and innate immune systems in a strain-

dependent manner [8,13–15]. It is suggested that BVDV can maintain prolonged infection in immune-

privileged sites such as the ovaries, testes, brain, and circulating white blood cells [16] . 

Depending on the level of risk and livestock density, systematic control strategies like strict 

biosecurity, elimination of PI animals, and surveillance in combination with vaccination become 

useful in the prevention and control of the disease [17–19].  

The limitations in the existing conventional vaccines include variation in vaccinal and field 

strain, limited cross-protection, safety, immunosuppression, reversion to virulence, induction of 

neonatal pancytopenia, production cost, repeated injection and neutralization by MatAb [20–22]. 

Brackenbury et al. [23]suggested that designing and developing an effective vaccine against BVDV 

infection requires a detailed understanding of the immune response to the virus. Therefore, this 

review aims to provide insight into the effect of BVDV on the host's immune system, commercially 

available vaccines, and existing strategies to develop next-generation vaccines 

2. Pathogenesis  

Smirnova et al. [24]showed that the vertical transmission of the virus to the fetus is determined 

by the complex interaction between the fetoplacental and maternal immune systems, as well as the 

developmental stage at which the fetus becomes infected. As shown in Figure 1 infection with the 

ncp BVDV biotype during the early stage of pregnancy (40-125 days) leads to the production of 

persistently infected (PI) calves [25]. This is because, at this stage of pregnancy the fetus lacks a fully 

developed immune system to defend the virus [25,26].  
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Figure 1. The pathogenesis of persistent infection. The virus enters the host through the respiratory or oral route. 

Both pregnant and non-pregnant cows are susceptible to ncp and cp BVDV biotypes. BVDV may cause transient 

and persistent infections which differ fundamentally in the host’s antiviral immune response. Transient infection 

may be due to both cytopathic and non-cytopathic biotypes of BVDV and leads to a specific immune response. 

In contrast, only non-cytopathic BVD viruses can establish persistent infection as a result of infection of the 

embryo early in its developmental stage [10]. Infection with ncp biotype during the early stage of pregnancy (40-

125 days) can result in embryo absorption, abortion, stillbirth, or the birth of a PI calf. The CP biotype of BVDV 

evolves from the same genotype through mutation in a PI calf, leading to life-threatening mucosal disease. Non-

pregnant cows only seroconvert during acute infection and quickly clear the virus (adapted from 

www.vetres.org and figure made using Biorender). 

3. BVDV and the Innate Immune System 

3.1. Interferon α/β  

The induction of interferon α/β is the first line of defense against acute viral infection. It has a 

key role in linking the innate and adaptive immune systems [27]. This multifaceted cytokine has 

different effects such as inhibition of viral replication, induction of NK cells and Macrophages, 

increased expression of MHC I, and activation of T-cells [28].  

A pathogen-infected cell produces an interferon type that binds to the receptors of infected and 

uninfected cells to induce an antiviral effect [29].  Type 1 interferons activate the synthesis of more 

than 100 cellular proteins [27]. The long-term co-evolution of the host and pathogens allows many 

viruses to evade the antiviral state of the interferon α/β system [27,30,31]. However, some viruses 

prevent the action of interferon by inhibiting the binding to receptors after production, hindering the 

signal transduction after binding to receptors, or preventing the antiviral activity of IFN-induced 

proteins [29,31,32].  

Virus infection activates the transcription of various cellular genes [33] either directly through 

activation of cellular transcription factors such as IRF-3 or indirectly through prior induction of IFN-

α/β. The ssRNA of both biotypes (ncp and cp) of BVDV block induction of apoptosis and alpha/beta 

interferon (IFN-α/β) or Mx protein synthesis [34]. Resistance to interferon (IFN-α/β) depends on the 

biotype of the BVDV virus infecting the host. Moreover, in persistently infected (PI) animals, the 

strain variation also aids the virus in escaping from the adaptive immune system, i.e. the adaptive 

immune system directed to one strain does not interfere with the activity of another strain "non-self" 

that may replicate in cells infected with ncp BVDV [29].  

The success of persistent infection or immunotolerance depends on the highly selective "self" 

and "non-self" model of evasion of the interferon defense system by BVDV during the early stage of 

fetal development (40-125 days) [35,36]. Daniel et al. [37]suggested that the greater amount of ssRNA 

produced by cp BVDV has been postulated to stimulate IFN production via RIG-I– and TLR–7/8 

mediated activation of IRF-3(Figure 2).  
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Figure 2. TLR 7/8 activation by cpBVDV ssRNA to induce interferon-β (IFN-β). After single-stranded RNA 

(ssRNA) of the BVDV activates endosomal TLR7/8, TRIF transiently colocalizes with TLR 7/8; it dissociates from 

the receptor and forms a speckle-like structure that relocalizes with downstream-signaling molecules such as 

tumor necrosis factor (TNF) receptor-associated factor 2 (TRAF2), TRAF6, and receptor-interacting protein-1 

(RIP-1) [38,39]. Then, with the cooperation of TRAF3, TRAF family member-associated nuclear transcription 

factor-κB (NF-κB) activator (TANK)-binding kinase 1 (TBK1), inhibitor of κB (IκB) kinase-related kinase- ε (IKK- 

ε; also called IKK-i), and NF-κB-activating kinase (NAK)-associated protein 1 (NAP1), this signaling pathway 

ultimately activates transcription factors, namely IFN-regulatory factor 3/7 (IRF3/7), the TRIF-dependent NFκB, 

and the activator protein 1 (AP-1), thus mediating the production of type I IFNs, proinflammatory cytokines, 

and chemokines, respectively. ZCCHC3: zinc finger CCHC-type containing 3; WDFY1: WD-repeat- and FYVE-

domain-containing protein 1; TRIM23: tripartite motif-containing protein 23; LUBAC: linear ubiquitin chain 

assembly complex; RNF166: ring finger protein 166; HECTD3: E6-associated protein carboxyl terminus domain 

containing 3; Nedd4l: neural precursor cell expressed developmentally down-regulated 4-like; MIB: mind bomb; 

RNF128: RING finger 128; USP2b: ubiquitin-specific protease 2 isoform b; CYLD: conserved cylindromatosis; 

OTUD1: termed OTU domain-containing protein 1; PI3K: phosphoinositide 3-kinase; NEMO: NF-κB essential 

modifier; MAPK: p38-mitogen-activated protein kinase; FLIP: viral FLICE-like inhibitory protein. Adapted from 

[40] and Created with BioRender.com . 

The N-terminal fragment protein of noncytopathic bovine viral diarrhea virus (ncpBVDV), 

Npro, inhibits the activity of interferon regulatory factor 3 (IRF3) and interferes with the production 

of IFN-α/β [32,41–43] (Figures 2 and 3). During early infection with ncpBVDV, IRF 3 is relocated from 

the cytoplasm to the nucleus. However, IRF 3 is blocked from binding to interferon gene promoter in 

the nucleus. Subsequently, inhibiting the transcription of the IFN-α/β gene and subsequently 

blocking interferon synthesis [43]. The Npro results in the polyubiquitination and subsequent 

destruction of the regulatory factor by cellular multicatalytic proteasomes in the cytoplasm [41,43]. 

NCP BVDV can also induce complete mitophagy and effectively inhibit type I IFN expression, 

inflammatory cytokines expression, and apoptosis [44]. 

The Npro and Erns antagonize IFN1 production in infected and non-infected cells, respectively 

[42,45]. As a consequence, the innate immune system of the host is inhibited [32,46]. The interference 

with type I IFN signaling has been implicated as a contributing factor in the establishment of PI calves 

[36,45,47]. Interestingly, non-cytopathic BVDV fails to induce interferon type I in cultured bovine 

macrophages; whereas, cytopathic biotypes readily trigger this response [10,48].  
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Cells infected with non-cytopathic BVDV are also resistant to the induction of interferon by 

double-stranded RNA, a potent interferon inducer signaling the presence of viral replication in the 

cell [10]. The expression of interferon-stimulating genes (ISGs) in the endometrium is upregulated by 

IFN-τ, which is crucial for maintaining pregnancy in ruminants. The expression of interferon-

stimulating genes (ISGs) in the endometrium is upregulated by IFN-τ, which is crucial for 

maintaining pregnancy in ruminants. However, the expression of ISGs is down-regulated by acute 

infection with ncp BVDV. As a result, the virus persists in the host without being effectively cleared 

by the immune system [29,49]. IFN-tau (IFN-τ) is known to have antiviral activity similar to the other 

type I IFNs [50], and it may well act to prevent infection of the embryo [10]. 

 

Figure 3. The induction of intrinsic apoptosis pathways during BVDV infection. The intrinsic apoptosis pathway 

is induced during MD than the extrinsic pathway. The intrinsic pathway of apoptosis arises from proapoptotic 

stimuli, subsequently initiating mitochondrial membrane permeabilization and activation of caspase-9 through 

cytochrome C. Both pathways converge at the terminal activation of caspase-3 that executes apoptosis. 

ATF4AU=activating transcription factor 4; ATF6== activating transcription factor 6; BCL 2= B cell lymphoma-2; 

BAK= BCL 2-associated antagonist or killer; BAX= BCL-2-associated X protein; cGAS/STING= cyclic GMP–AMP 

synthetase/stimulator of IFN genes; CHOP= CCAAT-enhancer-binding protein homologous protein; DISC, 

death-inducing signaling complex; HPV=Human papillomavirus; HCV=hepatitis C virus; Influenza virus; 

endoplasmic reticulum; IRE1= inositol-requiring enzyme 1; IRF3=IFN regulatory factor 3; MVA= modified 

vaccinia virus; RV=Reovirus; PERK= PKR-like ER kinase; RIG-I=retinoic acid-inducible gene I; TLR3=Toll-like 

receptor 3; TN=tumor necrosis factor; TRIF=Toll/IL-1 receptor domain-containing adapter inducing IFN-beta 

Adapted from Verburg et al.(2022) and Created with BioRender.com. 

3.2. BVDV Triggers Apoptosis 

Grummer et al.[51] reported that cpBVDV affects membrane potential (Dcm), translocates 

cytochrome c to the cytosol, increases caspase-9 activity, and leads to overexpression of apoptotic 

protease-activating factor 1; hence, the virus triggers the intrinsic pathway of apoptosis. 

Endoproteases caspase-3 and caspase-9 were significantly higher in mucosal disease (MD). In 

contrast, the expression of caspase-8 was not elevated in both MD cases and control groups Hilbe et 

al. [52]. The authors concluded that the intrinsic apoptosis pathway is more critical in the 

pathogenesis of MD in cattle than the extrinsic pathway. It should be noted that in cells infected with 

cpBVDV, dsRNA is the main inducer of apoptosis. 

3.3. BVDV and Innate Immune Cells 

The innate immune response is critical for the body's defense against pathogens and is induced 

through the interaction with different receptors, including danger-associated molecular patterns 

(DAMPs) [54]. The complement system, natural killer cells, acute-phase protein response, interferon-
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alpha, and beta (IFN-α/β) are the major responses by the innate immune system [55]. Neutrophils, 

among the white blood cells, play a critical role in the innate immune response [56]. 

Activated innate immune cell, such as neutrophils, monocytes, macrophages, or endothelial 

cells, expresses S100A9, a member of the Damage Associated Molecular Patterns (DAMPs) protein 

family, which initiates its effect through the TLR4/MyD88 pathway [54]. The Npro protein of BVDV 

binds to S100A9 as a result suppresses the host's innate immunity system. The replication of the virus 

in the infected cell is boosted due to the inhibition of the S100A9 protein by small interfering RNA 

(siRNA) [54]. The impaired innate immune system due to infection with BVDV predisposes animals 

to concurrent infection [45]. 

3.3.1. Neutrophils 

The release of different mediators by neutrophils, such as interleukin-8 (IL-8), platelet-activating 

factor (PAF), leukotriene B4 (LTB4), or complement fragment 5a (C5a), activates the innate immune 

response during infection [57–60]. The oxidative burst and neutrophil extracellular activity, as well 

as the expression of CD18 and L-selectin on neutrophils, are significantly decreased in association 

with infection with BVDV biotypes [61,62] (Figure 4). The phagocytic activity of neutrophils is 

reduced according to the biotype of the BVDV; cpBVDV significantly reduces phagocytosis, while 

ncpBVDV does not [62,63]. Similarly, the expression of CD14 on neutrophils is enhanced by 

ncpBVDV compared to cpBVDV biotype. Furthermore, the cp BVDV biotype does not have any effect 

on the chemotactic activity of neutrophils [62]. 

 

Figure 4. Model for the interaction between the two biotypes of  BVDV (cp and ncp) and cells of the innate and 

adaptive immune system. Infection with cp-BVDV at a mucosal or epithelial surface causes the expression of 

cytokines such as IFNα from various cell types, including DCs. These cytokines activate effector cells of the 

innate immune response, such as eosinophils, macrophages, and NK cells. The combined effect of cytokines and 

effector cell function reduces viral replication of the virus. The environment created by the cp infection activates 

DCs, leading to enhanced antigen capture, maturation, and migration. DCs are likely resistant to the lytic effects 

of cp infection and can migrate to the local lymph node. After migrating to the lymph node, the antigen-carrying 

DCs present antigens via peptide-MHC I complexes to antigen-specific lymphocytes. The resulting activated T 

lymphocytes (e.g., cytotoxic lymphocytes—CTLs, helper T cells) return to the site of infection to eliminate the 

virus or virus-infected cells. Activated B cells migrate to the germinal center (GC) or more in the lymph node, 

where they mature into plasma cells that produce antibodies to neutralize the virus. In comparison to cp 

infection, ncp infection cannot stimulate an early cytokine response. Consequently, the replication of the virus 

is not limited, and DCs do not become highly activated. Cell-free virus and virus-infected DCs migrate to the 

local lymph node. In the lymph node, the virus encounters , which produce large quantities of IFNα. The 

increasing quantities of IFNα in the circulation and tissue enhance the activation of DCs and limit viral 
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replication. However, the ncp virus has already disseminated throughout the animal [23]. The activity of 

neutrophils to move and eliminate microorganisms entering the body is determined by the expression of surface 

markers such as cluster of differentiation 14 (CD14), CD-18, and L-selectin [64]. Bovine viral diarrhea virus 

(BVDV) has been found to compromise neutrophil functions in a biotype-dependent manner [62,63]. The 

cpBVDV biotype down-regulates nitric oxide production and neutrophil extracellular traps (NET) induction 

[63]. Roth and Kaeberle [65] indicated vaccinal strain of BVDV caused a decrease in circulating lymphocytes and 

neutrophils. Created with BioRender.com. 

3.3.2. Macrophages 

The innate immunity is mainly triggered by Macrophages which also play a key role during 

viral infection [66]. The function of macrophages counteract indirectly in a biotype-dependent 

manner [66]. Macrophages infected with ncpBVDV fail to induce type I IFN during persistent 

infection, whereas in mucosal disease infected with cpBVDV do release type I IFN [67,68]. Bovine 

bone marrow-derived macrophages infected with BVDV decreased production of TNF-α, indicating 

suppression of proinflammatory cytokine production [69]. 

The conserved motifs of microorganisms called pathogen-associated molecular patterns 

(PAMPs) are recognized by pattern recognition receptors (PRRs) on the surface of macrophages [70]. 

Subsequently, induce pro-inflammatory and anti-viral immune responses [71]. Viral and bacterial 

infections are recognized by Toll-like receptors (TLRs), which are a class of PRRs conserved across 

mammalian species. However, disease-causing agents have developed similar mechanisms to 

circumvent recognition by these receptors, leading to infection by the pathogen [72–74].  

Macrophages produce microbicidal molecules like nitric oxide (NO) and cytokines (e.g., 

Interleukin 1 β), which attract inflammatory cells from the bloodstream to the site of infection during 

the inflammatory response [75]. An in vitro study by Adler et al.[76] showed that both cp and 

ncpBVDV biotypes downregulate the production of tumor necrosis factor-alpha (TNFα), a highly 

active and pleiotropic cytokine mainly produced by macrophages [77]. It modulates the production 

of various types of cytokines during the immune response [78].  

Monocytes/macrophages are highly susceptible to BVDV infection among different populations 

of leukocytes [14]. BVDV infection causes immunosuppression and alters the signaling pathway of 

pathogen recognition receptors (PRRs) and Toll-like receptors (TLRs) in macrophages of innate cells 

(Figure 5). The study by Schaut et al. [71] showed there is variation in the expression of pro-

inflammatory cytokines between BVDV-2 infected and non-infected macrophages in a strain-

dependent manner. Generally, BVDV-2-infected macrophages are known to impair the production 

of pro-inflammatory cytokines in response to TLR ligation, except for TLR7 [71]. Moreover, the 

author indicated that there are distinct differences in TLR pathways modulated following BVDV-2 

infection, which have implications for macrophage responses to secondary infections [71]. Non-

cytopathic BVDV infection stimulates cytokines from macrophages in vitro but the effect of BVDV 

infection in vivo on macrophages or in vitro with monocytes is not clear [36]. 
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Figure 5. Retinoic Acid-inducible Gene-I-like Receptors (RLR) and Toll-Like Receptor (TLR) signaling. The RIG-

I-like receptors (RLR: RIG-I, Mda-5, and LGP2) are PRRs that detect various forms of dsRNA. The signal via the 

mitochondrial adapter protein MAVS activates the transcription factors AP-1 (c-Jun/ATF-2), NF-kB, and IRF-3/7 

via several kinases, such as MAP kinase (MAPK), the I-kB kinase complex (IKK), and Tbk-1 or IKKε. The Toll-

like receptors TLR-3, -7/8, and -9 located in endosomal compartments detect dsRNA, ssRNA, and dsDNA, 

respectively, and signal via different transduction pathways using the adapter protein Trif or MyD88 to activate 

AP-1, NF-kB, and IRF followed by expression of "IFN-stimulated genes" (ISG). In addition, viruses replicating 

in the cytoplasm may similarly be detected by TLRs upon autophagy and fusion of the autophagosome with the 

endosomal compartments [45]. Created with BioRender.com. 

Bovine viral diarrhea infection increases the production of nitric oxide while decreasing the 

production of TNFα by macrophages [76]. Moreover, the expression of Fc and C3 receptors and 

phagocytic activity of alveolar macrophages become decreased due to the effect of BVDV on the 

immune cells [79]. Lee et al.[80] suggest that cp BVDV interferes with the antigen presentation to 

immune-competent T cells while monocyte activation and differentiation are enhanced. As a result, 

macrophage-mediated uncontrolled inflammation increases viral spread and impedes the host 

antiviral defense mechanism. 

3.3.3. Antigen-Presenting (APC)  

Professional antigen-presenting cells (APCs) like dendritic cells (DCs) and their myeloid 

progenitors, monocytes/macrophages- play a significant role in both the innate and adaptive immune 

systems of the host [81]. In bovine monocytes (professional APCs), the expression of MHC-I and 

MHC-II molecules is relatively higher [82]. However, the cpBVDV biotype reduces the ability of 

monocytes to phagocytize antigens, and stimulate allogeneic and memory CD4+ T-cell responses 

[36,75,80,83]. Lee et al. [80] indicated that proteins associated with immune responses, such as cell 

adhesion, apoptosis, antigen uptake, processing and presentation, acute-phase response proteins, 

MHC class I- and II-related proteins, and other molecules involved in the immune function of 

professional antigen presentation, are critically affected during BVDV infection (Figure 6). 
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Figure 6. Activation of antigen-presenting cells and interactions with T cells. The viral pathogen-associated 

molecular pattern (PAMP) binds to pathogen recognition receptors (PRRs) on antigen-presenting cells, such as 

dendritic cells (DCs). The activated mature DCs migrate with the antigen to lymph nodes, where they encounter 

naïve T lymphocytes and present the processed peptides loaded onto MHC II to CD4+ cells. These CD4+ cells 

then differentiate into Th1 and Th2 cells in the presence of cytokines interleukins. Th1 cells activate macrophages 

to phagocytize and kill the pathogen, as well as help B cells to produce antibodies against the pathogen. In the 

case of viral diseases like BVDV, the activation of cytotoxic T cells (CTL) by CD4+ cells is important. DCs with 

the processed peptides on MHC-I migrate to lymph nodes and bind to naïve CTL. This activated CTL releases 

effector molecules such as perforin, granzymes, and granulysin to kill virus-infected cells. PRR=pathogen 

recognition receptor, PAMP= pathogen-associated molecular pattern. Toll signifies Toll-like receptor, 

B7/CD80/CD86 represents APC co-receptor, CD28 denotes T cell co-receptor, and MHC II refers to the major 

histocompatibility II receptor expressed by APC to "present" antigen to the T cell. Created with BioRender.com. 

The comparison made by Rajput et al. [84] on ncp and cpBVDV biotypes revealed that the 

expression of surface markers is crucial for immune response activation. MHC I, MHC II, and CD86 

expression on monocyte-derived dendritic cells (Mo-DC) were decreased by ncpBVDV and increased 

in cells infected with cpBVDV biotypes. As a result, viruses that infect DCs can have a detrimental 

impact on the immune system [84]. In contrast to this finding, Glew et al. [75]suggested that BVDV 

does not affect DCs' ability to present antigens to T cells in vitro and instead induces apoptosis in 

these cells. Although BVDV infection does not affect DCs, the virus exploits these cells to spread from 

the site of infection to other parts of the body. Moreover, DC infection is crucial for triggering the 

immune response [85]. 

3.4. Adaptive Immune System 

BVDV causes immunosuppression by interfering the adaptive immune response, which is the 

host's second line of defense against invading pathogens [36]. B- and T-cell immunotolerance retained 

by animals persistently infected with BVDV in a strain-specific manner [45]. In both cp and ncpBVDV 

biotypes, the major envelope proteins Erns and E2, as well as the non-structural protein NS2-3, are the 
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primary activators of CD4+ T cells in inducing protective immunity against the virus [86–88]. 

However, a response from short-term T-cell lines indicated that the capsid (C) and/or the amino-

terminal proteinase (Npro) were identified as T-cell determinants [89].  

After seven days of infection with cpBVDV, the amount of antibody produced by B-cells 

decreases compared to ncpBVDV. The ncpBVDV biotype induces high levels of IgG2 antibody 

isotype due to immune response polarization towards the Th1 response [36,90]. This demonstrates 

that acute infection caused by ncpBVDV is alleviated through cell-mediated and humoral immunity 

[89,91]. However, infection with the virus impairs the cytotoxic T lymphocyte response [36]. The 

adaptive immune system for PI animals is normal except for the strain of the virus to which they are 

immunotolerant. The level of gamma delta T cells may be related to mucosal disease [36]. 

Donis [92] stated that the antibody produced against E2 is more effective than Erns in protecting 

the host from BVDV infection. Although Erns and NS3 elicit strong antibodies, the antibodies cannot 

neutralize the virus. Therefore, these proteins are good candidates for developing epitope knock-out 

vaccines or DIVA kits [93]. B-cells do not respond to the major structural protein (C) and E1 protein, 

resulting in no production of neutralizing antibodies against the virus [92]. According to Peterhans 

and Schweizer [45], ncpBVDV induces the production of both homologous and heterologous 

neutralizing antibodies more effectively than cpBVDV infection. However, cpBVDV is better at 

activating the cell-mediated immune response [94] . The production of IgG1 isotype antibodies is 

significantly suppressed during BVDV infection [90]. Depending on the viral strains and biotypes of 

the virus the adaptive immune system and maturity of antigen-presenting cells are critically affected 

[49]. 

3.5. The Role of Maternal Antibody(MatAb) in Protecting Calves Against BVDV 

Acquired MatAb can protect calves from BVDV infection for a limited time, but interference by 

high titers of MatAb prevents antibody response following vaccination [95–98]. The duration of 

protection provided by MatAb varies depending on the level of MatAb present in the calf and the 

strain of BVDV infecting the host [95,96]. The decrease in the MatAb titer makes calves more prone 

to viral infection at an early growth stage. Passive antibodies also help to control the spread of viral 

infection in a group of calves and the accumulation of the virus in the herd by preventing viral 

shedding from infected or diseased animals the virus [96].  

Downey et al.[97] indicated in their research that the MatAb titer level should reach 3.12 titers 

for the BVDV vaccine to provoke an immune response in vaccinated calves. However, the age at 

which the calf reaches this antibody threshold depends on the dam's age and the quantity of passively 

transferred antibodies. The antibodies may start decaying as early as 2 days after consuming 

colostrum [98]. Depending on the success of the passive transfer, MatAb for BVDV type 1 and 2 have 

been shown to persist for 210 and 180 days, respectively [99].  

Pre-calving vaccination increases MatAb titer and duration in calves and protects them from 

early-age infection [100,101]. Passive immunity significantly decreases from circulation at 196 days 

of age, allowing calves to respond well to vaccination against BVDV [102].  

3.6. BVDV Vaccines and Application  

3.6.1. Conventional Vaccines 

Bovine respiratory disease complex (BRD) is a multifactorial infectious disease and BVDV is 

among the major pathogens that cause the disease.  To prevent the clinical disease and dissemination 

of the virus, vaccinating animals in dairy and beef farms is needed [103]. A polyvalent commercial 

vaccine containing major pathogens including BVDV has been used for several years to prevent the 

disease [104,105]. Over the past 30 years, conventional vaccines for BVDV (inactivated or attenuated) 

have been developed [106] . Particularly, in the case of BVDV, the viral genetic variation, existence of 

persistent infection, viral tropism for immune cells, limited cross-protection, and safety and efficacy 

of vaccines present challenges to the disease prevention and control strategy [107–111].  
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BVDV vaccines have been available since the 1960s and studies conducted under controlled 

conditions have shown vaccines to be efficacious in reducing disease and viral transmission [112]. 

Various types of licensed BVDV vaccines for cattle use are currently available (Table 1). Most of these 

vaccines are multivalent, containing BHV-1, BVDV, PI-3V, and BRSV viral antigens in combination 

with multiple viral components and bacterial vaccines/bacterins/toxoids. The vaccines can be 

modified live vaccines (MLV), inactivated, or chemically altered live vaccines [113]. These 

commercially available vaccines provide efficient fetal protection, even with prolonged exposure to 

BVDV [19].  

The efficacy of licensed vaccines in protecting the dam and fetus ranges from 91-100% under 

experimental conditions [110,114–117]. However, the efficacy of the vaccines is critically determined 

by the duration of exposure to PI animals under field conditions [118]. In a study by Grooms et al. 

[119], using two doses of inactivated vaccine, a 73% protection level for the fetus was reported 

following 98-day exposure to wild BVDV viral strains.  

MLV vaccines provide higher protection and a longer-lasting immune response compared to 

killed vaccines [120,121]. In contrast, inactivated or killed vaccines have low efficiency in protecting 

the fetus, and require higher production costs, and higher doses of the antigen during vaccination 

[122]. Due to safety concerns associated with modified live vaccines, farmers prefer to vaccinate their 

animals with killed vaccines, especially during the breeding period [123].  

An efficient vaccine candidate should provide cross-protection against the common circulating 

subtypes of BVDV-1 and 2 [124]. Most inactivated vaccines induce antibody production and MHC II-

restricted helper and/or cytotoxic T lymphocytes (CTL). Nevertheless, they lack activation of CD8+ 

MHC I-restricted CTL which plays a significant role during viral infection [125]. The strategy to 

vaccinate against BVDV is to prevent the vertical transmission of the virus from the dam to the fetus 

during an early stage of pregnancy to prevent the production of PI calves [126].  

BVDV conventional vaccines (inactivated and modified live vaccines) contain BVDV 1 and 2 

strains [105]. Platt et al. [127] revealed that a pentavalent MLV containing BVDV 1 and 2 strains 

induces T cell responses (CD4+ and CD8+) in calves aged 1-8 weeks with maternal antibodies. MLV 

(modified live virus) vaccines have been found to stimulate specific T-cells even in the presence of 

maternal antibodies [127]. On the other hand, inactivated BVD vaccines elicit a robust humoral 

response and activate subsets of cell-mediated immunity, including the T helper 1 response, gd TCR+ 

T cell response, and CD8+ γδTCR+ T cell response. However, they do not induce a detectable 

CD8+γδTCR- (cytotoxic T cell) level during an immune response [128].  

Recent studies indicated that modified live vaccines (MLV) offer better protection than killed 

vaccines against BVDV. Though MLV is easily neutralized by a higher level of MatAb [22], studies 

showed that certain MLV vaccines like Bovela®  live double deleted vaccine could be used during 

high MatAb titer levels in calves [129,130].
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Table 1. Various types of BVD-licensed commercial vaccines available for use in cattle. 

Vaccines name Types  Dose(ml) RA Booster  Used 

During 

pregnancy 

Genotypes Strains Subtypes Biotypes Manufacturers Website 

Bovi-Shield GOLD® IBR-

BVD 

MLV 2ml SC/IM 1 year No BVDV1 & 2 NADL 1a ncp Zoetis www.zoetis.com 

Bovela MLV 2ml IM 1year Yes BVDV1& 2 KE-9 & NY_93 1a/2a ncp Boehringer  www.vetmedica.de 

Bovidec IV 4ml SC 1year No BVDV 1 KY1203 NA ncp Zoetis www.zoetis.com 

Bovilis® BVD IV 2ml IM 1 year Yes BVDV1 C-86 1a cp Zoetis www.zoetis.com 

ONE SHOT® BVD IV 2ml SC 1year No BVDV1 & 2 NA NA NA Zoetis www.zoetis.com 

PESTIGARD® IV 2ml SC   Yes BVDV NA NA NA Zoetis www.zoetis.com 

BOVI-SHIELD GOLD FP 5 IV 2ml IM 1year No BVDV1 &2 NADAL/53637 1a/2a cp Zoetis www.zoetis.com 

CattleMaster GOLD FP 5  IV 2ml SC 1year Yes BVDV1 & 2 5960/53637 1a/2a cp Zoetis www.zoetis.com 

CATTLEMASTER 4 IV 2ml IM 1year Yes BVDV1 5960/6309 1a/1 ncp/cp Zoetis www.zoetis.com 

Elit 4 IM 5ml IM 1year Yes BVDV1 Singer 1a cp Boehringer  www.vetmedica.de 

Master Guard 10 HB MLV/IV 3ml IM/SC 1year Yes BVD1 & 2 C24V 1a cp Elanco elanco@elanco.com 

Triangel 5 IV 2ml IM/SC 1 year Yes BVDV1& 2 Singer/5912 1a/2a cp/cp Boehringer  www.vetmedica.de 

Vira Shield 6 + VL5 HB IV 5ml SC 1year Yes BVDV1 &2 K12/GL 760/TN131 1a/1a cp/ncp/cp Novarties elanco@elanco.com 

Express 5 MLV 2ml   1year Yes BVDV 1& 2 Singer 1a/2c cp/ncp/cp Boehringer  www.vetmedica.de 

Pyramid 4 MLV 2ml SC/IM 1year No  BVDV1 & 2 Singer 1a cp Boehringer  www.vetmedica.de 

Titanium 5 MLV 2ml SC 1year Yes BVDV1 &2  C24V/296 1a/2c cp Elanco elanco@elanco.com 

TRIANGLE® 4+PH-K  IV 5ml SC 1year Not tested BVD1 Singer 1a cp Boehringer  www.vetmedica.de 
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3.6.2. Next Generation Vaccines 

The latest advanced technologies are utilized to produce BVDV subunit and marker vaccines 

using the virus's structural and non-structural proteins. The immunodominant structures of BVDV 

are E2, Erns, and NS3 proteins mainly used to develop the vaccines. The E2 protein, which triggers the 

production of antigen-neutralizing antibodies, is commonly employed in the design of subunit and 

DNA vaccines [131–133]. Conversely, the non-neutralizing inducer Erns and NS3 are used to develop 

marker vaccines (Table 2). 

Table 2. BVDV next-generation vaccines with modern adjuvants. 
 

Antigen Adjuvants Vaccine Types Referenc

es 

tE2 Montanide ISA 70 SEPPIC®  and 

(Al(OH)3Hydrogel® ) 

Subunit [134,135] 

rE2 ISA 61 VG Recombinant [131] 

E2 Immunostimulating complexes (ISCOMs)  Recombinant [136] 

E2 cholera toxin B subunit (ctxB)  Recombinant  [132] 

E2,NS2-3 MONTANIDETM ISA 201 VG adjuvant Subunit [21] 

E2 NA Subunit [137] 

E2 and flag-tagged 

Erns 

NA Subunit [138] 

Erns NA Marker 

vaccine  

[139] 

Erns NA DNA [140] 

Npro_Erns NA Chimeric 

vaccines  

[141] 

Npro,E2 and NS2-3 BenchMark-Vaxliant Mosaic 

vaccines  

[22] 

Nelson et al. [134] developed plant-based recombinant tE2 vaccines that induce the immune 

systems in guinea pigs against BVDV.Gómez-Romero et al. (2023) induced a strong immune response 

against BVDV using a combination of rE2 glycoprotein. Carlsson et al. [136] developed an 

immunostimulating complex (ISCOMs) subunit vaccine based on the E2 protein that can induce high 

viral neutralizing titers and protect fetuses against transplacental infection with BVDV. Takahashi et 

al. (1990) indicated that ISCOMs vaccines can elicit both cell-mediated and humoral responses against 

BVDV. However, the research on ISCOMs-based subunit vaccines highlights the potential of the 

vaccine to prevent BVDV at the experiment level.  

E2-based subunit vaccines provide significant protection against BVDV 2; therefore, this 

structural protein is a better candidate for developing engineered vaccines [143]. Pecora et al. [135] 

developed a truncated E2 (tE2) vaccine for BVDV 1b and 2a by binding the tE2 version to a single-

chain fragment variable (scFV) called APCH to produce APCH-tE2-1a-1b-2a, which is safe and 

induces a rapid and sustained neutralizing antibody response compared to a conventional vaccine in 

cattle [145]. APCH-tE2, developed using alfalfa transgenic plants, provides complete protection 

against BVDV [146]. The efficacy of E2 subunit vaccines to protect against BVDV can be enhanced by 

using adjuvants in combination with the vaccine [147,148].  
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The E2 protein of BVDV was expressed on Lactobacillus and vaccine pPG-E2_ctxB/Lc W56 

conjugated with cholera toxin B subunit (ctxB) as an adjuvant. This vaccine is immunogenic and 

induces effective mucosal, humoral, and cellular immune responses against BVDV in mice [149]. 

Sangewar et al. [21]developed a vaccine called Expi293TM expressing antigens (293F-E2123, 293F-NS2-

31, and 293F-NS2-32) that elicits strong and cross-reactive IFN-γ responses and neutralizing 

antibodies specific to BVDV. A multivalent E2 subunit vaccine, generated from BVDV strains in sub-

genotypes 1a, 1b, and 2, protects sheep from heterogenous BVDV strains [137]. However, the 

expression vector used and the dose of the vaccines determine the potency of the vaccines, as 

discussed by Thomas et al. [148].  

The chimeric E2 and flag-tagged Erns, fused with the granulocyte monocyte colony-stimulating 

factor (GM-CSF) subunit vaccines, are expressed on a mutated BoHV-1 vaccine vector. The vaccine 

triggers the production of cross-reactive neutralizing antibodies and a cellular immune response 

[138]. The Pestivirus Erns gene originated from the pronghorn antelope used to develop a chimeric 

NADL/P-Erns marker vaccine and applied during the BVDV control and eradication program [139].  

The potency of the DNA vaccine for BVDV (NTC E2t(co) and NTC NS3(co) in cattle is 

augmented by the co-expression of the Retinoic acid-inducible gene I (RIG-I) agonist with the viral 

antigen [140]. Koethe et al. [141] developed synthetic chimera vaccines BVDV-

1b_synCP7_∆Npro_Erns and Bungoand BVDV-1b_synCP7_∆Npro_Erns Bungo_E1E2BVDV-2 CS, 

which are safe to use in cattle and provide efficient protection against BVDV. Moreover, these 

vaccines also serve as marker vaccines. Three novel mosaic polypeptide chimeras NproE2123, NS231, 

and NS232, were designed using Adenovirus as a vaccine vector. This induces higher IFN-γ spot-

forming cells, T-cell proliferation, and higher specific antibodies against the BVDV-1 strain [22].  

Despite the existence of several subunit vaccines for BVDV, limitations such as minimal or lack 

of activation of both humoral and cellular immune responses and toxicity associated with adjuvants 

hinder the production and use of the vaccines [150,151]. Although the safety of using DNA and 

subunit vaccines in animals is questionable, it still opens the door for the introduction of next-

generation vaccines to the vaccine market [152]. The use of modern adjuvants, such as silica vesicles 

and hollow-type mesoporous silica nanoparticles (HMSA), as nanocarriers to load E2 protein 

enhances the production of cellular and humoral immunity against BVDV [151]. Furthermore, the 

fusion vaccine made of E2s and the complement C3d (E2s-C3d) provides sufficient protection against 

BVDV [152].  

4. Conclusions 

Bovine viral diarrhea significantly affects the financial return from cattle production by 

increasing morbidity and mortality in dairy and beef farms. The prevention and control of the disease 

depend on a combination of biosecurity, vaccines, and the detection and elimination of persistently 

infected calves from the herd. The virus causes immunosuppression by impeding the innate and 

adaptive immune responses in a strain-dependent manner. Currently, there are numerous 

commercially available vaccines, including monovalent or polyvalent, modified or killed, and 

subunit vaccines. The main drawbacks of these vaccines are the lack of or minimum cross-protection, 

high production costs (for killed and subunit vaccines), safety concerns (for MLV vaccines), and weak 

activation of humoral and cellular immune responses. Researchers are currently developing subunit 

vaccines and immunomodulators, such as modern adjuvants, to overcome these limitations. 

However, most next-generation vaccines are still in experimental trials and are not yet commercially 

available for BVDV prevention and control. 
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