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Summary

The poultry industry is the largest source of meat and eggs for growing human population worldwide. The key components in poultry farming are nutrition, management, flock health and biosecurity measures. As part of the flock health, use of live viral vaccines plays a vital role in prevention of economically important and common viral diseases. This includes diseases and production losses caused by Newcastle disease virus (NDV), infectious bronchitis virus (IBV), infectious laryngotracheitis virus (ILTV), infectious bursal disease virus (IBDV), Marek’s disease virus (MDV), chicken infectious anemia virus (CAV), avian encephalomyelitis virus (AEV), fowl poxvirus (FPV), and avian metapneumovirus (aMPV). These viruses cause direct and indirect losses, mounting financial losses worth millions of dollars, in addition to loss of protein sources and animal welfare implications. The range of losses are dependent on the type of poultry, age, coinfections, immune status, and environmental factors. Main loses in broiler birds are due to high mortality, poor body weight gain, high feed conversion ratio and increased carcass condemnation. In commercial layers and breeder flocks, losses include higher than normal mortality rate, poor flock uniformity, drops in egg production and quality, poor hatchability, and poor day-old chick quality. Despite the emergence of technology-based vaccines, such as inactivated, sub-unit, vector-based, DNA or RNA, and others, the attenuated live vaccines remain as important as before. Live vaccines are the preferred in the global veterinary vaccine market, accounting for 24.3% of the global market share in 2022. The remaining 75% includes inactivated, DNA, subunit, conjugate, recombinant and toxoid vaccines. The main reason for this is that live vaccines can induce innate, mucosal, cellular and humoral immunities by single or multiple applications. Some live vaccine combinations provide higher and broader protection against several diseases or strains of viruses. This review aimed to explore insights on the pros and cons of attenuated live vaccines commonly used against major viral infections of the global chicken industry, and its future road map for improvement.
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AEV -avian encephalomyelitis virus

AGR- compound annual growth rate 

AIV – avian influenza virus

AMR- antimicrobial resistance

aMPV -avian metapneumovirus 

ARVs -avian reoviruses 

CAIV -cold-adapted live influenza vaccine 

CAM- chorioallantoic membrane

CAGR- compound annual growth rate

CAV-chicken infectious anemia virus 

CEF-chicken embryo fibroblast

CEO-chicken embryo origin 

DIVA- Differentiating infected from vaccinated

EDSV-egg drop syndrome virus 

F-fusion

FADV Gp1-fowl adenovirus group 1 
FPV-fowl poxvirus

GaHV-1 or -2 -Gallid herpesvirus 1 or 2

H-hemagglutinin (in NDV)

HA -hemagglutinin (in AIV)
HVT-herpesvirus of turkeys

HPAI- highly pathogenic avian influenza 

IBDV- infectious bursal disease virus 

IBV – infectious bronchitis virus

ILT – infectious laryngotracheitis virus 

LPAI -low pathogenic avian influenza 

MDA -maternal-derived antibodies

MDV – Marek’s disease virus
MeHV- Meleagrid herpesvirus

NA -neuraminidase 

ND(V)-Newcastle disease (virus)
PROTAC-proteolysis-targeting chimeric 

PTD-proteasome-targeting domain 

rHVT-recombinant HVT

SHS- swollen head syndrome

SPF-specific-pathogen-free 

TCO - tissue culture origin

TRT- turkey rhinotracheitis 

S1- spike 1 (glycoprotein in IBV)

saRNA – self amplifying RNA

SHS- swollen head syndrome

SPF-specific-pathogen-free 

vv(+)-very virulent (plus)
Introduction 
Poultry contributes substantially to global animal protein. In 2023, the global chicken meat production forecast is a record 102.7 million metric tons. The global poultry market grew from $319 billion in 2021 to $349 billion in 2022 at a compound annual growth rate (CAGR) of 9.6%, and by 2026, it expects to grow to $442 billion at a CAGR of 6.1%. This highlights the significant role of the poultry sector in the global farming economics. Any hindrance in this system, including infectious diseases, may greatly affect global poultry meat and egg supplies. Viral infections remain one of the leading causes for economic losses in the poultry sector worldwide through direct impacts such as high mortality, losses due to low feed conversion ratio, poor body weight gain, increased carcass condemnation, and reduced egg production and quality. 
Across the globe chicken rearing is greatly challenged by viral infections, such as avian influenza virus (AIV), infectious bronchitis virus (IBV), Newcastle disease virus (NDV), infectious laryngotracheitis virus (ILTV), Marek’s disease virus (MDV), infectious bursal disease virus (IBDV), fowlpox virus (FPV), chicken infectious anemia virus (CAV), fowl adenovirus group 1 (FADV Gp1), egg drop syndrome virus (EDSV), avian metapneumovirus (aMPV) and avian encephalomyelitis virus (AEV) 
 ADDIN EN.CITE 
(1, 2)
. The well-known and common viral diseases of chickens across the world with etiology, and available vaccines are summarized in Table 1. Many viral infections in poultry are evolving in nature with huge genetic diversity, and many of them are notifiable diseases across regional or international borders, which include AIV and NDV (3). The development of both homologous and heterologous protective vaccine candidates against these evolving pathogens remains a great challenge. This review highlights status, availability, and utility of live vaccines against major viral diseases of poultry, and the measures needed to strengthen future vaccination strategies across the world. 
Vaccination is the core economical biosecurity practice followed across globe for most viral infection control programs in humans, animals and birds. The global veterinary vaccine market size was valued at $10 billion in 2021. With the rapid rise in veterinary vaccines sales amid increasing prevalence of animal diseases, the overall market is forecasted to grow at a healthy CAGR of 7.2% between 2022 and 2026, surpassing a valuation of around $ 14.1 billion by 2026 (Figure 1, https://www.grandviewresearch.com/industry-analysis/poultry-vaccines-market). It appears that the production and use of new live viral vaccines will increase over the next few years, partly due to the detection of new strains and the increasing number of chickens globally.
The development of effective vaccines against avian viral diseases will alleviate selection pressure on wild virus strains and favor economical vaccination regimens for commercial flocks. The ideal vaccine for the poultry sector requires a broad range of immunologic responses, including induction of effective innate, mucosal, humoral and cellular immune responses, with a long-term protection capability. Mass vaccination such as spray and drinking-water methods are preferred. These vaccines must offer high safety to the birds, and have no harm to human or environment (1). Different formulations of vaccines were developed against each pathogen, and these vaccines are either already commercially available or in research. This includes attenuated live, inactivated, recombinant protein (subunit), DNA, virus-like particle, messenger RNA (mRNA), synthetic mRNA, self-amplifying RNA (saRNA), reverse genetics and viral vector vaccines. This review will focus on live viral vaccines in poultry, especially those being used for chicken flocks. 
Live vaccines an overview
Live vaccines are attenuated isolates of a particular causative agent that known to cause major welfare, health and production concerns in poultry. Live vaccines can provide protection against clinical disease and prevent production losses and/or welfare concerns. Most available attenuated live viral vaccines in the market are derived from native viruses that primarily lost their disease-causing capacity but preserved their ability to induce subclinical infection and sufficient innate, mucosal, cellular and humoral immune responses. Traditionally, administration of live vaccine in chicken started with individual administration by eye or nose drops. With the massive increase in poultry production, mass vaccination approaches have emerged as the most popular method of vaccine administration to prevent diseases and production losses (4). Routine use of live vaccines is more common in poultry, because of its applicability through natural routes, which contributes to induction of herd immunity and offers long lasting protection against field challenges. Live vaccines efficacy in chicks is greatly challenged by the presence of maternal-derived antibodies (MDA) (4).
To date, there is no perfect commercial live vaccine available in the market. Every live viral vaccine has its own merits and demerits. The general pros and cons of live vaccines, and other related issues are presented in Table 2. Factors that contribute to the post-vaccinal responses of live vaccines are broadly grouped under three categories; host, vaccine and/or environment (Table 3). 
Impact of live viral vaccines in the control of major poultry diseases 

For control of viral diseases, from the beginning of intensification of poultry production in the 1950’s to the present, the live viral vaccines have undeniably played a major role. This is particularly important for Newcastle disease, infectious bronchitis and infectious bursal disease. These and other important viral diseases, where live vaccines are still widely used, are discussed. 

Newcastle disease live vaccines. Newcastle disease (ND) is a major respiratory disease of avian species associated with huge economic losses worldwide. NDV is a strain of avian orthoavulavirus 1 within the genus orthoavulavirus, a member of the family Paramyxoviridae 


(5) ADDIN EN.CITE . All strains of NDV are contained in a single serotype, but they are divided into two classes-class I and class II based on the nucleotide sequence of the fusion (F) protein gene. Class I viruses are avirulent in nature and include only one genotype. Aquatic wild birds serve as a natural reservoir. Class II includes 21 genotypes (I –XXI) of NDV viruses evolved over time with further sub-grouping into sub-lineages within genotypes that are responsible for the periodic panzootics in both domestic poultry and wild birds worldwide 
 ADDIN EN.CITE 
(6)
. Lentogenic and mesogenic pathotypes are found in genotype I, II and III and velogenic pathotypes in genotype IV to VIII 
 ADDIN EN.CITE 
(5, 7)
. Genotype XI have been isolated from chickens in Madagascar between 2008 and 2011 and evidenced common ancestry with viruses of genotype IV. However, genotypes XIV, XVII and XVIII appear to have limited geographic distribution and are isolated predominantly from domestic gallinaceous birds in West and Central Africa during 2006–2011(8). Genotypes VI and XXI are common genotypes in pigeons descended from viruses that were prevalent in poultry in the 1950s and 1960s (9).  
Thermostable lentogenic strains of genotype I; V4 and NDW I-2 and thermo-labile lentogenic strains of genotype II; La Sota, Hitchner B1, C2 are commonly available strains for NDV vaccination. Mesogenic strains, such as Roakin and Komarov strains of genotype II and Mukteswar strain from genotype III, are also being used as modified live vaccines in some countries (10). The mesogenic vaccines may evidence post vaccinal mild disease signs in the vaccinated birds, hence why mesogenic strains are generally recommended to use only in NDV endemic countries, whereas, in ND non-endemic countries, only lentogenic strains are permitted (11). 
These live vaccines are given in drinking water by coarse sprayer, by intranasal, or eye-drop administration or injection. Since all the strains of NDV belong to a single serotype, any NDV vaccine strain should protect against all of them. Immunity is mainly derived from neutralizing antibodies against their hemagglutinin (H) and the fusion (F) glycoproteins (12). ND live vaccine prevents clinical disease, mortality, virus shedding and may increase the dose of virus needed to infect a bird but may fail to prevent panzootic outbreaks. Flock immunity is another positive outcome of vaccination, although it is estimated that this will only have an impact when greater than 85% of the flock have hemagglutination inhibition titres greater than 8 after two doses of vaccine. The vaccine efficacy may be influenced by strain of the virus employed (8). La Sota strain is a potent immunogen but may provoke mild post-vaccinal reactions when compared to B1 strain. The BI strain may have milder post-vaccinal reactions, but is less immunogenic, especially if given in drinking water (13). 

A better disease control is achieved by having programs for prompt identification of emerging endemic NDV, and vaccination of all susceptible populations, both commercial and backyard, including pet and game birds. Efficient vaccination schedules include use of lentogenic priming and lentogenic/mesogenic booster, where possible local genotype based vaccines added for enhanced NDV control (11). For layers during high ND risk situation, live lentogenic vaccine is often given in the drinking water or as a spray at 5 to 6 weeks of age, followed by second dose at 10 weeks of age, and as an inactivated vaccine 3-5 weeks prior to transfer. Post-vaccinal immune response assessment after every vaccination must be ensured and suitable approach can be followed. In many ND endemic countries, although commercial vaccinations are implemented vigorously for disease control, genotype-matched specific vaccines might be needed for reduction in virus infection and shedding. Although currently available vaccines protect against genotype VII, Aljumaili et al. (14) showed that hemagglutination-inhibition antibody titers were significantly higher when an inactivated compared to a live attenuated genotype VII vaccine was used. In such vaccination, in addition to the protection against clinical disease, shedding of the challenge virus was markedly reduced 
 ADDIN EN.CITE 
(14)
. This demonstrates the benefits of live vaccine as priming, as well as use of homologous strains of inactivated NDV vaccine.
Infectious bronchitis live vaccine. Infectious bronchitis (IB) is an economically significant contagious disease of chickens with high mortality and production losses in the poultry sector. Almost all commercial chickens are vaccinated against IB. Due to the inherent properties of IBV new genotypes continue to arise with mutations and/or recombination complicating the control and prevention of IB. Over 50 serotypes and hundreds of variants have been identified at present based on sequence changes in the hypervariable region of immunogenic Spike-1 (S1) IBV glycoprotein with no or little cross-protection between the genotypes (15). Both, live attenuated and inactivated IBV vaccines are available. Currently, commercial live IBV Massachusetts-strain based vaccines are administered either alone or in combination with the D274, Arkansas, Connecticut, Georgia, Huyben (Holland), Delaware strains, 793B, QX, Var-2 or other variants 
 ADDIN EN.CITE 
(16-19)
.
In broilers, different antigenic types of live attenuated IBV vaccines can be included in the IBV vaccination programme as per the novel ‘protectotype’ concept to confer protection against heterologous field strains 
 ADDIN EN.CITE 
(20)
. For long term protection of laying and breeding hens against IBV infections, a vaccination program incorporating both live-attenuated and inactivated IBV vaccines is essential. IBV variants of worldwide importance continue to evolve, and it is not possible to develop vaccines against each one. Hence, controlled vaccine trials must be done for specific geographical regions/continent to determine effective IBV vaccine(s) or combinations that provide the best protection against different IBV challenges. Efficient live vaccine priming provides a beneficial contribution to this protection and confirms that inactivated IBV vaccines contribute significantly to effective protection against varying heterologous serotypes to support the “protectotype concept” in layers and breeders 
 ADDIN EN.CITE 
(21)
. Birds vaccinated with two doses of an attenuated Mass vaccine are cross-protected against heterologous virus challenge (22).  In layers and breeders, the flocks are primed with single or multiple attenuated strains of IBV prior to injection of inactivated IB vaccines. Layer birds vaccinated with inactivated IBV vaccine without priming with live attenuated vaccines could not induce long lasting responses, and therefore it is advantageous to include live IBV vaccine priming (23). Inactivated vaccines may induce a relatively weak immune response without innate and cell-mediated immune responses, thus requiring multiple doses (12).
Live attenuated IBV vaccines containing common prevalent serotypes are used in vaccinations by either drinking water, coarse spray, or gel methods. There is great diversity among the composition of live attenuated IBV vaccines used across different geographic locations. These modified live vaccines induce a potent protective response, but reversions to virulence 
 ADDIN EN.CITE 
(24, 25)
, recombination 
 ADDIN EN.CITE 
(26, 27)
 or mutation (28) are ever-present potential risks that need to be addressed through prompt molecular surveillance. There is currently no licensed recombinant-vector vaccine against IBV. 

Infectious laryngotracheitis (ILT) live vaccines. Infectious laryngotracheitis (ILT) is a highly contagious, acute respiratory disease primarily of chickens. Recovered birds may be life-long carrier of the virus through latent infection. Any stress to these lately infected birds may cause them to shed virus thus becoming a potential source of infection to susceptible birds. As per recent studies, ILTV genotypes are grouped in five clusters- Cluster 1: Genotypes I-III- vaccinal tissue culture origin (TCO), Cluster 2: genotype IV-vaccinal chicken embryo origin (CEO), Cluster 3: genotype V-virulent CEO-like (CEO revertant), Cluster 4: genotype VI-virulent ILTV and Cluster 5: VII/VIII/IX virulent ILTV 
 ADDIN EN.CITE 
(29, 30)
. 

Live attenuated vaccines are adapted in specific-pathogen-free (SPF) chicken kidney/liver cells, referred to as tissue culture origin (TCO), and by passage in embryonated chicken eggs through the CAM route, referred to as CEO. The CEO ILT vaccines are the most widely used. They induce rapid onset of immunity and are easily administrated through drinking water. In general, layers and breeders are routinely vaccinated against ILT in endemic zones (12).

Live ILT vaccines significantly reduce mortalities in the vaccinated birds. The use of CEO vaccines has especially shown to limit outbreaks. However, the CEO vaccines can regain virulence and become the source of infections 
 ADDIN EN.CITE 
(31)
. CEO revertant strain associated infections were recorded in a few countries, and CEO vaccines have been discontinued for decades in Canada 
 ADDIN EN.CITE 
(32)
. In experimental studies in the USA, it was demonstrated that priming with recombinant herpesvirus of turkeys (rHVT)-LT followed by CEO vaccination induced robust immunity and protection compared to the rHVT-LT alone (31). ILT outbreaks related to CEO vaccine strains occur more frequently than TCO-related outbreaks. This may however be related to higher usage of CEO vaccines compared to TCO vaccine strains. 
Every effort has been made to generate effective safer viral vector vaccines using herpesvirus of turkeys (HVT), or fowlpox virus expressing one or more immune-dominant ILTV glycoprotein B, D, I and UL32 genes (33). Experimental and field studies evidenced that the recombinant vaccines are not transmitted between chickens and do not revert to virulence, but they are not as protective as the attenuated vaccines and are poor in preventing virus shedding. Several new strategies are being evaluated to improve both live attenuated and viral vector vaccines. Newer attenuated live vaccines generated by deletion of genes associated with virulence or by selection of CEO viral subpopulations that do not exhibit increased virulence upon passages in birds are being evaluated 
 ADDIN EN.CITE 
(31)
. Alternatively, vector expressing GaHV-1 glycoproteins in NDV or in modified Gallid alphaherpesvirus 2 (GaHV-2) were developed and are evaluated for future applications 
 ADDIN EN.CITE 
(31)
.
Avian influenza live vaccines. Avian influenza (AI) is a globally noted highly contagious viral disease of both domestic and wild birds with a major concern for public health (34). Eighteen haemagglutinin (HA) and eleven neuraminidase (NA) subtypes theoretically combine and form 198 subtypes, most of which have been identified in nature in association with humans, animals and birds (35). Based on the magnitude of clinical outcomes and the unique sequences, they are grouped as highly pathogenic avian influenza (HPAI) or low pathogenic avian influenza (LPAI) infection. AI viruses that cause severe disease in poultry and result in high death rates are called HPAI, and they are mostly associated with H5 and H7 types. AI viruses that cause mild disease in poultry are classified as LPAI, and these include all the H and N types. In some countries, LPAI associated with H5 and H7 types are notifiable (34). In most non-endemic countries, vaccination against HPAI is highly discouraged. Inactivated vaccines are only recommended in AI endemic regions, but it has considerable practical limitations. The vaccine needs to be individually injected into each bird. More than 20 inactivated vaccines developed from wild type or reverse genetically generated strains of H5 and H7 subtypes are approved and used based on the local circulating subtype 
 ADDIN EN.CITE 
(36)
. It can take up to 3 weeks for the birds to deliver optimum immunity, and some poultry require 2 doses, with a 4 to 6-week interval between these. Inactivated influenza A vaccines are extensively used in Asia against H9N2, H7N3, H5N2, H5N1 
 ADDIN EN.CITE 
(37)
. 

Live attenuated vaccines are not recommended for control of AI. Though live attenuated AI-vaccinated birds are protected from clinical infection and mortality, shedding of the virus continues. Furthermore, live influenza viruses can mutate and re-assort into novel strains through antigenic drift or antigenic shift, respectively which could render live vaccines less efficient (12). This is relevant when trying to get a good match between an outbreak virus and the candidate vaccine because the outbreak virus cannot be predicted with any certainty. Efficacy of both live and inactivated AI vaccines in other species, such as ducks, geese and game birds, are limited (38). Despite these factors, innovative experimental live vaccines of AI have been attempted. Recently, proteolysis-targeting chimeric (PROTAC) technology may allow the degradation of viral proteins (M1, PB2, PB1, PA, NP, M2, NEP and NS1) via the endogenous ubiquitin–proteasome system of host cells, making them avirulent. PROTAC viruses were designed by fusing a conditionally removable proteasome-targeting domain (PTD) to influenza viral proteins in stable cell lines. In mouse and ferret models, PROTAC attenuated vaccines were able to elicit robust and broad humoral, mucosal and cellular immunity against homologous and heterologous virus challenges. PROTAC-mediated attenuation of viruses may be broadly applicable for generating live attenuated vaccines (39). Attenuation vaccine strategies include cold-adapted live influenza vaccine (CAIV), codon-deoptimized virus, premature termination codon-harbouring virus, hyper-interferon-sensitive virus and viral-protein-altered virus, but most of them are still not efficient in terms of safety, efficacy or productivity (39). 
Other H5 or H9 vaccines have been explored, and some are being used in the poultry industry. These include FPV, NDV, and HVT based vectored vaccines, which were developed, commercially approved, and used with varying levels of efficacy. Antibodies to back bone vector viruses may interfere with the immunological effect of vaccines (1).  Most of the newer poultry viral vaccines were developed with the advent of new vaccine platforms like synthetic mRNA molecules encoding immunogenic gene of interest with self-amplifying RNA (sa-RNA). sa-RNA is virally derived with antigen of interest (immunogenic epitope) and proteins enabling RNA vaccine replication in the host with requirement of much lower dose (64-fold less material) than synthetic mRNA vaccine 
 ADDIN EN.CITE 
(40)
. Birds vaccinated with these vaccines can readily be distinguished from naturally infected birds 
 ADDIN EN.CITE 
(41)
. 
Avian metapneumovirus live vaccines. Avian metapenumovirus (aMPV) is a well-known pathogen of turkeys and chickens associated with turkey rhinotracheitis (TRT) and swollen head syndrome (SHS), respectively (42). Apart from upper respiratory tract infections, aMPV in association with other secondary infections may cause severe clinical signs and economic losses 
 ADDIN EN.CITE 
(43)
. There are four (A to D) subtypes of aMPV documented, of which A and B subtypes show a worldwide distribution, whereas subtype C is reported mainly in the US, France, South Korea and China (42). The subtype D was only reported in France (44). Both live and inactivated subtype A and B vaccines are available globally, and cross-protection between the subtype A and B has been reported 
 ADDIN EN.CITE 
(45, 46)
. 
Both subtype A and subtype B live attenuated vaccines could circulate for a long time in the field as revertant strains 
 ADDIN EN.CITE 
(47)
. There is evidence of aMPV-B vaccine driven evolution in Italy (48). Commercial subtype A aMPV vaccines developed from an identical progenitor field strain passaged in two different cultivation system had mutation patterns unique to each vaccine, which indicates the adaptation and evolution of aMPV (49). There is always a propensity for mutation of aMPV based on the earlier reports of presence of sub variants even in vaccine strains 
 ADDIN EN.CITE 
(50)
. Critically, all these findings have been reported only in turkeys, a species known to be more susceptible to aMPV. In chickens, to date, there have been no studies to demonstrate lingering presences of aMPV or reversion of vaccine strains to cause disease in flocks.
Marek’s disease (MD) live vaccines. MDV is a highly contagious T- cell lymphoproliferative and neuropathic disease of chickens, affecting birds between 3-20 weeks of age, involving lesions in nerves, viscera, muscle, and skin, and contributing to immunosuppression. There are three species of MDV identified, which includes GaHV-2 (MDV serotype-1), GaHV-3 (MDV serotype-2), and Meleagrid alphaherpesvirus 1 (MeHV-1) or HVT (MDV serotype-3) (51). MDV serotype-1 includes all oncogenic field strains: very virulent plus (vv+) (e.g., 648A), very virulent (vv) (e.g., Md/5, Md/11, Ala-8, RB-1B), virulent (e.g., HPRS-16, JM, GA), mildly virulent (e.g., HPRS-B14, Conn A) and weakly virulent (e.g., CU-2, CVI-988). MDV serotype-2 includes non-oncogenic naturally avirulent field strains; (e.g., SB-1, HPRS-24, 301B/1, HN-1). MDV serotype-3 includes non-oncogenic strains of naturally avirulent HVT (e.g., FC126, PB1) (51). 
Marek’s disease is primarily controlled by in ovo vaccination at the hatchery during the 18th day of incubation or by subcutaneous injection at day of hatch (52). Primary chicken embryo fibroblasts (CEF) or chicken kidney cells from SPF chickens free of any known avian viruses are used for attenuation of virulent virus. Strain CVI988 or Rispens is considered the most efficacious vaccine originally described in 1972 by Dr. Rispens (53). CVI988 strain is the choice of vaccine against very virulent strains of MDV (54). HVT strain FC126 is the most widely used MDV monovalent vaccine in broilers, and is used also in a polyvalent vaccine with GaHV-2 and/or GaHV-3 in breeders and layers. Combination of vaccine containing both HVT and MDV serotype 2 may show a synergistic effect (55). MD vaccines contain live highly cell-associated viruses (‘wet’ form). which must be stored frozen in liquid nitrogen and must be carefully thawed before use. The MD vaccines may prevent tumor development but do not generate sterilizing immunity. Vaccinated chickens still get infected which may lead to an increase in the virulence of field strains. Cell-free lyophilised vaccine may be prepared from HVT, but not from MDV strains. The lyophilized HVT vaccine does not require-liquid nitrogen storage and is available in some countries but is less immunogenic than cell-associated vaccines. Cell-associated MD vaccines are not susceptible to maternal antibodies. HVT can be used as a vector virus for recombinant vaccines against infectious laryngotracheitis, Newcastle disease, infectious bronchitis, avian influenza, and bursal disease. These recombinants are very effective in protecting against systemic disease, but immunity to mucosal infections has been inconsistent (56). 

Gene deletion (meq gene) based attenuated vaccines protect against MD highly virulent field strains but induce significant atrophy of lymphoid organs. Generation of a recombinant MDV with deletion of both meq and vIL8 genes (686BAC-ΔMeqΔvIL8) conferred protection  against  vv+ MDV challenge.  Cell-free lyophilised vaccine may be prepared from HVT, but not from MDV strains and significantly reduced lymphoid organ atrophy (57). Despite all of these, the vaccine manufacturing is still stagnant with traditional storage of the cell-associated vaccine viruses in liquid nitrogen. This limits the usage of this vaccine in smallholder and backyard farming sectors, mainly due to health and safety measures related to handling of liquid nitrogen, and knowhow of technical use of such vaccine.

Infectious bursal disease (IBD) live vaccines. Infectious bursal disease virus (IBDV) is highly contagious and causes immunosuppressive disease of chickens under 10 weeks of age. The virus destroys developing B cells and macrophages within the Bursa of Fabricius, resulting in bursal atrophy and immune suppression. This immunodeficiency may influence the responses to other vaccines co-administered and may favor secondary infections. As per new nomenclature, IBDV is grouped into seven genogroups (G1-G7). Traditional classic variant IBDV, antigenic variant IBDV and vvIBDV strains are classified as G1, G2 and G3 respectively. vvIBDV (G3) is widely reported as the most pathogenic strain from 52 different countries (58). Commercial vaccines against IBD are based on serotype 1. As of now, there have been no reports of clinical disease associated with serotype 2. IBDV has a segmented RNA genome and rapidly evolves, resulting in much variation in antigenicity and virulence. . Virulent IBD isolates were attenuated by serial passage in SPF CEF or by the chorioallantoic membrane (CAM) route of embryonated eggs (59). IBDV vaccines may be classified as mild, intermediate, intermediate plus (hot) based on their degree of attenuation, ability to replicate and cause bursal lesions 
 ADDIN EN.CITE 
(60)
. Mild vaccines are used to prime broiler breeders and boosted with an inactivated vaccine. The mild vaccines show poor efficacy in the presence of MDA. The intermediate plus/hot strains are more immunogenic but may induce severe bursal lesions and atrophy, and may interfere with the immune status of birds 
 ADDIN EN.CITE 
(61)
. 
The inactivated IBD vaccine may protect young chicks with MDA but duration of immunity is short. In breeding stocks live IBD vaccines were used at 8 weeks of age to prime the immune system, then boosted with inactivated vaccines at 16 to 20 weeks for prolonged immunity. But for control of IBD in broilers and young layers, live attenuated IBD vaccines were preferred. Even though live vaccines are a better choice to combat this evolving pathogen, MDA may greatly interfere and cause hindrance to post-vaccinal protection 
 ADDIN EN.CITE 
(62, 63)
. To overcome vaccine virus neutralization by MDA, two decades ago vaccines have been formulated by mixing a live intermediate IBDV with IBDV-specific hyperimmune chicken serum and presented as immune complex vaccine. The advantage of this vaccine is more immunogenicity with much less bursal and splenic damage. Alternatively, in recent years, recombinant vectored vaccines expressing the VP2 antigen (major immunogenic antigen of IBDV) in HVT were developed. The rHVT-VP2 vaccine is not influenced by MDA and can be used in a differentiating infected from vaccinated (DIVA) strategy because this vaccine only induces antibodies against VP2, in contrast to antibodies against all IBDV proteins in natural infections 
 ADDIN EN.CITE 
(64)
. Use of live vaccines that cause some destruction of the Bursa of Fabricius, may cause unnecessary suffering of birds, and may need to be discontinued.
Chicken Infectious Anaemia virus live vaccines. Chicken infectious anaemia virus (CAV) infection triggers immunosuppression of young chickens, characterized by anemia, decreased weight gain, transient immunosuppression, and increased susceptibility to co-infections/secondary infections, resulting in mortality. It has a world-wide distribution 
 ADDIN EN.CITE 
(65)
. Vaccination of breeder flocks not earlier than 10 weeks of age with live vaccines is the common practice to control CAV infection. As of now, only a single serotype of CAV has been identified. MDA-negative chickens are highly susceptible to CAV and infection can cause clinical disease. Vaccines are not commercially available for in ovo vaccination or for newly hatched chickens, which are the primary risk group. An experimental CAV immune complex vaccine developed and administered in one-day-old chicks free of MDA has shown protection against field (01-4201) CAV. Further studies are needed in in-ovo and young chicks with MDA to determine the efficacy of an immune complex vaccine in commercial chickens. (66). 
Even though live vaccines are used commercially, MDA interfere with vaccine replication. To overcome this problem, new approaches are being developed.  A viral protein (VP)1 + VP2 gene-based DNA vaccine was developed and co-administered with truncated chicken high mobility group box 1 (HMGB1ΔC) protein in young SPF chicks and found to induce high protective antibody responses 
 ADDIN EN.CITE 
(67)
. ND-vectored recombinant bivalent vaccines were also developed and evaluated for field applicability 


(68) ADDIN EN.CITE . Subunit vaccines (VLPs) based on VP1 and VP2 of CAV were engineered in baculovirus-infected Spodoptera frugiperda (Sf9) cells carrying single-chain chicken interleukin-12 (chIL-12) as adjuvant (69). This engineered VLP vaccine was evaluated in SPF chickens and induced CAV-specific antibodies and cell-mediated immunity. Furthermore, the VLPs produced by the baculovirus expression system have the potential to be a safe and effective CIA vaccine (69). However, long lasting protective immunity with a single subunit or DNA vaccine is rare, and to overcome this, a DNA prime/protein boost vaccine strategy was recently evaluated. Recombinant CIAV VP1 and VP2 derived from Escherichia coli (E. coli) expression system, and the eukaryotic expression plasmid pBud-VP1-VP2 were constructed and evaluated. DNA prime/protein boost vaccination strategy, with day 0 inoculation with DNA vaccine (pBud-VP1-VP2), and 14th day inoculation with subunit vaccine, produced a superior antibody production and cellular immunity 
 ADDIN EN.CITE 
(70)
.
Fowlpox live vaccines. Fowlpox is a slow spreading infection characterized by proliferative skin lesions (dry pox) and or diphtheritic lesions in the mucosa of the mouth, oesophagus, larynx, or trachea (wet pox). In general, mortality is low but may reach 50% in stressed flocks 
 ADDIN EN.CITE 
(71)
. Worldwide live attenuated fowl pox vaccines are used for active and powerful immunization of chickens. Experimental studies in SPF chicks, which received a local FPV isolate based attenuated vaccine and commercial FPV did not show significant differences in the CD4+ and CD8+ T-cell immune response. Hence, local isolates-based vaccines are developed and made available in endemic regions 
 ADDIN EN.CITE 
(72)
. These local vaccine candidates may be given as monovalent, or combined with AE vaccine, for wing web administration (73). Most are administered into the wing web after maternal immunity has waned. Some are administered subcutaneously to one-day-old chicks, and there is also an in-ovo recombinant vectored vaccine available that expresses ILT antigens. Chickens are generally vaccinated at 12-16 weeks of age and post vaccinal response takes (swelling of the skin or a scab) are evidenced about seven to ten days following inoculation. Modified live fowl pox or pigeon poxvirus vaccines have also been used in pigeons, turkeys, and quail, in addition to chickens. Many western countries effectively controlled fowl pox infection with the use of live vaccines. Transmission occurs mechanically through biting insects, such as red mite (Dermanyssus gallinae). Red mites are blood-sucking insects that results in increased self-pecking, cannibalism, anaemia and spreads many skin born bacterial and viral pathogens, causing serious mortality among chicken. It therefore remains problematic, causing significant losses in both backyard and  commercial flocks (74). A recent field study on 21 FPVs complete genomes evidenced low genetic diversity relative to their overall size and were phylogenetically divided into two classes, based on their regional distribution. The strain showed relatively low pathogenicity in chickens, and were classified into a new subgroup (75). Despite genetic differences in the genome of field FPV isolates, commercial vaccine based on monovalent strains offer protection against virulent field strains witnessing the effectiveness of live vaccines under field conditions (73).  
Avian encephalomyelitis virus (AEV) live vaccines. Avian encephalomyelitis virus (AEV) is associated with a neurological condition referred as epidemic tremor in young chicks and a transient decline in egg production and hatchability in laying birds, resulting in economic losses in the poultry industry 
 ADDIN EN.CITE 
(76)
. Vaccination is the best choice of controlling this infection. Vaccination of breeder flock protects progeny through maternal antibodies, results in better performance of progeny and prevents establishment of infection in the ovaries at 1-3 weeks post hatching 
 ADDIN EN.CITE 
(77)
. 
Several modified live vaccines are available as monovalent vaccines and in combination with FPV vaccines. Most are administered by wing web vaccination using a double needle applicator or drinking water. Breeder chickens are vaccinated at 10 to 16 weeks of age, at least 4 weeks before start of lay. A vaccine efficacy study in USA used AE, FP, and PP (pigeon pox) live vaccines  as a single preparation in layer chickens and evaluated both under both laboratory and field conditions showing  safe and efficacious protection against  virulent field strains of AE and FP compared to individual traditional vaccination practices in controlling of AE and FP in poultry(73). A study in China used low virulence AEV strain GDt29 as a vaccine candidate and found it safe with no signs of pathogenicity. High titers of post vaccinal AEV-specific antibodies were detected in GDt29-vaccinated hens and their chicks. The eggs of GDt29-vaccinated hens had high levels of maternal antibodies. When 6- day-old embryonated eggs derived from GDt29-vaccinated hens were challenged with a heterologous pathogenic AEV strain (van Roekel-AY517471) via yolk sac inoculation, the chicks hatched successfully without any losses. The authors concluded that the GDt29 attenuated vaccine induced superior protective efficacy compared to the commercial AEV vaccine 
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(76)
.
Reovirus live vaccines. Avian reoviruses (ARVs) are ubiquitous in nature and their primary pathogenic role is ambiguous but associated with a variety of clinical outcomes, like malabsorption syndrome, runting-stunting syndrome, transient immunodepression, hepatitis, gastroenteritis, myocarditis, respiratory diseases, viral arthritis, and tenosynovitis among chickens and turkeys. Viral arteritis/tenosynovitis is well-established as an ARV infection. ARV is an economically important disease because of lameness, low feed conversion, diminished weight gain and mortality 
 ADDIN EN.CITE 
(78, 79)
. Neonatal chickens and adult birds are highly susceptible to reovirus infection. Vaccination of broiler breeders is essential to protect them against viral arthritis and also to confer passive immunity to protect their progeny(80). Live avirulent vaccines based on ARV strain 2177, modified live attenuated vaccines based on strain S1133 and inactivated vaccines based on strains S1133, 2408, SS412, and 1733 are used 
 ADDIN EN.CITE 
(81)
. 
The S1133-ARV strain is the most widely used for vaccination, and it has been effective against viral arthritis in most parts of the world (78). A recent study evaluated the effect of S1133-ARV vaccine strain on the weight gain and feed conversion in day-old broiler chickens in a large-scale commercial field trial in Mexico. The study suggests that neonatal vaccination in broiler with the live S1133-ARV strain may disrupt gastrointestinal integrity, and may reduce performance, hence alternative candidates may be needed 
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. In a recent study on molecular characterization of emerging ARV associated with tenosynovitis/arthritis infection in Iran, a variant ARV genotype called “Ardehal strain” was isolated. It is placed in cluster I of vaccine strains with less than 80% similarity with vaccine strains. This strain can evade immunity induced by commercial vaccine strains. Therefore, development of an appropriate vaccine candidate is needed to offer better protection (82).
Challenges with use of live viral vaccines
With increasing focus on AMR, vaccination has become one of the main methods of bacterial, mycoplasma, viral and parasitic disease prevention. In addition, more vaccines are being marketed against different strains of the same infectious agents. In some countries, this has caused ‘super-crowded’ vaccination schedules, resulting in frequent vaccinations and bird handling. For live viral vaccines, few studies have highlighted compatibility of co-administering NDV, IBV strains, aMPV simultaneously 
 ADDIN EN.CITE 
(83, 84)
, NDV and IBV (85), NDV and IBD vaccines (86) within defined geographical regions. It is important to note that different combinations of live vaccines are required to combat different pathogens globally, which varies for different countries. There are practices in the field where different viral and mycoplasma vaccines are co-administered, however, no published information is available on such practices. Although such practices are acceptable in reducing bird handling, reducing stress to birds and saving labour cost, but reasonable scientific studies are needed before adopting such practices. 
The efficacy of live viral vaccines is not enhanced by ‘under’ or ‘over’ use. Often, in some countries, live viral vaccines are given at half-dosages, and such practices are detrimental to the flocks, as the required immunity is not induced. This allows rolling-infection and may promote emergence of revertant strains or recombination of the vaccine-field viruses. In a few other countries, flocks are being vaccinated with live NDV or IBV vaccines almost every 4-7 days. Such practices may not allow sufficient vaccine-take, and in fact, prolong the damages to the respiratory system, and does not offer added immunity. Such practice must be re-considered for optimal vaccine take.

The phenomenal experiences of COVID-19 have shown the way to high biotechnology-based vaccines, such as mRNA, sa-RNA, vector-based and subunit S-protein-based vaccines. It was an unprecedented achievement to meet urgent human medical needs (87). Many modern vaccines are designed with the advent of newer technologies using consensus-based algorithms for identification of conserved neutralizing epitope to produce better vaccines. Antigenic cartography-based vaccine development possesses real time DIVA potential. Additionally, newer generations of vaccines are designed with multiple epitopes of related/unrelated viruses to provide simultaneous protection against related/other viral species in both human and animals 
 ADDIN EN.CITE 
(88)
. Tremendous advancement in adjuvant formulation and delivery strategies to impart both systemic and mucosal immune responses further made these modern vaccines efficient and safe. Most of the modern vaccine approaches involve genetic engineering, genome and or protein alterations, which are against natural evolution. Applying it into the poultry sector, which is a crucial source of meat to humankind raises many ethical concerns, and safety issues. In general, modern vaccines have lower acceptability within the poultry industry, and needs to be supported through extensive experimental/field studies, and the vaccines competence in poultry health and production. 

Conclusions
Commercial and backyard poultry systems are important supplies of poultry protein to provide food security for the growing human population. Every viral infection is addressed extensively, and different types of vaccines are developed to combat against diseases and losses. To date, no live vaccine has 100% efficacy in terms of protection and safety in poultry. Live vaccines remain the most globally used vaccines and have a long history of use against several poultry diseases. Considering the success of new live vaccine strategies, recent innovative biotechnological methods must be channelled into the development of efficacious, safer, more cost-effective, and broadly protective multivalent live viral vaccines. Generation of live attenuated vaccines through reverse genetics engineered infectious clones bypassing laborious conventional attenuation methods for developing attenuated strain is already adopted by the poultry vaccine industry(1). Viral vectors have been successfully used for vaccine production and the prospect of viral vector vaccine against multiple diseases looks promising. To date, it appears that use of live viral vaccine will remain strong until replaced by non-infectious innovative vaccines, such as mRNA, saRNA, appropriate vector and others.
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