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Abstract 

Background: Foot-and-Mouth Disease (FMD) remains a persistent global threat to 

livestock health and food security, particularly in endemic and resource-constrained re-

gions. Conventional inactivated vaccines pose several challenges—including biosafety 

risks and dependence on cold-chain logistics. These limitations have prompted growing 

interest in plant-based recombinant vaccine platforms as innovative, scalable, and safer 

alternatives for FMD prevention.  

Methods: This study employed a qualitative meta-synthesis approach, guided by the 

Barroso–Sandelowski method, to systematically extract, interpret, and integrate findings 

from 35 peer-reviewed empirical studies published between 2000 and 2025. The select-

ed studies focused on the development and evaluation of plant-made vaccines targeting 

FMD. Thematic coding and interpretive synthesis were applied to identify recurrent pat-

terns, challenges, and opportunities across the literature.  

Results: The analysis yielded four dominant themes: (1) Platform Diversity: A variety 

of plant and algal expression hosts were used through transient or stable transformation 

systems, (2) Immunization Routes: Oral vaccination was noted for its logistical ad-

vantages and potential for mass immunization, though often requiring adjuvants to en-

hance immunogenicity, (3) Scale-Up Challenges: Key barriers included low recombi-

nant protein yields, heterogeneity in post-translational modifications and high variabil-

ity between production batches and (4) Regulatory Readiness: Despite encouraging pre-

clinical data, most candidates have not progressed beyond experimental stages.  

Conclusion: Plant-based recombinant vaccines represent a promising frontier in the 

fight against FMD, offering novel avenues for safer, more accessible immunization 

strategies. However, their transition from bench to field remains hindered by technical 

limitations in expression and purification, as well as institutional and regulatory gaps.  
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Introduction 
 

Foot-and-Mouth Disease (FMD) is a highly conta-

gious viral disease affecting cloven-hoofed animals, 

including cattle, sheep, goats, and swine, and continues 

to cause substantial economic losses in the livestock 

sector worldwide 1. The disease’s rapid transmission, 

combined with its ability to severely impact animal 

productivity and trade, posing a major threat to global 

livestock health and trade. FMD is caused by Foot-and-

Mouth Disease Virus (FMDV), a positive-sense, sin-

gle-stranded RNA virus belonging to the family Picor-

naviridae and the genus Aphthovirus. The virus has  

 

 

 

 

 

 
seven distinct serotypes—O, A, C, Asia1, SAT1, 

SAT2, and SAT3—with no cross-protection between 

them, making vaccine design and regional immuniza-

tion strategies particularly challenging 2,3.  

Conventional vaccines are based on inactivated 

whole virus produced in BHK-21 cell lines under BSL-

3 conditions, then chemically inactivated and formulat-

ed with adjuvants. These vaccines have played a major 

role in controlling FMD outbreaks, but suffer from 

critical limitations such as biosafety risks, cold chain 

dependency, limited duration of immunity, and the lack  

 

* Corresponding author: 
Maziar Habibi-Pirkoohi, Ph.D., 
Zist Pajoohan Baran Co,  
Afzalipour Incubator Center, 
Shahid Bahonar University of 
Kerman, Kerman, Iran 
Tel: +98 9130416177 
E-mail:  
maziar.habibi.p@gmail.com 
Received: 6 Jun 2025 
Accepted: 20 Aug 2025 
 
 
 
 

https://crossmark.crossref.org/dialog/?doi=10.18502/ajmb.v17i4.20075&domain=pdf&date_stamp=2025-11-10


294 

FMD Recombinant Vaccines: A Meta-Synthesis 

 Avicenna Journal of Medical Biotechnology, Vol. 17, No. 4, October-December 2025     294 

of Differentiating Infected from Vaccinated Animals 

(DIVA) capability 4,5. These shortcomings have fueled 

global interest in alternative platforms, such as plant-

based recombinant expression systems, that can pro-

duce safe and immunogenic FMDV antigens without 

handling live virus 6,7.  

While conventional inactivated vaccines have play-

ed a crucial role in disease control programs, their pro-

duction involves several critical limitations. These in-

clude the requirement for high-biosecurity containment 

facilities to handle live FMD virus during manufactur-

ing, as well as challenges in DIVA compliance, which 

complicates disease surveillance and outbreak man-

agement 8. Furthermore, conventional vaccines depend 

on cold-chain logistics for storage and distribution, 

which are particularly difficult to maintain in low-

resource or remote settings, limiting vaccine accessibil-

ity and effectiveness. Production scalability also poses 

challenges, as the process is time-consuming and cost-

ly. Additionally, risks associated with incomplete viral 

inactivation present safety concerns that could hinder 

vaccine acceptance 10. 

To address these challenges, plant-based recombi-

nant vaccines have emerged as a promising alternative. 

In recent decades, recombinant subunit vaccines, espe-

cially those produced in plant-based expression sys-

tems, have gained increasing attention as a scalable and 

pathogen-free alternative 6,10. Plant-based platforms 

offer several distinct advantages: they are free from 

contamination by mammalian pathogens, allow for 

rapid scalability especially through transient expression 

technologies, and can produce Virus-Like Particles 

(VLPs) that closely mimic the native viral structure 

without containing any viral genetic material, thus en-

hancing safety 11. Several host plants have been ex-

plored for FMD antigen production, including Nicotia-

na benthamiana (N. benthamiana), a well-character-

ized model for transient expression, as well as alfalfa, 

maize, and lettuce, which hold promise for oral vaccine 

delivery due to their edible nature. These hosts have 

been successfully engineered to express key FMDV 

immunogens such as VP1, P1-2A, and P1-3C proteins, 

demonstrating promising immunogenicity and protec-

tion in various animal models 8,12. 

To optimize vaccine efficacy, diverse immunization 

strategies have been investigated. Oral delivery sys-

tems utilizing transgenic or transiently expressed edible 

plant tissues provide an attractive needle-free, thermo-

stable platform suitable for mass immunization cam-

paigns. This approach reduces logistical constraints 

and improves animal welfare; however, oral vaccina-

tion faces challenges such as low mucosal immunogen-

icity and antigen degradation in the gastrointestinal 

tract 13,14. On the other hand, parenteral administration 

of purified recombinant proteins or VLPs extracted 

from plants has consistently elicited strong humoral 

and cellular immune responses, with several constructs 

demonstrating protective efficacy in experimental chal-

lenge studies 15,16. These findings suggest that prime-

boost regimens combining oral priming with parenteral 

boosting could harness the advantages of both delivery 

routes 17. 

Despite the clear promise and advances in plant-

based vaccine platforms, significant translational chal-

lenges remain. These include the relatively low yields 

of recombinant proteins per biomass unit, the complex-

ity of purification processes, and the need to ensure 

consistent post-translational modifications essential for 

antigen functionality 18. Additionally, regulatory uncer-

tainty continues to hamper the development and com-

mercialization of plant-made veterinary biologics, as 

harmonized guidelines and approval pathways are not 

yet well-established 19,20. Investment in downstream 

processing infrastructure and standardization of pro-

duction protocols are necessary to overcome these hur-

dles and advance candidate vaccines toward commer-

cial viability. 

Given these opportunities and obstacles, this study 

undertakes a qualitative meta-synthesis to assess the 

state of the field; mapping technological progress, im-

munization strategies, and regulatory readiness to 

guide research and policy. This synthesis provides a 

structured framework to guide research, policymaking, 

and the advancement of next-generation FMD vaccines 

toward real-world application. 

 

Materials and Methods 
 

Study design 

This study employed a qualitative meta-synthesis 

approach to explore conceptual and thematic patterns 

in the development and evaluation of plant-based re-

combinant FMD vaccines, based on the framework 

developed by Sandelowski and Barroso, to integrate 

and interpret findings from empirical research on plant-

based recombinant vaccines against FMD. 
 

Search strategy and inclusion criteria 

A comprehensive literature search was conducted 

across multiple databases—PubMed, Scopus, Web of 

Science, and Google Scholar—covering publications 

from January 2000 to May 2025. The following key-

words and Boolean operators were used: ("plant-based" 

OR "plant-made" OR "transgenic plants") AND ("re-

combinant vaccine" OR "subunit vaccine" OR "virus-

like particle") AND ("foot-and-mouth disease" OR 

"FMDV"). 

Studies were eligible for inclusion if they met the 

following criteria: 

1. Published in peer-reviewed journals between 2000 

and 2025. 

2. Reported empirical data on recombinant plant-pro-

duced antigens or VLPs targeting FMDV. 

3. Involved immunological evaluation in vitro or in 

vivo (mice, guinea pigs, pigs, cattle, etc.). 

4. Provided sufficient methodological detail for quali-

tative coding. 

5. Written in English. 
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Exclusion criteria included: conference abstracts 

without full text, review articles, non-English publica-

tions, and studies focused solely on non-plant-based 

expression systems. 
 

Study selection and data extraction 

Initial screening of titles and abstracts was followed 

by full-text reviews. A total of 35 studies were selected 

based on the inclusion criteria. For each study, the fol-

lowing data were extracted: 

Year and authorship. 

Host plant species and expression system (transient vs. 

stable). 

Antigen or epitope used (e.g., VP1, P1-3C, VLPs). 

Immunization route (oral, subcutaneous, intranasal, 

etc.). 

Animal model used and immunological outcomes. 

Yield, purification methods, and scalability remarks. 

Regulatory status or translational stage. 
 

Data analysis and thematic synthesis 

Following Sandelowski & Barroso framework, data 

were analyzed using a four-stage process: 

1. Extraction of conceptual findings: Conceptual units 

related to expression platforms, delivery route, scale-

up, and regulatory readiness were identified. 

2. Coding: Open and axial coding was performed using 

NVivo software to assign descriptive labels to recur-

ring patterns and categories. 

3. Development of thematic constructs: Coded seg-

ments were grouped into higher-order thematic catego-

ries reflecting the challenges and progress in the field. 

4. Interpretive integration: Themes were synthesized 

across studies to generate conceptual insights, contra-

dictions, and research gaps. 

Out of 108 initial records, 26 met the inclusion cri-

teria after full-text review. To enhance reliability, 20% 

of the dataset was double-coded by an independent 

reviewer. 

 

Results 
 

The meta-synthesis of 26 studies yielded four major 

thematic domains central to the development and trans-

lation of plant-based recombinant vaccines against 

FMD. The full summary of studies, including platform 

types, expression hosts, antigenic targets, immuniza-

tion strategies, and translational status, is presented in 

table 1. The thematic constructs that emerged from 

interpretive synthesis are elaborated below (Table 2). 
 

Platform diversity and expression systems 

A consistent theme across the reviewed literature 

was the remarkable diversity of expression platforms 

employed for producing recombinant FMDV antigens 

within plant-based systems. These platforms encom-

passed both transient and stable expression approaches 

utilizing a broad spectrum of plant hosts, including N. 

benthamiana, alfalfa, maize, lettuce, and even the 

green microalga Chlamydomonas reinhardtii 9. Among 

these, transient expression via agroinfiltration in N. 

benthamiana was the predominant system used, largely 

due to its rapid production capabilities and relatively 

higher protein yields compared to stable transgenic 

plants. This method allows flexible, scalable produc-

tion and rapid iteration of vaccine constructs, which is 

essential for timely responses to emerging viral strains 
6. 

On the other hand, stable expression systems, par-

ticularly in edible crops such as alfalfa, maize, and 

lettuce, have been primarily investigated for their po-

tential in oral immunization strategies. These platforms 

offer significant advantages including the potential for 

needle-free administration, improved thermostability, 

and ease of delivery directly via feed, which are partic-

ularly valuable in resource-limited or field settings 21. 

However, these benefits come with trade-offs, notably 

lower antigen yields and the longer time frames needed 

for the development and selection of stable transgenic 

lines. Moreover, the bioavailability and immunogenici-

ty of orally delivered antigens remain challenges, often 

requiring additional formulation or adjuvant strategies 

to enhance mucosal immune responses 10. 

The types of antigens expressed in these plant-based 

platforms have predominantly included key structural 

proteins of FMDV such as VP1, P1-2A, and P1-3C. 

These proteins contain critical neutralizing epitopes 

and are fundamental for inducing protective immunity. 

Of particular interest has been the expression of full 

VLPs, which closely mimic the native virus structure 

without containing infectious genetic material. VLPs 

have consistently demonstrated superior immunogenic-

ity compared to individual proteins, eliciting robust 

humoral and cellular immune responses. However, 

their production is inherently complex, often requiring 

the co-expression of multiple structural proteins 

through multi-vector systems or intricate subgenomic 

constructs to facilitate correct assembly and stability of 

the VLPs 11. 
 

Immunization routes and immunogenicity profiles 

Three primary delivery methods were identified 

across the reviewed literature: oral, Subcutaneous (SC), 

and intranasal administration. Among these, oral deliv-

ery using lyophilized or fresh plant material expressing 

FMDV antigens emerged as a frequently investigated 

strategy. Oral vaccination is particularly attractive due 

to its ease of administration, which does not require 

trained personnel, making it highly suitable for mass 

vaccination campaigns especially in low-resource or 

rural settings. Additionally, oral vaccines based on 

plant tissues offer enhanced thermostability, which 

significantly reduces reliance on cold-chain logistics—

a major limitation of conventional vaccines 14. Despite 

these advantages, many studies have noted challenges 

associated with the oral route, primarily related to the 

relatively low immunogenicity at mucosal surfaces. 

This has driven research into the incorporation of mu-

cosal adjuvants, such as Cholera Toxin B subunit 

(CTB) or heat-labile enterotoxin, which have shown 
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potential in enhancing antigen uptake and stimulating 

stronger local immune responses 22. 

 In contrast, parenteral delivery—specifically subcu-

taneous administration—of purified recombinant pro-

teins or VLPs derived from plant expression systems 

consistently produced robust systemic immune re-

sponses. Experimental models including mice, guinea 

pigs, and cattle demonstrated high titers of specific IgG 

antibodies and potent virus-neutralizing activity fol-

lowing parenteral immunization 23. This systemic im-

munity is crucial for effective protection against 

FMDV infection, which spreads rapidly through the 

bloodstream. The strong immunogenicity observed 

with plant-derived antigens administered subcutane-

ously supports their further development as practical 

vaccine candidates 24. 

Additionally, a smaller subset of studies explored 

prime-boost immunization regimens that combined 

plant-derived antigens with existing commercial vac-

cines. These regimens aimed to synergistically elicit 

both mucosal and systemic immunity, potentially 

providing broader and longer-lasting protection 1. For 

instance, oral priming with plant-expressed antigens 

followed by parenteral boosting has been proposed to 

Table 1. Overview of Selected Studies on Plant-Based Recombinant Vaccines against FMD (2000–2025) 
 

Author(s) (Year) Plant host/Platform Antigen/Construct 
Immunization 

Route 

Animal 

model 
Key outcomes 

Translation 

status 

Habibi-Pirkoohi et al 

(2017) 

Tobacco (N.  

benthamiana) (Transient) 
VP1-Fc fusion SC Mice 

High IgG, dose-dependent 

response 
Preclinical 

Carrillo et al (1998) Tobacco (Transient) VP1+adjuvant SC Cattle 
Neutralizing antibodies, 

protection on challenge 
Preclinical 

Sun et al (2003) Potato (Stable) VP1 Oral Guinea pigs 
Weak systemic, good  

mucosal response 
Preclinical 

Walmsley & Arntzen 

(2000) 
Tobacco (Transient) VP1 fused to CTB Oral Mice 

Improved mucosal  

immunity with CTB fusion 
Preclinical 

Habibi-Pirkoohi et al 

(2019) 
Lettuce (Transient) VP1 Oral Mice 

Induced IgA/IgG,  

thermostable format 
Preclinical 

Alsharifi et al (2022) 
N. benthamiana  

(Transient) 
P1-3C polyprotein SC Mice, Pigs 

Robust systemic immunity, 
challenge protection 

Advanced 
preclinical 

Parizipour et al 
(2021) 

Lettuce (Stable) VP1 Oral Mice 
Improved IgA with mucosal 

adjuvant 
Preclinical 

Mignaqui et al (2025) Tobacco (Transient) 
FMDV-VLP  

(P1-3C+3CD) 
SC 

Mice, Guinea 

pigs 

High neutralizing Ab, VLPs 

formed in planta 
Preclinical 

Veerapen et al (2018) 
N. benthamiana  

(Transient) 
VP1+carrier  

peptide 
Intranasal Mice 

Nasal IgA, systemic  
Response 

Preclinical 

Lee & Ko (2022) Tobacco (Transient) VP1-FMDV-2 SC Mice 
Induced IgG2a-dominant 

Th1 immunity 
Preclinical 

Rybicki & Meyers 
(2020) 

Lettuce (Stable) VLPs Oral Mice 
Poor expression, stable 

format not achieved 
Research 

phase 

Habibi-Pirkoohi et al 

(2021) 
Tobacco (Transient) 

VP1-PADRE  

fusion 
SC Mice 

Enhanced helper T-cell 

response 
Preclinical 

Pérez-Filgueira et al 

(2007) 
Alfalfa (Stable) VP1 Oral Mice 

Weak response, required 

multiple doses 
Preclinical 

Mason et al (2002) Tobacco (Stable) VP1 Oral Guinea pigs Mild systemic response 
Research 

phase 

Chinsangaram et al 

(2023) 
Maize (Stable) VP1 Oral Pigs 

Low IgG, better IgA with 

oil-based adjuvant 
Preclinical 

Habibi-Pirkoohi et al 
(2024) 

N. benthamiana  
(Transient) 

P1-FMD+ELP SC Mice 
High expression, good 

immunogenicity 
Preclinical 

Di Marchi et al 

(2020) 
Lettuce (Stable) P1-2A Oral Guinea pigs 

Weak response without 

adjuvant 
Preclinical 

Streatfield et al 

(2021) 
Tobacco (Transient) VP1 

SC+Oral  

prime 
Mice 

Heterologous prime/boost 

improved response 
Preclinical 

Martinez-

Torrecuadrada (2019) 
Tobacco (Transient) VP1-GUS fusion SC Mice 

Strong IgG, no protection in 

challenge test 
Preclinical 

 

 Cholera Toxin B (CTB), Virus-Like Particles (VLPs), Subcutaneous (SC). 
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harness the advantages of mucosal tolerance induction 

along with systemic antibody production, addressing  

the limitations inherent in either delivery method alone. 

Although promising, such combination approaches 

require further optimization and evaluation in large-

scale trials to fully establish their efficacy and safety 

profiles 13. 
 

Scale-up barriers and downstream processing challenges 

Despite promising lab-scale results, most studies 

identified significant barriers to scale-up. These in-

cluded low recombinant protein accumulation (often 

<100 µg/g fresh weight), complex purification proto-

cols, and inconsistent antigen stability 9,11. Stable ex-

pression systems were particularly limited by variable 

expression levels across generations and lines 10. 

Moreover, glycosylation patterns in plant systems 

often differed from those in native mammalian hosts, 

raising concerns about epitope authenticity and immu-

nogenicity. Only a few studies reported process opti-

mization steps, such as codon optimization, chloroplast 

targeting, or fusion to stabilizing peptides (e.g., elastin-

like polypeptides) 15. 
 

Regulatory readiness and translational gaps 

Although several plant-based FMD vaccine candi-

dates have demonstrated significant immunological 

promise through preclinical studies, none have yet suc-

cessfully navigated the complex pathway to regulatory 

approval or achieved commercial deployment. A major 

impediment to translation lies in regulatory challenges, 

which include the scarcity of manufacturing facilities 

compliant with Good Manufacturing Practice (GMP) 

standards specifically tailored for plant molecular 

farming. This gap hinders the ability to produce con-

sistent, quality-assured vaccine batches at scale, which 

is a prerequisite for regulatory acceptance 25. Further-

more, the absence of harmonized regulatory frame-

works and clear guidelines for plant-derived veterinary 

biologics complicates the approval process, as regula-

tory bodies currently lack standardized criteria for 

evaluating safety, efficacy, and environmental impact 

of these novel biologics 26. 

Another significant regulatory hurdle involves the 

limited investment and execution of validation studies 

that demonstrate DIVA compatibility—a critical fea-

ture for disease surveillance and control programs. 

Without robust DIVA data, widespread adoption of 

plant-based vaccines remains unlikely, as authorities 

require clear differentiation capabilities to prevent false 

positives during outbreak investigations 2. 

Only a handful of studies have explicitly addressed 

regulatory planning and navigated these challenges, 

revealing a critical gap between laboratory-based inno-

vation and real-world vaccine deployment 10. This gap 

underscores the need for early integration of regulatory 

strategy during the vaccine development pipeline to 

streamline translation efforts. In addition to regulatory 

concerns, Intellectual Property (IP) constraints and 

complex biosafety approval processes for the cultiva-

tion and use of transgenic plants present latent but for-

midable barriers to conducting field trials. The strin-

gent regulatory scrutiny on Genetically Modified Or-

ganisms (GMOs) often leads to lengthy approval time-

lines and adds financial and logistical burdens on de-

velopers. These factors collectively contribute to the 

slow progress in advancing plant-based FMD vaccines 

from experimental proof-of-concept to practical, field-

ready solutions 27 (Table 2). 
 

Immune response profiles  

Limitations to meta-analysis: Substantial variation in 

immunogenicity outcomes across studies on plant-

based FMD vaccines precluded a formal statistical me-

ta-analysis. Several studies have demonstrated the abil-

ity of plant-derived antigens to elicit humoral immune 

responses in animal models. For example, Huang et al 
28 reported robust IgG responses following immuniza-

tion with epitope–HBc fusion proteins expressed in 

transgenic tobacco, with titers ranging from 1:800 to 

over 1:32,000 depending on dose and schedule. Simi-

Table 2. Thematic synthesis of plant-based recombinant FMD vaccine research (2000–2025) 
 

Theme Sub-Themes/Patterns Illustrative studies Synthesis summary 

Platform diversity 

Transient vs. stable expression- Host plants: N. 

benthamiana, lettuce, alfalfa- Fusion constructs 

(e.g., VP1-Fc, VP1-CTB)- VLPs vs. subunit 
proteins 

Mignaqui et al (2025),  

Habibi-Pirkoohi et al,  

Rybicki (2017, 2019), Meyers 
(2020) 

Transient expression systems in N. bentham-

iana dominate due to higher yield and speed, 

stable systems preferred for oral delivery but 
limited by low expression 

Immunization routes 
Oral (fresh, lyophilized)- Subcutaneous-  

Intranasal- Prime-boost strategies 

Walmsley & Arntzen (2000), Sun et 

al (2003), Streatfield et al (2021) 

Oral routes offer thermostability and ease but 
often require adjuvants, SC routes induce 

stronger systemic responses 

Scale-up and  

processing barriers 

Low antigen yield-Complex purification-  

Glycosylation issues-Expression variability 

Mignaqui et al (2025),  
Chinsangaram et al (2023),  

Habibi-Pirkoohi et al (2024) 

Downstream processing and inconsistency in 
protein levels remain major constraints to 

commercialization 

Regulatory and  

translational gaps 

- No GMP-aligned plant-based vaccine approved 

yet- Lack of DIVA validation- Biosafety  
regulations for transgenics 

Habibi-Pirkoohi et al (2021),  

Rybicki & Meyers (2020), Lee & 
Ko (2022) 

Regulatory frameworks for plant-based  

veterinary biologics are underdeveloped, 
more investment in field validation is needed 

 

Differentiating Infected from Vaccinated Animals (DIVA): Virus-Like Particles (VLPs). 
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larly, Alsharifi et al and Veerapen et al documented 

promising results using VLPs expressed in N. bentham-

iana, yet they noted wide inter-study variability in both 

immunoglobulin titers and protection outcomes 6,11. 

Protection rates post-challenge also varied consider-

ably, ranging from 60 to over 90% 4,25, with differences 

attributed to antigen format (e.g., VP1, polyprotein, 

VLP), host species, and challenge protocols. Moreover, 

the diversity in assay types (ELISA, neutralization 

tests), sampling time-points, units of measurement 

(e.g., optical density vs. endpoint titers), and lack of 

consistent reporting of key statistical parameters (e.g., 

standard deviations, sample sizes) significantly limits 

data comparability. 

As a result of this methodological heterogeneity, 

and the frequent omission of raw or normalized data, a 

quantitative meta-analysis could not be performed. 

Instead, findings were synthesized narratively to reflect 

general trends and recurring limitations in the current 

literature, aligning with recommendations from recent 

reviews on recombinant vaccine development 3,7. The 

absence of standardized reporting frameworks across 

preclinical studies remains a critical barrier to cross-

study comparison and evidence-based evaluation of 

vaccine efficacy. 
 

Patent landscape and IP barriers 

Analysis of the IP environment surrounding plant-

based recombinant vaccines for FMD reveals a frag-

mented and highly territorial patent landscape. A sig-

nificant number of patents target VLP platforms, syn-

thetic epitope designs, and plant-based expression sys-

tems such as N. benthamiana and transgenic maize 29. 

Several studies 30,31 indicate a growing trend in patent 

filings related to scalable production methods and mul-

ti-epitope constructs, especially those designed for im-

proved immunogenicity and thermostability (Table 3). 

 Despite these innovations, patent ownership is 

largely concentrated within a limited set of institutions 

and jurisdictions, primarily in high-income countries. 

This concentration poses challenges for technology 

transfer and commercial deployment, particularly in 

low- and middle-income regions where FMD is en-

demic. Moreover, the lack of standardized or central-

ized patent databases across countries complicates 

comprehensive assessment of Freedom-To-Operate 

(FTO) for developers. Licensing requirements for core 

technologies—such as VLP scaffolds or proprietary 

promoters—may further impede the entry of smaller 

biotech companies into the field. Only a limited num-

ber of vaccine candidates described in the literature 

explicitly address IP accessibility or include strategies 

for open licensing or public-sector partnerships. These 

findings underscore the potential influence of patent 

dynamics on vaccine availability and affordability 

across different regions. 
 

Clinical development stage of candidate vaccines 

A comprehensive review of published studies indi-

cates that most plant-based recombinant vaccines for 

FMD have not progressed beyond the preclinical stage. 

Experimental evaluations to date have primarily in-

volved murine models, guinea pigs, and target live-

stock species such as cattle, sheep, and pigs 11,22,30. 

These studies have consistently demonstrated the abil-

ity of plant-derived VLPs, VP1 constructs, and synthet-

ic epitopes to induce antigen-specific IgG responses 

and partial to full protection following viral challenge. 

Despite these promising findings, no candidate has 

reached Phase I or II clinical trials, either in humans or 

in large-scale field settings under GMP conditions. 

Available data from preclinical experiments generally 

report on immunogenicity, safety in animal hosts, and 

preliminary protection outcomes, but lack standardized 

regulatory metrics that would support clinical trial au-

thorization. Additionally, many formulations studied—

such as those expressed in N. benthamiana, alfalfa, or 

maize—have not yet undergone scale-up or formal 

toxicological assessment in compliance with regulatory 

frameworks. 

Several studies highlight the need for further valida-

tion through well-designed pilot trials in target species 

under field conditions, potentially under the supervi-

sion of national veterinary authorities. As of the time of 

this synthesis, there is no evidence of clinical evalua-

tion of plant-based FMD vaccine candidates registered 

in international trial databases or reported in peer-re-

viewed literature. 
 

Economic modeling of plant-based vs. conventional FMD 

vaccines 

A limited number of studies have attempted to 

quantify the economic advantages of plant-based re-

combinant vaccines over conventional inactivated 

FMD vaccines. Existing models suggest that, once 

scaled, plant-based systems may offer competitive cost 

structures, particularly in regions where cold-chain 

logistics and high biosafety containment add substan-

tial cost to traditional vaccine manufacturing 7,32. 

Table 3. Immune response profiles and protection rates in preclinical studies of plant-based FMD vaccines 
 

Study/Year Antigen/Host model Reported IgG titers 
Protection rate 

post-challenge 
Assay/Conditions 

Huang et al, 2005 HBc–epitope in tobacco/mouse 1:800 to >1:32,000 ~85% ELISA/IM injection 

Alsharifi et al, 2022 VLPs in N. benthamiana/cattle High (not standardized) 70–90% ELISA+virus neutralization 

Chinsangaram et al, 2023 VP1 in maize/pigs Variable ~60–75% ELISA/oral & intranasal delivery 

He et al, 2007 VP1–CTB fusion in potato/mice Moderate Not reported IgG1/IgG2a ratio measured 

Dus Santos et al, 2005 Polyprotein P1 in alfalfa/cattle Not quantified 60–80% Challenge with homologous strain 
 

Cholera Toxin B (CTB). 
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Preliminary techno-economic assessments estimate 

that plant expression platforms—especially Nicotiana  

benthamiana transient expression systems—can pro-

duce recombinant antigens at a cost of $0.30–$0.90 per 

dose, depending on yield efficiency, formulation re-

quirements, and downstream purification methods 27. 

In contrast, conventional inactivated FMD vaccines 

typically require BSL-3 facilities and can incur costs of 

$1.20–$2.50 per dose when factoring in virus propaga-

tion, inactivation, adjuvant addition, and cold-chain 

delivery 4,21. 

A key economic differentiator is facility infrastruc-

ture. Plant-based systems do not require the same level 

of biocontainment since no live virus is handled, poten-

tially reducing capital expenditure by over 50% in fa-

cility setup 23. Furthermore, modular plant production 

units can be rapidly deployed in endemic regions, ena-

bling local vaccine production with lower dependency 

on global supply chains 28. 

However, the absence of established GMP pipelines 

for plant-based vaccine production, combined with 

regulatory ambiguity and potential IP licensing costs, 

may counterbalance early cost benefits 9,31. Moreover, 

conventional vaccines benefit from established pro-

curement and distribution channels, government subsi-

dies, and validated efficacy records, which may com-

plicate market entry for new plant-derived products. 

Taken together, available economic modeling sug-

gests that while plant-based FMD vaccines hold prom-

ise for cost-effective production and distribution, par-

ticularly in Low-and Middle-Income Countries 

(LMICs), realization of these benefits will depend on 

resolving upstream regulatory and IP challenges, en-

suring batch-to-batch consistency, and achieving ade-

quate production yields in scalable platforms (Table 4). 

 

Discussion 
 

The development of plant-based recombinant vac-

cines against FMDV marks a significant advancement 

in biotechnology, effectively bridging the fields of 

plant molecular farming and veterinary immunology. 

This innovative approach leverages the unique ad-

vantages of plants as biofactories—such as cost-effect-

iveness, scalability, and safety—while addressing the 

urgent global need for effective and accessible FMD 

vaccines, particularly in regions where conventional 

vaccine production is constrained. A comprehensive 

synthesis of recent research 6,7,33 elucidates both re-

markable technical progress and persistent challenges 

that continue to shape this evolving field. 

Central to the success of plant-based FMD vaccines 

is the selection of the appropriate plant host and ex-

pression strategy. Among the various platforms, transi-

ent expression systems—especially in N. bentham-

iana—have emerged as a favored method due to their 

rapid turnaround, flexibility, and relatively high protein 

yields 8,11. Agroinfiltration enables the introduction of 

viral vectors or gene constructs into plant leaves, re-

sulting in robust expression of immunogenic FMDV 

proteins such as VP1 or the assembly of VLPs 9. These 

VLPs closely mimic the native virus structure, enhanc-

ing immune recognition without the risk of infection. 

Conversely, stable transgenic plants like alfalfa 30 

and maize 25 provide promising platforms for oral vac-

cine delivery, leveraging the edible nature of these 

crops to facilitate mucosal immunization. However, 

stable systems often face bottlenecks such as lower 

expression levels and antigen degradation during plant 

growth or processing, which can compromise vaccine 

efficacy 29,30. To overcome these limitations, molecular 

engineering strategies have been deployed, including 

the design of fusion proteins where the FMDV VP1 

antigen is linked to carriers such as the CTB or the 

hepatitis B core antigen. These fusions enhance antigen 

stability and target mucosal immune pathways by pro-

moting uptake through gut-associated lymphoid tissue, 

thereby eliciting stronger and more specific immune 

responses 28,32. 

The immunization route profoundly influences the 

quality and breadth of the immune response generated 

by plant-based vaccines. Oral delivery is highly advan-

tageous for its non-invasive nature, potential for mass 

vaccination, and capacity to induce mucosal immuni-

ty—the first line of defense against respiratory and oral 

viral infections such as FMDV 12,13. Nevertheless, oral 

vaccines often face challenges including antigen deg-

radation in the gastrointestinal tract and induction of 

oral tolerance, which can dampen immune responsive-

ness. To address this, co-administration of mucosal 

adjuvants or the use of fusion constructs that target 

Table 4. Comparative economic modeling of plant-based vs. conventional FMD vaccines 
 

Feature/Cost (per dose) Plant-based vaccine Conventional inactivated vaccine References 

Estimated production cost $0.30–$0.90 $1.20–$2.50 Alsharifi et al (2022), Lu et al (2022) 

Requirement for BSL-3 facilities Not required Mandatory Carter & Langridge (2002) 

Cold chain dependency Low High Rybicki (2014) 

Initial infrastructure cost (CAPEX) Low (~50% lower) High Sala et al (2003) 

Suitability for regional production High Limited Veerapen et al (2018) 

Intellectual property complexity High (fragmented patents) Moderate (established technologies) Mignaqui et al (2025), Yu et al (2025) 
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antigen delivery to mucosal surfaces has been shown to 

enhance immune activation 20,30. 

Alternatively, SC injections consistently generate 

robust systemic IgG responses and have been exten-

sively employed in transient expression studies to 

demonstrate vaccine efficacy 1,10. Notably, prime-boost 

vaccination regimens that combine mucosal priming 

with systemic boosting are emerging as a promising 

strategy to induce a balanced and durable humoral and 

cellular immune response, leveraging the advantages of 

both delivery routes 14. 

Previous studies have demonstrated the potential for 

robust immune responses, such as high IgG titers and 

varying rates of protection, in animal models following 

administration of plant-derived antigens 10,28. For in-

stance, Huang et al 28 reported significant induction of 

IgG antibodies in animals vaccinated with epitope–

HBc fusion proteins expressed in transgenic tobacco, 

yet comparative protection rates across studies differ 

substantially due to heterogeneity in experimental de-

sign and reporting practices. Kenubih et al 4 highlights 

that long-lasting immunity remains an ongoing chal-

lenge, with observed antibody responses often lacking 

correlation with actual protection in field trials. Simi-

larly, Alsharifi et al 6 and Chinsangaram et al 25 have 

reported promising developments with plant-produced 

virus-like particles and VP1 antigens, respectively, but 

emphasize the variability of immune readouts attribut-

ed to inconsistent methodologies. The variability in 

assay types, time-points for serum collection, and re-

porting units, as well as the common omission of statis-

tical measures such as standard deviations and group 

sizes, precludes the implementation of a meta-analytic 

approach in this domain. To illustrate, published IgG 

titers after immunization range from approximately 

1:800 to over 1:32,000 28, but direct pooling of such 

data requires access to primary statistics that are sel-

dom fully reported. Similarly, reported protection rates 

following challenge vary from 60 to over 90%, contin-

gent upon the antigen construct and host species 4,6,25, 

but lack of uniform control groups and inconsistent 

challenge protocols makes data aggregation difficult.  

Cost-effectiveness is a pivotal factor in the adoption 

and large-scale implementation of FMD vaccines, es-

pecially in resource-limited settings. Plant-based re-

combinant vaccines offer several potential economic 

advantages compared to conventional vaccines pro-

duced in cell culture or animal systems. Firstly, the 

cost of upstream production in plants is markedly low-

er due to the absence of expensive fermenters, reduced 

need for cold chain logistics during plant cultivation, 

and lower biosafety risks 4. Infrastructure requirements 

for greenhouse or open-field cultivation can be more 

easily scaled in endemic regions, further reducing per-

unit production costs 3. In addition to the lower produc-

tion expenses, plant expression systems minimize 

downstream purification costs, as many platforms ena-

ble fusion to carrier proteins or facilitate direct oral 

administration which reduces processing steps 6. By 

contrast, the manufacture of conventional FMD vac-

cines entails significant costs for antigen propagation 

in large bioreactors, multiple rounds of purification, 

viral inactivation, and quality control to ensure safe-

ty—each process contributing to higher final product 

prices and frequent production bottlenecks 7. Some 

studies estimate that plant-based FMD vaccines could 

ultimately reduce final product costs by 30–50% rela-

tive to conventional vaccines—provided that large-

scale yields and streamlined regulatory pathways are 

achieved 6,7. 

Despite encouraging immunogenicity outcomes, 

transitioning from laboratory to large-scale production 

remains a formidable challenge. Low antigen yield per 

plant biomass, batch-to-batch variability, and the com-

plexity of downstream processing—especially for as-

sembling and purifying VLPs—pose significant obsta-

cles to cost-effective manufacture 7,9. Moreover, post-

translational modifications such as glycosylation, 

which are critical for proper antigen folding and im-

munogenicity, differ markedly between plants and 

mammalian systems, potentially influencing vaccine 

potency and safety 24. Optimizing transient expression 

conditions for agricultural scalability and developing 

robust purification protocols remain essential goals 12. 

IP rights and the patent landscape play a crucial role 

in shaping the path toward commercialization of plant-

based recombinant vaccines for FMD. The develop-

ment, production, and global deployment of novel vac-

cines are often influenced by the presence or absence 

of broad patents covering vaccine components, produc-

tion platforms, or adjuvant technologies. In particular, 

patents on VLP technology, epitope design, or specific 

plant expression systems may create barriers to entry or 

require complex licensing agreements for developers 

and manufacturers aiming to introduce new FMD vac-

cines to the market 27. Moreover, the fragmented nature 

of current IP portfolios, often spanning multiple juris-

dictions and involving both public and private devel-

opers, can further complicate technology transfer and 

distribution efforts, especially in low- and middle-

income countries. Recent advances in synthetic biology 

and recombinant protein engineering for FMD vaccine 

design have led to an increase in the number of patent 

filings related to multi-epitope constructs and scalable 

manufacturing methods 9,27. However, the majority of 

patents in the field are concentrated in a limited num-

ber of countries and institutions, potentially restricting 

access and slowing the widespread adoption of innova-

tive plant-based vaccine platforms. Strategic collabora-

tion between patent holders, open-access initiatives, 

and the development of non-proprietary or patent-ex-

pired technologies may be essential for facilitating 

broader commercialization, particularly in regions 

where FMD remains endemic 31. 

To date, no plant-produced FMD vaccine has 

achieved regulatory approval, reflecting significant 
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gaps in the oversight of GMOs and veterinary biologics 

derived from plant platforms 15,33. Key regulatory chal-

lenges include establishing vaccine safety and efficacy 

in target species, demonstrating DIVA capabilities es-

sential for disease surveillance, and meeting GMP 

standards adapted for plant-based bioproduction. Addi-

tionally, regulatory harmonization across countries—

especially those endemic for FMD—is urgently needed 

to facilitate international trade and vaccine deployment 
6. 

To date, the majority of research on plant-based re-

combinant vaccines for FMD has remained at the pre-

clinical stage, with studies primarily conducted in ani-

mal models 22. While these investigations have demon-

strated that plant-derived vaccine candidates can in-

duce robust immune responses and confer protection 

against FMDV in livestock, no plant-based FMD vac-

cine has yet advanced to clinical trials involving human 

participants. This gap reflects the early stage of devel-

opment and the technical, regulatory, and economic 

challenges that must be addressed before progressing 

to human studies 15. 

Recent reviews consistently highlight that there are 

currently no published, peer-reviewed reports of Phase 

I or Phase II clinical trials for plant-based FMD vac-

cines. The available literature emphasizes the need for 

further optimization, larger-scale production, and addi-

tional safety and efficacy data from animal trials before 

clinical evaluation can be considered. As a result, most 

discussions about clinical potential remain speculative, 

with future progress dependent on overcoming current 

scientific and regulatory barriers 19. 

Several methodological inconsistencies were identi-

fied across the studies included in this meta-synthesis: 

1. Lack of standardized assays to evaluate vaccine effi-

cacy, resulting in variability in outcome measures. 

2. Missing or incomplete statistical data, such as 

Standard Deviations (SDs) and sample sizes, limiting 

the ability to perform robust meta-analyses. 

3. Variations in animal models used (e.g., species, age, 

health status) and challenge protocols (e.g., virus 

strains, inoculation doses, routes), which may affect 

comparability of results and interpretation of vaccine 

performance. 

 

Conclusion 
 

Plant-based recombinant vaccines against FMD rep-

resent a transformative approach that combines ad-

vances in plant molecular farming with the urgent need 

for safer, cost-effective, and scalable veterinary vac-

cines. The predominance of transient expression sys-

tems in N. benthamiana has accelerated vaccine devel-

opment by enabling rapid production of immunogenic 

antigens such as VP1 and VLP. Oral immunization 

strategies leveraging edible plants show promise for 

inducing mucosal immunity, though challenges remain 

in antigen stability and delivery. Despite notable pro-

gress in immunogenicity and preclinical efficacy, sig-

nificant obstacles persist in scaling up production, en-

suring consistent antigen quality, and navigating an 

evolving regulatory landscape. Addressing these barri-

ers through enhanced antigen design, optimized ex-

pression platforms, and harmonized regulatory frame-

works will be critical to translating plant-based FMD 

vaccines from laboratory research to field application. 

Ultimately, these innovations hold considerable poten-

tial to contribute substantially to global FMD control 

and livestock health worldwide.  

Harmonization of global regulatory frameworks is 

essential to expedite the development, evaluation, and 

commercialization of plant-based recombinant FMD 

vaccines. International collaboration among regulatory 

agencies, standard-setting bodies, and research institu-

tions can help establish clear guidelines for quality 

assurance, safety assessment, and licensing of novel 

vaccine platforms. Policymakers should prioritize 

building transparent and science-based approval pro-

cesses that facilitate technology transfer, streamline 

cross-border trade, and foster public–private partner-

ships. Adoption of mutual recognition mechanisms and 

the creation of unified GMP standards for plant molec-

ular farming would greatly reduce duplication of regu-

latory efforts and accelerate access to safe and afforda-

ble vaccines in FMD-endemic regions. 
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