Volume |

Animal Health Perspectives |

CHAPTER 34

RECOMBINANT THERAPEUTICS EXPRESSED IN TRANSGENIC PLANTS WITH
POTENTIAL APPLICATIONS IN VETERINARY DISEASES

Atif Ahmed', Shafique Ahmed?, Sohail Ahmad®, Aiman Zahra'“, Muhammad Azmat Ullah Khan®, Muhammad Azam Ali"?, Adnan

Igbal® and Sidra Hasnain?

'Centre of Excellence in Molecular Biology, University of the Punjab, Lahore — Pakistan

’The Superior University, Lahore — Pakistan

3Clinic of Nephrology and Hypertension, Otto Von Guerick University Magdeburg — Germany

*Virtual University of Pakistan — Pakistan

University of Gujrat, Gujrat — Pakistan

The University of Lahore, Lahore — Pakistan
*Corresponding author: shafique.ahmed@superior.edu.pk

INTRODUCTION

The livestock industry has grown up swiftly from the last
decade and earned $1.4 trillion annually (Sohaib and Jamil
2017). This industry is continuously evolving due to rapidly
increasing demand of livestock products. Therefore, use of
veterinary drugs is essential for therapeutic and prophylactic
purposes in livestock production to improve growth,
productivity, and food safety (Falowo and Akimoladun 2019).
Only one segment of this sector i.e., meat production valued
at 838.3 billion U.S. dollars in 2020 and forecasted to increase
to | 157.6 billion U.S. dollars by 2025. These drugs are globally
utilized to enhance the profitability and productivity of modern
food animal production by facilitating higher animal densities,
earlier weaning, meat quality, cheaper feeds, and carcass yield
(Moreno and Lanusse 2017). These life-saving agents include a
broad range of natural, syntheticc and semi-synthetic
compounds such as, antibiotics, antiparasitics, B-agonist and
vaccines (Moreno and Lanusse 2017). Among the antibiotics
used in livestock production, commonly consumed are
amprolium, penicillin, tetracyclines, streptomycin, tylosin,
sulphonamides, aminoglycosides, [-lactams, quinolones
macrolides and lincosamides (Landoni and Albarellos 2015;
Alhaji et al. 2018) while antiparasitic drugs include
anthelmintics or coccidiostats such as stilbenes, nitrofurans,
amphenicols, nitroimidazoles, pyrethroids, carbamates and
sedatives (Falowo and Akimoladun 2019).

The extensive use of antimicrobial agents leads to continuously
increasing antimicrobial resistance. Mostly, scientists believe
that improper and immense administration of antimicrobials is
a single most significant factor that is responsible for
emergence of resistance (Hoelzer et al. 2017). The veterinary
researchers have identified that intestinal microbiome of food
producing animals can act as a reservoir of resistant bacteria in
the society (Graveland 201 |; Patchanee 2014; Moradigaravand
et al. 2017). However, there is high risk of multi-drug resistant
bacterial zoonosis and pose a serious threat to the public
health (Zhu et al. 2013; Jans et al. 2017; Lugsomya et al. 2018).
At present, the average annual utilization of antimicrobial

compounds per-kilogram of animal produced is approximately
at >100mg/kg worldwide (Vishnuraj et al. 2016). It has been
estimated that almost 80% of the antibiotics consumed in
veterinary field are growth promoters, which mostly exceed
the amount of total antibiotic consumption in human medical
care (Vishnuraj et al. 2016). The antibiotic residues in edible
animal products have increased beyond the acceptable level in
most of developing countries (Use, 2017). Moreover, many
scientific reports revealed that consistently use of antimicrobial
agents in enormous amount result in deposition of drug
residues in different organs and muscles of animals (Sanz et al.,
2015). These residues in edible animal products can cause
severe health risks to humans when ingested (Use, 2017). The
development of antimicrobial resistance and hypersensitivity
reactions are most common outcome in humans (Use, 2017).

Dawn of Recombinant Therapeutics

The recombinant proteins are gaining much attention
worldwide due to its variety of applications. Efficient strategies
are utilized to produce high quality proteins in enormous
amount with low cost (Palomares et al. 2004). The potential of
engineered recombinant proteins are widely explored for the
development of therapeutic and prophylactic use (Gifre et al.
2017). These include antibodies, enzymes, cytokines, growth
factors and vaccines (Schillberg et al. 2019). These proteins are
synthesized in various expression systems depending upon the
type of protein. Commonly used expression systems are
bacteria, yeast, filamentous fungi, and unicellular algae
(Legastelois et al. 2017; Owczarek et al. 2019). All expression
systems have their own merits and demerits, and its selection
depends upon the protein of interest to be expressed, such as,
eukaryotic protein modifications are only possible in
eukaryotic expression system because prokaryotic system
does not support these modifications (Rai and Padh 2001).
Moreover, cell free expression systems are now attracting the
attention of scientific community to be utilized for the fast
synthesis of recombinant proteins with eliminating the
processes of purification (Swiech et al. 2012).
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These proteins are widely utilized due to its dynamic
properties. The gene encoding the particular protein is isolated
from the respective organism and synthesized in various
expression systems. Thereafter, same protein is again injected
in the living body e.g., insulin. Therapeutic proteins minimize
the issues related to the synthetic and semi-synthetic drugs e.g.,
antibiotic associated diarrhea, unpleasant taste and reduce
absorption from the gut. Appropriate modifications are
required to increase specificity, to prolong half-life, and to
improve functionality (Gupta et al. 2017). The continuous
impressive work by the scientists in the recombinant protein
technology have brought multiple therapeutic proteins into
clinical applications (Kim et al. 2017). Due to these
advancements, demand of recombinant proteins is increasing
in the livestock sector as well.

Different Ranks of the Recombinant Therapeutics

Vaccines are very successful method for disease prophylaxis in
humans and animals. Most deadly diseases are cured today
through the conventional and modern vaccines which
significantly decrease the graph of diseases in livestock (Jorge
and Dellagostin 2017). Majority of conventional vaccines today
in market include live attenuated vaccines, killed vaccines,
inactivated vaccines, toxoids and cell membrane compounds
(McVey and Shi 2010; Unnikrishnan et al. 2012). Attenuated
vaccines are very effective in stimulation of immune response
both humoral and cell mediated (Rizzi et al. 2012; da Costa et
al. 2015). However, killed and inactivated vaccines are
preferred over the attenuated vaccines due to its safety profile
in the animal body, but they are less effective to elicit the
immune response in the host along with its adverse effects
(Cho et al. 2002; Moreira et al. 2016). The main problem
associated with the attenuated vaccines is its reversion back to
its virulent form after inoculation into the body (Shimoji et al.
2002; Unnikrishnan et al. 2012). Toxoid vaccines are raised
against lethal and fatal bacterial and mycotoxins after
inactivation through chemical agents (Arimitsu et al. 2004).
Toxoids are effective in a sense that these induce reliable
humoral immune response but negligible cell-mediated immune
response (Jorge and Dellagostin 2017). The widespread use of
these prophylactic agents prominently improves animal health.
Although, multiple bacterial and viral diseases in animals are
efficiently treated with conventional vaccines but they are still
expensive to produce and require administration of multiple
doses to achieve optimal immune response (Meeusen et al.
2007; Delany et al. 2014). Therefore, it is the necessity of the
time to introduce the more immunogenic, safer and
economical vaccines, which are more capable to efficiently
control and eradicate the animal diseases.

The advancements in next generation sequence technologies
and understanding the molecular mechanisms of pathogenesis
of various pathogens resulted in the introduction of
recombinant veterinary vaccines in the market (Jorge and
Dellagostin 2017). It enables the genome and proteome
screening with the aid of next generation technologies, which
prominently enhance the chances of more appropriate antigen
discovery. The vaccines based on the relevant epitopes could
successfully evoke the optimal protective immunity in the host
(Jorge and Dellagostin 2017). However, impressive progress in
the field of genomics initiated the era of ‘third generation’ of
vaccines using the applied technologies such as, reverse
vaccinology that open it up in the broad spectrum (Dellagostin
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2011; Rappuoli et al. 2014). This approach led to the
identification of less abundant and non-identified proteins as
vaccines. Furthermore, we can recognize the potential targets
for vaccines by eliminating the process of passaging. The next
generation vaccines could be multivalent, better safety profile
and optimal immune stimulation (Oliveira et al. 2015).

Different types of recombinant vaccines have been designed for
livestock animals for preventive purpose. Subunit vaccines are
based on small, specific and non-infectious proteins. Therefore,
these vaccines are safe and non-replicative immune-
modulatory agents (Jorge and Dellagostin 2017). Moreover, we
can evoke the immune response against multiple pathogens or
multiple serotypes of same pathogen by inoculating the cluster
of multiple proteins in one subunit vaccine (Dellagostin 201 1).
However, major drawbacks of subunit vaccines are moderate
immune response and requirement of an adjuvant to produce
robust immune response (Jorge and Dellagostin 2017). On the
other hand, vector-based vaccines contain the core of
pathogen and display multiple membrane bounded antigens
(Jorge and Dellagostin 2017). The core is also utilized as a
carrier to deliver genes for other pathogens; these antigens will
express to stimulate immunogenic response. In contrast, DNA
vaccines contain only the template that codes for the antigenic
proteins. It not only overcomes the safety issues but also the
production of cytotoxic T cells (Meeusen et al. 2007).

Recombinant Therapeutics Producing Plants — Need
and Rationale

Plants have been historically used as medicine and lately the
trend is shifting back to further explore their potential against
bacteria, fungus, and other pathogens (Hamayun et al. 2021;
Tariq et al. 2020; Khan and Javaid 2020; Rehman et al. 2020).
Scientists are extensively studying the applications of plants
related to the production of biopharmaceuticals. The plants are
the ultimate source of food and various nutrients for living
organisms on earth especially animals and humans. Now,
scientists want to merge the biopharmaceutical objectives with
their contribution in food manufacturing (Walmsley and
Arntzen 2000). Therefore, the potential of plants is utilized for
the production of growth factors, enzymes, vaccines,
hormones, antibodies and peptide based antibiotic drugs along
with the synthesis of essential proteins, primary sugars and vital
amines. For this purpose, transgenic plants are developing using
various applied techniques. The transgenic plants are preferred
to achieve the therapeutic needs due to its enormous
production and strengthening antigenicity (Rybicki 2009).

How does it work?

The manufacturing process of plant-based vaccines begin with
the selection of gene of interest expressing the particular
antigenic determinant. The candidate gene for particular
vaccine is cloned in the plant expression cassette that have
ability of promoting and terminating expression (Rybicki 2009).
Subsequently, the expression cassette is delivered to the plant
for synthesis of recombinant protein (Walmsley and Arntzen
2000). The stable or transient transformation occur after
successful delivery of expression cassette to the plant carrying
the particular gene. The transient gene expression is quick and
convenient method but yield of protein is low in amount and
production of foreign protein for temporary period (Liew and
Hair-Bejo 2015). Contrastingly, the candidate gene is



permanently incorporated in the plant genome which is the
principal benefit of stable transgenic expression. The antigenic
trait is inherited in the genome, which allows the transfer of
desired character over multiple generations (Santi 2009). Thus,
mass stocks of transgenic seeds are available for the cultivation
of next generation (Joensuu et al. 2008).

The plants for vaccine production are grown in plant factory
systems instead of conventional soil-based cultivation. Artificial
environment is created in plant factory systems to control the
CO2 concentration, temperature, humidity, light quality and
quantity, and defined hydroponic media (Shim et al. 2019). In
contrast to egg-based vaccine production, which requires at
least 180 days, the plant-based systems take only 21 days for
vaccine production (D’Aoust et al. 2010). However, cultivation
of transgenic plants in natural environment demands basic
requirements such as, sunlight, water and nutrients for simple
and economical propagation. Additionally, harvest and further
processing do not need complicated procedures to achieve the
final product (Mason et al. 2002). These systems are 10 to 40
times more economical than vaccine production by E. coli
fermentation (Giddings 2001; Mett 2008) and [40 times
cheaper than baculovirus insect-based system (Rosales-
Mendoza et al. 2017). Moreover, we can manipulate the
glycosylation pathway to produce diversity of similar antigens
instead of specific glycosylation (Rosales-Mendoza et al., 2017).
These systems also help in the synthesis of cheap and natural
vaccines. Thus, plant factory systems are considered as
alternative methods for the production of biopharmaceuticals
worldwide. Despite its advantages, it requires the more
attention of scientists to work out in this domain because only
few vaccines have passed the pre-clinical trials and now passing
through the clinical trials. The plant-based systems got success
to develop the vaccine against most common disease in cloven-
hoofed animals i.e., the foot and mouth disease. The VP| whole
coat protein or the antigenic peptides of FMDYV are successfully
expressed in different transgenic plants like, alfalfa, arabidopsis
and potato. In addition, VPI is also expressed using the plant
viral vector such as, tobacco mosaic virus and tobacco leaf curl
virus. The leaf extracts were prepared and delivered by
ingestion and injection into the intraperitoneal cavity of mice.
The mice developed protective immunity and upon the live
FMDYV challenge, it showed protection against it. Afterwards,
experiments were conducted in the swine, the natural host of
FMDV. The VPl immunogenic peptide was inserted in the
modified coat of bamboo mosaic virus followed by its infection
to Chenopodium quinoa, the host for Bamboo mosaic virus. Two
doses of 5mg of leaf extract were prepared and inoculated
intramuscularly in the pigs. This resulted in the synthesis of
anti-FMDYV antibodies. Then the pigs were challenged with the
live FMDV and after four weeks of booster dose showed
complete protection (Liew and Hair-Bejo 2015). Similarly, the
same approach was used to produce vaccine against mink
enteritis virus and rabbit hemorrhagic disease. In MEV vaccine,
the viral VP2 capsid was expressed in black-eyed bean. The
short epitope was incorporated in the cotton mosaic virus
followed by infection to the plant. Two doses of Img leaf
extract were injected subcutaneously that developed optimal
immunity in the mink (Dalsgaard et al. 1997). Likewise, Vp60 of
rabbit hemorrhagic disease was inserted in the potatoes to
produce immunity in the rabbits (Castanon et al. 1999).

Apart from livestock vaccines, plant based transgenic poultry
vaccines are also under process against major poultry diseases.
The infectious bursal disease is highly contagious and deadly
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disease of young chickens. The VP2 capsid contain two
segments, segment A and B (Nick et al. 1976). The strain E
gene of segment B contain neutralizing antigenic determinants,
which is incorporated in the Arabidopsis thaliana (Wu et al.
2004). In another study, gene of attenuated segment A of VP2
was expressed in rice seeds. In oral immunization trial with rice
seeds, four consecutive doses of 5g transgenic rice seeds were
fed with the interval of one week each (Wu et al,, 2007). One
dose contained 10mg of VP2 protein and stimulate optimal
immunity in the chickens. The chickens remained healthy when
infectious IBDV was challenged to it (Mason and Herbst-
Kralovetz 201 1).

The transgenic plants seem to be excellent alternative source
for the production of biopharmaceuticals. The transient
expression systems produce rapid synthesis of therapeutic
proteins while stable expression requires permanent insertion
of genetic element in the plant genome. The transgenic plants
grown in the natural systems require only basic plant needs,
which are able to produce recombinant proteins. The
glycosylation pathway can be manipulated to produce diverse
post-translational modification (Shim et al. 2019). Moreover,
cheap and enhanced productivity in the plant factory are the
prominent advantages in the current economic situation
worldwide.

Challenges of Recombinant Therapeutics Production
in Plants

Plant based recombinant therapeutics are in high demand due
to their low cost, high efficacy, edible property and ease of
administration. Host plant system act as a bioreactor for the
intended transgenic protein and express it alongside other host
proteins. Although plant derived recombinant proteins are
holding a promising future yet this system is not completely
ideal and risk free. There are certain limitations which hinder
the full utilization of plant derived recombinant protein
production i.e. (1) selection of plant host (2) limited product
yield (3) Safety and health concern (4) Environmental risks.

Selection of Protein and Plant Expression Host

First and most critical step in recombinant protein production
is the selection of suitable plant expression system as well as
desired protein. This stage is crucial as all the plant expression
hosts are not compatible with desired protein or antigen and
hence will compromise the expression. Careful selection and
use of modern approaches (such as genomics and proteomics
analysis) help in development of vaccines for poorly
characterize pathogens (Rigano and Walmsely 2005; Sharma
and Sood 201 I).

Limited Product Yield

In plant based recombinant therapeutics, product yield is of
prime importance and defined as grams of product obtained
per unit of plant biomass. Although biomass production is
scalable in molecular pharming but product expression is low
in magnitude and require more attention and efforts to achieve
the desired targets. There are various factors behind the yield
limitation i.e. genetic elements choice, epigenetic,
environmental and biochemical factors alongside downstream
processing techniques (Twyman 2013).



Yield Limiting Genetic Factors

Product yield is largely depending upon the transcriptional and
translational efficiencies of transgene and require special
attention while designing the construct. Choice of upstream
and downstream regulatory elements is critical in this regard.
Strong promoter alongside other genetic elements is necessary
for higher, stable and organ specific transgene expression. A
strong constitutive promoter is often required to enhance the
transcriptional yield which will further enhance the product
(protein) yield. Organ specific promoter is often desirable
where transgene product is hindering vegetative growth of
host plant or a specific plant organ is intended for harvesting
and post-harvest applications. Seed based edible vaccines are
an example of it as they are easy to administer and store. Apart
from promoter, certain other genetic elements can also be
introduced into expression constructs to enhance mRNA
stability or to enhance the translation efficiency. These
elements are either endogenous elements such as 5’ or 3’
UTRs (Untranslated regions) or exogenous such as introns,
Kozak’s consensus sequence etc. (Mitsuhara et al. 1996;
Sharma et al. 2008; Lu et al. 2008; Peremarti et al. 2010).

Epigenetic Factors Affecting Yield

As compared to genetic factors, epigenetic effects are
independent from DNA sequence. They mainly influence the
expression cassette through their position, structure or
complexity of the locus. These factors are hard to control as
transgene integration is random instead of sequence specific.
Due to the above-mentioned limitations, transgene integration
into host genome is of prime importance. Surrounding genetic
elements as well as integration into a silencing locus (positional
silencing) both can influence transgene stability and expression.
Sometime multi copy transgene are prone to instability and
silencing. But many other instances shows that high copy
number is proportional to greater gene expression, hence
proving that copy number is not the reason behind silencing
but some other factors influence it, such as hairpin loop
formation etc. In order to avoid epigenetic silencing,
intervening genetic elements (MARs matrix attachment
regions) can be introduced in between transgene and
surrounding host genetic elements. Transient gene expression
(which involves the expression of transgene into non-
transgenic plants without integrating into host genome) is often
preferred to avoid epigenetic silencing. Although transient
expression is short lived due to transgene degradation and
environmental stresses but still its ability to give high yield in a
short period of time is promising and utilized in large scale
vaccine manufacturing to cope the high demand (Topping et al.
1991; Kohli et al. 2003; Datta et al. 2003; Halweg et al. 2005;
Kohli et al. 2006; Paul et al. 2013).

Yield Limiting Biochemical and Environmental Factors

Expression and accumulation of recombinant protein in plants
is depending upon both intracellular as well as external factors.
Biochemical species within cells (include proteases, free
radicals, pH and salt etc.) often interfere with recombinant
protein, limiting its accumulation and stability. Through
experimental investigations, it is learnt that secretory pathway
of protein synthesis is more feasible in terms of protein folding
and post translational modification as compare to cytosolic
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protein synthesis. A common approach in this regard is the
attachment of a signal peptide to target recombinant protein
into ER and Golgi bodies from where they will be either stored
into vacuole or apoplast (Schillberg et al. 1999; Vitale and
Denecke 1999).

External factors (such as nutrients, heat, pH, light etc.) can also
interfere in plant growth ultimately affecting expression of
recombinant protein. Nitrogen availability is critical in plant
metabolism as it pivotal in amino acid biosynthesis. In order to
ensure uniform growth, plants are grown under controlled
condition and all growth requirements are monitored regularly
(Fischer et al. 2012; Twyman 2013).

Downstream Processing or Harvesting Issues

Downstream processing or harvest intended for the extraction
of recombinant protein is critical in both plants derived as well
as conventional expression systems. Innovative separation
strategies are being utilized to overcome this issue such as co-
extraction of proteins with lipid fraction (Oleosin platform)
followed by endo-proteolytic cleavage. Other strategies
include expression of recombinant proteins into edible parts of
plant such as seed or fruits and consume directly. Despite of
their promise, edible recombinant proteins havecertain
limitations such as dosage determination, antigen selection,
efficacy, quality control and regulatory issues (Paul and Ma
2011).

Health and Safety Concern

Plant derived recombinant proteins pose some health and
safety concerns which need to be considered while utilizing the
plant-based systems. One of the safety concerns is the
development of hypersensitivity (allergy) especially against
orally administrated vaccines and therapeutics. Certain post
translational modification such as N glycosylation and
administration of vaccines with adjuvants may cause
hypersensitivity issues. In order to produce plant derived
protein of biopharmaceutical use, manufacturing facility should
be well equipped and follow the guidelines of regulatory
authorities. Stringent quality control management which
includes Good Agriculture Practices (GAP) and Good
Manufacturing Practices (GMP) is the mandatory and should be
primary responsibility of manufacturer. Implementation of
GMP standards is a huge challenge which can be addressed
through in process monitoring, skilled workers and by the
proper design of the production facility (Cox et al. 2012; Guan
etal. 2013; Sato et al. 2014).

Environmental Risk

Escape of the transgene into environment is the biggest
concern in genetic engineering. Many GMO varieties utilize the
toxic or resistance genes which if escape can cause some
serious problems. Molecular pharming of transgenic plant
alongside the non-transgenic varieties can contaminate the
non-GMOs and confer them toxic or resistance properties.
During the production of recombinant proteins, transgene
might escape and contaminate the normal food chain; this will
result in safety and health issues (allergic reactions). Majority
of recombinant protein production utilizes the antibiotic
resistance gene markers; hence imparting the resistance issues
in bacteria and other microorganisms (WHO [992).
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