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ABSTRACT 

 

Despite commendable research efforts over nearly 30 years, a protective HIV vaccine is still 

not available.  Thus, it has become crucial to develop other strategies for disease prevention, 

such as microbicides that would effectively block the initial transmission of the virus.  Plants 

are emerging as cost friendly alternative production systems for a variety of pharmaceuticals.  

Numerous therapeutic proteins have been produced in plant systems (Giddings et al., 2000; 

Ma et al., 2003).  Protein based microbicides,-namely, neutralising antibodies and peptide 

lectins- lend themselves to production in plants (De Muynck et al., 2010; Matoba et al., 2010; 

Sexton et al. 2006; O’Keefe et al., 2009).  One of these lectins, namely Griffithsin (GRFT) 

was isolated from the blue green algae Griffithsia and is being developed as a leading anti-

HIV microbicide peptide (Mori et al., 2005).  As literature indicates, the optimal production 

of any protein is an empirical experimentation with different host systems, vector systems, 

codon optimisations and subcellular targeting. (Maclean et al., 2007; Yang et al., 2005).  The 

latter sometimes results in unexpected locations which might reflect on an inherent property 

of the protein itself or specifically be associated with the plant organ involved (Chikwamba et 

al., 2003).  This again can influence protein yield- and activity, and impact downstream 

purification.  In this study we aimed to compare expression levels using both Zea mays 

(maize) and Nicotiana benthamiana (tobacco) with relevant vector technologies.  We 

expressed GRFT in maize using an endosperm specific maize expression vector with and 

without a signal peptide.  In tobacco we utilised both the pTRA binary vector and magnICON 

deconstructed viral vector system to express GRFT with different subcellular targeting 

signals.  Protein extractions were prepared from transgenic maize seed and infiltrated tobacco 

Expression of GRFT was confirmed using immunoblotting and accumulation levels were 

measured using ELISA.  We concluded that tobacco was the optimal expression host in 

which subcellular targeting resulted in different expression levels, while in maize expression 

was significantly lower with subcellular targeting not resulting in major differences in 

expression levels.  Tobacco produced GRFT was tested for efficacy against the HIV virus 

and proved to be as efficacious as purified E. coli produced GRFT. 
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CHAPTER 1. 

Plant made anti-HIV microbicides - a field of opportunity 

 

 

1.1 Introduction 

 

Recent reports show that the number of new HIV infections annually has declined by 21 % 

since the peak of the disease almost 15 years ago.  However, worldwide more than 34 million 

people are still living with the disease (UNAIDS, 2011).  Furthermore, in sub-Saharan Africa, 

the most heavily HIV affected region, it is estimated that only 6.6 % of the population had 

been tested for HIV by 2009 (UNAIDS, 2010).  Thus, globally there still exists a huge 

reservoir of HIV-infected people with the potential to infect millions more.  Despite 

commendable research efforts over nearly 30 years, a protective HIV vaccine is still not 

available.  Thus, it has become crucial to develop other strategies for disease prevention, such 

as microbicides that would effectively block the initial transmission of the virus.   

 

Women comprise 50% of the HIV infected population and are high-risk candidates who are 

in many cases unable to protect themselves due to domestic violence, cultural and social 

habits, lack of education and financial security (UNAIDS, 2010).  Due to these difficult 

socioeconomic conditions a successful microbicide should further lend itself to formulations 

that can be applied topically or orally in order for women to self-manage the use of it 

(Moscicki, 2008).  The microbicide development field received a boost with the progress 

made in CAPRISA004 studies where it was demonstrated that a microbicide gel containing 

1% tenofovir, a reverse transcriptase inhibitor, could prevent the risk of HIV infection by 

38% (Karim et al., 2010).   

 

Anti-HIV microbicide candidates comprise of surfactants, vaginal milieu protectors, viral 

entry inhibitors, reverse transcriptase inhibitors and other agents with an unknown mode of 

action (Cutler and Justman, 2008).  Surfactants and vaginal milieu protectors were the first 

generation candidate microbicides (Cutler and Justman, 2008).  While these were supposed to 

be broad acting, they failed to produce effective HIV inhibition, even enhancing infection in 

some instances (Van Damme et al., 2002).  Of these, N-9 was the first surfactant that was 

tested in a clinical trial (Garg et al., 2009).  Although no adverse effects were reported for N-

9 in preclinical and phase I clinical trials, genital ulcers, irritation, inflammation and 
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subsequent higher HIV risk were reported from phase III trials (Garg et al., 2009; Moscicki, 

2008).  Further development of surfactants as microbicides faded under the risk of vaginal 

damage and inconclusive clinical trials.   

 

Vaginal milieu protectors stabilise the low mucosal pH.  In this class of microbicides, 

Acidform (Amphora, Instead Inc, Dallas, TX, USA) and BufferGel (Carbopol 974P, 

ReProtect, Baltimore, MD, USA) have been evaluated extensively, displayed good 

contraceptive properties and were well tolerated in human subjects (Mayer et al., 2001).  

Whilst in vitro anti-HIV activity has been reported for Acidiform, it has only been subjected 

to safety and acceptability pre-clinical studies (reviewed by Cutler and Justman, 2008; 

http://www.insteadsciences.com/amphora. htm#results).  BufferGel failed to show reduction 

of HIV infectivity when compared to the placebo gel in a study that evaluated its 

effectiveness in reduction of HIV incidence in a high risk study group (Karim et al., 2011).  It 

is thus likely that these vaginal milieu protectors will not be effective in preventing HIV 

transmission in single formulations and will probably be used in combination with other 

antiviral entities.  In fact, Carbopol 974P is being used as the polymer base to formulate gels 

for the application of reverse transcriptase inhibitors such as Tenofovir and UC781 (Garg et 

al., 2010).  Other strategies to maintain a healthy mucosal environment include the 

restoration of the microflora population by products such as Lactin V and MucoCept from 

Osel, Santa Clara, CA, USA (Moscicki, 2008).   

 

Entry inhibitors are a group of microbicides that interact either with viral or host cell 

structures to prevent attachment, fusion and entry.  The first type of entry inhibitors were 

chemical molecules such as anionic polymers that establish an interaction with the virus 

based on surface charges (reviewed by Cutler and Justman, 2008).  Most of these compounds 

failed to show significant protection in clinical trials, were associated with unwanted side 

effects and in some instances associated with an enhanced HIV infection risk (Pironne et al., 

2011).   

 

Subsequent microbicide development focused on more potent specialised molecules such as 

reverse transcriptase inhibitors, CCR5 antagonists and viral entry inhibitors.  Reverse 

transcriptase inhibitors target viral enzymes (Campiani et al., 2002; Cihlar, 2006), CCR5 

antagonists compete with the virus for host cell co-receptors (Baba, 2006; Schols, 2006; 

Schols, 2011), whilst entry inhibitors bind to viral envelope components to prevent entry of 
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the virus into the cell (Balzarini, 2006; Botos and Wlodaver, 2005).  In the later group, 

antibody and peptide lectins represent a class of molecules that are in advanced stages of 

development as microbicides.  The efficacy and application of these microbicides face a huge 

challenge in curbing the infection and spread of each virion.  

 

It was clear since the development of the first generation of microbicides that their success 

was not only dependant on the molecule itself but also on formulation, acceptance and 

coherence of the users.  The majority of candidate microbicides requires intravaginal 

application.  The first generation of microbicides that were tested were formulated as gel or 

oral applications (http://www.microbicide.org, Microbicide pipeline update, 2009).  Recent 

microbicides are formulated in long acting, slow release intravaginal rings (IVRs), rapidly 

integrating vaginal films and/or monthly injectable antiretrovirals (ARVs) (Karim et al., 

2013).  These release microbicides over extended time periods and might well be more 

acceptable to use that intravaginal gels or oral capsules that have to be applied or used daily.  

Furthermore the use of IVR indicated a higher dose of the released microbicide than would 

have been obtained by daily dosing (Johnson, 2012).  Like the gels, newer formulations still 

allow woman initiated use without the leakage complaint that was associated with gel 

formulations.  A limitation to the use of IVRs is the solubility of the microbicide in the IVR 

material (Friend and Kiser, 2013).  This can be addressed by developments in IVR materials 

such as water swelling polyurethanes (Johnson et al., 2012).   

 

To avoid repeating past failures, newly researched microbicide candidate molecules are 

currently undergoing strict evaluation in several preclinical test studies using specialised 

models and formulations (Buckheit et al.; 2010, Doncel and Clark, 2010; McGowan, 2009).  

Rigour is necessary in preclinical testing because clinical trials are complex and expensive 

(Minces and McGowan, 2010) and the largest market segment for HIV prophylaxis resides in 

resource limited countries that can ill afford the development costs.  Because of these cost 

hurdles, it is crucial that microbicides be produced with minimum upfront capital outlay so as 

to facilitate development, testing and ultimate availability of the final product.   

 

Plants are emerging as cost friendly alternative production systems for a variety of 

pharmaceuticals.  Numerous therapeutic proteins have been produced in plant systems 

(Giddings et al., 2000; Ma et al., 2003).  Protein based microbicides - namely, neutralising 

antibodies and peptide lectins - lend themselves to production in plants (De Muynck et al., 
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2010; Matoba et al., 2010; Sexton et al. 2006; O’Keefe et al., 2009).  Although these 

microbicides have been extensively studied in terms of their structure and mode of action, 

their production in plant host expression systems has not been audited to date.  In this study, I 

evaluate the progress made in the expression and development of peptide and antibody 

candidate microbicides. 

 

 

1.2 Plants as alternative production systems for anti-HIV microbicides 

 

Over the past two decades plants have been extensively investigated as alternative production 

systems for pharmaceutical proteins.  Even with careful consideration of existing production 

systems, plants provide several attractive features that are equivalent or more beneficial (Mett 

et al., 2008; Twyman et al., 2003 and 2005).  Like mammalian and yeast cells, plants possess 

the cellular machinery that enables them to perform the post translational modifications 

essential for maturation and sometimes function of proteins.  Unlike mammalian fermentation 

systems, plants are not at risk of being contaminated with human pathogens.  Furthermore, 

compared to mammalian and yeast systems, plant production systems are more easily scaled 

up; plants can either be propagated in large numbers in designated land plots or in contained 

greenhouses.  Maintenance of plants in soil, hydroponic or cell culture is simple and cheap 

compared to the complex growth media and requirements of yeast and mammalian cell 

systems (Knäblein, 2005).  Furthermore, plants provide a huge biomass in the form of green 

leafy tissue or as the numerous seeds of crops.  The latter provides a further advantage of 

stable storage over longer time periods and high protein content that can be exploited for 

recombinant protein production (Lau and Sun, 2009).  Whilst costs of downstream processing 

remain as high as that required for purifying proteins made from conventional systems, the 

burden can be alleviated by maximising production yields and utilising innovative 

purification strategies (Paul and Ma, 2011) to improve product recovery.  Thus, for plant 

production systems the upfront investment required for infrastructure is lower, which 

potentially lowers the barriers to entry by more players or players in developing countries.  

 

 

1.3 Challenges and developments in plant made pharmaceuticals (PMPs) 
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Considering the time and effort invested over more than twenty years, relatively few plant 

made pharmaceuticals (PMPs) are currently marketed (Faye and Gomord, 2010).  The main 

reason for this is that the production levels in plants were often too low to be commercially 

viable.  Proteins were initially expressed in transgenic plants through stable nuclear 

transformation using Agrobacterium-mediated delivery of binary vectors or alternative 

methods such as biolistic introduction of DNA into plant cells (Banta and Montenegro, 

2008).  These are lengthy, labour intensive processes, which mostly generated progeny with 

variable, and, for the most part, low target protein accumulation levels.  Expression of 

multiple component proteins such as antibodies required numerous crossings and screening 

of plants in breeding programmes.  Transient expression with binary vectors was mainly used 

as a rapid screen to validate the expression potential of a gene and did not result in high 

protein accumulation (Gleba et al., 2005).  Whilst viral vectors were useful to produce 

proteins in plants, they were limited by the insert size or the fidelity of the transcript (Pogue 

et al., 2002).  Furthermore, systemic spread of the virus sometimes resulted in loss of the 

foreign gene insert and raised concerns of containment.  However developments in this arena 

have resulted in some of the state of the art technologies in plant based protein expression.   

 

Another perceived limitation for PMPs in clinical applications is the variation in plant glycan 

structure compared to that of humans (Gomord et al., 2005).  This shortcoming is also typical 

of other systems such as yeast and insect cells (Mett et al., 2008).  Thus far there has been no 

clinically significant evidence that plant specific glycans are immunogenic in humans (Bosch 

and Schots, 2010).  Data from the development of the FDA approved glucocerebrosidase, 

produced in carrot cells, has done a lot to allay such fears, with the plant made product 

proving to be not only well tolerated but perhaps even more efficacious and stable, making it 

a “biobetter” (Aviezer et al., 2009).  Still, the pressure remains on plant production systems 

to deliver therapeutic proteins with a humanised glycan profile.  Several advances in 

expression vector systems and plant hosts have addressed some of these limitations to a large 

extent.   

 

 

1.3.1 Development of expression vectors 

 

To increase protein yield, second generation Agrobacterium binary vectors have incorporated 

various elements to enhance transcription and translation (Veluthambi et al., 2003).  These 
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improved vectors, used in conjunction with transient infiltration, have improved protein 

expression levels in plants.  For instance, transient expression of a human optimised HPV-16 

L1 capsid protein gene using a specialised binary pTRA vector resulted in a yield of more 

than 0.5 g/kg of fresh leaf weight (17% total soluble protein, Maclean et al., 2007).  

Significantly lower levels were obtained when the same protein was transgenically produced 

in tobacco and potato resulting in the L1 protein accumulating to 0.5 and 0.2% of total 

soluble protein respectively (Biemelt et al., 2003).   

 

Further development in vector systems has seen the merging of viral and binary vector 

technology to increase yields and address insert size restrictions, retention of target genes and 

containment issues.  Icon Genetics GmbH (Halle, Germany) developed a deconstructed viral 

vector system in which target genes and different viral vector components are carried on 

several pro-module vectors (Marillonet et al., 2004).  In this system the viral coat protein has 

been removed to eliminate systemic spread.  Instead, agroinfiltration provides the delivery of 

the modules to the plant cell and limits replication to the infiltrated area.  In the cell, high-

level expression is facilitated by a RNA dependant RNA polymerase.  A site-specific 

recombinase facilitates the assembly of the modules into a DNA molecule which is 

transcribed and spliced into a functional transcript.  The transcript moves to the cytosol where 

it is translated into the specified protein.  Alternatively, target signals can be incorporated to 

direct proteins to specified subcellular compartments, such as chloroplasts (Marillonnet et al., 

2004).  This system has been used to accumulate various proteins at levels over 4 g/kg plant 

material (Bendandi et al., 2010).   

 

One shortcoming of the initial magnICON system vectors was the inability to co-express 

more than one protein in the same spatial location (Giritch et al., 2006).  This was 

problematic with the production of multi-component proteins such as immunoglobulins.  A 

solution to this came by co-expression from two non-competing monopartite viral genomes 

such as TMV and PVX (Giritch et al., 2006).  Alternatively, viral vectors derived from bi- or 

tri-partite viral genomes do not seem to be competing and are able to co-function in the same 

area.   

 

The cowpea mosaic virus (CPMV) is a bipartite viral RNA genome from which two types of 

vector systems were developed.  In the full-length system (wild type, wt) the coding sequence 

for the protein of interest is fused to the C-terminus of the RNA-2 polypeptide which is co-
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translationally released via picornavirus 2A-peptide mediated cleavage (Sainsbury and 

Lomonossoff, 2008).  Replication is facilitated by the co-expression of RNA-1.  The full 

length version allows for local co-expression of two different proteins; however segregation 

of the co-expressed proteins occurs with systemic movement (Sainsbury et al., 2008).  A 

deleted version of CPMV RNA-1 (hypertranslatable, HT) was developed which lacked the 

ability of systemic spread and was thus able to co-express more than one protein without the 

occurrence of segregation.  Moreover, the deleted CPMV system allowed higher expression 

levels than the full length version (Sainsbury et al., 2008 and 2010).  Using this system, 

protein expression levels exceeded 0.3 g/kg protein (Sainsbury and Lomonossoff, 2008). 

 

Several pharmaceutical molecules have been expressed in plants using the bean yellow dwarf 

virus (BeYDV) based geminivirus vectors (Chen et al., 2011).  Huang et al. (2010) and 

Regnard et al. (2010) developed viral vector systems based on the DNA genome of the bean 

yellow dwarf mastrevirus (BeYDV).  The BeYDV system requires only two viral 

components: these are the long intergenic region (LIR) and the short intergenic region (SIR) 

control sequences, and the Rep/RepA gene for co-expressing heteromeric proteins.  In the 

system non-competing co-expression was achieved either from two replicons encoding 

different proteins or from a single replicon containing the different proteins.  In Nicotiana 

benthamiana, transient expression levels from the BeYDV vector were 3-to 7-fold more for 

EGFP and HIV-1 p24 compared to levels obtained using a binary pTRA Agrobacterium 

tumefaciens vector (Regnard et al., 2010).  Furthermore, expression with BeYDV resulted in 

accumulation levels of 0.5 g/kg monoclonal antibody against Ebola virus GP1 (mAb 6D8) 

(Huang et al., 2010).  It is anticipated that the system will be able to simultaneously produce 

as many as four different protein subunits.  

 

 

1.3.2 Development of modified host systems 

 

In eukaryotes the N-glycan biosynthesis pathway is conserved for the endoplasmic reticulum 

(ER) (Kukuruzinska and Lennon, 1998).  Variations between species occur in modifications 

to glycan structures in processing steps after the protein exits from the ER.  In plants these 

variations depend on the protein itself, plant species and plant organ used for expression 

(Gomord et al., 2010).  Unless the plant glycosylated form of the therapeutic protein is more 

attractive as is the case with the carrot cell produced glucocerebrosisdase (Shaaltiel et al., 
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2007), it is considered more ideal if plants are able to produce therapeutic proteins that have 

mammal-like glycans.  Where glycan structure is not critical to protein function, recombinant 

proteins without glycan structures (Rodriguez et al., 2004) are desirable.  Therapeutic 

proteins that are produced as aglycosylated forms are only feasible if the proteins need to 

stimulate an inflammatory response or in the case of a recombinantly produced antibody that 

does not require an effector function since glycan structures are often crucial for this 

biological function of the protein (Jefferis, 2009).   

 

Another means to produce a protein that more closely resembles a humanised glycan profile 

is to restrict the recombinant protein to the ER by using KDEL, HDEL or SEKDEL ER 

retention signals (Ko et al., 2003; Triguero et al., 2005).  For regulatory purposes it is 

generally regarded as “safer” to produce a native version of the protein (Fischer et al., 2012).  

However in the case of ER retention signals regulatory approval might be less stringent 

seeing that these sequences are also found in mammalian proteins.  Of note is that the current 

carrot cell produced glucocerebrosidase, which is on the verge of FDA approval, were 

produced with a storage vacuole targeting signal (Shaaltiel et al., 2007).  Another argument 

for ER retention is that for the production of some proteins, ER retention is needed to 

increase the accumulation levels (Bortesi et al., 2009; Yang et al., 2005).  On the other hand 

ER retention can result in the degradation of the protein or low stability and reduced half-life 

of the therapeutic in vivo (Ko et al., 2003; Loos et al., 2010).  Studies have also shown that 

ER retention of recombinantly produced proteins is not always successfully achieved, leading 

to some proteins leaking from the ER that are then further processed to contain complex 

immunogenic plant glycans (Floss et al., 2008; Loos et al., 2010; Rademacher et al., 2008).   

 

Subsequently, improved plant hosts have been developed with the aim of humanising the 

glycan patterns of recombinant proteins.  Plants such as Arabidopsis, tobacco and moss have 

been generated in which the plant specific glycosylation genes have been knocked out 

(Koprova et al., 2003; Schähs et al., 2007; Strasser et al., 2009).  In these mutants, plant 

specific α1, 3-fucose and β1,2-xylose residues are replaced by complex N-acetylglucosamine 

(GnGn) structures.  Further glycan improvements are made by co-expressing mammal like 

glycosylation and sialylation enzymes such as β1,4-galactosyltransferase (GalT), N-

acetylglucosaminyl transferase III (GnTIII), core α1,6-fucosyltransferase, UDP-N-

acetylglucosamine 2-epimerase/N-acetylmannosamine kinase (GNE), N-acetylneuraminic 
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acid phosphatase synthase (NANS), CMP-N-acetylneuraminic acid synthetase (CMAS), 

CMP-N-acetylneuraminic acid transporter (CMP-Neu5Ac) and α2,6-sialyltransferase (ST) in 

these plant glycosylation knock-out mutants (Casthilo et al., 2010; Castilho et al., 2011; 

Strasser et al., 2009).  Resulting proteins not only lack plant specific glycans but also contain 

human glycan structures.   

 

The current gel formulation of HIV neutralising antibodies (Morris and Lacey, 2010) and 

peptide lectins in gels (Tsai et al., 2003) suggests that these microbicides will most likely be 

applied topically.  When these are exposed to the mucosal surfaces it will only have a limited 

interaction with the immune system and thus not cause inflammation.  Thus for the 

production of these microbicides in plants the nature of the glycan structures on these 

microbicides might not be as important as the yield obtained.   

 

 

1.4 Production of HIV neutralising antibodies in plants 

 

Neutralising antibodies play a very important role in the development of vaccines for passive 

immunisation and as viral entry inhibitors (Reina et al., 2010).  They are directed against the 

viral envelope protein and interfere with viral docking and fusion.  They thus inhibit the 

infectivity of the virus and also potentially facilitate viral clearance via their Fc related 

effector functions (Hessell et al., 2007).   

 

Several HIV-1 neutralising antibodies have been isolated from HIV infected individuals 

(Simek et al., 2009; Walker et al., 2009; Wu et al., 2010).  Novel broad acting neutralising 

antibodies such as VRC01, VRC02, PG16 and PG9 were isolated which displayed a larger 

breadth and potency than some of the well-known neutralising antibodies (Wu et al., 2010).  

However, the four well-known HIV-1 neutralising antibodies, namely, 2G12, 4E10, 2F5 and 

b12, have been well researched in terms of structure, interaction with the virus, protection in 

animal models and safety in clinical trials and were produced in various plant platforms.  

These antibodies have fared well in protecting macaques from systemic or vaginal 

simian/human immunodeficiency virus (SHIV) challenges and are well tolerated in human 

subjects (Armbruster et al., 2002 and 2004; Hessell et al., 2010; Mascola et al., 1999 and 

2000; Parren et al., 2001).  Furthermore, passive administration of neutralising monoclonal 

antibodies (MAbs) 4E10, 2F5 and 2G12 reduced viral rebound in established HIV infections 
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(Trkola et al., 2005).  Three of these neutralising monoclonal antibodies (MAbs) - 2G12, 

4E10, 2F5 - are being assessed as a gel formulated microbicide in a phase I clinical trial for 

their safety and pharmacokinetic effects (Morris et al., 2010; Morris and Lacey, 2010).  So 

far vaccination attempts with these antibody-binding epitopes have failed to produce 

equivalent neutralising antibodies in humans (Coëffier et al., 2001; Lenz et al., 2005; 

McGaugey et al., 2003).  It is thus most likely therefore, that these antibodies will have to be 

administered passively and that a large production quantity will be required.   

 

Mammalian cells are currently used for FDA approved therapeutic antibody production (Li et 

al., 2010).  Given that the capacity of these traditional fermenter systems will not meet the 

demand, plants can be employed as alternative manufacturing platforms (Knäblein, 2005).  

Several antibodies have been successfully produced in plant platforms (De Muynck et al., 

2010).  Apart from yield, the glycan composition and efficacy will be important criteria for 

plant made manufacturing of these antibodies.  Thus we evaluated the progress of plant 

production of these neutralising antibodies in light of these criteria.  Table 1.1 summarises the 

expression of these four antibodies in plant systems.   

 

 

1.4.1 2G12 

 

It has been reported that 2G12 neutralises A and B clade HIV-1 virus entry by recognition of 

a Manα1→2Man rich epitope on the exterior face of the gp120 protein (Binley et al., 2004; 

Scanlan et al., 2002).  Monoclonal antibody (MAb) 2G12 can activate the complement 

system and display antibody dependent cellular cytotoxicity (ADCC) against virus infected 

cells (Trkola et al., 1996).  Passive infusion of 2G12 combined with other neutralising 

antibodies including 2F5, protected macaques from a vaginal and intravenous challenge with 

SHIV (Baba et al., 2000; Mascola et al., 2000).  Passively infused 2G12 and 2F5 were well 

tolerated in human subjects in a phase-I clinical trial (Armbruster et al., 2002).  Clinical trials 

with 2G12 produced in transgenic tobacco have commenced in 2009 (Paul and Ma, 2011). 

 

MAb 2G12 is unique in its structure in that it naturally forms a single Fab region via domain 

swapping between the variable regions of the light chain (VL) and heavy chain (VH) and 

between the constant region of the light chain (CL) and heavy chain (CH1) respectively 
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(Calarese et al., 2003; West et al., 2009).  The 2G12 dimer is more than 50 times more 

efficient as the monomer in neutralising several HIV-1 strains in both in vitro (West et al., 

2009) and in vivo assays (Luo et al., 2010).   

 

The production of 2G12 has been actively pursued in maize, Arabidopsis and tobacco.  MAb 

2G12 was produced in the seed endosperm of two different maize lines under control of the 

rice glutelin (gt-1) promoter.  The antibody was produced in Hi-II maize with endoplasmic 

reticulum (ER) retention signals (Rademacher et al., 2008) and in the elite maize line M37W 

as a secreted form (Ramessar et al., 2008).  ER retained antibody accumulated to 30 ug/g in 

the T1 generation and 60 ug/g in the T3 generation whilst the secreted form reached 100 

ug/g.   Identification of the glycan structures showed that the majority of the ER retained 

antibodies contained oligo- mannose type glycans (OMT).  However, a few immunoglobulins 

contained glycans of the vacuolar type, indicating that ER retention was not completely 

successful.  Different glycoforms were detected for the secreted 2G12, with the majority 

being single N-acetylglucosamine (GlcNAc) residues, and the rest containing complex type 

fucose and xylose glycans with a small number also containing OMT type glycans. 

 

The efficacy of the maize produced antibody was compared with the Chinese hamster ovary 

cells (CHO) produced 2G12 derivative.  Both the ER-retained and secreted 2G12 had a 

similar antigen binding ability as the CHO produced 2G12.  However, in an HIV 

neutralisation assay, the ER retained and secreted forms were four and threefold more 

effective than the CHO produced equivalent respectively.  The increased potency was 

attributed to the dimerisation and aggregation of the antibody.   

 

In Arabidopsis, 2G12 was expressed in both the leaves (Schähs et al., 2007) and seeds (Loos 

et al., 2010) of a knockout line (∆XT/FT), that lacked the ability to generate immunogenic 

plant specific β 1,2-xylose and α1,3-fucose glycans (Strasser et al., 2004).  In leaves, 

expression was driven by the 35S CaMV promoter without any ER retention signals.  The 

antibody levels varied between 0.05 and 0.2% TSP in both the wildtype (wt) and ∆XT/FT 

line (Schähs et al., 2007).  The glycans on the antibody that was produced in the ∆XT/FT line 

were mainly terminal N-acetylglucosamine (Gn) residues that lacked plant specific β 1, 2-

xylose and α1, 3-fucose residues.  A small population of the antibody molecules produced 

contained OMT residues indicating that the processing of all antibodies was incomplete.  
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Notably, the binding capacity of the ∆XT/FT produced 2G12 antibody was similar to the 

CHO produced 2G12.   

 

For seed expression in Arabidopsis ∆XT/FT, expression of 2G12 was driven by the β-

phaseolin promoter (Loos et al., 2010).  The antibody was expressed with and without ER 

retention signals.  There was no significant difference in accumulation levels between 

secreted and ER retained antibody.  Expression levels peaked around 3.6 ug/mg.  The N-

glycan profile of the purified antibodies revealed that the secreted antibody of the wild type 

line contained complex N-glycans containing N-acetylglucosamine-Xylose-Fucose 

(GnGnXF) residues whilst the 2G12 produced in the mutant line contained a homogenous N-

glycan structure consisting of N-acetylglucosamine (GnGn).  The majority of the ER 

retrieved antibody of the wild type line contained oligo-mannosidic N-glycans, with a small 

amount of antibody carrying GnGnXF.  The efficacy of the seed produced 2G12 in an HIV 

neutralisation assay was slightly inferior to the CHO derivative.   

 

In N. benthamiana leaves, 2G12 was transiently expressed using the full length and the 

deleted RNA-2 (HT) version of the CPMV vector (Sainsbury and Lomonossoff, 2008, 

Sainsbury et al., 2010).  The antibody was expressed in both systems with and without ER 

retention signals.  Overall higher antibody accumulation was obtained by using the deleted 

CPMV vector and ER retention signals.  Levels of 325 mg/kg were reported.  The glycan 

analysis of the antibodies showed that ER retained forms consisted mainly of oligo-mannose 

type structures (OMT) with a few containing more complex glycans.  Secreted antibodies 

contained complex GnGnXF, N-acetylglucosamine–mannose-xylose-fucose (GnMXF), with 

a few OMT also present.  In vitro evaluation of the binding ability and neutralisation efficacy 

of the N. benthamiana produced antibody showed that it was equal to the mammalian cell 

derived 2G12.   

 

To further humanise the glycan structures on 2G12, Strasser et al. (2009) produced 2G12 in a 

N. benthamiana ∆XT/XT GalT+ mutant line.  This N. benthamiana line does not produce 

plant specific xylose and fucose glycans but produces partially humanised glycans via the 

activity of a highly active human derived β1, 4-galactosyltransferase.  Although no mention 

was made of the accumulation levels, the 2G12 antibody produced in this system was fully 

galactosylated and was more effective in neutralising HIV-1 than the CHO produced version.   
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1.4.2 2F5 

 

MAb 2F5 displays a broader neutralisation activity than 2G12, inhibiting HIV isolates from 

clades A, B, D and E (Binley et al., 2004).  It docks onto to the core epitope ELDKWA on 

the lipid embedded membrane proximal exterior region (MPER) of gp41 and potentially 

interferes with the fusion step of the virus (Binley et al., 2004; de Rosny et al., 2004; 

Franquelim et al., 2011; Muster et al., 1993).  On its own and in combination with other 

antibodies including 2G12 and 4E10, 2F5 displayed the ability to protect against an 

intravenous, vaginal and oral challenge of SHIV in macaques (Baba et al., 2000; Hessell et 

al., 2010; Mascola et al., 1999 and 2000).  Furthermore passive administration of this 

antibody did not seem to cause immune responses or other adverse effects in HIV infected 

human participants (Armbruster et al., 2004).   

 

Production of 2F5 was explored in Nicotiana species.  The heavy chain (HC) and light chain 

(LC) were expressed with SEKDEL retention sequences in tandem under control of the 

35SCaMV promoter in Nicotiana tabacum L. cv bright yellow (BY-2) cell cultures (Sack et 

al., 2007).  Accumulation of 2F5 reached a maximum of 2.9 mg/kg fresh weight and was 

further enriched by protein-A purification to 6.44 mg/kg wet cell weight.  No degradation 

products were observed following purification; however, minor impurities were detected.  N-

glycans were expected to be of the OMT, but this was not confirmed by analyses.  Fc region 

binding between the BY-2 and CHO-produced 2F5 was equivalent.  However, the antigen 

binding capacity of CHO-produced 2F5 (97%) was slightly superior to the plant-derived 2F5 

(89%).  In HIV neutralisation studies the BY-produced antibody was threefold less efficient 

than the CHO-produced counterpart.  This lower potency was attributed either to the presence 

of impurities, the added SEKDEL motif or different glycan structures that could have 

interfered with the antibody access to the epitope.   

 

To further enhance the accumulation of 2F5 in tobacco, the antibody was expressed as ER-

retained elastin-like polypeptide (ELP) fusions (Floss et al., 2008).  The ELP peptide has 

been used to facilitate accumulation of proteins in green leaf tissue (Patel et al., 2007).  Four 

transgenes - HC unfused, HC -ELP fused, LC unfused and LC -ELP fused - were introduced 

into N. tabacum cv. Samsun NN.  Plants were subsequently crossed resulting in combinations 
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with neither gene carrying the fusion or both HC and LC carrying ELP fusions or either the 

HC or LC fused to ELP.  Prior to crossing the transgenic lines, it was observed that the 

presence of ELP increased the accumulation of the chains with the LC accumulating to higher 

levels than the HC.  In the crossed lines, the LC-ELP fusion facilitated a higher accumulation 

of the unfused HC as well.  Accumulated total soluble protein (TSP) levels reached 0.3% for 

the LCELP-HC, 0.2% HCELP-LC, 0.6% for HCELP-LCELP and 0.1% for HCLC.  The ELP 

fusion eased the purification process of the plant-produced antibodies and did not interfere 

with the assembly of the antibody.  The glycans of the plant produced 2F5 were mainly oligo-

mannose type (OMT) with lesser amounts of complex glycans consisting of N-

acetylglucosamine (GnGn), N-acetylglucosamine-xylose (GnGnX), galactosyl-N-

acetylglucosamine-xylose (AGnX), N-acetylglucosamine-mannose-xylose (GnMX) and N-

acetylglucosamine –xylose-fucose (GnGnXF) moieties.  2F5 variants were all similar to the 

CHO-produced 2F5 in their antigen binding capacity. 

 

 

1.4.3 4E10 

 

MAb 4E10 is one of the most broadly neutralising antibodies that are active against several 

viral isolates of different clades including clade C, which is the most prevalent clade in the 

heavily affected sub-Saharan Africa region (Binley et al., 2004; Walker et al., 2009).  Both 

4E10 and VRC01 were able to neutralise over 90% of the key HIV subtypes (Walker et al., 

2009; Wu et al., 2010).  Although VRC01 is more potent, it uses a different mode of action 

with the virus than 4E10.  VRC01 interacts with the envelope in a way that resembles the 

CD41-gp120 interaction (Li et al., 2011).  The 4E10 epitope interaction is also somewhat 

complex; the antibody recognises a linear epitope adjacent to the 2F5 epitope on the 

membrane proximal exterior region (MPER) and interacts with the lipids on the cell 

membrane (Franquelem et al., 2011; Zwick et al., 2001).  Whether lipid binding is involved 

in the broadly neutralising ability of 4E10 is still debatable (Scherer et al., 2010; Xu et al., 

2010).  Thus both antibodies can be used in combination against several HIV isolates.    

 

In a phase I clinical trial, it was demonstrated that 4E10 can be safely administered to HIV 

infected participants alone or combination with 2F5 and 2G12 (Armbruster et al., 2004).  

When 4E10 was administered intravenously, rhesus macaques were protected from a mucosal 

challenge with SHIV (Hessell et al., 2010).   
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MAb 4E10 has been expressed via nuclear transformation in N. benthamiana (Strasser et al., 

2009).  It was produced in a wild type (wt), a glycoengineered ∆XT/FX mutant line, and in a 

∆XT/FX GalT+ line that produced an altered version of the human β1,4-

galactosyltransferase.  The glycans of the wt-produced 4E10 contained N-acetylglucosamine 

–xylose-fucose (GnGnXF), N-acetylglucosamine (GnGn) for the XT/FX mutant and 

galactosylated (AA) glycans for the XT/FX GalT+ line.  The latter MAb form was more 

potent than the other plant made forms and more efficient than the CHO produced derivative 

in a neutralisation assay, possibly because of the galactosylated glycans that enhance the 

stability, half-life and functionality of the antibody.   

 

 

1.4.4 b12 

 

MAb b12 can effect HIV neutralisation across different clades from different geographic 

locations (Binley et al., 2004).  Unlike other neutralising antibodies that are restricted to 

certain conformations of the virus, in vitro studies show that b12 can bind different 

conformations of the envelope (Eggink et al., 2007; Zhou et al., 2007).  This antibody has 

been shown to protect macaques in a vaginal challenge with SHIV when administered 

systemically or topically (Parren et al., 2001; Veazey et al., 2003).  MAb b12 was expressed 

in the milk of female mice and displayed the same HIV neutralisation ability as the CHO cell 

derived antibody (Yu et al., 2010).  In combination with CD4-IgG2 (Pro542), b12 potently 

inhibited HIV infection of cervical tissue (Hu et al., 2004).  More importantly, in this 

combination or administered alone, MAb b12 is able to stay associated with the virus that 

leaves the mucosal environment on migrating cells and prevents subsequent infection of 

target lymphocytes (Hu et al., 2004; van Monfort et al., 2011).  Other neutralising antibodies 

in the study did not display this property. 

 

Sexton et al. (2009) produced b12 and a b12-CV-N (cyanovirin) fusion in N. tabacum.  CV-N 

is a cyanobacterium lectin that displays potent anti-HIV activity (Boyd et al., 1997).  Plants 

were generated that expressed b12 HC, LC or a fusion where CV-N was fused to the b12 HC. 

Subsequent crosses were performed to generate progeny that expressed both an unfused b12 

(7.55ug/ml) as well as b12-CV-N fusion (2.45 ug/ml).  The authors demonstrated that both 
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modules of the fusion molecule were functional and the fusion molecule to be more potent 

than CV-N or b12 alone in an HIV neutralisation assay.  The glycan profile of the plant made 

proteins was not presented.   

 

 

1.5 Production of anti-HIV peptide lectins in plant systems 

 

Lectins are proteins of non-immune origin that selectively bind to carbohydrate moieties 

(Goldstein and Hayes, 1978).  These proteins have been isolated from all life forms including 

bacteria, viruses, algae, mushrooms, nematodes and plants.  Based on plant lectin 

information, 12 distinct families have already been described (van Damme et al., 1998).  

Lectins have been useful for several applications including pest resistance in crop plants 

(Peumans and van Damme, 1995), therapeutic agents for cancer treatment (Liu et al., 2009 

and 2010) and as anti-viral microbicide candidates (Francois and Balzarini, 2010).   

 

The HIV envelope is heavily populated with mainly high mannose type glycans (Doores et 

al., 2010; Geyer et al., 1988).  It comes as no surprise that the majority of these anti-HIV 

lectins show an affinity for mannose moieties (Botos and Wlodaver, 2005).  By interacting 

with the glycan residues on the viral envelope, they prevent attachment and fusion.  Many of 

these lectins have a broad range of activity against different viral clades of various serotypes 

and co-receptor dependability.  Furthermore, some have displayed the potential to inhibit 

viral capture and dissemination by DC-SIGN bearing host cells (Balzarini et al., 2007; 

Hoorelbeke et al. 2013; Nabatov et al., 2008).   

 

The anti-HIV peptide lectins fall into different families with different modes of interaction 

with mannose glycans.  Furthermore, variations occur in their quaternary structures, efficacy 

level towards HIV and immune stimulatory effect of human cells (Barre et al., 1996; 

Zoilkowska and Wlodaver, 2006).  Anti-HIV lectins have been reviewed extensively with 

regards to structure and mode of binding (Balzarini, 2006; Francois and Balzarini, 2010; 

Zoilkowska and Wladover, 2006).  The majority of these lectins are remarkably stable across 

broad pH ranges and high temperatures.  This allows their manipulation in expression, 

purification, formulation and applications as microbicides.  They represent a rich source of 

proteins that can be developed as anti-HIV microbicides.   
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The first group of anti-HIV lectins was originally isolated from plants (van Damme et al., 

1987).  Thereafter, numerous others were isolated from other organisms, including 

prokaryotic algae, bacteria, fungi and nematodes (Boyd et al., 1997; Bulgheresi et al., 2006; 

Chiba et al., 2004; Inokoshi et al., 2001; Mori et al., 2005; Zhao et al., 2010).  Recombinant 

expression of lectins in plants has been applied to some extent to introduce pest resistance in 

valuable crops or promote rhizosphere symbiotic associations (Rovenska and Zemek, 2006; 

Sreevidaya et al., 2005; Wang et al., 2005).  Plant lectins that show anti-HIV activity have 

been isolated directly from their natural source such as the case of Galathus nivalus 

agglutinin (GNA), where the bulbs of snowdrop (G. nivalus) contain reasonably high levels 

of the lectin (van Damme et al., 1987).  On the other hand, HIV inhibiting lectins such as 

those from prokaryotes and some plants are produced in low quantities, and it is thus not 

feasible for direct isolation from the source (Koshte et al., 1990; O’ Keefe, 2001). 

 

Lectins isolated from cyanobacteria, red algae and fungi display generally higher potency 

than most plant lectins and have been extensively researched as topical anti-HIV 

microbicides.  Since the proteins seem to occur in low quantities in their native host, 

recombinant production in alternative systems such as plants has been explored.  As lectins 

occur naturally in plants, it seems that production of recombinant lectins from other sources 

would not be problematic.  However, it has come to light that plants produce two types of 

lectins, classical and nucleocytoplasmic (Lannoo and van Damme, 2010; van Damme et al., 

2004).  Classical lectins reside in storage organelles whilst the nucleocytoplasmic lectins 

occur mainly in the cytoplasm.  Generally, classic lectins are synthesised with signal 

peptides, are produced in abundance and serve a defence and storage purpose for the plant.  

Nucleocytoplasmic lectins are produced without any signal peptides, in small quantities, and 

are thought to play a role in regulatory processes in the plant cell (Lannoo and van Damme, 

2010).  It is thus evident that in a plant cell there is a clear distinction in signalling and 

abundance of different lectins with different roles.  Thus, heterologous production of lectins 

in plants could have an effect on the viability of the plant cell. 

 

The native roles of many of these HIV-neutralising lectins have not been resolved. and 

although the majority mainly bind to mannose residues on the viral envelope, one cannot rule 

out the possibility that other ligands may exist in the plant cell environment which may affect 

their expression, accumulation or recovery from the plant matrix.  Thus, subcellular targeting 

may play an important role in the resolution of the optimal compartment for high yield lectin 
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accumulation that is not detrimental for plant cells during heterologous expression.  Here the 

progress that has been made with heterologous expression of anti-HIV lectins in plants is 

briefly reviewed.  Table 1.2 highlights the major findings.   

 

 

1.5.1 CV-N 

 

Cyanovirin (CV-N) is an 11 kDa protein that was isolated from the blue-green alga Nostoc 

ellipsosporum with an EC50 value of 0.1 nM (Boyd et al., 1997).  CV-N inhibited in vitro 

fusion of HIV-1 with target cells, as well as subsequent viral spread between virus infected 

and uninfected cells.  It displayed antiviral activity against primary and laboratory modified 

HIV strains of several clades including M, T and dual tropic viruses (Boyd et al., 1997).  

Furthermore, CV-N inhibits gp120 binding to CCR5 or CXCR4 co-receptor dependent strains 

(Dey et al., 2000; Mori and Boyd, 2001).  Anti-viral activity of CV-N against Hepatitis C 

(Helle et al., 2006) and Ebola viruses (Barrientos et al., 2003; Smee et al., 2008), SHIV 

(Boyd et al., 1997), Measles virus and Herpesvirus 6 (Dey et al., 2000), has also been 

reported.   

 

CV-N has very low homology to other known protein sequences, but contains a sequence 

motif that is typical to the CV-N type lectin family (Boyd et al., 1997; Gustafson et al., 1997; 

Percudani et al., 2005; van Damme et al., 1998).  In solution CV-N exists as a monomer or 

dimer, depending on pH and temperature conditions (Barrientos et al., 2002 and 2004).  CV-

N interacts with terminal mannose residues of the oligomannose glycan structures of gp120 

(Bewley and Otero-Quintero, 2001; Shenoy et al., 2001).  The monomer contains two 

carbohydrate-binding domains with different affinities to di-and trimannose respectively 

(Bewley and Otero-Quintero, 2001).  Although anti-HIV activity has been reported for both 

monomeric and dimeric forms, it appears that the potency of CV-N depends more on the 

formation of multisite interactions with glycan residues rather than the affinity and presence 

of each binding domain (Barrientos et al., 2004; Fromme et al., 2007; Kelley et al., 2002).   

 

In vitro test with host cells and CV-N displayed no or little loss of cell viability (Boyd et al., 

1997) as a result of host cell exposure to CV-N.  Furthermore, in vivo studies with gel-

formulated CV-N caused no adverse effects in test animals (Tsai et al., 2003).  However, 

more extensive tests showed that CV-N induced the production of chemokines and cytokines 
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and stimulated cell proliferation (Huskens et al., 2008).  This cytotoxicity was, however, not 

linked to its carbohydrate binding property.  Thus with further development such as 

mutations or PEGylations (Zappe et al., 2008) that could potentially reduce the cytotoxicity 

of CV-N, the lectin might still be considered as a potential microbicide.   

 

CV-N has been used in ground-breaking microbicide development work to pave the way for 

future development of lectins as viable microbicide molecules.  It displayed the potential for 

lectins to be used as a gel-formulated microbicide to protect against vaginal and rectal 

challenges with HIV (Tsai et al., 2003).  CV-N has been recombinantly produced in 

commensal bacteria such as Streptococcis gordonni (Giomarelli et al., 2002; Pozzi et al., 

2001) and Lactobacillus jensinii (Liu et al., 2006).  CV-N displayed on the surface of S. 

gordonni was able to capture HIV virions, whilst if secreted from the bacteria, it could bind 

to gp120.  Recombinant L. jensinii were able to colonise the vagina in mice and secrete full 

length CV-N.  L. jensinii-produced CV-N was able to inhibit CCR5 HIV in vitro at 

nanomolar concentrations.  

 

Several fusions of CV-N have been explored with different applications in mind: for 

example, to form high potency chimaeras CV-N has been fused to the broadly neutralising 

b12 antibody (Sexton et al., 2009) and to the linear 12pi peptide (McFadden et al., 2007).  

Both partners in the fusions were active and the new chimeras displayed similar stability and 

higher antiviral activity.  CV-N was also fused to a Pseudomonas exotoxin A (Mori et al., 

1997).  The chimaeric protein potently eliminated HIV infected cells that expressed gp120 on 

their surface.   

 

The recombinant expression of CV-N in alternative systems has recently been reviewed by 

Xiong et al. (2010).  In brief, initial production and purification in Escherichia coli was not 

optimal, resulting in low levels of CV-N accumulation.  Further optimisations resulted in 

high accumulation levels, but the protein consisted of a heterogeneous CV-N population of 

intact, truncated and signal peptide-containing CV-N forms.  Chaperone fusions of CV-N 

resulted in homogenous CV-N that accumulated to 100 mg/L.  Expression of CV-N was also 

pursued in yeast, which only resulted in low yields of non-functional protein.   

 

Sexton et al. (2006) showed that it is feasible to produce CV-N in tobacco plants as well as in 

hydroponic cultures.  The CV-N gene was transformed into N. tabacum and expressed under 
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the 35S CaMV constitutive promoter with an ER targeting signal peptide.  CV-N 

accumulated to 130 ng/mg fresh leaf weight (or 0.85 % TSP).  Hydroponic cultures derived 

from the transgenic plants secreted CV-N at 0.4 ug/ml.  Crude CV-N extracts from tobacco 

were able to inhibit HIV infection of TZM-bl cells comparably to purified E. coli derived 

CV-N.  CV-N was also produced in tobacco as a fusion with the monoclonal antibody b12 

(Sexton et al., 2009).  The fusion accumulated at 2.45 ug/ml and was more active than CV-N 

or b12 alone.  Elghabi et al. (2011) expressed GFP-CV-N fusions in tobacco chloroplast.  

Constructs containing GFP-CV-N and CV-N embedded in the GFP sequences resulted in 

expression levels of 0.3%.   

 

 

1.5.2 GRFT 

 

Griffithsin (GRFT) was isolated from the red prokaryotic alga Griffithsia (Mori et al., 2005).  

Its 121 amino acid sequence contains an unknown amino acid at position 31 and codes for a 

12.7 kDa protein that is sequence unrelated to any known protein.  In its folded state, the 

monomer displays the β-prism-I motif found in other lectins such as Jacalin, whilst the dimer 

is formed by a unique domain swopping between two GRFT molecules that are not typically 

found in this lectin family (Zoilkowska et al., 2006).  The homodimeric GRFT molecule 

contains six almost identical carbohydrate binding sites (Zoilkowska et al., 2006; 2007).  

These carbohydrate binding sites contains sequences that are highly conserved.  Co-

crystallisation of GRFT with glucose and N-acetylglucosamine showed that all six of the 

carbohydrate binding sites were occupied.  This multivalent interaction of GRFT with 

carbohydrates forms the base of its high potency.  Other reported lectins with a similar 

monosaccharide binding mode displays antiviral activity at concentrations of more than a 

1000 fold higher than that of GRFT (Zoilkowska et al., 2007).   

 

GRFT displayed broad activity against SARS coronavirus, Hepatitis C virus and HIV in very 

low concentrations (Meuleman et al., 2011; Mori et al. 2005; O’Keefe et al., 2010).  GRFT 

has shown antiviral activity against HIV clades A, B and C, which are prevalent in sub-

Saharan Africa, India and the West.  It is active against both clinical and laboratory-adapted 

T and M tropic HIV-isolates, and inhibits both CCR5 and CRCX4 tropic strains.  The lectin 

binds to and cross-links high mannose glycans on the HIV-1 viral envelope (Mori et al. 2005; 

Moulaei et al., 2010).  It has also been reported that binding of GRFT to HIV-1 gp120 
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exposes the CD4 binding site making it more accessible for interaction with neutralising 

antibodies (Alexandre, et al., 2013).  Banerjee and co-workers has showed that in the 

presence of GRFT, immune responses in mice are elevated against gp120 (Banerjee et al., 

2011).  Recently Hoorelbeke et al.(2013) has shown that GRFT is effective in preventing 

DC-SIGN mediated transfer of HIV-1.   

 

Any successful topically applied microbicide must ultimately be able to function in the 

mucosal environment.  Given that the infection rate of HIV is quite rapid, the microbicide 

should remain stable and efficacious in order to neutralise HIV immediately on contact.  Its 

presence furthermore should not compromise tissue viability or initiate an inflammatory 

response.  In the light of these criteria, preclinical test shows that GRFT is a good 

microbicide candidate.  GRFT is virucidal upon contact with the virus and remains stable 

over several hours prior to or after application (Emau et al., 2007).  GRFT is stable and 

functional in cervical lavage fluid over a wide pH range.  Furthermore, GRFT was not 

cytotoxic to human and primate cell lines, does not initiate an inflammatory response, and did 

not cause adverse effects in a rabbit vaginal irritation model (Emau et al., 2007; O Keefe et 

al., 2009).   

 

It is likely that an effective anti-HIV therapeutic will consist of more than one microbicide in 

order to limit the risk of viral resistance developing.  It is thus important that candidate 

microbicides should be compatible with other microbicides without compromising the 

efficacy and safety of the component molecules.  GRFT was combined with other 

microbicides and evaluated for its possible synergistic inhibition of HIV (Férir et al., 2011; 

2012).  GRFT was tested in combination with tenofovir (nucleotide reverse transcriptase 

inhibitor), maraviroc (CCR5 HIV co-receptor inhibitor) and enfuvirtide (a gp41 fusion 

inhibitor).  GRFT worked synergistically with these microbicides to inhibit HIV viral isolates 

of clade B and C (Férir et al., 2011).  Furthermore the synergy of GRFT with “ microbicides 

of the same class” was investigated (Férir et al., 2012).  GRFT was combined with 

carbohydrate-binding monoclonal antibody (MAb) 2G12, microvirin (MVN), banana lectin 

(BanLec), Galanthus nivalis lectin (GNA) and Hippeastrum hybrid agglutinin (HHA).  In all 

except one (HHA) GRFT displayed a synergetic effect against HIV (Férir et al., 2012).  

When GRFT was combined with other microbicides, the potency of the combination was 

higher than that of GRFT alone.   
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Recombinant production of GRFT was initially pursued in E. coli.  Although the lectin 

accumulated to 819 mg/L, 33% was irreversibly lost to inclusion bodies (Giomarelli et al., 

2006).  Whilst the expression of GRFT in E. coli illustrated the feasibility of an alternative 

production system of functional GRFT, it remains an expensive production platform with 

high optimisation and maintenance demands.  O’Keefe et al. (2009) used a TMV-based 

vector system for the transient production of GRFT in the cytosol of N. benthamiana leaves.  

GRFT accumulated to more than 1 g/kg fresh weight which allowed the purification of 60 g 

GRFT from 226.5 kg processed leaf material.  The gp120 binding potential and efficacy of 

the plant-made GRFT were similar to E. coli-produced and native GRFT respectively, 

demonstrating the potential of plant expression approaches as viable alternatives for the 

production of the lectin for use as a candidate microbicide.   

 

 

1.5.3 AH 

 

Actinohivin (AH) is a lectin isolated from the actinomycete Longispora abida with a reported 

IC50 value of 2 nM (Chiba et al., 2004).  AH harbours a lot of potential to be developed as an 

anti-HIV microbicide: the lectin inhibits both T and M tropic HIV strains and is particularly 

potent against C clade viruses (Chiba et al., 2004; Matoba et al., 2010).  Furthermore, AH 

exhibits an impressive safety profile; the lectin did not cause proliferation or mitogenic 

stimulation of host cells (Hoorelbeke et al., 2010).  Unlike other prokaryotic lectins, AH 

binds to clustered high mannose type glycans instead of single moieties (Chiba et al., 2004; 

Tanaka et al., 2009).  It is thus possible that the cluster binding of AH confers its specificity 

towards glycan types that are typical of the HIV envelope, and is linked to its low mitogenic 

effects.  Matoba et al. (2010) investigated a plant-based production system for AH.  The 

native gene (Chiba et al., 2004) was expressed using the magnICON system.  Expression 

levels between 20 and 120 mg/kg were obtained.  When the small ubiquitin-like modifier 

(SUMO) was fused to the N-terminus of AH, the protein levels accumulated to over 200 

mg/kg in the apoplast (Davies, 2010).  The plant-produced AH was able to inhibit HIV-

mediated syncytium formation.  

 

 

1.5.4 SVN 
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SVN was isolated from cyanobacterium Scytonema Varium (Bokesh et al., 2003).  It is one of 

the smallest lectins described up to know.  It has an approximate molecular mass of 9.7 kDa.  

Its 95 amino acid sequence displays significant internal sequence duplication and it has 10 

cysteines forming five intrachain disulfide bonds.  Furthermore the molecule appears to have 

two domains, the first domain (SD1) is formed by amino acid 1-48, while the second (SD2) is 

formed by 49-95 (Xiong et al., 2006b).  Although the primary sequence of SVN resembled 

the chitin binding motif of the Volvox carteri lectin, it does not bind to chitin (Bokesh et al., 

2003).  SVN displayed activity against laboratory and primary HIV isolates in nano-molar 

concentrations (Bokesh et al., 2003).  SVN binds to glycosylated gp120, gp160 and gp 41.  

Biological active SVN was produced with an N-terminus thioredoxin in E. coli at levels of 5-

10 mg/L purified SVN (Xiong et al., 2006a).  Interestingly, when the SD1 peptide was 

produced using the thioredoxin system, it displayed the same activity as the full SVN (Xiong 

et al., 2006b).  McFeeters et al. (2013) showed that by modifying proteins in the SD2 

domain, the HIV inhibition potential of SVN could be improved.   

 

 

1.6 Summary  

 

The burden of the HIV pandemic together with the lack of an effective vaccine, has spurred 

the development of several microbicidal candidate molecules to curb HIV transmission.  Of 

these, neutralising antibodies and peptide lectins have shown encouraging potency and 

protection against the virus in in vivo and in vitro studies.  Plants present a viable option for 

the cost effective production of protein based candidate microbicides.  I reviewed here the 

progress made with the production of HIV neutralising antibodies and peptide lectins in plant 

systems.   

 

So far, four HIV neutralising antibodies - 2G12, b12, 2F5 and 4E10 - have been successfully 

made in plants.  Expression levels in transgenic leaves, seeds and plant cell cultures were 

relatively low compared to that which is obtained with transient technologies.  For instance, 

transient infiltration using new generation viral vector technologies such as the deleted 

CPMV vector resulted in 2G12 accumulating to 325 mg/kg.   

 

Generally, expression in various subcellular locations is used to optimise recombinant protein 

yield.  In the case of antibodies, this aspect of expression also influences the glycan structure 
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of the molecule.  Also, depending on plant organ, subcellular targeting can influence the 

overall yield and efficacy of the plant-made antibody.  While ER retention of 2G12 in 

Arabidopsis seed resulted in no significant difference in expression levels, it resulted in 

almost twofold lower levels of 2G12 in maize seed.  In contrast to maize seed, ER retention 

of 2G12 in tobacco leaves led to improved yields.  Furthermore, ER retention does not seem 

to be entirely optimal, leaving a small fraction of immunoglobulins that will contain 

immunogenic plant glycans.  Separating these during downstream processing will only add to 

production costs.   

 

A promising solution lies in the use of a modified host system that is incapable of producing 

plant glycans, but instead will add human type glycans to secreted proteins.  Both 2G12 and 

4E10 MAbs were produced in such a modified N. benthamiana plant.  The resulting 

antibodies contained only human-like galactosylated glycan structures.  Furthermore, these 

galactosylated antibodies were more efficacious than the CHO cell-produced equivalent.  No 

mention was made of the accumulation levels of the antibodies in the mutant plant, but the 

ability to express MAb products with a human glycan profile represents a significant step 

towards the production in plants of fully functional proteins that are likely to be well 

tolerated.    

 

It is difficult to say which factors have the greatest influence on the efficacy of plant made 

immunoglobulins.  Whilst some plant-made antibodies were as active as their CHO 

counterparts, others were less effective and yet others up to fourfold more active.  Impurities 

in the recovered products and glycan structures might play a role in decreasing activity, 

whilst aggregation and human-like glycan structures appear to improve activity, as was the 

case for 2G12 MAb produced in maize and a modified tobacco.  Furthermore, fusion with 

other anti-HIV agents also showed an increase in the potency of the antibody against the 

virus.   

 

A few lectins with highly potent anti-HIV activity have been isolated from different 

organisms.  In general, these lectins do not accumulate in large amounts in their natural 

sources, or these sources are difficult to propagate.  Thus, recombinant expression of the 

lectins was pursued in other production systems such as bacteria and yeast.  With the latter 

systems, lectin production was not optimal, resulting in heterogeneous products, non-

functional products or products that formed insoluble inclusion bodies.  Subsequently these 
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lectins were produced in plants with generally improved outcomes with respect to these 

challenges.   

 

Three potent anti-HIV lectins - CV-N, GRFT and AH - have been expressed in tobacco.  

Stable transgenic expression resulted in significantly lower levels of accumulated product 

relative to transient production of lectins.  The highest accumulation level reported thus far 

for a lectin produced in a plant is for GRFT.  By use of a TMV based viral vector, the lectin 

accumulated in tobacco leaves to more than 1g/kg protein.  The AH lectin also accumulated 

to a level of 120 mg/kg by means of the magnICON viral vector system.  Furthermore, all the 

plant-produced lectins reviewed here seem to retain their native efficacy against the virus.   

 

Subcellular targeting is an important aspect to consider when producing these lectins in 

plants, since lectin expression may affect plant processes, yields and viability of the plant 

cell.  The lectins reviewed here have either been produced as secreted or cytosolic proteins.  

It is not clear which compartment suits which lectin, since high levels for both a cytosolic 

(GRFT) and a secreted lectin (AH) have been reported.  Thus each lectin that is expressed in 

a plant system might have to be produced in different cell compartments in order to evaluate 

the optimal expression conditions for that lectin.   

 

Apart from expressing solitary candidate microbicides, plants were also able to produce 

fusion proteins of lectins and antibodies, either with each other (antibody –lectin fusions) or 

with entirely different molecules.  Any administered HIV microbicide will most likely consist 

of several compounds with different modes of action, in order to ensure broad maximum 

activity without the risk of developing resistance.  By producing fusion microbicides, one 

combines the neutralisation potential of two molecules in a single production run, with 

positive implications for lowering cost and increasing efficacy.  Additionally, fusions can 

stabilise the target protein to ensure higher yields, as in the example of ELP fused to anti-HIV 

antibodies (Floss et al., 2008).  Clearly, production of microbicidal candidate molecules 

offers advantages beyond simple challenges of expression of efficacious molecules. 

 

 

1.7 Concluding remarks 
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After more than twenty years of research, plants are on the brink of entering the playing field 

as protein production platforms for human therapeutics.  Their progress from potential to 

actual production platforms has been facilitated largely by technical developments in vector 

systems and plant hosts.  For a disease such as HIV, where there is a desperate demand for an 

effective microbicide, these advances could potentially enable plants to meet the supply gap.  

Although several anti-HIV neutralising antibodies and peptide lectins have been produced in 

plants, only two have entered clinical trials (Twyman et al., 2012).  MAPP66 is a cocktail of 

several antibodies produced by the magnICON system in N. benthamiana whilst plant-made 

2G12 entered clinical trials in 2011 (Twyman et al., 2012).  Also, plant-made GRFT has 

passed pre-clinical studies and is assumed to be safe to be evaluated in clinical trials.  

Advancements on plant made therapeutics in clinical development such as the use in 

advanced broad access trials of carrot cell glucocerebrosidase, provide a new perspective on 

the potency and utility of PMPs.  The hope is that as production and purification technology 

are more standardised in the field, and as more plant-made candidates progress along the 

preclinical and clinical developmental pipeline, plants will become a source of routinely used, 

effective therapeutic and preventative biologics.  
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Table 1.1 Expression of anti-HIV neutralising antibodies in plants 
 

Antibody Plant host  Plant 
organ 

Vector system and 
mode of 
transformation 

Subcellular 
targeting  

Yield N-glycan structures Efficacy of plant 
made antibody 

Reference 

2G12 Zea Maize 
Hi-II  
 
 

Seed Rice glutelin-1 (gt-1) 
endosperm promoter 
 
Transgenic 
transformation 
 
 

ER retained   30 ug/g (T1), 
33.2 ug/g (T2) 
and 60 ug/g (T3) 

HC produced as different sized 
molecules.  Larger glycoforms 
contained mainly OMT glycans, 
and a few had complex MMXF, 
MUXF and GnMXF residues.   
The smaller HC glycoform was a-
glysosylated whilst others 
contained single GlcNAc residues.  

In vitro binding 
activity similar 
than CHO 
derivative.  
Neutralisation 
fourfold higher 
than CHO 
equivalent.  

Rademacher et al., 
2008 

         
2G12 Zea Maize 

M37W 
 

Seed Rice glutelin-1 (gt-1) 
endosperm promoter 
 
Transgenic 
transformation 
 
 

Secreted 100 ug/g Different glycoforms detected; 
more than half contained single 
GlcNAc, others contained complex 
glycans containing fucose and 
xylose, whilst a few contained 
OMT glycans. 

In vitro binding 
activity was similar 
to CHO derivative.  
Neutralisation 
threefold higher 
than CHO 
equivalent. 

Ramessar et al.,  
2008 

         
2G12 Arabidopsis xylose 

and fucose mutant 
(A. thaliana  
∆XT/FT ) 
 

Leaf CaMV 35S promoter 
 
Transgenic 
transformation 

Secreted 0.05-0.2 %TSP Wt contained complex GnGnXF/ 
GnMXF/ MGnXF/MMXF type 
glycans.  
The ∆XT/FT mutant produced 
2G12 contained mainly complex 
GnGn with a few containing OMT. 

Efficacy was 
comparable to 
CHO produced 
2G12 in in vitro 
ELISA binding 
assay. 

Schähs et al., 
2007, 

         
2G12 Arabidopsis wt and 

Xylose -fucose 
mutant (A. thaliana 
∆XT/FT ) 
 

Seed Gateway vectors, β-
phaseolin promoter 
 
Transgenic 
transformation 

Secreted and 
ER retained 

2.1 ug/mg for 
2G12 secreted in 
XT/FT mutant, 
3.6 ug/mg for 
2G12 secreted in 
the wt and 3.0 
ug/mg for 2G12 
ER retained in 
the wt 

Complex GnGnXF for secreted wt 
2G12 whilst complex GnGn type 
glycans for 2G12 produced in 
∆XT/FT. Majority of ER retained 
wt 2G12 carried OMT whilst a few 
contained GnGnXF. 

Neutralisation 
efficacy was 
slightly weaker 
than CHO 
produced 2G12. 

Loos et al.,  2010 

         
2G12 
 
 
 

N. benthamiana Leaf Replicating CPMV 
full length vector  and 
non-replicating 
deleted RNA-2 vector 
(Hypertranslatable, 
HT) CPMV  vector 
 

Secreted and 
ER retained 

325 mg/kg 
obtained with ER 
retention using 
the HT  CPMV  

ER retained forms contained 
mainly OMT with a few containing 
complex glycans. The secreted 
antibody contained complex 
GnGnXF, GnMXF and a few with 
OMT glycans. 

In vitro binding 
assays as well as 
neutralisation 
assays show plant 
made 2G12 
efficacy is 
comparable to 

Sainsbury  and 
Lomonossoff, 
2008;  Sainsbury 
et al., 2010 
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Transient expression CHO produced 
2G12.   

         
2G12 N. benthamiana wt;  

N. benthamiana β 
1,2 xylose and α1,3-
fucose mutant 
(∆XT/FT) and  N. 
benthamiana β 1,2 
xylose and α1,3-
fucose mutant 
expressing β1,4-
galactosyltransferase 
(GalT+∆XT/FT)   

Leaf CaMV 35S promoter 
 
Transgenic 
transformation 

Secreted Not mentioned GnGnXF (wt); GnGn (∆XT/FT) 
and fully AA forms 
(GalT+∆XT/FT) 

Plant derived 
GnGn and 
GnGnXF forms 
slightly better than 
CHO produced 
2G12 in a 
syncytium 
inhibition assay. 
The fully 
galactosylated AA 
was more than 
threefold more 
active than other 
plant glycoforms. 

Strasser et al., 
2009  

         
2F5 Nicotiana tabacum 

L.cv bright yellow 
cell cultures (BY-2).   
 

Cell 
culture 

CaMV 35S 
 
Transgenic 
transformation 

ER retained  Prior to 
purification 
accumulated to 
2.9 mg/kg fresh 
cell weight.  Post 
purification 
reached 6.44 
mg/kg wet cell 
weight.   

Not evaluated but predicted to be 
OMT. 

BY-2 derived 2F5 
similar Fc region 
binding but less 
antigen binding 
activity compared 
to CHO produced 
2F5.  In an HIV 
neutralisation 
assay, the BY-2 
produced 2F5 was 
inferior to CHO 
produced 
counterpart. 

Sack et al.,  2007 

         
2F5 Nicotiana tabacum 

cv. Samsun NN 
Leaf CaMV 35S 

 
Transgenic 
transformation 

ER retained,  
ELP fusions 

TSP of  0.1% 
HCLC, 0.2% 
HCELP-LC, 
0.3% LCELP-HC 
and 0.6 % 
HCELP-LCELP 

Majority OMT, a few carrying 
complex GnGnX and AGnX. Trace 
amounts of complex GnMX, GnGn 
and GnGnXF detected 

Binding assay 
shows that all ELP 
variants and non 
fused plant made 
2F5 antibodies had 
similar antigen 
binding ability 
compared to the 
CHO produced 
2F5 

Floss et al., 2008 

         
b12 and 
b12-CV-
N fusion 

Nicotiana tabacum Leaf CaMV 35S 
 
Transgenic 
transformation 

Secreted 2.45 ug/ml 
(b12/CV-N) and 
7.35 ug/ml (b12)  

Not mentioned Both b12 and b12-
CV-N fusion were 
able to bind gp120.  
In a virus 
neutralisation 

Sexton et al., 2009 
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assay the b12-CV-
N fusion displayed 
higher potency 
than b12 alone. No 
comparison made 
with CHO 
produced b12. 

         
4E10 N. benthamiana wt;  

N. benthamiana β 
1,2 xylose and α1,3-
fucose mutant 
(∆XT/FT) and  N. 
benthamiana β 1,2 
xylose and α1,3-
fucose mutant 
expressing β1,4-
galactosyltransferase 
(GalT+∆XT/FT)   

Leaf CaMV 35S promoter 
Transgenic 
transformation 

Secreted Not mentioned GnGnXF (Wt); GnGn (∆XT/FT) 
and fully AA glycans forms 
(GalT+∆XT/FT) 

Plant derived 
GnGn and 
GnGnXF forms 
performed slightly 
better than CHO 
produced 4E10 in a 
syncytium assay, 
while the fully 
galactosylated AA 
form was more 
than threefold as 
efficacious than 
other plant 
glycoforms. 

Strasser et al., 
2009  

         
AA:  Galactosylated residues;  CaMV: Cauliflower Mosaic Virus; CHO: Chinese Hamster Ovaries (cells); CPMV: Cowpea Mosaic Virus; ER: Endoplasmic reticulum; F: Fucose residue; 
GlcNAc/Gn: N-acetylglucosamine residue; HC: Heavy chain; M: Mannose; OMT: Oligo-mannose type Wt: Wild type; X: Xylose residue 
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Table1.2 Expression of anti-HIV peptide lectins in plants 
 

 
 

Origin Organism Lectin Expression system Expression host Targeting Levels Efficacy Reference 
Cyanobacterium 
 

Nostoc 
ellipsosporum 

Cyanovirin  
(CV-N) 
 
 
 

CaMV based vector 
Transgenic 
transformation 
 
 

N. tabacum 
 
 
 
 
 

Secreted  
 
 

130 ng/mg (0.85% 
TSP leaf) 
0.4ug/ml 
Hydroponic 
 
 

Plant made CV-N 
bound to gp120. 
Showed inhibition 
of syncytium 
formation. 
 

Sexton et al., 
2006 
 
 
 
 

  CV-N b12 fusion 
 

CaMV based vector 
Transgenic 
transformation 
 

Nicotiana tabacum 

(var. Xanthii) 
Not specified 2.45 ug/ml 

(b12/CV-N) 
 

The b12-CV-N 
fusion was able to 
bind gp120 and in 
a virus 
neutralisation 
assay it displayed 
higher potency. 

Sexton et al., 
2009 

         
  CV-N GFP and 

‘N GFP-CV-N 
C’GFP 

Strong tobacco plastid 
rRNA operon 
promoter (Prrn) 
Transgenic 
transformation 

Nicotiana tabacum 
(cv. Petit Havana) 

Chloroplast 0.3% TSP Not evaluated Elghabi et al. 
2011 

         
Algal 
   

Griffithsia Griffitsin  
(GRFT) 

TMV based vector 
Transient expression 

N. benthamiana Cytosol > 1g/kg Plant made GRFT 
efficacious against 
HIV strains of 
different clades 
and co-receptor 
type. Plant 
produced GRFT 
prevented HIV 
infection in 
cervical explants. 

Emau et al., 
2007; O’Keefe  
et al., 2009 

         
Fungae 
 

Longispora abida Actinohivin lectin 
(AH)  

TMV based 
deconstructed viral 
vector (magnICON) 
Transient expression 

N. benthamiana Secreted 20-120 mg/kg Tobacco produced 
AH bound to 
gp120 and 
inhibited HIV 
mediated 
syncytium 
formation. 
 

Matoba et al., 
2010 

 
CaMV: Cauliflower Mosaic Virus;  HIV:  Human Immunodeficiency Virus;  TMV:  Tobacco Mosaic Virus; TSP: Total Soluble Protein 
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CHAPTER 2.  
 

Expression of the anti-HIV lectin griffithsin in maize seed 
 
 
2.1 INTRODUCTION 
 
Seeds are considered by some as the flagship for plant production of therapeutic 

molecules, with maize seed at the forefront (Lau and Sun, 2009).  The first two 

commercial plant-made proteins, avidin and β-glucuronidase, were produced in maize 

seed (Hood et al., 1997; Witcher et al., 1998).  Since then, numerous other 

pharmaceutical proteins have been produced in this crop of which some are already 

commercialised - like trypsin by Sigma (Lau and Sun, 2009) while others are in the 

pipeline for development as potential products (reviewed by Paul and Ma, 2011).   

 

Maize seed presents several alluring attributes for recombinant protein production, 

such as relatively good biomass yields, high protein content, low water content and 

protease activity, as well as a stable storage structure (Stoger et al., 2000; Rammessar 

et al., 2008; Lau and Sun, 2009).  Furthermore, the seed composition is fairly 

homogeneous, which is advantageous for processing and purification.  Also, 

molecular protocols for maize are well established and processing and purification can 

be aligned with current existing processing facilities.   

 

Anti-HIV microbicides such as monoclonal antibodies and peptide lectins have been 

expressed successfully in plants, some of which expression occurred in seeds 

(recently reviewed by Lotter-Stark et al., 2012).  Griffithsin (GRFT) is the most 

potent anti-HIV lectin reported thus far (Mori et al., 2005).  It displayed an excellent 

safety profile in animal models and human explant tissue and cells (Kouokam et al., 

2011; O’ Keefe et al., 2009) and fared well in combination with other microbicide 

agents (Férir et al., 2011).  

 

Given the success of maize seed expression, I attempted the expression of the algal 

lectin, griffithsin (GRFT), in maize using an endosperm specific promoter.  One of the 

considerations for production of a recombinant protein in any plant platform is the 

targeting of that protein to a specific compartment (Kusnadi et al., 1997, Twyman et 

al., 2005).  The subcellular location of a recombinant protein can hugely influence the 
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yield, functionality and subsequent purification of the recombinant protein.  In the 

seed environment it appears that the inherent nature of the protein as well as tissue 

specific factors might also contribute to the ultimate location and accumulation levels 

of the protein (Chikwamba et al., 2003; Hood, 2004; Drakakaki et al., 2006).  Thus, 

GRFT was produced as a secreted and non-secreted form in the endosperm of the seed 

of transgenic maize.  I evaluated the yield, ease of purification and efficacy of the 

maize produced anti-HIV lectin.   

 

 

2.2 MATERIALS AND METHODS 

 

2.2.1 Construction of maize expression vectors and minimal transgene cassettes 

 

Vector pET28 (+) containing the native griffithsin gene sequence (Mori et al., 2005), 

was used as a template to amplify GRFT with forward primers bspGRNcoF (5’- 

CATGCCATGGTGAAGGTGAAGTGCTATGTGCTCTTCACTGCTCTCCTCAGC

TCTCTTTGTGCTTATGGAAGCCTGACCCATCGCAAG-3’) or GRNcoF (5’-

ATGCCATGGGCAGCCTGACCCATCGCAAG-3’) and reverse primer 

GRthrHisSacR (5’-ATGAGCTCTTAGTGATGATGATGATGATGGTGCCGCGCG 

GCACCAGGCCGCTGC TGTACTGTTCATAG-3’).  GRFT amplification was 

carried out using the Long PCR Enzyme Mix (Fermentas, Thermo Scientific, 

GMBH).  Amplification was done according to the following cycle: one cycle of 5 

min at 95 °C; five cycles at 94 °C for 30 seconds, 30 °C for 30 seconds, 72 °C for 1 

minute; five cycles at 94 °C for 30 seconds, 35 °C for 30 seconds, 72 °C for 1 minute; 

and thirty cycles at 94 °C for 30 seconds, 55 °C for 30 seconds, 72 °C for 1 minute; 

and 72 °C for 7 minutes.  Amplified products were ligated into the pGEM-T-easy 

vector (Promega, Wisconsin, U.S.A.) and sequenced.  Sequencing was done at the 

University of Cape Town.  Genes were excised from the sequencing vector using 

NcoI and SacI and ligated to NcoI and SacI digested maize expression vector pRC4 

(Chikwamba et al., 2002a and b).  All DNA fragments were gel purified using the 

DNA purification kit (Zymo Research, Irvine U.S.A.).  All digestion enzymes were 

supplied by Fermentas.  DNA fragments were ligated using either a Fast Link 

(Epicentre, Madison, U.S.A.) or T4 ligation kit (Fermentas).   
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2.2.2 Preparation of DNA for maize callus bombardment 
 

Minimal transgene cassettes (Christou and Kohli, 2005) were generated for 

bombardment into maize Hi-II callus.  The pRC4 vectors were digested with HindIII-

NsbI.  Simultaneously the pmi (phosphomannose isomerase) selectable marker gene 

cassette was isolated from pNOV3604 (O’Kennedy et al., 2004) using an Asp7181 

and HindIII digestion.  Microbicide gene cassettes were co-bombarded with the 

selectable marker gene cassette.  Purified cassettes were coated onto 0.6 micron gold 

particles according to the manufacturer’s recommendations (Biorad, Munich, 

Germany), except that extensive vortexing was used exclusively to resuspend the gold 

particles before coating; subsequent mixing was done by finger-tipping or short 

vortexing.  Particle bombardment was performed with the PDS 1000/He gun (Biorad, 

Munich, Germany) at 650 psi.   

 

 

2.2.3 Preparation of maize callus  

 

Maize callus was prepared as follows: greenhouse-grown cobs of the Hi-II line 

(parent A×B offspring) were collected 10-13 days post pollination.  Cobs were soaked 

in 70 % (v/v) ethanol for 1 minute, sterilised for 15 minutes in 2.5 % (v/v) sodium 

hypochlorite solution containing 0.1 % (v/v) of the surfactant Tween 20 (Merck, 

Darmstadt, Germany) and thoroughly rinsed with sterile distilled water.  Immature 

zygotic embryos were aseptically excised from the florets using a dissecting 

microscope and placed with the scutellar side of the embryo in contact with the N6E 

callus induction medium (the composition of all tissue culture medium is summarised 

in Appendix A).  Embroygenic callus was initiated for bombardment on NSE osmotic 

medium (NSE osm) for approximately 4 hours, where after it was bombarded with the 

gene cassettes.  Bombarded calli were transferred to N6E medium 18 hours post 

bombardment to recover for approximately 4 days.  Putative transgenic callus tissue 

was selected on N6S 12/6 media (selection media containing 12g/l mannose and 6g/l 

sucrose) for two weeks, then on N6S 13/4 (selection media containing 13g/l mannose 

and 4g/l sucrose) for another 4 weeks.  Callus was matured on Reg I 26/8 media 
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(maturation media containing 26g/l mannose and 4g/l sucrose) and regenerated on 

Reg II 13/4 media (regeneration media containing 13g/l mannose and 4g/l sucrose).  

Plantlets were rooted on ½ MS media.  

 

 

2.2.4 PCR screening of putative transgenic maize 
 

Regenerating plants were screened via PCR using vector and gene specific primers.  

DNA extraction from plants was based on the method of Dellaporta et al., 1983.  

Briefly, leaf material was crushed in liquid nitrogen to a fine powder filling a third of 

the volume of a 2 ml Eppendorf tube to which 800 ul of extraction buffer (1 % 

Laurylsarkosyl, 100 mM Tris-HCl, 100 mM NaCl and 10 mM EDTA) was added and 

mixed.  An equal volume of phenol (pH 7.8)/chloroform/isoamylalcohol (25:24:1) 

was added.  Samples were vortexed and centrifuge at 5 000 rpm for 10 minutes.  

Supernatant was transferred to a new tube and mixed well with an equal volume of 

chloroform/isoamylalcohol (24:1).  Samples were centrifuged as described and the 

supernatant transferred to a clean tube.  DNA was precipitated with 1/10 volume 3 M 

NaAc pH 4.8 and 1 volume of isopropanol.  Precipitated DNA was scooped out or 

centrifuged at 13 000 rpm for 30 minutes and transferred to 70 % ethanol.  Samples 

were centrifuged at 5000 rpm for 5 minutes.  The collected pellet was left until dry 

and dissolved in 30-100 ul TE supplemented with 2 µl of 10 mg/ml RNase.  PCR 

screening was performed with 100 ng DNA and gene specific primers.  DNA was 

screened for the presence of the GRFT gene using GRNcoF (described above) or 

GRscrF (5’-CTGACCCATCGCAAGTTCGG-3’) and TvspR primers (5’- 

GCTCCTATTTGAATAGTGC-3’).  To screen for the presence of the pmi gene, I 

used primers PMI-F (5’-CGTTGACTGAACTTTATGGTATGG-3’) and PMI-R (5’-

CACTCTGCTGGCTAATGGTG-3’).  PCR was carried out using a 95 ºC 5 minutes 

denaturing step, a 30 cycle repeat consisting of 95 ºC 30 seconds, 57 ºC 45 seconds 

and 72 ºC 1 minute steps and final elongation for 7 minutes at 72ºC. 

 

 

2.2.5 Southern blot  
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Southern blots were performed essentially according to the method of Southern 

(1975).  GRFT and pmi probes were prepared by using a PCR dig labelling kit (Roche 

Biochemicals, Basil, Switzerland).  DIG-labeled PCR products were cleaned using the 

DNA purification kit (Zymo research).  Probe concentrations were established with a 

DIG -labeled positive control (Roche Biochemicals) in a spot assay.  Approximately 

12 ug of genomic DNA was digested with SacI (40 u/ul, Roche Biochemicals) or 

HindIII (10 u/ul, Fermentas).  Digested DNA was electrophoresed on 0.8 % TAE gel 

together with a DIG -labeled marker III (Roche Biochemicals).  The gel was 

denatured by 2 × 15 minutes soak in (1.5 M NaCl; 0.5 M NaOH) at room temperature 

and then neutralised by 2 × 15 minutes soak in 1 M Tris-Cl pH 7.5/ 1.5 M NaCl at 

room temperature.  Blotting was done using 20×SSC and positively charged nylon 

membrane (Roche Biochemicals).  The membrane was prehybridised 3 to 4 hours at 

42 ºC in DIG easy hybridisation solution (Roche Biochemicals; 15 ml/100 cm2).  

Hybridisation was performed at 42 ºC overnight with the GRFT or pmi probes at 7.5 

ng/ml hybridisation solution.  The membrane was washed twice for 5 minutes at room 

temperature in 2 X wash (2 X SSC, 0.1 % SDS) and 3 × 15 minutes at 65 °C in 0.5 × 

wash (0.5 × SSC, 0.1 % SDS).  The membrane was rinsed in wash buffer [Maleic acid 

buffer; 0.3% (v/v) Tween 20)] and incubated with blocking solution for 45 minutes at 

room temperature where after it was incubate for 30 minutes at room temperature with 

anti- DIG antibody (Roche) diluted 1: 50 000 in blocking solution.  The membrane 

was washed four times for 15 min at room temperature in wash buffer (0.3 % Tween 

20 in Maleic acid buffer).  The membrane was equilibrated in 100 mM Tris HCl pH 

9.5, 100 mM NaCl, covered with CDP-star Ready to use (Roche Biochemicals) for 5 

minutes, and exposed to Amersham Hyperfilm (GE Healthcare Limited, UK) and 

developed after 3 hours.  

 

 

2.2.6 ELISA 

 

Kernels from Southern blot-positive events were selected for protein analysis.  

Endosperm was collected by hand-drilling using a Bosch hand drill.  1 X PBS buffer 

was added to the endosperm powder in a ratio of 1 mg: 10 ul, mixed thoroughly and 

incubated at 4 °C overnight.  Supernatants, collected after centrifugation at 12000 
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rpm, were subjected to ELISA according to the method of Boyd et al. (1997).  Briefly, 

wells of a 96 well ELISA plate (Nunc, Maxisorp) were coated with 100 ng gp120 (E 

clade gp120 provided by the National Institute for Communicable Diseases, NICD, 

South Africa) in PBS.  Each well was blocked using 5 % fat free milk powder in PBS.  

Positive controls and protein extracts were incubated as 50 ul volumes in PBS.  Rabbit 

polyclonal anti-GRFT (provided by Dr. Barry O’Keefe of the Molecular Targets 

Laboratory, Center for Cancer Research, NCI-Frederick, MD, USA), diluted 1:1000 

in 1 X PBS, was added to the wells followed by rabbit horse radish peroxidase (HRP) 

conjugate (Sigma-Aldrich, A0545, Saint Louis, Missouri, U.S.A.) diluted 1:5000 in 

PBS.  TMB (3, 3’, 5, 5’–tetramethylbenzidine Dihydrochloride, Sigma-aldrich) was 

used as substrate for HRP, the colour reaction was stopped using 1 M H2SO4 and 

absorbance was measured at OD450.  Wells were washed (twice after coating and 

blocking steps and four times after sample and antibody incubations) with PBS-

Tween 20 (0.1 % v/v, Merck).  Incubation periods were carried out for 2 hours at 37 

°C or overnight at 4 °C.  ELISA data obtained was transformed by using the equation 

generated by the standard curve to calculate a ng/ul value.  Knowing the amount of 

endosperm powder weighed, and the amount of buffer added a ng/mg value was 

calculated.  This was then converted to mg/kg for maize. 

 

 

2.2.7 Immunoblot 

 

Protein extracts (35 ul) were electrophoresed on a 12 -15% poly-acrylamide gels.  Gel 

to Sequi-Blot PVDF membrane (162-0184; Biorad, Hercules) transfer was performed 

with the semi-dry blotting system (Biorad) for approximately 1h at 15 V.  Membranes 

were blocked in PBS supplemented with 5 % milk powder followed by incubation 

with anti-GRFT (1:1000) in blocking solution overnight at room temperature, 

followed by incubation with rabbit conjugate (1:5000) in PBS-Tween 20 (0.1 % v/v) 

for 2 hours.  Washing steps between incubations were done 3×10 minutes with PBS-

Tween 20 (0.1 % v/v).  The ECL Plus Western blotting kit and ECL Hyperfilm (RPN 

2124 and 28-9068-36 respectively, Amersham Life Science, Buckinghamshire, UK) 

were used for detection. 
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2.2.8 Partial purification of maize produced GRFT  

 

Seeds were degermed and ground in a coffee grinder to a fine meal.  Ground seed 

powder was mixed thoroughly with 1× PBS buffer (pH 7) or PBS-Tween 20 (PBS 

buffer containing 0.05% v/v Tween 20) in a 1:5 ratio.  The suspension was incubated 

at 4°C overnight where after it was passed through a 100 µm mesh to retain the 

ground material.  The milky liquid fraction was filtered through a 0.45 µm filter 

(Merck Millipore, Darmstadt, Germany) or centrifuged for 10 minutes at 10 000 rpm.  

The filtrate was concentrated using a 10 kDa membrane cut-off Vivaspin columns 

(Sartorius Stedim Biotech, GmbH, Goettingen, Germany).  Gp120 binding ELISA 

(described previously) was used to determine the GRFT content in the different 

sample fractions.  

 

 

2.2.9 Column purification of maize produced GRFT 

 

Partially-purified maize extracts were applied onto a weak anion exchange column 

(PALL, Washington, U.S.A.), a C18-SPE column (Bonna Agela, Wilmington, 

U.S.A.), and His affinity columns (Zymo Research) for further purification and 

concentration.  Samples were applied according to the manufacturer’s guidelines.  

Flow through, washed and eluted fractions were evaluated by SDS-PAGE and 

immunoblot analysis as described previously.   

 

 

2.2.10 Efficacy analysis of maize produced GRFT 

 



Univ
ers

ity
 of

 C
ap

e T
ow

n

 38

Crude and partially-purified GRFT-containing maize extracts were tested for efficacy 

in a single-cycle neutralization assay (TZM-bl assay).  The TZM-bl assay was set up 

with the extracts using the method previously described by Alexandre et al. (2010).  

Briefly, three-fold dilution series of GRFT in 100 µL of Dulbecco's Modified Eagle 

Medium (DMEM) with 10% FBS (fetal bovine serum, growth medium) was prepared 

in a 96-well plate in duplicate.  Two hundred TCID50 of pseudovirus in 50 µL of 

growth medium was added and the mixture was incubated for 1 h at 37ºC.  Then 100 

µL of TZM-bl cells at a concentration of 1x105 cells/mL containing 37.5 µg/mL of 

DEAE dextran was added to each well and cultured at 37°C for 48 hours.  Infection 

was evaluated by measuring the activity of the firefly luciferase.  Titres were 

calculated as the inhibitory concentration that causes 50% reduction (IC50) of relative 

light unit (RLU) compared to the virus control (wells with no inhibitor) after the 

subtraction of the background (wells without both the virus and the inhibitor). As a 

control VSV-G (vascular stomatitis virus) was included in the assay.  

 

Partially-purified GRFT maize extract was further evaluated for HIV inhibition 

against HIV-1 BaL infection of the C8166-R5 cell line.  Briefly, C8166-R5 cells (0.4 

x 105 cells/well) were exposed to a dilution series of the maize extracts for 1 hour 

prior to exposure to HIV-1BaL then cultured for a further 7 days in the presence of 

the maize extracts.  Infection was measured by P24 ELISA.  The extract was 

evaluated for any toxic effects using C8166-R5 cells and the MTT dye reduction 

assay.  Briefly, C8166-R5 cells (0.4 x 105 cells/well) were exposed to a dilution series 

of compound for 7 days in the presence of compound.  Cells were then washed with 

PBS and treated with MTT for 2 hours.  Supernatant containing MTT was then 

removed and cells lysed to release the blue formazan product using 98% isopropanol 

with 2% 2N HCl.  

 

 

2.3 RESULTS  
 

 

2.3.1 Expression vector construction and minimal cassette generation 
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GRFT was amplified with and without the bacterial signal peptide (bsp) of the LT-B 

toxin (Mason et al., 1998) at the 5’ face and with a His-tag and threonine cleavage site 

at the 3’end.  After sequence verifications the genes were cloned into vector pRC4 

using the NcoI and SacI sites to generate pRC-GRFT and pRC-bspGRFT maize 

expression vectors (Fig. 2.1 a and b).   

 

 

 

pRC4GRFTNcoSac

4928 bp

TEV leader

APr

GRFTMaize 27kDa gamma zein promoter

Tvsp

BamHI (305)

EcoRI (1127)HindIII (3762)

NcoI (141)

PstI (3778)

SacI (564)

XhoI (4924)

PvuII (1219)PvuII (3583)

AvaII (395)

AvaII (929)

AvaII (2151)

AvaII (2373)  

 

pRC4BSPGRFT

4988 bp

TEV leader

APr

GRFT

Maize 27kDa gamma zein promoter

Tvsp

LtSP

BamHI (365)

EcoRI (1187)

HindIII (3822)

NcoI (141)

PstI (3838)

SacI (624)SalI (3840)

XhoI (4984)

PvuII (1279)

PvuII (3643)

AvaII (455)

AvaII (989)

AvaII (2211)

AvaII (2433)  

Fig. 2.1 Schematic representation of GRFT maize expression vectors pRC4-GRFT (a) 

and pRC4-bspGRFT (b).  PCR amplified GRFT and bspGRFT (blue arrows) were 

cloned into the NcoI and SacI sited of the vector.  The vector contains the seed 

specific 27kDa γ-Zein maize promoter (Green arrow), the tobacco etch viral 5’leader 

sequence (TEV, orange arrow), and the soybean vegetative storage protein terminator 

(Tvsp terminator, black arrow). 

 

 

a 

b 
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Digestion of pRC4 maize expression vectors using HindIII- NsbI generated DNA 

cassettes constituting of the seed specific 27 kDa gamma zein (γ-zein) maize 

endosperm specific promoter (Marks et al., 1985), the tobacco etch viral 5’leader 

sequence (TEV, Gallie et al., 1995), the bspGRFT and GRFT gene followed by the 

soybean vegetative storage protein terminator (Tvsp terminator, Rhee and Staswick, 

1992) (Fig. 2.2 a and b).  A selectable marker gene cassette was generated by 

Asp7181 and HindIII digestion of pNOV3604.  The latter cassette contained an 

Ubiquitin promoter, the pmi gene and NOS (Nopaline Synthetase) terminator (Fig. 

2.2c).    

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
  

 
 
Fig. 2.2 Schematic representation of minimal cassettes generated for bombardment.  

Cassettes were generated containing the microbicide genes GRFT (a) and bspGRFT 

(b).  The microbicides cassettes furthermore contained the 27 kDa γ Zein promoter 

(arrow); a Tobacco etch virus translational enhancer (TEV, dotted black box) and a 

soybean vegetative storage protein terminator (Tvsp; horizontal stripe box).  GRFT 

(grey box) was cloned with and without the LT-B bacterial toxin signal peptide (bsp; 

diagonal striped boxed).  The selectable marker cassette (c) contained an Ubiquitin 

promoter (black arrow), the pmi gene (white dotted box) and a NOS (Nopaline 

synthetase) terminator (black box). 

NcoI SacI 

pRC4 pRC4 

HindIII  NsbI 

a 

b 

HindIII  Asp7181 

 pNOV 3604 

c 
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2.3.2 PCR screening of maize transformants 
 

Minimal cassettes containing a GRFT gene with or without a signal peptide as well as 

the pmi selectable marker gene were bombarded into maize Hi-II callus.  Regenerated 

plantlets were screened via PCR using GRFT specific and pmi specific primers.  The 

PCR results (Table 2.1) shows that there are no significant differences between stable 

integration of GRFT and bspGRFT using biolistic-mediated transformation of maize.  

The percentage co-integration of selectable marker gene and target gene achieved 

were similar for GRFT and bspGRFT, and the percentage of plants that contained 

either the selectable marker gene or a GRFT gene was similar between experiments.  

Furthermore the percentage of plants that generated seeds did not differ significantly 

between experiments.  Thus, none of the inserts were recognised as potentially toxic 

and there did not seem to be a preference for seed production for cytosol expressed or 

secreted GRFT plants.   

 

 

Table 2.1. PCR screening of regenerated plants for the presence of the GRFT and 

selectable marker pmi gene  

 

Construct Plants 
screened 

% Both genes  % Pmi only 
 

% GRFT only  % Seed producers 

GRFT 38 84.2 2.6 2.6 71 
bspGRFT 68 72.1 2.9 3.9 77.9 

 

 

2.3.3 Southern blot analysis of maize GRFT transformants 

 

Southern blot analysis was performed primarily on genomic DNA from the T1 

generation of GRFT and bspGRFT transformed lines that were producing seed.  For 

the GRFT T1 generation, genomic DNA was probed with griffithsin (GRFT) gene and 

pmi DNA probes (Fig. 2.3).  In all events tested, a 100% co-integration of both genes 

into the genome was observed.  Copy numbers varied from 3-7 for GRFT and 1-5 for 

pmi.  For the bspGRFT T1 generation, genomic DNA was screened with a GRFT 
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specific probe (Fig. 2.4).  The copy number for the bspGRFT lines ranged between 1 

and 6 copies.  Thus the range of copy numbers for the GRFT, bspGRFT and pmi gene 

that were detected in the screened plants were similar.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
Fig. 2.3 Southern blot analysis of leaf extracted DNA from a maize T1 generation 

transformed with GRFT and pmi genes and probed with a GRFT (A) and pmi (B) 

specific probe.  Lane 1 contains the marker, lane 2 contains untransformed Hi-II, lane 

3 contains untransformed Hi-II spiked with two copies GRFT and pmi. Lane 15 

contains untransformed Hi-II containing 20 copies GRFT and pmi.  Subsequent lanes 

contain events A (lane 4), O (lane 5), B (lane 6), C (lane 7), D (lane 8), F (lane 9), H 

(lane 9), J (lane 10, 11), L (lane 12), N (lane 13) and I (lane 14).  

 

 

  1     2    3      4     5       6      7     8     9     10    11   12    13   14  15   

A 

B 
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Fig. 2.4 Southern blot analysis of the T1 generation maize transformed with bspGRFT 

and pmi genes detected with a GRFT specific probe.  Lane 1 and 16 contains the 

marker, lane 2 and 17 contains untransformed Hi-II, lane 3 and 18 contains 

untransformed Hi-II spiked with two copies GRFT and lane 15 and 30 contains 

untransformed Hi-II containing 20 copies GRFT.  Subsequent lanes contain events 

bspGR_A (lane 4), bspGR_B (lane 5), bspGR_C (lane 6), bspGR_G (lane 7), 

bspGR_J (lane 8), bspGR_N (lane 9), bspGR_R (lane 10), bspGR_S (lane 11), 

bspGR_U (lane 12), bspGR_V (lane 13), bspGR_W (lane 14), bspGR_D (lane 19), 

bspGR_F (lane 20), bspGR_H (lane 21), bspGR_K (lane 22), bspGR_E (lane 23), 

bspGR_M (lane 24), bspGR_O (lane 25), bspGR_N (lane 26), bspGR_Q (lane 27), 

bspGR_Z (lane 28) and bspGR_AA (lane 29).  

 

 

2.3.4 GRFT expression in maize endosperm 
 

Endosperm was collected from seeds of mainly Southern blot-positive events.  Total 

soluble protein (TSP) was extracted and microbicide expression levels were evaluated 
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using ELISA.  The average background ELISA value of untransformed seeds was 

approximately 0.37 mg/kg.  In the T1 generation of plants that were transformed with 

the GRFT gene, expression levels of seeds above 37 mg/kg were plotted (Fig. 2.5).  

The majority of the transformed lines displayed expression levels between 0.37 and 2 

mg/kg, while 12 lines had expression levels between 2 and 4 mg/kg and 12 lines 

displayed levels above 4 mg/kg.  The highest expression observed was 13 mg/kg for 

line H1.5.  The seed of this line was however not viable and did not generate a T2 

generation.  There was furthermore a variation of expression between lines of the 

same genetic event.  On average, five seeds of each line were screened for GRFT 

expression.  If the majority of these seeds displayed relatively good GRFT expression, 

additional seeds were also screened.  These lines were selected to produce a T2 

generation.  Mainly seeds that showed expression levels above 1 mg/kg were planted.   

 

Not all the drilled T1 seeds germinated and not all the T2 plants generated seeds.  

Thus a few T1 seeds were planted that was not drilled.  These were mainly from line I 

since it expressed well in most of the seeds evaluated (like Ipl4).  Five T1 lines were 

successfully advance to the T2 generation.  As with T1, an average of five seeds was 

screened.  If the majority of the five seeds in a line showed GRFT expression or if 

very good expression were detected for a seed, more seeds were screened from that 

line.  Values that were above the M37W background value were plotted (Fig. 2.6).  

The bulk of the lines showed expression below 2 mg/kg.  The highest expression level 

was obtained for I1.10.2 (9.4 mg/kg) and I1.10.3 (8.8 mg/kg).  Their T1 parent, I1.10 

expressed GRFT at 2.61 mg/kg.  GRFT accumulation in G1.3.3 was also relatively 

high (6.2 mg/kg).  The T1 parent of line G1.3 showed similar expression levels (6.4 

mg/kg).   

 

At this point some seeds of each line were selected and pooled for purification and 

efficacy analysis while the remaining seeds were selected to produce a T3 generation 

(Fig. 2.7).  Like with T2 seed from good expressing lines were planted without ELISA 

screening.  The bulk of the lines showed expression levels below 2 mg/kg.  The 

highest expression levels were obtained for plants from line I.  Since line I1 produced 
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a lot of T3 seeds and showed fairly good expression levels it was a good candidate to 

produce subsequent generations.  The T4 generation showed expression levels up to 4 

mg/kg (Fig. 2.8).  
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Fig. 2.5 Expression of GRFT (mg/kg) in maize T1 seed transformed with the native GRFT gene. Lines that expressed GRFT > M37W were 
plotted.   
 



Univ
ers

ity
 of

 C
ap

e T
ow

n

 47

        

            
Fig. 2.6 GRFT expression (mg/kg) in seed of the T2 generation of maize lines transformed with the GRFT gene.  Lines expressing GRFT above 

the levels of M37W are presented.   
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Fig. 2.7 GRFT expression (mg/kg) measured in seeds of the T3 generation of maize transformed with the GRFT gene.  Lines that exhibited 

expression above M37W expression were plotted.    
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Fig. 2.8 GRFT expression (mg/kg) measured in seeds of the T4 generation of maize 

transformed with the GRFT gene.  Lines that exhibited expression above that of 

M37W were plotted.    

 

 

In the T1 generation of bspGRFT transformed maize, the bulk of the lines expressed 

between 0.37 (M37W) and 2 mg/kg (Fig. 2.9), similar to the T1 generation of GRFT 

transformed plants.  The highest expression level detected was 3.7 mg/kg for line 

bspK (seed number 14).  Again, expression varied between lines of the same genetic 

event.  The same criteria as for T1 were used to generate T2 lines.  Not all the drilled 

seed survived and those that survived did not all produce seed.  In the T2 generation 

expression of GRFT was very low and only one line bspB.4.5 expressed GRFT above 

1mg/kg.  Since expression was low in the T2 generation, no further generations were 

produced.  
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Fig. 2.9 Expression of GRFT (mg/kg) in maize seed of T1 lines transformed with the bspGRFT gene.  Lines that expressed GRFT at levels 

greater than that of untransformed M37W are presented. 
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2.3.5 Immunoblot analysis of transgenic maize endosperm 
 

Immunoblotting was performed on the endosperm protein extracts under denaturing 

conditions (Fig. 2.10 and 2.11).  The purified E. coli produced GRFT was detected as 

a 15 kDa band with some residual dimer present as a 30 kDa band.  In both GRFT 

transformed and untransformed maize endosperm protein extracts, bands were 

detected.  For both the untransformed control and GRFT transformed lines a band that 

corresponds to 15 kDa was detected, although it seems more prominent in GRFT 

transformed maize extract.  A band that could be the GRFT dimer (30 kDa) was 

observed for some GRFT samples (Fig. 2.10 lane 4 and 5; Fig. 2.11, lane 4, 5, 6 and 

7).  Larger bands ranging from 50 kDa to 100 kDa were also present in the GRFT 

extracts and untransformed maize control extracts.  Apart from the 15 kDa band that 

was detected in the untransformed maize protein extract bands of approximately 27 

kDa, 40 kDa, 50 kDa and 55 kDa were also detected. 

 

 

 

 
 
Fig. 2.10 Immunoblot analysis of endosperm extracts of T1 lines transformed with 

GRFT.  MW is a DNA molecular weight marker (Fermentas, SM11811). Lane 1 

contains E. coli produced recombinant GRFT (100ng). Lane 2 contains M37W 

untransformed endosperm protein extract.  The rest of the lanes contains protein 

extracts from T1 GRFT transformed lines; lines K1.2 (lane 3), I1.1 (lane 4), I1.5 (lane 

5), L1.2 (lane 6) and L1.5 (lane 7) 

 
 
 
 
 
 
 

MW      1              2                3        4       5       6       7         

15 kDa 

27 kDa 
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GRFT dimer 
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Fig. 2.11 Immunoblot analysis of endosperm extracts of T1 lines expressing GRFT.  

MW is a DNA molecular weight marker (Fermentas, SM11811). Lane 1 contains E. 

coli produced recombinant GRFT (100ng). Lane 2 contains Hi-II untransformed 

endosperm protein extract.  Lane 3 to 7 contains protein extract from the endosperm 

of GRFT transformed lines I1.1; I1.3, I1.5; K1.1 and J1.2.   

 

 

2.3.6 Partial purification of GRFT from maize endosperm extracts 
 

GRFT maize endosperm extracts were subjected to partial purification processes prior 

to column purification.  Protein extractions were prepared from ground maize meal 

using PBS buffer as well as PBS-Tween 20 (PBS-T) buffer.  The GRFT content in the 

crude extraction was analysed by gp120 ELISA (Fig. 2.12).  The OD readings for the 

untransformed maize were lower than the transformed maize extract (Fig. 2.12 A vs. 

B and C).  Furthermore for the GRFT transformed maize, the presence of Tween in 

the extraction buffer resulted in the extraction of slightly less GRFT or it interfered 

marginally with the assay.  Passing the crude extract through 100 µ mesh did not 

change the GRFT content significantly.  However, filtering or centrifuging the crude 

extract results in a significant drop in the ELISA reading indicating a decrease in the 

GRFT content.  Filtered maize GRFT extract was used in subsequent column 

purifications since using the crude extract blocked the flow through these columns. 

 

15 kDa 

27 kDa 

55 kDa 

35 kDa 

MW      1              2                3        4       5       6       7         

GRFT monomer 

GRFT dimer 
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Fig. 2.12 Extraction and partial purification of GRFT maize protein extracts.  Crude protein extracts (cr) were prepared from untransformed 

maize (A) and GRFT transformed maize (B and C) kernels.  Extracts were prepared using PBS (pbs) or PBS supplemented with Tween-20 

(tween) buffer.  Extracts were flowed through a 100 µ mesch (m).  Some of the fractions were further centrifuged (c) of filtered (f) to eliminate 

particles in the solution.   

A B C 
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The filtered GRFT maize extract was applied to a weak anion exchange column.  

Fractions collected were evaluated on a SDS-PAGE and immunoblot (Fig. 2.13 A and 

B).  The polyclonal GRFT antibody reacted with a protein of approximately 17 and 20 

kDa in the untransformed maize GRFT extract.  In the GRFT transformed extract and 

flow through bands that were larger than the GRFT monomer were detected, 

including a band that corresponds to the size of the GRFT dimer (approximately 30 

kDa).  A single band was present in the wash fraction but it was larger than that 

expected for the GRFT monomer.  In the eluted fractions bands were detected that 

was of similar size of the E. coli produced GRFT monomer.  The first eluted fractions 

also contained what seemed like a GRFT dimer.  These were however only very 

faintly visible on the blot.   

 

             
 
Fig. 2.13 GRFT maize sample was run through a weak anion exchange column.  The 

fractions were separated on a 15 % SDS-PAGE gel and Coomassie stained (A) or 

detected with a GRFT specific antibody (B).  Lanes represent the molecular marker 

(M), GRFT E. coli produced positive control (1), untransformed maize crude protein 

extract (2), GRFT transformed crude maize extract (3), fractions collected from the 

flow through (4), wash (5), elution with 0.5 M NaCl, 1 M NaCl, 1.5 M NaCl and 2 M 

NaCl (lanes 6, 7, 8 and 9 respectively).    
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The samples were re-dialysed and evaluated again using a Coomassie-stained gel and 

the corresponding immunoblot (Results not shown).  Again, very faint bands were 

visible that corresponded to the E. coli-produced GRFT monomer at 15 kDa as well as 

bands of approximately 10 kDa.  These bands were not visible on the PAGE gel.   

 

Filtered GRFT maize extracts were also subjected to C18- SPE column purification.  

The fractions were subjected to SDS-PAGE and immunoblotting (Fig. 2.14 A and B). 

The crude and flow-through fractions contained bands that correspond to the GRFT 

monomer (15 kDa) as well as bands of 20 kDa, 28 kDa (which could be GRFT dimer 

that was not denatured to the monomer).  In the dH2O elution a band that corresponds 

to the GRFT monomer was detected, and a protein of approximately 20 kDa reacted 

with the antibody.  In the dH2O-methanol elution steps very faint bands were visible.  

The size of these also corresponded to that of the GRFT monomer.  These bands were 

not visible on the PAGE gel.   
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Fig. 2.14 GRFT maize protein extract was run through a C18-SPE column.  The 

fractions were separated on a 15 % SDS-PAGE gel and Coomassie stained (A) and 

detected with a GRFT specific antibody (B).  Lanes represent the molecular marker 

(M), GRFT E .coli produced positive control (1), GRFT maize crude extract (2), 

fractions collected from the flow through (3), wash (4), elution with dH2O, 2:1 

dH2O/methanol, 2:1 methanol/ dH2O  (lanes 5 -7 respectively).   

 

 

 

In another purification attempt, crude filtered GRFT maize protein extracts were 

concentrated using a 10 kDa membrane cut off spin column.  Concentrated maize 

extract was applied to a nickel-His affinity columns and evaluated for GRFT content 

via SDS-PAGE and immunoblot analysis (Fig. 2.15).  In the untransformed maize 

protein extract, bands of 20 and 35 kDa were detected in the wash fraction.   In the 

GRFT transformed crude extract the same 35 kDa band was present.  A band 

corresponding to the GRFT monomer was detected as well as a larger band of around 

55 kDa.  The latter as well as the 35 kDa band were detected in the washed fraction.  

No band that corresponds to GRFT monomer or dimer was detected in the eluted 

fraction.   
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Fig. 2.15 Partial purification of GRFT maize extract using a His affinity column. 

Untransformed maize extract was used as a negative control. Fractions collected were 

analysed with SDS-PAGE analysis (A) and immunoblotting (B).  Lanes are presented 

as follows; molecular weight marker (M).  E. coli produced and purified GRFT (lane 

1).  M37W untransformed crude extract (lane 2), M37W flow through fraction (lane 

3), M37W first and second wash fraction (lane 4 and lane 5 respectively), M37W 

eluted fraction (lane 6).  GRFT transformed maize (Line O) crude extract (lane 7), 

GRFT transformed flow through fraction (lane 8), GRFT transformed first and second 

wash fraction (lane 9 and 10 respectively).  GRFT transformed eluted fraction (lane 

11).   

 

 

 

A 

B 
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The His-affinity purified fractions were evaluated for GRFT content using the gp120 

binding ELISA (Fig. 2.16).  In the untransformed line some activity were detected in 

the crude extract.  A similar activity was detected in the flow through indicating that 

the protein did not bind the column.  Although the immunoblot showed the presence 

of a band in the wash fraction, no activity was detected with the ELISA.  For the 

GRFT transformed line, activity was detected in the flow through indicating that a 

large amount of protein did not bind.  Activity was also detected in the crude extract, 

first wash and eluted fractions.  Although the activity in the latter two fractions was 

very low compared to that observed for the starting crude material.   

 

 

        
 
 
Fig. 2.16 Evaluation of GRFT content in different fractions from a His affinity 

purification.  Untransformed M37W was used as a negative control. Protein extracts 

GRFT transformed line O was subjected to His purification.  Fractions are presented 

as crude (cr), flow through (fl), first and second washed fractions (w1 and w2 

respectively) and eluted fraction (el).  The wash and eluted buffer as well as the PBS 

sample buffer were also evaluated.   

 

 

2.3.7 GRFT efficacy analysis 
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A TZM-bl efficacy test was performed with crude untransformed (M37W) and GRFT 

transformed (GRFT-1 and GRFT-2) maize extracts (Table 2.2).   

 

 
Table 2.2 Efficacy analysis of crude GRFT maize and untransformed maize extract 

against HIV pseudovirus QH0692.42 as measured in a TZM-bl assay. IC50 values are 

presented in ng/ml.  

 

 GRFT-1 GRFT-2 
 

GRFT-3 
 

M37W 
  

E.coli GRFT  PBS 

QH0692.42 16.8 7.9 4.2 59 0.2 <20 
VSV-G <20 <20 <20 <20 No 

inhibition 
<20 

Gp120 
binding as 
measured 
by ELISA 

0.163 
ng/µl 

0.162 
ng/ul 

0.6 ng/ul 0 1mg/ml 0 

 

 

Prior to efficacy analysis the concentration of the extracts was determined using 

gp120 binding ELISA.  The M37W extract showed no gp120 binding activity while 

the GRFT transformed extract contained GRFT of 0.163 ng/ul and 0.162 ng/ul 

respectively.  Both the GRFT and the untransformed maize extracts displayed a 

toxicity which caused the inhibition.  Subsequent extracts were filtered and 

concentrated (GRFT-3).  This extract showed a gp120 binding activity of 0.6 ng/ul.  

Both GRFT and untransformed maize extracts neutralised HIV pseudovirus 

QH0692.42; however, the control VSV-G virus was again inhibited by both GRFT 

and untransformed maize extracts.  This is indicative that lack of HIV infection 

occurred due to cell toxicity rather than inhibition of the virus.   

 

A previous cell line C8166-R5 did not seem to be sensitive for maize extracts 

(personal communication, Robin Shattock laboratory).  Therefore, concentrated 

GRFT maize and untransformed maize extract were tested for HIV-BaL inhibition 

against C8166-R5 cells (Fig. 2.17.I and 2.17.II).  Untransformed maize displayed a 

gp120 binding activity of 0.12 ng/ul while GRFT transformed maize extract displayed 

gp120 binding activity of 1.3 ng/ul.  The concentration of the purified E. coli 

produced GRFT had a concentration of 21.5 ug/ul.  Inhibition of infection was only 
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observed at the highest concentration tested (50 ng/ml) for both purified E. coli 

produced GRFT and crude GRFT maize extract with the purified lectin being more 

efficient (Fig. 2.17.I).  No inhibition was observed for untransformed maize protein 

extract (Fig. 2.17.I).  However, when the effect of the extracts on cell viability was 

tested, it appeared that the GRFT maize extract reduced the cell viability significantly 

at the highest concentration tested (Fig. 2.17.II).  An interesting observation was that 

the cell viability was also lower in the presence of pure GRFT and untransformed 

maize protein extract (Fig. 2.17.II).  It is thus not conclusive if GRFT in the maize 

protein extract is able to inhibit the virus due to its lectin properties or due to its 

negative effect on the cell line.   
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Fig. 2.17 Efficacy analysis of crude GRFT maize extract tested for HIV-BaL 

inhibition against C8166-R5 cells.  Compounds were tested as crude GRFT maize 

protein extract (A), crude untransformed maize protein extract (B) and purified E. coli 

produced GRFT (C). Both the effect on cell viability (I) and inhibition of HIV 

infection (II) were measured.  A single maximum measurement was performed for 

compound B. 

 

 

I 

II 
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2.4 DISCUSSION 

 

The anti-HIV lectin GRFT was successfully expressed in transgenic maize seed.  

Expression was governed under an endosperm specific 27 kDa γ -zein promoter.  The 

native griffithsin gene was expressed with and without the signal peptide from the LT-

B toxin to evaluate the effect of subcellular targeting on mainly the yield obtained.  In 

the T1 generation expression levels for cytosol targeted GRFT construct was higher 

than secreted GRFT construct.  The highest expression level obtained for cytosol 

targeted GRFT was approximately 13 mg/kg, but these seeds were not viable and 

consequently did not generate a T2 generation for further analysis.  These levels were 

significantly lower than that which has been reported for the maize-produced LT-B 

toxin (Chikwamba et al., 2002b), 2G12 antibody (Ramessar et al., 2007) and avidin 

(Hood et al., 1997).  The LT-B toxin was expressed using the 27 kDa γ -zein 

endosperm specific promoter at levels of 350 mg/kg; the 2G12 antibody was produced 

under the endosperm specific rice glutelin -1 promoter and resulted in 75 mg/kg 

extractable antibody, while avidin was produced up to 230 mg/kg under the 

constitutive ubiquitin promoter.  All three molecules were expressed with a preceding 

signal sequence; the LT-B signal peptide preceding the LT-B toxin (which was also 

the signal peptide used in this study), an unspecified N terminal signal peptide 

preceding the 2G12 antibody and the barley α-amylase signal sequence at the N-

terminus of avidin.  The ELISA assays suffered from high background levels.  

Although I could have investigated methods to lower this, the low GRFT expression 

levels did not justify these attempts and would have also added costs to the process. 

 

Several factors can affect the yield and functionality of a heterologously expressed 

protein.  Two of these are the choice of promoter and subcellular targeting.  Promoters 

can either drive constitutive or tissue specific expression.  One might select a 

constitutive promoter to obtain a higher yield or a tissue specific promoter for the 

same purpose or for the purpose of containment.  High expression levels have been 

obtained with both constitutive and seed specific promoters.  Under the constitutive 

ubiquitin promoter, the level of expression for avidin reached 2.3% of total extracted 

seed protein (Hood et al., 1997), while seed specific promoters delivered the same 

levels of expression; the 27 kDa γ -zein endosperm specific promoter was used to 
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express the LT-B toxin at levels of 3.7% in maize seed (Chikwamba et al., 2002b).  

From this study it is clear that a selected promoter will not always meet an expression 

expectation; where the 27 kDa γ -zein promoter was used to express the LT-B toxin, 

levels of 350 ug/kg were achieved in the third generation (Chikwamba et al., 2002b).  

Expression levels with the same promoter were much lower than that obtained for 

GRFT.  

 

Apart from promoter choice, other factors such as subcellular location can influence 

the final yield and functionality of a recombinant expressed protein.  The endosperm 

environment seems to target proteins depending on their intrinsic properties combined 

with other tissue and species-specific factors (Chikwamba et al., 2003; Hood, 2004; 

Drakakaki et al., 2006).  The cytosol is often not the location of choice for the 

expression of a recombinant protein since there is a high presence of proteolytic 

activity and little of the post translational activity that is often needed to obtain a 

functional protein.  For the LT-B toxin, the cytosol was not the best location for 

production (Streatfield et al., 2003).  Low expression levels were also observed for 

scFv in the cytosol (Tavladoraki et al., 1993).  Furthermore, high-level accumulation 

of the foreign protein can have a toxic influence on the plant cells (Hood et al., 1997).  

In this study, GRFT expression in the cytosol was higher than expression with the 

secretion peptide.  In the majority of lines that expressed both cytosolic and secreted 

GRFT, no toxic effect on the seeds was observed: their seeds resembled 

untransformed control seeds in morphology.  However the seed from the highest 

expressing line was not viable enough to generate a T2 generation.  GRFT has been 

tested for cytotoxicity in several mammalian cell lines and did not show any 

significant adverse effects in the cells tested (Kouokam et al., 2011).   

 

In ELISA tests the untransformed controls sometimes showed low residual gp120 

binding activity.  In immunoblot analysis the polyclonal antibody did react with 

untransformed maize extracts.  Bands that were visible in these extracts were in the 

size range of the purified E. coli produced GRFT; also, bands of approximately 20 

kDa, 30 kDa and 55 kDa were detected with the polyclonal antibody.  In GRFT 

transformed samples bands were detected that corresponds to the GRFT monomer, 

dimer and also larger molecules were detected.  The antibody could thus be detecting 
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GRFT, its dimer, GRFT aggregates, other seed lectins, and GRFT that might associate 

with other seed endosperm proteins.  For GRFT expressed in E. coli larger proteins 

were also reported in the soluble cell lysate (Giomarelli et al., 2006).   

 

The detection of proteins in the extract from untransformed maize could be other seed 

lectins that reacted with the polyclonal antibody, since lectins from corn have been 

reported (Fouquaert et al., 2009; Baker et al., 2009; Jankovic et al., 1999).  The sizes 

of some of these were 11.5, 12.5 and 23 kDa (Jankovic et al., 1999) - similar to bands 

detected in the untransformed maize extracts in the immunoblot analysis.   

 

Purification of GRFT from maize seed was a challenge due to the low expression 

levels, and possibly also due to the association of GRFT with other seed components.  

GRFT content in the endosperm extract were influenced by centrifugation and 

filtration.  Attempts were made to purify GRFT from the seed endosperm extract 

using different purification columns.  Purification using weak anion exchange column 

and C18-SPE column seem to contain bands in the eluted fraction that were in the 

same size of GRFT but these were not visible on the PAGE gel to be excised and 

confirmed with peptide mass fingerprinting.  Purification using a His affinity column 

did not result in any distinct GRFT bands in the eluted fractions.  Also, GRFT content 

as measured by gp120 binding ELISA was very low.  With the production of a fungal 

laccase in maize seed, the authors reported that the majority of laccase remained 

immobilised but active in the remaining solids of a seed extract (Baily et al., 2004).  

Jankovic et al. (1990) reported that extracted lectins from maize have the tendency to 

form aggregates with glycosylated proteins or self-aggregates, which leads to a 

decrease in lectin activity and complications in purification.  This was also observed 

for mannose specific plant lectins of Canavalia ensiformis, lentil and or pea (Jankovic 

et al., 1990).   

 

Due to the low expression levels, efficacy analysis was attempted with crude protein 

extracts.  The results indicated that the extract was toxic towards the cell line of the 

TZM-bl assay, which then prompted the use of partially purified concentrated maize 

protein extracts.  These extracts were tested again against HIV pseudoviruses for 

efficacy in the TZM-bl assay.  Once again, inhibition was attributed to toxicity rather 

than prevention of attachment.  Previously a maize crude extract was tested against 
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C8166-R5 cell line without showing a negative effect on cell viability.  Thus further 

efficacy analysis was pursued using a C8166-R5 cell line with HIV-BaL.  Once more 

the maize extract had a negative effect on cell viability.  There are reports of in vitro 

toxicity for lectins such as cyaonovirin-N (CV-N) (Huskens et al., 2008), 

concanavalin A (Con-A) (Tsai et al., 2003) and microvirin (MVN) (Tsai et al., 2004).  

Unlike these lectins, E. coli produced GRFT has showed no significant effect on cell 

viability, this includes some of the cells used in this study (Alexandre et al., 2010; 

Kouokam et al., 2011; Mori et al., 2005), even at high concentrations.  Additionally, 

GRFT produced in N. benthamiana in a crude extract did not cause the toxicity effect 

observed from the untransformed maize and GRFT maize extracts (see Chapter 2 for 

GRFT tobacco efficacy tests).  Lectins from maize have been reported to have 

agglutination activity and binds mainly mannose and N-acetyl-D-galactosamine 

(Baker et al., 2009; Jankovic et al., 1999).  Thus it is likely that a lectin that is present 

in the maize extract could have had the negative effect on the cells tested in this study.   

 

Finally, I conclude that although maize has proven to be an excellent production 

platform for some pharmaceutical molecules, it was not suitable for GRFT in this 

case.  In particular, expression levels were too low to be commercially viable from a 

yield and purification point of view. 
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CHAPTER 3. 

 

Targeted transient expression of functional griffithsin (GRFT) in Nicotiana 

benthamiana 

 

 

3.1 INTRODUCTION 

 

Tobacco has been a major role player in the course of recombinant protein production in 

plants.  It was one of the first plants to be genetically modified as well as being the first 

genetically modified plant to be subjected to field trial studies (Fraley et al., 1983; James and 

Krattiger, 1996).  Furthermore, the first plant made pharmaceutical, the human growth 

hormone, was produced in tobacco in 1986 (Barta et al., 1986).  Since then transgenic 

tobacco plants and cell suspension cultures have been used to produce many proteins of 

pharmaceutical interest.  Thus far, the majority of plant derived antibodies have been 

produced in tobacco (Daniell et al., 2001; De Muynck et al., 2010).  Tobacco also proved to 

be capable of producing other therapeutic molecules such as vaccines, microbicide peptides, 

cytokines and hormones (Daniell et al., 2001; Paul and Ma, 2011; Xu et al., 2011).  Apart 

from having the advantage of large biomass and being a non-food crop, developments in 

transient expression technologies have enabled tobacco to produce some pharmaceutical 

molecules on a commercially viable scale (O’Keefe et al., 2009).   

 

This expression platform has great potential to impact the treatment of pandemics such as 

HIV.  Lectin microbicides have displayed the ability to inhibit HIV infection in in vitro and 

in vivo studies (Bewley et al., 2004; Boyd et al., 1997; Emau et al., 2007; Matoba et al., 

2010; Sato et al., 2007; Tsai et al., 2003; Xiong et al., 2006).  Peptide lectins with anti-HIV 

activity were isolated from natural sources which are difficult to propagate and often occur in 

low concentrations.  This was also the case for griffithsin (GRFT), isolated from the red alga 
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Griffithsia (Mori et al., 2005).  Subsequently GRFT has been produced in tobacco spp. to 

very high levels using a TMV- based vector system (O’ Keefe et al., 2009).  

 

As literature indicates, the optimal production of any protein is an empirical experimentation 

with different vector systems, codon optimisations, subcellular targeting. (Maclean et al., 

2007; Yang et al., 2005).  The latter sometimes results in unexpected locations which might 

reflect on an inherent property of the protein itself or specifically be associated with the plant 

organ involved (Chikwamba et al., 2003).  This again can influence protein yield and activity, 

and impact downstream purification.  In this study we aimed to compare expression levels 

using different vector technologies, including an advanced Ti-plasmid based pTRA binary 

vector system (with the aid of silencing suppression), as well as a deconstructed viral vector 

system (magnICON).  Both these systems were able to generate therapeutic proteins at high 

levels (Giritch et al., 2006; Maclean et al., 2007).  With these vectors, the effect of 

subcellular location on plant cell viability and protein accumulation was investigated.  

Microscopic analysis was used to establish the location of the lectin under different targeting 

signals.  Furthermore, the vitality of the plant produced microbicide was assessed in efficacy 

analysis in various assays.  

 

 

3.2 MATERIALS AND METHODS 

 

3.2.1 Vector construction  

 

Vector pET28(c)+GRFT (Mori et al., 2005) was used as template for all PCR amplifications.  

Two vector sets, the magnICON (Icon Genetics GmbH; Halle, Germany) and pTRA vector 

system (Fraunhofer Institute, Aachen, Germany) were used to construct the GRFT expression 

vectors.  GRFT was amplified using the primers GRNcoF (5’-ATGCCA 

TGGGCAGCCTGACCCATCGCAAG-3’) and GRthrHisSacR (5’-ATGAGCTCTTA 

GTGATGATGATGATGATGGTGCCGCGCGGCACCAGGCCGCTGCTGTACTGTTCAT
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AG-3’) for cloning into the NcoI and SacI sites of the magnICON vector pICH11599 (Giritch 

et al., 2006; Marillonnet et al., 2004).  To compile the pTRA vectors (Maclean et al., 2007); 

the GRFT gene was amplified with GRNcoF and GRNotR (5’-

TAGCGGCCGCGTACTGTTCATAGTAG-3’) or GR_ctp_MluIF (5’-GTGGACGCG 

TTAGGTGCATGGGCAGCCTG-3’) and GR_his_XbaIR (5’-GCTCTAGATTAG 

TGATGATGATGATGATGGC-3’) for insertion into pTRAkc-ERH and pTRAkc-rbsc1-

cTPrespectively.  Likewise an NcoI - XbaI GRFThis amplicon was generated and inserted 

into the AflIII- XbaI and NcoI- XbaI sites of pTRAc and pTRAkc-AH respectively.  Unless 

stated otherwise, plasmids were propagated in E. coli DH10B cells, all DNA preparation kits 

were from Zymo Research Corporation (California, USA) and restriction and ligase enzymes 

were provided by Fermentas GmbH (St Leon-Rot, Germany).  All GRFT constructs 

generated contained a His tag at the C terminal end.   

 

For immunolocalization GRFT-GFP fusions were constructed as follows: vector pICH7410 

(Gils et al., 2005; Marillonnet et al., 2004) was used as template for green fluorescent protein 

(GFP) amplification.  A GRFT fragment was amplified with primers GRNcoF and GRBglIIR 

(5’TAAGATCTGTACTGTTCATAGTAGATGTCCAG 3’).  A bsp GRFT fragment was 

amplified with bspGRNcoF (5‘CATGCCATGGTGGAAGGTGAAGTGCTA 

TGTGCTCTTCACTGCTCTCCTCAGCTCTCTTTGTGCTTATGGAAGCCTGACCCATC

GCAAG 3’) and GRBglIIR primers.  The bspGRFTNcoF primer incorporated the 

Escherichia coli (E. coli) heat labile enterotoxin signal peptide (Mason et al., 1998) at the 5’ 

end of the fusion.  The GFP gene was amplified with primers GFPBglIIGly6F (5’ 

GAAGATCTGGGGGAGGCGGTGGGGGAGTGAGCAAGGGCGAG 3’) and GFPSacR 

(5’TAGAGCTCTTACTTGTACAGCTCGTC 3’).  A GFP-SEKDEL fragment was amplified 

with GFPBglIIGly6Fand GFPSekdelSacR (5’ TAGAGCTCTT 

AAAGTTCATCTTTCTCAGACTTGTACAGCTCGTC 3’) primers.  This amplification 

added the SEKDEL ER retention sequence at the 3’ end of the fusion.  Each fragment was 

cloned into pGEM-T-easy (Promega, Fitchburg, Wisconsinsin, USA) and sequenced.  A 

three-way ligation was set up with the relevant fragments and NcoI SacI digested vector 

pICH11599.GRFT was amplified with GR_ctp_MluIF (5’ GTGGACGCGTTAGGT 

GCATGGGCAGCCTG-3’) and GRBglIIR.  A subsequent ligation was set up with the MluI 

GRFT BglII, BglII GFP XbaI and MluI, BglII digested pTRAkc-rbsc1-cTP.  
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3.2.2 Preparation of electrocompetent Agrobacterium cells 

 

Agrobacterium tumefaciens GV3101::pMP90 (RK) was prepared for electroporation 

according to a method published by the University of Uppsala (http://lcpu.se/?page_id=280). 

Briefly, Agrobacterium was grown at 28°C on a fresh LB (Luria Bertani) plate containing 

kanamycin (25 µg/ml) and rifampicin (50 µg/ml).  An overnight 20 ml liquid culture was 

prepared from the plate and used to inoculate a 200 ml LB culture.  The latter was grown to 

an OD600 of 0.5.  The culture was incubated on ice for 30 minutes prior to centrifugation at 

4000 × g at 4 °C for 15 minutes.  The cell pellet was resuspended in 100 ml ice cold HEPES 

(1mM).  Cells were pelleted as described above and resuspended in 4 ml HEPES, centrifuged 

and resuspended in 500 µl ice cold glycerol (10%).  Aliquots of 45 µl were frozen at – 80°C.  

For electroporation 50-100 ng of plasmid DNA were introduced via 1 mm gapped cuvettes 

(Sigma-Aldrich, St. Louis, USA) into the thawed cells at 1.44 kV, 200Ω, and 25uF (BIORAD 

Gene Pulser, BIORAD). 

 

 

3.2.3 Agroinfiltration of GRFT pTRA and magnICON constructs into N. benthamiana 

 

Recombinant pTRA A. tumefaciens colonies were prepared for agroinfiltration based on the 

method of Maclean et al. (2007) and Meyers et al. (2008).  Colonies were selected on plates 

incubated at 28°C containing kanamycin (25 µg/ml), rifampicin (50 µg/ml) and carbenicillin 

(50 µg/ml).  A. tumefaciens pTRA cultures and A. tumefaciens LBA4404 containing vector 

pBIN-NSs with the NSs silencing suppressor gene from tomato spotted wilt virus (TSWV, 

Takeda et al., 2002) was propagated overnight in induction medium (LB with 10 mM 

morpholineethanesulfonic acid, MES, pH5.6 supplemented with 20 µM acetosyringone, 

kanamycin (25 µg/ml), rifampicin (50 µg/ml) and 2 mM MgSO4) at 28°C with agitation. 
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For infiltration, cells were pelleted at 8000 × g for 3 minutes. The pellet was resuspended in 

infiltration medium containing 10 mM MES and 10 mM MgCl2 (pH 5.6) supplemented with 

200 µM acetosyringone and further diluted in infiltration medium to an OD600 of 0.3.  pTRA 

griffithsin cultures were combined in equal volumes with the NSs inhibitor or syringe 

injected without inhibitor into whole, uprooted N. benthamiana plants (6 to 7 weeks old). 

 

For the magnICON vectors the Agrobacterium preparation and infiltration was done as 

described by Giritch et al. (2006) and Marillonnet et al. (2004).  Briefly, overnight-grown 

Agrobacterium cultures containing pICH11599 GRFT and GRFT-GFP fusions, the 

pICH7410 GFP control, the pICH14011 integrase pro module, the pICH17620 apoplast and 

pICH17388 cytosol module (Marillonnet et al., 2004) were sedimented at 8 000 × g for 3 

minutes and diluted to OD600~ 0.4 in infiltration buffer (10 mM MES, pH 5.5 and 10 mM 

MgSO4).  Equal volumes were mixed to a final OD600~ 0.4 and syringe injected into leaves of 

6 to 7 week old N. benthamiana plants.  Infiltrated plants were grown at 25°C under a 16 /8 

hour light/dark cycle and subsequently harvested at 4, 6, 8, 10 and 12 days post infiltration 

(dpi).   

 

For large scale infiltrations, Agrobacterium cultures were grown as described above, however 

dilutions were adapted to OD600~0.06 for magnICON and pTRA cultures.  Whole N. 

benthamiana plants of approximately 6 weeks old were submerged in the diluted 

Agrobacterium suspension. A vacuum of -600 mbar was applied for 30 seconds. Infiltrated 

plants were grown as described above. Leaf material of infiltrated plants was collected at 

days 4, 6 and 8 post infiltration.   

 

Harvested material from infiltrated plants was crushed in liquid nitrogen and mixed with 1 × 

PBS (15 mM KH2PO4, 81 mM Na2HPO4, 27 mM KCl and 140 mM NaCl) buffer in a 1 to 2 

ratio, where after the extract was centrifuged for 10 minutes at 14 000 rpm and the 

supernatant collected.   
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3.2.4 ELISA 

 

ELISA was performed according to the method of Boyd et al. (1997).  Each well of a 96 well 

maxisorp plate (NUNC, Nalgene, Thermo Scientific, Waltham, Massachusetts, USA) was 

coated with 100 ng gp120 in 1 × PBS (gp120, clade E was provided by the National Institute 

for Communicable Diseases, NICD, South Africa).  Wells were blocked using 5% fat free 

milk powder in 1 × PBS.  For the standard, purified E. coli produced GRFT was diluted two 

fold from 200 to 0.78 ng GRFT/well.  Positive controls and tobacco extracted protein were 

incubated as 50 ul volumes.  Rabbit polyclonal anti-GRFT (provided by Dr. Barry O’Keefe 

of the Molecular Targets Laboratory, Center for Cancer Research, NCI-Frederick, MD, 

USA), diluted 1:1000 in PBS was added to the wells followed by goat anti-rabbit HRP 

conjugated antibody (Sigma-Aldrich) 1:2500 in PBS.  Detection was done with 3,3′,5,5′-

Tetramethylbenzidine substrate (TMB, Sigma-Aldrich) and colour reaction measured at 

OD450.  Wells were washed (twice after coating and blocking and four times after sample 

and antibody addition) with PBS supplemented with 0.1% Tween-20 (Merck, Darmstadt, 

Germany) and incubation periods were 2 hours at 37°C or overnight at 4°C.  ELISA data was 

converted in by using the standard curve equation to obtain a ng/ul value.  Since tobacco 

GRFT levels were high the samples in the ELISA was diluted. Thus the dilution factor was 

accounted for.  This generated a ng/ ul value.  The volume and the leaf mass of the sample 

were known and were worked back to mg/kg. 

 

 

3.2.5 PAGE and Immunoblot analysis  

 

The concentration of total soluble protein (TSP) was determined using the Bradford assay 

(Bradford, 1976).  Protein extracts (30 ug TSP each) were mixed with 6 × loading buffer (100 

mM Tris, pH 6.8, 2% SDS, 5% ß- mercaptoethanol, 15% glycerol and 0.2% bromophenol 

blue). For denaturing conditions samples were electrophoresed on a 15% (29:1 
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acrylamide:bisacrylamide ratio) or on 12% (19:1 acrylamide:bisacrylamide ratio) acrylamide 

gels according to the method of Laemmli (1970).  For non-denaturing conditions 10 % 

acrylamide gels were used and SDS and ß- mercaptoethanol were omitted. Tris-tricine gels 

were prepared according to the method of Bonifacino (2002).  Proteins were visualised by 

Coomassie staining or transferred using a semi-dry blot system (BIORAD) onto a PVDF 

membrane (Amersham Life Science, Buckinghamshire, UK), and then challenged with rabbit 

polyclonal anti-GRFT (1:1000) in PBS supplemented with 0.1% Tween-20 and 5% fat free 

milk powder followed by goat anti-rabbit HRP-conjugated antibody (Sigma) diluted 1:5000 

in PBS with 0.1% Tween-20.  Between adding the antibodies, immunoblots were washed 3 

times for 10 minutes in PBS with 0.1% Tween-20.  Chemiluminescence detection was 

performed using ECL detection kit according to the method described by the supplier 

(Amersham Life Science).  Colour detection was performed using 3, 3′, 5, 5′-

Tetramethylbenzidine substrate (Sigma).   

 

 

3.2.6 Peptide mass fingerprinting using mass spectrometry 

 

PAGE-separated bands were excised for in-gel digestion according to the method described 

by Shevchenko et al. (2007).  Briefly, gel bands were destained using 50mM 

NH4HCO3/50% methanol followed by in-gel protein reduction (50mM dithiothreitol in 25 

mM NH4HCO3) and alkylation (55 mM iodoacetamide in 25 mM NH4HCO3).  Proteins 

were digested over night at 37°C using 5 – 50 µl, 10 ng/µl tryspin depending on the gel piece 

size.  Peptides were extracted using 50% acetonitrile (ACN)/5% formic acid (FA) and 

vacuum dried.  For MS analysis trypsin digested samples extracted from gel-plugs were re-

suspended in 40 ul 2% ACN/0.2 % FA and centrifuged at 13000 rpm, 4 °C for 15 minutes.  

Samples were analysed on a Dionex Ulitomate 3000 RSLC system coupled to a QSTAR 

ELITE mass spectrometer. Samples were de-salted on an Acclaim PepMap C18 trap (75 µm 

x 2 cm) for 8 minutes at 5 µl/min using 2% ACN/0.2% FA. Peptides were separated on 

Acclain PepMap C18 RSLC column (75 µm x 15 cm, 2um particle size) connected to the trap 

column via 10-port switching valve. Peptide elution was achieved using a flow-rate of 500 

nl/minute with a gradient: 4-60% B in 30 minutes (A: 0.1% FA; B: 80% ACN/0.1% FA). 
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Nano-spray was achieved using a MicroIonSpray head assembled with a New Objective, 

PicoTip emitter (o.d. 360 µm; i.d. 10 µm; tip i.d. 10 µm). An electrospray voltage of 2.0 - 2.8 

kV was applied to the emitter. The QSTAR ELITE mass spectrometer was operated in 

Information Dependent Acquisition (IDA) using an Exit Factor of 2.0 and Maximum 

Accumulation Time of 2.0 seconds.  MS scans were acquired from m/z 400 to m/z 1500 and 

the three most intense ions were automatically fragmented in Q2 collision cells using 

nitrogen as the collision gas. Collision energies were chosen automatically as function of m/z 

and charge. 

 

 

3.2.7 Purification of GRFT  

 

Total soluble protein was extracted as described above.  The extract was applied to a Protino 

Ni- IDA His affinity column and the protocol followed as prescribed by the manufacturer.  

Fractions collected during the purification process were analysed via PAGE and immunoblot 

as described above.   

 

 

3.2.8 Confocal microscopy 

 

For confocal imaging infiltrated and control leaves were subjected to hand sectioning.  Fine 

leaf sections were incubated in distilled H2O for imaging.  Images were captured using a 

Zeiss Universal microscope equipped with epifluorescence condenser III RS and a FITC filter 

set comprising exciter filter (BP 450-490),chromatic beam splitter (FT 510), and barrier filter 

(LP 520), and Kodak Ektachome Elite 400 colour film. The optimal exposure time was 30 

seconds.  The light source was provided by a HBO 50 W high-pressure mercury bulb.  
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3.2.9 Transmission electron microscopy (TEM) 

 

Plant material was prepared by excising squares of 2mm from infiltrated and control un-

infiltrated leaves.  The material was fixed in 4% formaldehyde in 0.075 M phosphate buffer 

(pH7.4) for 1 hour at room temperature.  Material was rinsed three times for 10 minutes each 

in 0.075M phosphate buffer.  The plant material was subsequently dehydrated for 10 minutes 

each in an ethanol series of 30%, 50%, 70%, 90%, 100%, 100%, 100%.  The material was 

infiltrated in 50% London Resin (LR white) in ethanol for 1hour then in pure LR white in 

ethanol for approximately 4 hours.  The material was allowed to polymerise at 60°C for 24 

hours.  Microtome sections of 0.5µm were prepared from polymerised material using a 

Reigher Ultra Cut E microtome (Vienna, Austria).  Plant microtome slices were placed on 

gold grids (G200ht gold grids, BIORAD). 

 

 

3.2.10 Immunogold labelling 

 

Tobacco leaf sections mounted on the grids were incubated in blocking buffer (PBS, pH 7.5 

5% BSA) for 2 hours at room temperature.  The grids were then incubated with rabbit anti-

GRFT antibody, diluted to 1:75 in PBS, pH 7, supplemented with 0.5% BSA for 2 hours at 

room temperature.  Grids were subsequently washed three times for 15 minutes in PBS 

buffer.  Grids were incubated in goat produced anti-rabbit gold conjugated (10 nm) secondary 

antibody (Sigma-Aldrich) diluted1:25 in PBS with 0.5% BSA, pH 7, supplemented with 

0.5% BSA buffer for 2 hours at room temperature.  Grids were washed twice with PBS as 

described before and once with distilled water for 15 minutes.  Grids containing control 

uninfiltrated wild type N. benthamiana were used as two controls; incubated in PBS buffer 

only and incubated with antibodies as the infiltrated leaf samples.  Immunogold labelled grids 

were allowed to air dry before imaging under a Jeol 2100 F transmission electron microscope 

(Tokyo, Japan).   
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3.2.11 Efficacy analysis 

 

A single-cycle neutralization assay (TZM-bl assay), a peripheral blood mononuclear cell 

(PBMC) cell assay and inhibition of DC-SIGN mediated transfer were used to evaluate the 

efficacy of N. benthamiana produced GRFT.  The TZM-bl assay was set up as described 

previously (Alexandre et al., 2010; Montefiori, 2004).  Briefly, a three-fold dilution series of 

GRFT in 100 µL of DMEM with 10% FBS (Fetal Bovine Serum, growth medium) was 

prepared in a 96-well plate in duplicate. Two hundred TCID50 (tissue culture infective dose) 

of pseudovirus in 50 µL of growth medium was added and the mixture was incubated for 1 

hour at 37ºC.  Then 100 µL of TZM-bl cells at a concentration of 1x105 cells/mL containing 

37.5 µg/mL of DEAE dextran was added to each well and cultured at 37º C for 48 hours. 

Infection was evaluated by measuring the activity of the firefly luciferase.  Titres were 

calculated as the inhibitory concentration that causes 50% reduction (IC50) of relative light 

unit (RLU) compared to the virus control (wells with no inhibitor) after the subtraction of the 

background (wells without both the virus and the inhibitor). 

 

For the PBMC protocol a three-fold dilution series of GRFT in 40 µL of RPMI 1640 

containing 20% FBS and interleukin-2 (growth medium) was prepared in triplicate in a U-

bottom 96-well plate.  Five hundred TCID50 of HIV-1 primary isolate in 15 µL of growth 

medium was added to each well and the plate was incubated at 37ºC for 1 hour. Then 100 µL 

of 5 x 106 cells/mL phytohaemagglutin/interleukin-2 stimulated PBMC (PHA-PBMCs) was 

added to each well.  The following day cells were washed 3 times with RPMI 1640 with 20% 

FBS and resuspended in 155 µL of fresh growth medium.  The culture supernatant was 

collected twice daily and replaced with an equal amount of fresh growth medium.  For each 

harvest the p24 antigen concentration in the virus control wells was measured by ELISA 

using the Vironostika HIV-1 Antigen Microelisa System (Biomerieux, Boseind, the 

Netherlands), according to the manufacturer’s instructions.  The inhibitory activity of the 

lectins were measured at the time-point that corresponded to the early part of the linear 

growth period of the virus control (Zhou and Montefiori, 1997).  The IC80 were calculated by 



Univ
ers

ity
 of

 C
ap

e T
ow

n

76 

 

plotting the lectin concentration vs. the percentage inhibition in a linear regression using 

GraphPad Prism 4.0. 

 

To evaluate DC-SIGN mediated transfer inhibition 5 x 104 Raji/DC-SIGN cells/ well were 

incubated with HIV-1 pseudovirus in a U bottom 96 well plate at 37°C for 1 hour. The cells 

were then washed three times with plain RPMI 1640 by centrifuging at 2000 rpm for 5 

minutes to remove unbound viruses. A fivefold dilution series of GRFT in 150 µL of DMEM 

(Dulbecco's modified Eagle medium) with 10% FBS was then added to the virus bound 

Raji/DC-SIGN cells. This was followed by an incubation at 37°C for 1 hour and transfer of 

100 µL from each well to the corresponding well of a flat bottom 96 well plate. Subsequently, 

3 x 104 TZM-bl cells / well were added to the plate that was then placed at 37°C for 48 

hours. HIV-1 infection was evaluated by comparing the relative light unit (RLU) between 

wells treated with GRFT and untreated wells (control). The IC50 were calculated by plotting 

the lectin concentration vs. the percentage inhibition in a linear regression using GraphPad 

Prism 4.0 

 

 

3.3 RESULTS 

 

3.3.1 Vector construction 

 

The native GRFT gene was inserted into the magnICON expression vector resulting in 

pICHgrft (Fig.3.1).  pCIHgrft was combined with the pICH17388 cytosol or pICH1762 

apoplastpromodules (Fig. 3.1) to target GRFT expression in the cytosol (pICHgrft-Cyto) and 

apoplast (pICHgrft-Apo) respectively.  Recombination was facilitated by the pICH14011 

integrase promodule (Fig. 3.1).  The amplified native GRFT gene was furthermore inserted 

into the advance binary pTRA vectors to construct pTRA-Cgrft, pTRA-cTPgrft, pTRA-

APOgrft,and pTRA-ERgrft(Fig. 3.2).  These vectors contain signalling information for 
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expression of foreign genes in the cytosol, chloroplast, apoplast and endoplasmic reticulum.  

Table 3.1 summarises the griffithsin vectors and associated subcellular locations.   

 

For microscopic evaluation of subcellular location, GRFT was fused to the GFP reporter gene 

as encoded by the magnICON pICH7410 (Gils et al., 2005) vector.  GRFT was linked to GFP 

via a six glycine linker.  The fusion was cloned as is into the magnICON vector resulting in 

pICHgrftGFP (Fig. 3.3a) for targeting to the cytosol and apoplast using cytosol or apoplast 

magnICON targeting modules (Fig. 3.1).  The fusion was also constructed with the LT-B 

signal peptide and SEKDEL ER retention sequence to construct pICHbsp-grftGFP-SEKDEL 

(Fig. 3.3b) to microscopically evaluate ER retention.  Finally a pTRA-cTPgrftGFP fusion 

was constructed to determine GRFT targeting to the chloroplast (Fig. 3.3c).  Table 3.2 

summarises the GRFT vectors constructed for subcellular location studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Univ
ers

ity
 of

 C
ap

e T
ow

n

78 

 

  

 

 

 

 

Fig. 3.1 The native GRFT gene was amplified with NcoI and SacI sites for insertion into 

pICH11599 5’ promodule resulting in pICHgrft.  The GRFT promodule were combined with 

either a cytosol targeting (pICH17388) or apoplast targeting (pICH1762) 5’ promodule.  

Recombinase between promodules was facilitated by a Streptomyces phage C31 integrase 

encoded by the PhiC31 gene carried on the pICH14011 promodule. 

pICHgrft 

pICH1762 

pICH17388 

pICH14011 
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Fig. 3.2 Schematic illustration of pTRA vectors that were used for expression of the native GRFT gene.  GRFT was cloned into the AflII-XbaI 

site of pTRAc (cytosol targeting) resulting in pRA-Cgrft.  A MluI and XbaI GRFT pcr amplicon was inserted into rbsc1-cTP-PTRA (chloroplast 

targeting) to generate pTRA-cTPgrft.  To generate pTRA-APOgrft aNcoI –XbaI GRFT pcr product was cloned into pTRAkc-AH (apoplast 

targeting).  pTRA-ERgrft was generated by cloning an NcoI NotI GRFT amplicon into pTRAck-ERH(ER targeting

pTRA-Cgrft 

pTRA-cTPgrft 

pTRA-APOgrft 

pTRA-ERgrft 
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Fig. 3.3 GRFT-GFP fusions were constructed by cloning GRFT (blue block), GFP (green 

block), bspGRFT (bsp is represented by the orange block) and GFP-SEKDEL(SEKDEL is 

represented by the yellow block) combinations into pICH11599resulting in pICHgrftGFP (a) 

andpICHbsp-grftGFP-SEKDEL (b). pICHgrftGFP was infiltrated with cytosol and apoplast 

targeting promodules while pICH-bsp-grftGFP-SEKDEL was infiltrated with the cytosol 

targeting pro module.  A MluF GRFT and BglIIGFP fragment were ligated pTRAcTP 

resulting in pTRA-cTPgrftGFP (c), the latter was infiltrated as with the NSs silencing 

suppressor 
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Table 3.1 Summary of the vector constructs used for Agrobacterium-mediated transient 

expression of griffithsin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vector module Subcellular compartment 

pTRA-based vectors 

pTRA-Cgrft Cytosol 

pTRA-cTPgrft Chloroplast 

pTRA-APOgrft Apoplast 

pTRA-ERgrft Endoplasmic reticulum 

  

MagnICON TMV-based Provectors 

pICHgrft-Cyto Cytosol 

pICHgrft-Apo Apoplast 
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Table 3.2 Summary of the vector constructs used for microscopic evaluation of subcellular 

targeting of griffitsin in N. benthamiana.  

 

 

 

 

  

 

 

 

 

3.3.2 Effects of GRFT expression using the pTRA vector system  

 

pTRAgrft vectors were infiltrated into N. benthamiana both with and without the NSs 

silencing suppressor from the Tomato spotted wilt virus (TSWV) to assess the effect of 

silencing suppression on GRFT accumulation.  GRFT accumulation was measured by gp120 

binding ELISA (Fig. 3.4). With these vectors, the cytosol was the optimal compartment for 

GRFT expression (Fig. 3.4A).  In the presence of NSs, GRFT accumulated to around 1 g/kg 

and in the absence of silencing suppression to around 300 mg/kg.  Thus, NSs silencing 

inhibition contributed to a 3-fold increase in GRFT yield.  In the presence of NSs expression 

was high from as early as 4 days post infiltration (dpi) and seemed to increase further on.  In 

contrast, expression in the absence of NSs remained constant over the period analysed.  With 

cytosolic expression the leaf tissue remained healthy over the period of evaluation (Fig.3.5A).   

 

Vector module Subcellular compartment 

GRFTgfp fusion vectors 

pICHgrftGFP-Cyto Cytosol 

pICHgrftGFP-Apo Apoplast 

pICHbsp-grftGFP-SEKDEL Endoplasmic reticulum 

pTRA-cTPgrftGFP Chloroplast 
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With chloroplast directed expression, the presence of NSs increased GRFT levels by 3 fold 

(Fig.3.4B).  With NSs mediated silencing suppression GRFT accumulated over 350 mg/kg 

and in the absence of NSs to approximately 100 mg/kg.  An interesting observation with 

GRFT expression in the chloroplast was a sudden drop in GRFT levels 8 dpi in the presence 

of NSs and 10 dpi in the absence of NSs.  This phenomenon was observed in several 

biological repeat experiments.  Expression of GRFT in the chloroplast had no negative effect 

on plant tissue viability (Fig.3.5B).   

 

In the apoplast the presence of the silencing suppressor enhanced GRFT levels again by an 

overall average of 3 fold (Fig.3.4C).  Under the influence of NSs silencing suppression GRFT 

accumulated to more than 200 mg/kg and seems to be significantly higher from 10 dpi. 

Without suppression, levels of 47 mg/kg were obtained and expression were fairly constant 

over the period analysed.  Expression of GRFT in the apoplast had a detrimental effect on 

plant tissue with leaf tissue damage visible from 4 dpi (Fig.3.5C) 

 

In the endoplasmic reticulum, the presence of NSs did not seem to have a significant 

enhancing effect on GRFT levels (Fig.3.4D).  In the presence of NSs, GRFT accumulated to 

a maximum level of 150 mg/kg while in the absence of NSs it accumulated to 120 mg/kg.  

However in the presence on NSs GRFT seem to increase later after infiltration while in the 

absence of silencing suppression GRFT seem to slightly decrease.  Similar to the apoplast, 

GRFT expression in the ER had a negative impact on the leaf tissue viability (Fig. 3.5D). 
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Fig. 3.4 pTRA GRFT expression levels as measured by gp120 binding ELISA on 4, 6, 8 and 12 days post infiltration (dpi). pTRA vectors 

pTRA-Cgrft (A), pTRA-cTPgrft (B), pTRA-APOgrft (C) and pTRA-ERgrft (D) were infiltrated with and without the NSs silencing inhibitor. 

Error bars indicate the difference in expression levels as calculated as standard error (SE) for three biological replicate experiments 
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Fig. 3.5 The effect of intracellular localisation of griffithsin on N. benthamiana leaf phenotype over a time course. pTRA-based constructs 

pTRA-Cgrft (A), pTRA-cTPgrft (B), pTRA-APOgrft (C) and pTRA-ERgrft (D) were infiltrated with and without the NSs silencing inhibitor 
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3.3.3 Expression of GRFT with the magnICON vector system  

 

GRFT was expressed in N. benthamiana leaves with the high output magnICON vector 

system.  The latter consist of different vector modules that reassemble in the plant. In this 

study the modules consisted of a 3’ module that contained the native GRFT gene and two 5’ 

promodules which directed expression either to the cytosol or apoplast.  An integrase module 

facilitated the recombination of the 5’ and 3’ promodules.  With the magnICON system the 

cytosol was also the optimal location for GRFT accumulation; the lectin accumulated to over 

1.5 g/kg (Fig. 3.6).  These levels were observed from 4 days post infiltration (dpi) and 

remained fairly constant over the period analysed.  Expression of GRFT in the cytosol with 

the magnICON system had no negative effect on leaf tissue (Fig. 3.7).  Expression in the 

apoplast resulted in maximum GRFT levels of approximately 34 mg/kg (Fig. 3.6).  Again 

GRFT levels observed remained relatively constant from 4 to 12 dpi. In contrast to cytosolic 

expression GRFT accumulation in the apoplast was detrimental to tissue (Fig. 3.7). The 

necrosis was visible as early as 4 dpi.   
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Fig. 3.6 GRFT expression with the magnICON system in the apoplast (pICHgrft-Apo) and 

cytosol (pICHgrft-Cyto) as measured by gp120 binding ELISA 4, 6, 8, 10 and 12 days post 

infiltration (dpi).  Expression data is presented on two scales. Error bars indicate the 

difference in expression levels as calculated as standard error (SE) for three biological 

replicate experiments. 
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Fig. 3.7 The effect of subcellular location when griffithsin (GRFT) and GFP were expressed 

using magnICON provectors.  The gfp provector was combined with the cytosol targeting 

provector, while the GRFT provector was combined with an apoplast (pICHgrft-Apo) and 

cytosol (pICHgrft-Cyto) targeting module.  The GFP construct was visualised using UV 

illumination (what wavelength?) 

 

 

3.3.4 Large scale expression of GRFT in N. benthamiana using pTRA and magnICON 

 

Wt pICHgrft-Apo pICHgrft-Cyto gfp 

4 dpi 

6 dpi 

10 dpi 

8 dpi 

12 dpi 



Univ
ers

ity
 of

 C
ap

e T
ow

n

89 

 

The results detailed above were obtained using hand syringe-mediated infiltration 

experimentation.  In industry syringe infiltration will not be practical, and a large scale 

vacuum infiltration process has to be applied.  At the CSIR a vacuum system capable of 

infiltration of one whole plant was built and had to be assessed for infiltration efficacy and 

final product yield.  Hence, the result of large scale infiltration on GRFT yield was assessed.  

N. benthamiana plants were vacuum infiltrated with the pTRA GRFT and GRFT magnICON 

vectors.  Leaf material was harvested on days 4, 6 and 8 post infiltration and proteins were 

extracted from harvested material.  For the pTRA vectors GRFT accumulation was 

significantly lower for all cellular compartments investigated (Fig. 3.8).  In the cytosol 

approximately 50 mg/kg GRFT was obtained after large scale infiltration (Fig. 8A) vs. the 1 

g/kg obtained with syringe infiltration.  In the chloroplast GRFT amounts of 50 mg/kg (Fig. 

3.8B) were obtained, which is 7-fold lower than that measured with hand infiltration.  GRFT 

yields in both the apoplast and endoplasmic reticulum were below 10 mg/kg (Fig. 3.8C and 

3.8D), more than a 10-fold reduction from syringe infiltrated levels.   

 

With the large scale magnICON cytosol expression (Fig. 3.9B), GRFT levels were 

considerably lower than that observed with syringe infiltration.  With large scale infiltration 

the maximum quantity of GRFT obtained in the cytosol was around 250mg/kg while hand 

infiltration resulted in over 1.5 g/kg.  With apoplast expression, GRFT levels were similar as 

to those obtained with hand infiltration, reaching maximum levels of approximately 20 mg/kg 

for syringe infiltration and 25mg/kg for large scale infiltration (Fig.3.9A).   
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Fig. 3.8 Expression of GRFT with pTRA vectors following large scale infiltration of N. benthamiana leaves. Protein extractions were prepared 

from leaves harvested at days 4, 6, and 8 post infiltration (dpi).  GRFT expression was measured for pTRA-Cgrft (A), pTRA-cTPgrft (B), 

pTRA-APOgrft (C) and pTRA-ERgrft (D) infiltrated with the NSs silencing inhibitor.  Error bars indicate the difference in expression levels as 

calculated as standard error (SE) for two samples taken from the extract.    
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Fig. 3.9 Expression of GRFT (in mg/kg) with magnICON vectors were measured in large 

scale infiltrated N. benthamiana leaves.  Expression for pICHgrft-Apo (A) and pICHgrft-

Cyto (B) was measured 4, 6 and 8 days post infiltration (dpi) by gp120 binding ELISA.  Error 

bars indicate the difference in expression levels as calculated as standard error (SE) for two 

samples taken from the extract.   

 

 

3.3.5 Biochemical characterisation of magnICON produced GRFT by PAGE, immunoblot 

and MS analysis 

 

PAGE and immunoblot analysis were used to biochemically characterise GRFT produced in 

the cytosol using the magnICON system.  Proteins extracted from infiltrated leaves for 
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cytosol expression were analysed under non-denaturing (Fig.3.10) and denaturing (Fig. 3.11) 

PAGE conditions and detected with GRFT specific antibodies in using both a colour (Fig. 

3.10B) and chemiluminescence (Fig. 3.10C) substrate.  Under non-denaturing PAGE 

conditions the E. coli-produced purified GRFT control had a size of approximately 75 kDa, 

no dimer band of 27 kDa was observed (Fig. 3.10).  In the infiltrated samples several bands 

were detected that were absent in the uninfiltrated control.  The sizes of these bands were 

approximately 40, 50, 60, 65 and 70 kDa.  These also seem to react with the GRFT specific 

antibody.  The bands detected with the antibody ranged from 40 kDa to bands larger than 70 

kDa (Fig. 3.10 B and C).  When the same samples were denatured, the E. coli GRFT 

appeared as a band of 15 kDa (Fig. 3.11).  A small amount of dimer was also present at 27 

kDa.  Protein samples from GRFT infiltrated tobacco produced a band smaller than 15 kDa, 

which was absent from the wild type (Fig. 3.11).  To obtain a better resolution of the smaller 

GRFT-specific band that is produced in N. benthamiana, plant protein extracts were resolved 

on a 12% acrylamide gel that was prepared with a 19:1 ratio of acrylamide:bis acrylamide 

(Fig. 3.12).  The E. coli produced GRFT band was close to 15 kDa, while the plant produced 

GRFT bands again ran lower in the PAGE gel.  Peptide bands 1, 2, 3 and 4 were excised and 

subjected to Peptide mass fingerprint sequencing (PMFS).  No GRFT was detected in peptide 

bands 2 and 4, while in peptide bands 1 and 3 GRFT was strongly detected.  In the latter 

however the His tag fragment at the N and C terminus was not detected (Fig. 3.13).  To 

resolve if His tag cleavage occurred, a His and GRFT specific immunoblot was performed 

(Fig. 3.14).  With both the GRFT and His-specific antibodies the E .coli and N. benthamiana-

produced GRFT were detected.  
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Fig. 3.10 Coomassie staining (A) and immune detection with colour (B) and 

chemiluminescence (C) of protein extracts of N. benthamiana GRFT magnICON plants 

separated under non-denaturing conditions.  The lanes represents the following; protein 

marker (M); purified E. coli produced GRFT (E); uninfiltrated tobacco leaf extract (Wt); 

magnICON GRFT cytosol protein extracts from days 6, 8, 10 and 12 post infiltration.  The 

arrow indicates the presence of GRFT.  
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Fig. 3.11 Coomassie staining and immune detection of protein extracts of N. benthamiana 

GRFT magnICON plants separated under denaturing conditions. The lanes represents the 

following; protein marker (M); purified E. coli produced GRFT (E); uninfiltrated tobacco leaf 

extract (Wt); magnICON GRFT cytosol protein extracts from days 4,6,8,10 and 12 post 

infiltration.  The arrow indicates the presence of GRFT.  
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Fig. 3.12 Tris-tricine PAGE electrophoresis of N. benthamiana protein extract of cytosol 

produced GRFT.  Lanes contain a molecular weight marker (M); purified E. coli produced 

GRFT as positive control (E), protein extract from unifiltrated wild type N. benthamiana 

(Wt) and cytosol produced GRFT (NbG).   

 

 

MGSSHHHHHHSSGLVPRGSLTHRKFGGSGGSPFSGLSSIAVRSGSYLDAIIIDGVHHGGSGGNLSPTFTFGSGEY
ISNMTIRSGDYIDNISFETNMGRRFGPYGGSGGSANTLSNVKVIQINGSAGDYLDSLDIYYEQY 

 

MGSLTHRKFGGSGGSPFSGLSSIAVRSGSYLDAIIIDGVHHGGSGGNLSPTFTFGSGEYISNMTIRSGDYIDNIS
FETNMGRRFGPYGGSGGSANTLSNVKVIQINGSAGDYLDSLDIYYEQYSSGLVPRGSHHHHHH 

 

Fig. 3.13 Peptide Mass Fingerprint Sequencing (PMFS) results of the peptides that represent 

the E. coli produced GRFT band (a) and in the tobacco produced GRFT band (b).  Sequences 

in green represents peptides that were detected with high confidence, sequences in red were 

peptides detected with low confidence while sequences in grey were peptides not detected.   
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Fig. 3.14 Electrophoresis of GRFT cytosol extracts from N. benthamiana separated on a 12% 

Tris-tricine gel for Coomassie staining (A), GRFT specific immunoblotting (B) and His-

specific immunoblotting (C). 

 

 

3.3.6 Purification of GRFT from N. benthamiana infiltrated leaves 

 

Total protein extract was applied to a Ni-IDA his affinity column.  Fractions collected from 

the purification was collected and analysed via PAGE and immunoblot (Fig. 3.15 A and B).  

The crude extract had an intense band that corresponded to the GRFT monomer of 15 kDa.  

This band was also present in the flow through and the first wash fraction but was separate in 

the second wash fraction.  The eluted fraction contained a band that corresponded to the 

GRFT monomer and dimer.  From the immunoblot analysis no band was visible in the 

uninfiltrated control but bands corresponding to GRFT and its dimer were present in the 

purified eluted fraction.  
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Fig. 3.15 SDS Page analysis of the recombinant plant produced His-GRFT extract of the protein purified by using a Protino® Ni-IDA purified, -

10 column desalted and analysed by Coomassie blue staining on a 15% tris-glycine gel.  The bands in the elute were positively identified as 

griffithsin via Mass Spec analysis.  This was further reiterated by immunoblot analysis with anti-GRFT pAB. 
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3.3.7 Comparison of efficacy between N. benthamiana and E. coli produced GRFT 

 

The efficacy of partially purified tobacco GRFT was tested in a TZM-bl pseudovirus assay 

against 9 HIV-1 subtype C viruses (Du151.2, COT6.15, COT9.6, CAP210.E8J, CAP45.G3J, 

CAP239.G3J, CAP270.cvl44, CAP261.cvl93 and CAP177.cvl96; K), including 3 from 

cervical vaginal lavages (CAP177.cvl96, CAP270.cvl44 and CAP261.cvl93cvl) of HIV 

positive women, and 2 HIV-1 subtype B viruses (QH0692.42 and PVO.4).  GRFT inhibited 

both C and B HIV strains.  Furthermore, the IC50 values of tobacco produced GRFT was 

comparable to that reported for E. coli produced GRFT (Alexandre et al. 2010) for the 

majority of the viruses tested (Table 3.3).  Lower IC50values were observed for 3 subtype C 

viruses (CAP210.E8J, CAP177.cvl96 and CAP261.cvl93cvl) and one subtype B virus 

(QH0692.42).   

 

In a PBMC assay we tested E. coli GRFT and tobacco GRFT against one HIV-1 subtype C 

(CM1) and one subtype B (ADA) isolate.  Table 3.4 shows that semi-purified tobacco GRFT 

had similar potency against the two tested viruses as the purified E. coli GRFT.   

 

Further, we investigated the inhibition of tobacco-produced GRFT on HIV-1 transfer via DC-

SIGN.  Fig. 3.16 shows that GRFT in a crude tobacco extract could inhibit the transfer of 

DC-SIGN associated HIV-1 virus to TZM-bl cells as well as purified GRFT from E. coli 

(Alexandre et al., 2011).   

 

Notably, both E. coli and N. benthamiana GRFT did not inhibit the control VSV-G virus 

indicating that no non-specific cell toxicity effect was associated with the observed IC50 

values 
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Table 3.3 A comparison between crude N. benthamiana produced GRFT and purified E. coli 

produced GRFT as measured by a single-cycle neutralization assay (TZM-bl assay). 

 

 

 

 

 

 

 

    IC50 (nM) 

Envelope Subtype E. coli GRFT N. Bent.  GRFT 

Du151.2 C 1.5 ± 0.8 1.7 ± 0.5 

COT6.15 C 0.4 ± 0.2 0.4 ± 0.10 

COT9.6 C 1.2 ± 0.2 1.4 ± 0.01 

CAP210.E8J C 0.2 ± 0.0 0.05 ± 0.01 

CAP45.G3J C 0.2 ± 0.1 0.2 ± 0.04  

CAP239.G3J C 0.1 ± 0.0 0.09 ± 0.02 

CAP177.cvl96 C 55.9 ± 5.0 30.8 ± 0.10 

CAP270.cvl44 C 0.3 ± 0.1 0.2 ± 0.07 

CAP261.cvl93 C 4.2 ± 0.4 1.9 ± 0.01 

QH0692.42 B 0.2 ± 0.1 0.07 ± 0.02 

PVO.4 B 0.1 ± 0.0 0.1 ± 0.04 

VSV-G  No titer No titer 
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Table 3.4 A comparison between crude N. benthamiana produced GRFT and purified E. coli 

produced GRFT as measured by Peripheral Blood Mononuclear Cell (PBMC) 

 

 

 

 

.

  IC80 

Virus Subtype E. coli GRFT N. Bent.  GRFT 

CM1 C 122.8 ± 5.1 73.8 ± 12.5 

ADA B 71.4 ± 10.2 51.7 ± 8.1 
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Fig. 3.16 Inhibition of DC-SIGN mediated HIV transfer by N. benthamiana produced GRFT.  Crude N. benthamiana extract containing GRFT 

was tested for the ability to inhibit the transfer and subsequent infection by HIV stains COT6.15 and Du 151.2 as mediated by DC-SIGN.  
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3.3.8 Confocal microscopic evaluation of the subcellular location of GRFT 

 

To confirm the subcellular location of GRFT in N. benthamiana cells, GRFT was fused to the 

green fluorescent protein (GFP) and expressed using different targeting sequences.  The 

targeting was visualised using confocal laser scanning microscopy (Fig. 3.17).  The GRFT-

GFP fusion was expressed without any signal sequences as well as with apoplast, chloroplast 

and endoplasmic reticulum retention signals.  GFP alone was included as a control for cytosol 

and apoplast expression.  Confocal microscopy was conducted 6 days post infiltration and 

showed that GFP expression without any signal sequences resulted in the protein 

accumulating in the cytosol around the vacuoles (Fig. 3.17A).  When GFP was expressed 

with the calreticulin apoplast targeting signal it was no longer located inside the cell, but 

seems to aggregate around the cells (Fig. 3.17B).  Similar to GFP, the GRFT-GFP fusion 

expressed without targeting signal sequences also located inside the cell in the cytoplasm 

(Fig. 3.17C).  In some cells the GRFT-GFP fusion was also present as a bright fluorescence 

in the nucleus.  In contrast to GFP alone, the fusion formed aggregated masses in cytosplasm 

around the vacuoles.  When the GRFT-GFP fusion was expressed with the apoplast targeting 

sequence, the protein was detected outside the cells (Fig. 3.17D).  Expression of the fusion 

protein with the chloroplast targeted signal resulted in the accumulation of the protein in the 

chloroplasts (Fig. 3.17E).  Targeting GRFT-GFP to the endoplasmic reticulum using a the 

LT-B signal peptide and SEKDEL retention sequence caused the fusion protein to 

accumulated throughout the cell cytoplasm as aggregated masses (Fig. 3.17F).  No 

fluorescence was detected in the nucleus.   
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Fig. 3.17 CLSM (Confocal laser scanning microscopy) imaged transient infiltrated N. 

benthamiana cells displaying red autofluorescing chloroplast, GFP and GRFT-GFP targeted 

to different subcellular compartments.  GFP located in the cytosol (A) and apoplast (B).  

GRFT-GFP fusion protein located in the cytosol/nucleus (C); apoplast (D); chloroplast (E) 
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and endoplasmic reticulum (F).  Ap, apoplast; Clp, chloroplast; Cy, Cytosol; Cw, Cell wall; 

ER, endoplasmic reticulum; N, nucleus; and V, vacuole. 

 

 

3.3.9 Transmission electron microscopic imaging of subcellular location of GRFT in N. 

benthamiana 

 

Immunogold labelling together with transmission electron microscopy (TEM) imaging was 

used to determine where GRFT without GFP fused to it will localise inside cells (Fig. 3.18).  

Cytosol targeting resulted in expression of GRFT in the cytosol around cell organelles such 

as the nucleus and vacuoles (Fig. 3.18.1).  No GRFT was detected in the nucleus in any of the 

cytosol targeted samples that were scanned.  GRFT targeted to the chloroplast showed the 

presence of the lectin in the chloroplasts (Fig. 3.18.2).  Apoplast targeted expression resulted 

in the accumulation of GRFT between cells (Fig. 3.18.3).  GRFT targeted to the ER displayed 

immune-labeling in the cytoplasm where the ER is present (Fig. 3.18.4).  The abundance of 

the lectin was much less than that observed in the cytosol (Fig. 3.18.1).  Leaf material 

infiltrated with cytosol targeted GRFT-GFP were also subjected to gold labelling (Fig. 

3.18.5).  Labelled proteins were present in the cytoplasm and most definitely in the nucleus 

(Fig. 3.18.5).  Both unlabelled and labelled (Fig. 3.18.6) uninfiltrated plants displayed 

minimal presence of gold particles. 
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Fig. 3.18 Electron micrographs of sections of N. benthamiana infiltrated with magnICON 

and pTRA vectors for targeted expression of GRFT in the cytosol (1), chloroplast (2), 

apoplast (3) and endoplasmic reticulum (4).  N. benthamiana was also infiltrated with a 

magnICON GRFT-GFP construct for expression in the cytosol (5).  Uninfiltrated leaf 
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material was exposed to the labelling procedure as control (6).  Ap, apoplast; Clp, 

chloroplast;  Cy, Cytosol; Cw, Cell wall; ER, endoplasmic reticulum; N, nucleus; Ne, nuclear 

envelope and V, vacuole. 

 

 

3.4 DISCUSSION 

 

Several HIV-binding lectins have been isolated and are currently being investigated for 

microbicide application.  Of these, GRFT is currently the most potent and promising.  Plants 

are emerging as promising alternative expression platforms for pharmaceutical molecules.  

To obtain high protein expression in plants, several strategies can be applied such as 

subcellular targeted expression.  Furthermore, new vector technologies have enabled plants to 

produce recombinant proteins to high levels.  Although GRFT has been expressed with TMV 

vectors at high levels in N. benthamiana, a systematic analysis of the effect of subcellular 

targeting on expression and accumulation has not been reported previously.  In this study I 

investigated two expression vector systems and different subcellular locations for optimal 

GRFT production in N. benthamiana.  I expressed GRFT with enhanced binary pTRA 

vectors and the deconstructed magnICON viral vectors.  Expression in the cytosol, 

chloroplast, apoplast and endoplasmic reticulum was evaluated.  Additionally, the effect of 

silencing suppression on GRFT accumulation was assessed.   

 

For both vector systems the optimal compartment for GRFT expression was the cytosol.  The 

magnICON vector resulted in the highest GRFT yield reaching over 1.5 g/kg.  This is slightly 

higher than levels previously reported for GRFT production in N. benthamiana using a 

tobacco mosaic viral (TMV) vector under control of a duplicated subgenomic promoter 

(O’Keefe et al., 2009).  GRFT was produced in significantly lower amounts in all the other 

compartments.   
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Our results further support the notion that silencing suppression is needed to increase protein 

levels in transient expression systems (de Haan et al., 2010, Voinnet et al., 2003).  In this 

study NSs enhanced accumulation of GRFT by approximately 3 fold in the cytosol, 

chloroplast and apoplast.  De Haan et al. (2010) also reported an enhancing effect of 

silencing suppression on the production of cytosolic and secreted proteins.  Interestingly, we 

observed no significant contribution of NSs on GRFT production in the endoplasmic 

reticulum.  Theoretically, both the GRFT transcripts of the apoplast and ER follow the same 

cell sorting route to the ER.  The maximum GRFT expression in both these compartments 

was very similar and peaked at 10 dpi.  Given that naturally NSs is found in the cytosol 

(Kormelink et al., 1991), the effect of silencing suppression for GRFT ER expression should 

have followed a similar trend as that of the apoplast.  It could be that in this study, the transit 

time for ER and apoplast transcripts differ in such a way that the effect of NSs silencing on 

ER targeted expression cannot act quickly enough to show an impact.  In contrast to the 

cytosol, the pTRA vectors resulted in higher GRFT apoplast expression than for the 

magnICON system.  It could be possible that with the higher expression levels associated 

with the magnICON system, the expression threshold is reached faster and thus GRFT only 

accumulates to a certain level, especially where cytotoxicity is observed.   

 

No tissue damage was observed when GRFT was expressed in the cytosol and chloroplast; 

however, GRFT accumulated to significantly different amounts in these two compartments.  

GRFT accumulated to some extent in the chloroplast while it reached more than 2 g/kg in the 

cytosol.  With the rbsc1-cTP target sequence, translation occurs in the cytosol whereafter the 

protein is transported to and folded in the chloroplast (Meyers et al., 2008).  Since cytosol 

targeted GRFT is also translated in the cytosol it could be that the transcript level differs 

between cytosol and chloroplast targeted GRFT.  Alternatively the unique fold of GRFT 

(Ziolkowska et al., 2006) may require eukaryotic advanced cellular machinery rather than 

what is provided in the prokaryotic derived chloroplasts.  This leads to fewer stable GRFT 

dimers and more monomers that are less stable (Moulaei et al., 2010).  An interesting 

observation of this study was that GRFT levels had a sudden drop after 8 days post 

infiltration in the presence of NSs and 10 days post infiltration in the absence of NSs.  Since 

no visible leaf discolouring (i.e. chloroplast loss) was seen, it could only be surmised that the 

stability of GRFT in the chloroplast declined after a period of time.   
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Expression of GRFT in the apoplast and endoplasmic reticulum caused visible tissue damage.  

Leaf necrosis has previously been reported with use of the magnICON system for expression 

of the IgG human antibodies in the apoplast (Giritch et al, 2006) and human growth hormone 

(hGH) in the apoplast and cytosol (Gils et al., 2005).  The necrotic effect has been attributed 

to high accumulation levels of protein in the cell; the IgG levels were relatively high despite 

the necrotic effect and for hGH the compartment that showed the highest necrosis also gave 

the highest expression levels (Gils et al., 2005).  However, for GRFT this was not the case 

since the highest expression levels were observed in the cytosol without any tissue damage.  

It has been reported that GRFT binds mannose, N-acetylglucosamine and glucose (Mori et 

al., 2005; Ziolkowska et al., 2006 Ziolkowska et al., 2007).  In a plant cell, N-glycosylation 

begins in the ER by the transfer of an oligosaccharide precursor, Glc3Man9GlcNAc2, to the 

nascent protein (Gomord et al., 2010).  During the movement of the proteins through the 

secretory pathway, other modifications are carried out such as removal of mannose and 

glucose resides.  Thus, if GRFT is transported to the ER via a signal peptide or apoplastic 

targeting signal, it may encounter sugars that it is able to bind.  If these carbohydrates are 

crucial in the secretory pathway, it can cause cell death and subsequent tissue damage.  When 

Galanthusnivalus agglutinin (GNA) were modified to locate to the ER in transgenic 

Arabidopsis thaliana, it was reported that plants displayed a dwarfed phenotype compared to 

those in which GNA located to the vacuole and that many plants died before setting seed 

(Fouquaert et al., 2007).  The authors have also speculated that the observed cytotoxic effect 

of the lectin might be due to interference with synthesis and sorting of N-glycosylated 

proteins in the ER.  I thus conclude that expression levels and effect on tissue is a 

combinatory effect from accumulation levels as well as native properties of the protein 

expressed. 

 

Expression data of GRFT in N. benthamiana was gathered from plants that were syringe 

infiltrated with the constructs.  In the commercial arena syringe infiltration will not be a 

practical way to introduce these constructs and large scale infiltration methods will be 

applied.  At the CSIR we have developed a vacuum infiltration system to achieve large scale 

infiltration.  GRFT expression using vacuum infiltration was thus subsequently investigated.  

Significantly lower GRFT amounts were obtained from large scale infiltrated plants.  The 
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lower observed levels could be attributed to two factors.  First, with syringe infiltration the 

exact infiltrated zone was labelled and harvested.  In large scale infiltration, whole plant 

material is harvested, which is not necessarily infiltrated to full capacity as demonstrated 

when assessing infiltration efficacy via GFP fluorescence (results not shown).  Second, 

crushing of smaller masses of leaf material to a finer powder was easier than with larger 

amounts of leaf biomass.  Thus, the resulting plant mass was possibly not fine enough for 

optimal contact with the extraction buffer.  To address these issues, plant material can be 

processed using a disintegrator and screw press as reported by O’Keefe (et al. 2009).  The 

cell culture densities used correlated to that used by Kentucky BioProcessing (KBP, personal 

communication); therefore, one could investigate the effect of different Agrobacterium OD600 

used for infiltration on subsequent expression levels.   

 

From SDS-PAGE analysis it appeared that GRFT that is expressed in the plant cytosol was 

smaller than purified E. coli produced GRFT used as a control in the gel electrophoresis.  

Previous plant produced GRFT was not electrophoresed alongside the E. coli produced 

GRFT (O’Keefe et al., 2009), while E. coli produced GRFT was separated with native GRFT 

without a His tag (Giomarelli et al., 2006), thus it is difficult to say why the plant-produced 

His tagged GRFT in this study migrated lower than E. coli produced GRFT, and if this is a 

common phenomenon.  Peptide mass fingerprint sequencing (PMFS) of the tobacco produced 

GRFT showed that in both the E. coli and tobacco-produced GRFT the same GRFT peptide 

was detected with confidence.  For both these GRFT bands the His tagged containing peptide 

was not detected with confidence, although an immunoblot with a His affinity antibody 

detected both.  In the E. coli produced GRFT the His tag is present at the N-terminus, while 

in the tobacco produced GRFT it was present on the C-terminus.  It could be possible that this 

affects the folding and thus migration through the PAGE gel.  Under on-denaturing 

conditions, the protein extract from GRFT magnICON infiltrated samples contained clear 

high molecular weight proteins which were absent in the uninfiltrated sample.  These also 

seem to be more immunoreactivce than the proteins in the negative control.  Interestingly the 

purified E.coli produced GRFT was also detected as a high molecular weight protein that is 

more than double the size of the expected dimer.  Furthermore, both the E.coli and tobacco 

produced GRFT were resuspended in the same buffer.  Thus the higher molecular weight 

forms could be due to either a certain gel condition or potentially a strong aggregation of 

GRFT molecules in the sample.  With the confocal microscopy, punctuate fluorescent 
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aggregates were observed in the cytosol and ER.  It is possible that GRFT aggregates with 

itself and/or with other cell proteins.   

 

Subcellular localisation is regularly pursued to determine the optimal location to benefit yield 

and stability of recombinant produced proteins (Streatfield et al., 2007).  However, targeted 

expression of recombinant proteins may result in the protein being differently located than 

anticipated (Chikwamba et al., 2003; Drakaki et al., 2006).  This is sometimes dependent on 

the host of expression, plant organ or other inherent properties of the protein itself.  

Discrepancies in subcellular localisation could influence protein stability, activity and 

downstream purification which again influence downstream application and costs.  For 

example, a protein that does not require glycosylation which is suddenly targeted to be 

glycosylated or vice versa can lose its function, or not be acceptable for use in the therapeutic 

market.  Alternatively, the protein can find itself in a new cell location where it is broken 

down by proteases.   

 

In plants two types of lectins are produced.  Classical lectins, normally with signal peptides, 

are produced in abundance and are found in storage organelles such as vacuoles or in the 

extracellular compartments (Lannoo and Van Damme, 2010; Van Damme et al., 2004).  

These lectins were proposed to play a defence role in the plant.  The second type of lectin, 

nucleocytoplasmic lectins, are generally produced in much lower quantities in response to a 

stress stimuli and are found in the cytosol or nucleus.  It has been reported that recombinant 

expression of lectins from one biological source in another biological host can be differently 

targeted than originally observed: for example, Chao and Etzler (1994) reported that vacuolar 

lectins from the legume Dolichos biflorus were not associated with the vacuoles when 

expressed in the yeast Saccharomyces cerevisiae.  Protein sorting to vacuoles involves many 

potential mechanisms and signal sequences (Vitale and Hinz, 2005; Vitale and Raikhel, 

1999), all which can influence lectin trafficking in recombinant hosts.  Nucleocytoplasmic 

lectins have also been found to be secreted.  It would therefore be interesting to investigate 

the targeting of lectins when expressed in recombinant hosts, to determine if any differences 

in location occur than originally defined by the expression vector.   
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Accordingly, I fused GRFT to GFP in order to validate the subcellular location.  Overall GFP 

and GRFT-GFP were found to be located as governed by the targeting signals in the 

expression vectors.  Apart from the cytosol, the GRFT-GFP fusion was also detected in the 

nucleus, while no nuclear localisation for GFP alone was observed.  This was also confirmed 

with immunogold labelling experiments.  GFP is small enough to enter through the nuclear 

pores (Hanson and Köhler, 2001) and several sources report that cytosol-targeted GFP is 

detected in both the cytoplasm and the nucleus (Kim and Grierson, 2005; Li et al., 2006; 

Reisin et al.; 2003).  With GFP fusion proteins, nuclear localisation indicates that the fusion 

partner is likely to be a nuclear-localised protein (Hanson and Köhler, 2001) and several 

studies show that nucleocytoplasmic type lectins fused to GFP are also detected in the 

cytoplasma and nucleus (Atalah et al., 2011; Fouquart et al., 2007; Lannoo et al., 2006).  

Thus, by expressing the GRFTGFP in the cytoplasm and observing the presence of the fusion 

in the cytoplasm and nucleus, GRFT might be classed as a nucleocytoplasmic lectin.  Also, 

like GRFT, many plant nucleocytoplasmic lectins have an affinity for mannose or high 

mannose residues (Lannoo et al., 2010).  Furthermore, nucleocytoplasmic lectins are 

normally produced in low quantities in their native hosts (Lannoo and van Damme, 2010).  

Although the native role of GRFT in its natural host is not known, it has been reported that 

lectins in algal species are present in low concentrations (Rogers and Hori, 1993).   

 

It is imperative a plant-produced pharmaceutical protein should be as efficient if not better 

than its original form.  Several studies have reported that E. coli and plant-produced GRFT 

have inhibited HIV strains from different clades (Alexandre et al., 2010; Emau et al., 2007; 

O’Keefe et al., 2009).  MagnICON produced crude GRFT was tested for efficacy against 

several HIV strains and found in most cases to be as potent as E. coli-produced purified 

GRFT without any toxic affect to the cell lines used.  Compared to purified E. coli-produced 

GRFT, N. benthamiana-derived GRFT was slightly less potent against 3 subtype C viruses 

(CAP210.E8J, CAP177.cvl96 and CAP261.cvl93cvl) and one subtype B virus (QH0692.42).  

The reason for this is not clear.  All the viruses have different predicted glycosylation patterns 

(Alexandre et al., 2010) and if the tobacco extract contains some compound that acts 

synergistically with GRFT on these viruses, it should have had the same effect on 

pseudoviruses with a similar glycosylation pattern.  This could be further investigated with 

affinity measurements of the magnICON produced GRFT against gp120.  With HIV, DC-

SIGN cells play an important role of disseminating HIV (Piquet and Steinman, 2007).  The 
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ability of plant-produced GRFT to prevent HIV infection via DC-SIGN was assessed and 

found to be similar to that of purified E. coli-produced GRFT.   

 

In conclusion, this study shows that different vector systems and different subcellular 

targeting influenced the accumulation of GRFT in the plant cell after transient expression.  

However, the overall trend remained the same in that the cytosol is the optimal compartment 

for GRFT production, and that GRFT is toxic when it follows the secretory pathway.  GRFT 

localised as was expected, and could be classed as a nucleocytoplasmic lectin.  Finally, the 

lectin was produced to very high levels with the magnICON system as was as efficacious as 

the purified E. coli-produced lectin against HIV.   
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CHAPTER 4. 

Concluding remarks and future prospects 

 

Immense potential has been recognised in plants for the production of recombinant proteins, 

especially for medical applications.  Numerous plant hosts have been deployed for this 

purpose with various levels of success and there has been continuous development of plant 

expression vectors to address shortcomings of or concerns about recombinant protein 

expression in plants.  Zea mays (maize) and Nicotiana benthamiana (tobacco) were selected 

for this project due to their unique and common attributes for expressing recombinant 

proteins, as well as because they are among the best characterised plant species used for the 

purpose.   

 

 Several lectins have been identified, from various organisms.  To date, 12 families of the 

proteins have been characterised (Van Damme et al., 1998).  Recombinant expression of 

lectins was initially pursued to improve plant resistance against insects, and very low levels 

of expression were adequate to achieve this (Peumans and van Damme, 1995).  The 

discovery of lectins with anti-HIV activity, however, prompted the recombinant expression of 

these peptides in different expression platforms since very often these molecules were present 

in very low quantities in their native organism and/or the native organism would have been 

difficult to cultivate.  One such lectin, griffithsin (GRFT) (Mori et al., 2005), which at this 

stage is the most potent anti-HIV lectin, was used in this study.   

 

Maize was used to produce the first two commercialised products from plants; namely, avidin 

and β-glucuronidase (Hood et al., 1997; Witcher et al., 1998).  Furthermore, several 

therapeutic proteins -including anti-HIV antibodies – have been produced in maize seed 

(Ramessar et al., 2008; Lotter-Stark et al., 2012).  Maize is the most cultivated cereal crop in 

the world (Naqvi et al., 2011), meaning its growth and agronomic properties are very well 

understood.  One can also tap into very well established molecular protocols when deploying 

this plant as an expression host for foreign proteins.  If expression of GRFT in maize seed 

were to be commercially viable in this platform, it could mean that the seeds could provide a 
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stable storage system for the lectin.  The seeds can either be stored for long periods, or 

transported in a partially crushed form (to prohibit potential cross contamination with food 

sources), or as a maize meal to several areas all over the world for further purification.  

Extraction of GRFT could easily be done subsequently using existing maize seed processing 

technology.  Accordingly, in this project I evaluated the expression of GRFT in maize seed 

endosperm using a gamma zein endosperm specific promoter, and different targeting signals 

for different cellular locations in the endosperm.   

 

A debatable concern is the possibility that expression of foreign proteins in food crops will 

endanger food sources by potential cross contamination with seeds or pollen.  There have 

been case studies where genetically modified maize did contaminate food crops (reviewed by 

Ramessar et al., 2008).  Furthermore expression of vaccines, vaccine subunits, antibodies in 

food crops in open fields may come in contact with native viruses leading to unwanted 

recombinations, or might reach individuals in which the expressed product might cause 

unwanted effects.  Tobacco is a non-food crop that has been extensively used for the 

production of several human therapeutic proteins (Tremblay et al., 2010).  Apart from being a 

non-food crop, tobacco’s popularity or potential as a biopharming platform has increased 

immensely with the development of transient expression methodology and refined transient 

expression vectors.  The latter have enabled tobacco to express target proteins to very high 

levels in an extremely short period of time.  Expression of GRFT in tobacco at very generous 

levels has already been done using a TMV based vector system.  This study reports the 

expression of GRFT using the magnIcon (rTMV-based) and pTRA (agroinfiltration only) 

vector systems.  Furthermore, a systematic investigation and comparison of the effect of 

subcellular targeting on expression levels, plant physiology and purification of GRFT was 

performed for the first time.   

 

Expression of GRFT in the maize endosperm was 5 to 25 fold lower than that of other 

proteins reported to have been expressed in the endosperm (Chikwamba et al., 2002b; Hood 

et al., 1997; Ramessar et al., 2008).  Unlike other reports, there was not a significant 

difference in the expression levels of the lectin when targeted to different cellular locations in 

the endosperm.  The low expression level made it difficult to obtain GRFT in a semi-pure 

form for efficacy testing.  It has previously been reported that heterologous proteins might 
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associate with other proteins and or molecules in the maize endosperm.  Maize endosperm 

consists mostly of carbohydrate and insoluble protein (Ramessar et al., 2008).  The 

immunoblot showed numerous bands in the GRFT maize endosperm protein extracts, 

indicating a possible association with other endosperm proteins or components.   

 

In tobacco, both the magnIcon and pTRA system gave exceptionally good expression levels 

when GRFT was expressed in the cytosol.  When GRFT was secreted its expression levels 

were very low, and it had a toxic effect on the cell.  Chloroplast accumulation levels were 

slightly higher with no toxicity, but expression patterns varied a lot.  It could be that this 

difference was due to different transcript levels, differences in the cellular machinery 

between chloroplasts and cytosol or that the number of chloroplast differs or expression 

levels differ as these organelles are broken down at different rates in different leaves.   

 

When comparing the two expression systems, it was obvious that they have some attributes in 

common such as post translational modification capability; large biomass; established stable 

or transient transformation methodology as well as some unique attributes such as the GRAS 

(Generally recognized as safe) status of maize and the storage capability in maize seed while 

tobacco has the advantage of not being a food crop and transient expression is more rapid 

than stable transformation of maize.  For this study, the construction period of expression 

vectors for both maize and tobacco was more or less similar; however, the time period from 

introducing the genes to analysis of the protein extract from the plants differed significantly.  

This has been reported in literature as a huge advantage of transient technology over 

transgenic methodology (Kamarova et al., 2010).  Even though maize is considered as a 

better platform to purify proteins due to fewer contaminating components, a low expression 

yield will challenge even this attribute.  Indeed in the case with maize expression of GRFT as 

well as potential cross reactivity of GRFT with other endosperm molecules, purification of 

the lectin was not achieved.  However in tobacco the high expression of GRFT made it easy 

to purify GRFT on bench scale using a commercial kit.  Efficacy testing of GRFT in maize 

showed that the seed extract contained a substance that was toxic to the cultured cells that 

were used in the tests.  Therefore, whether or not maize-produced GRFT was efficacious 

against HIV remains inconclusive.  On the other hand, GRFT in the crude tobacco extract 

was as efficacious as purified E. coli-produced GRFT without being toxic to the cells used in 
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the test.  Thus, from this study, I conclude that tobacco was the superior host for expression 

of GRFT.   

 

A study conducted by O’ Keefe et al. (2009) showed that 60g pure GRFT could be produced 

from 230 kg tobacco leaf material using transient vector technology.  Given the potency of 

GRFT this could mean the production of several doses from a relatively small greenhouse 

facility.  GRFT is currently undergoing several pre-clinical trials for its development as an 

anti- HIV microbicide (Ferir et al., 2011; Kouokam et al., 2011; O’ Keefe et al., 2009).  

Formulation plays a crucial role in the success of an anti-HIV microbicide.  This will also 

apply to GRFT.  Thus a continuation of this project could include obtaining a pure GRFT 

molecule from magnICON infiltrated samples and testing different formulations of GRFT.  

This will entail evaluating the stability, solubility and efficacy of GRFT in different 

intravaginal ring (IVR) materials by itself or in combination with other anti-retrovirals 

(ARVs).  It will also be interesting to see the development of the first clinical trials with this 

notorious lectin.  Furthermore it would be interesting to see if the fusion of GRFT and GFP 

had increased the expression levels in different cellular compartments.  Elghabi et al. (2011) 

have reported that CV-N expression in tobacco chloroplasts was higher when fused to GFP 

than when it was expressed alone. 

 

Several plant-produced molecules are in different stages of clinical development (recently 

reviewed by Nagels et al., 2012).  Furthermore, the future of plant-made pharmaceuticals was 

recently strengthened by the FDA approval of carrot produced glucocerebrosidase.  The 

carrot produced pharmaceutical proved to be as effective as the CHO produced version 

(Shaaltiel et al., 2007).  Given that several plant-produced pharmaceutical proteins has 

entered clinical trials and that their regulatory approval processes are smoothed out it 

probably will not be long before we see an established plant-made pharmaceutical industry.  
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Appendix A 

 

 

 

 

 

 

 

 

 

 

Nutrient N6E 

Callus 
initiation 
7-10 days 

N6OSM 
Osmoticum 
medium for 

Bombardmen
t 

N6S 12/6 
Selection 
medium 
2 weeks 

N6S 13/4 
Selection 
medium 
4 weeks 

Reg I 26/8 
2-3 weeks 

Reg II 13/4 
Until ready 

for 
hardening-off 

 
MS salts (Sigma)     4.3 g/l 4.3 g/l 
MS vitamin stocks (Sigma)     1 ml/l 1 ml/l 
N6 salts (Sigma) 4 g/l 4 g/l 4 g/l 4 g/l   
N6 vitamin stock + + + +   
Sucrose 30g/l 30 g/l 6 g/l 4 g/l 8 g/l 4 g/l 
pH 5.8 5.8 5.8 5.8 5.8  
Gelrite 2.5 g/l 2.5 g/l 2.5 g/l 2.5 g/l 3 g/l 3 g/l 
AgNO3 (silver nitrate) 4.2 mg/l 4.2 mg/l 0.85 mg/l 0.85 mg/l   
2,4-D (1mg/l stock) 2 mg/l 2 mg/l 2 mg/l 2 mg/l   
L-Proline 
(stock = 4g/10 ml) 

25 mM 
(7.25 ml/l) 

6 mM 
(1.73 ml/l) 

    

Casein hydrolysate 100 mg/l 100 mg/l     
Myo-inositol 100 mg/l 100 mg/l 100 mg/l 100 mg/l 100 mg/l 100 mg/l 
D-Mannitol  36.4 g/l     
D-Sorbitol  36.4 g/l     
Mannose   12 g/l 13 g/l 26 g/l 13 g/l 
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Micronutrients 
(use 5ml/l media) 

N6 
g/500ml 

MS 
g/l 

H3BO3 0.16 1.24 
MnSO4.4H2O 0.33 4.46 
ZnSO4 .7H2O 0.15 1.72 
KI 0.08 0.166 
Na2MoO4.2H2O 0.025 0.05 
CuSO4.5H2O 0.0025 0.005 
CoCl2.6H2O 0.005 0.005 

 

Macronutrients 
(use 50ml/l media) 

N6 
g/l 

MS 
g/l 

 KNO3 56.60 38 
CaCl2 x 2H2O 3.32 8.8 
MgSO4 x 7H2O 3.7 7.4 
KH2PO4 8.0 3.4 
(NH4)2SO4 9.26  
NH4NO3  33 
 

Vitamin composition (use5ml/l media)  
 N6  

(mg/200ml) 
MS 

(mg/200ml) 

Thiamine-HCl 40 4 
Pyridoxine-HCl 20 20 
Nicotinic Acid 20 20 
Glycine 80 80 
Myo-inisitol  4000 
 

Fe-source 
(use5ml/l media) 

N6  
(g/l) 

MS 
(g/l) 

Na2EDTA.2H2O 5.56 5.56 
FeSO4.7H2O 7.46 7.46 
 

 

 

 

 

 




