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Summary

Filoviruses (Ebola and Marburg viruses) cause severe and often fatal hemorrhagic fever in humans

and non-human primates. The US Centers for Disease Control identify Ebola and Marburg viruses

as “category A” pathogens (defined as posing a risk to national security as bioterrorism agents),

which has lead to a search for vaccines that could prevent the disease. Because the use of such

vaccines would be in the service of public health, the cost of production is an important

component of their development. The use of plant biotechnology is one possible way to cost-

effectively produce subunit vaccines. In this work, a geminiviral replicon system was used to

produce an Ebola immune complex (EIC) in Nicotiana benthamiana. Ebola glycoprotein (GP1)

was fused at the C-terminus of the heavy chain of humanized 6D8 IgG monoclonal antibody,

which specifically binds to a linear epitope on GP1. Co-expression of the GP1-heavy chain fusion

and the 6D8 light chain using a geminiviral vector in leaves of Nicotiana benthamiana produced

assembled immunoglobulin, which was purified by ammonium sulfate precipitation and protein G

affinity chromatography. Immune complex formation was confirmed by assays to show that the

recombinant protein bound the complement factor C1q. Size measurements of purified

recombinant protein by dynamic light scattering and size exclusion chromatography also indicated

complex formation. Subcutaneous immunization of BALB/C mice with purified EIC resulted in

anti-Ebola virus antibody production at levels comparable to those obtained with a GP1 virus-like

particle. These results show excellent potential for a plant-expressed EIC as a human vaccine.
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Introduction

Recombinant protein expression systems are widely used in the biotechnology industry to

produce enzymes, protein hormones, monoclonal antibodies, and antigenic proteins for

subunit vaccines. Currently available commercial products are produced by fermentation

using bacterial suspensions or cultures of insect, yeast or mammalian cells. Recently there

has been substantial progress in the use of green plants as a platform for production of

pharmaceutical proteins (Arntzen, 2008; Rybicki, 2010). Advantages in using plants that

facilitate industrial adaptation include rapid time frames for production of gram quantities of

new proteins for preclinical testing, the ability of plants to produce large and complex

proteins with correct processing and assembly into multi-subunit complexes, and recent

advances in plant biotechnology allowing the production of glycoproteins with human-like

glycosylation patterns (Dieryck et al., 1997; Huang et al., 2009; Huang et al., 2010; Stein et

al., 2009; Castilho A, 2010; Huang et al., 2010). In addition, cost advantages of plant-made

pharmaceutical proteins relate to capital cost avoidance (plant production vs. fermentation)

for new manufacturing facilities.

Recombinant protein production in plants can be achieved utilizing two different systems;

stable genetic transformation or transient gene expression. The establishment of stable

transgenic plants is a time-consuming, with the major limitation of relatively low levels of

protein expression (Newell, 2000; Gleba et al., 2005). For transient expression, the plant

viral vectors can be used to amplify gene copy number leading to much higher protein

expression in comparison to stable transformation. Various types of RNA viruses have been

used to create plant viral expression vectors such as tobacco mosaic virus (TMV), potato

virus X (PVX), cowpea mosaic virus (CPMV), and alfalfa mosaic virus (AIMV) (Yusibov et

al., 2006). In an effort to improve the efficiency of the traditional viral vector, a

deconstructed tobacco mosaic virus (TMV)-based system called magnICON was created

(Gleba et al., 2004; Marillonnet et al., 2004; Gleba et al., 2007). The magnICON vector

system yielded excellent results with different proteins including enzymes, antibodies,

antigens, cytokines, and hormones (Gleba et al., 2005).

DNA viruses such as the geminiviruses can be used as plant viral vectors to express

recombinant protein. Geminiviruses have a single stranded DNA genome that replicates in

the nucleus of host cells by a rolling circle replication mechanism using a double stranded

DNA intermediate (Stenger et al., 1991; Gutierrez, 1999). The viral replication initiation

protein (Rep) initiates the replication cycle by binding to a specific viral DNA sequence in

the long intergenic region (LIR) and cleaving it, which promotes rolling circle replication

mediated by host cell DNA polymerase and other factors. Rep then ligates the single

stranded DNA products to form a circular viral DNA (Laufs et al., 1995). For recombinant

protein expression, the geminiviral coat protein and movement protein can be replaced with

the gene of interest. After Rep protein is expressed, the replicon containing the gene of

interest is amplified, and the double stranded DNA intermediates act as transcription

templates, leading to high amounts of mRNA and subsequent recombinant protein (Mor et

al., 2003; Huang et al., 2009; Huang et al., 2010).
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Ebola virus, the causative agent of Ebola hemorrhagic fever, is a negative sense, single

stranded RNA virus belonging to family Filoviridae. The shape of the virus is filamentous in

form and approximately 80 nm in diameter, but it demonstrates no uniform length (Ellis et

al., 1978). There are 4 distinct species of Ebola virus: Zaire, Sudan, Ivory Coast, and Reston,

with Zaire Ebola virus causing the highest mortality rate among all Ebola viruses, up to 90%

(Wilson et al., 2001). Currently, there are no vaccines or antiviral drugs approved for

prevention or treatment of this disease in humans. However, there are some new vaccine

candidates, which have demonstrated protection in nonhuman primates against lethal

challenge with Ebola virus, including Ebola Venezuelan equine encephalitis virus replicon

particles (VRP) (Pushko et al., 2000), Ebola virus-like particle (Warfield et al., 2007),

recombinant vesicular stomatitis virus-based Ebola vaccine (Geisbert et al., 2008; Geisbert

et al., 2009; Qiu et al., 2009), adenovirus-based vaccine (Richardson et al., 2009) and a

prime-boost strategy with DNA encoding glycoprotein of the Zaire strain followed with

recombinant adenovirus encoding the same antigen (Hensley et al.; Sullivan et al., 2000).

Moreover, a DNA vaccine encoding for Ebola glycoprotein (GP) has been shown to be both

safe and immunogenic in humans (Martin et al., 2006).

Ebola GP is a glycoprotein containing both N- and O-linked carbohydrate (Feldmann et al.,

1991; Feldmann et al., 1994). GP is a type I transmembrane protein that forms homotrimers,

which create a spike on the viral envelope (Malashkevich et al., 1999; Yang et al., 2000). It

can mediate viral binding and entry into host cell (Lee et al., 2008). GP consists of 2

subunits, the extracellular GP1 and membrane anchored GP2, linked by disulfide bonds

(Sanchez et al., 1998; Manicassamy and Rong, 2009). GP1 is responsible for receptor

binding and GP2 mediates membrane fusion. Transient expression of GP in cultured

mammalian cells causes cytopathic effects including cell rounding and detachment (Chan et

al., 2000; Simmons et al., 2002). GP can down-regulate several cell surface molecules such

as major histocompatibility complex class I (Sullivan et al., 2005) and integrin (Simmons et

al., 2002). Since Ebola GP is the protein that mediates infection and is the major antigen

(Wilson et al., 2000), it is a critical target for vaccine development. Ebola GP or segments

thereof can be expressed in recombinant systems such as E. coli (Das et al., 2007), insect

cells (Mellquist-Riemenschneider et al., 2003; Ye et al., 2006), and mammalian cells (Melito

et al., 2008). However, these systems are not optimal, and in order to reduce its toxicity on

the host cell, GP1 expression in mammalian cells was regulated by an ecdysone inducible

system (Melito et al., 2008).

Recombinant immune complexes were originally expressed in tobacco plants via fusion of

tetanus toxin fragment C (TTFC) to the heavy chain of a TTFC-binding IgG and co-

expression with its light chain (Chargelegue et al., 2005). The TTFC immune complexes

were shown to bind to C1q, Fc receptor gamma RIIa (FcγRIIa), and antigen presenting

cells. Mice immunized with the recombinant TTFC immune complexes showed much

higher antibody titers than those immunized with TTFC alone. This study demonstrated the

recombinant immune complex as a strong vaccine candidate and led us to pursue a similar

strategy with Ebola GP1.

In this study, we used the geminiviral replicon system derived from bean yellow dwarf virus

(Huang et al., 2010) to produce Ebola immune complexes (EIC) in Nicotiana benthamiana.
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We fused Ebola GP1 at the C-terminus of the heavy chain of humanized 6D8 monoclonal

antibody (mAb) (Huang et al., 2010), which specifically binds to the 6D8 linear epitope on

GP1. When the fusion protein was co-expressed with the light chain of 6D8 mAb, IgG

molecules assembled, leading to immune complex formation. EIC were expressed, purified,

and used to immunize mice, showing that plant expressed EIC represent a viable vaccine

candidate for humans.

Results

Transient Expression of recombinant Ebola immune complex in leaves

We produced EIC by co-expression of a heavy chain-GP1 fusion protein (H2GP1) with the

light chain (K3). We compared EIC expression in N. benthamiana leaves using geminiviral

replicons. The expression of viral Rep protein (C1/C2 gene) is required for amplification of

the replicon (Laufs et al., 1995; Huang et al., 2010). The Rep cassette is contained in the

complimentary sense orientation in the light chain vector pBYK3R (Fig. 1). The expression

cassettes, driven by the dual-enhancer CaMV 35S promoter, are placed between the long

intergenic region (LIR) and short intergenic region (SIR) in the viral-sense orientation,

replacing the viral movement and coat protein genes. In the case of dual replicon vector

pBYRH2GP1kdK3, the heavy chain-GP1 fusion and light chain cassettes are placed within

different replicons oriented in tandem. In all cases we also co-expressed the gene silencing

inhibitor p19 from tomato bushy stunt virus using the non-replicating expression vector

pPSp19. We attempted Ebola GP1 protein expression without heavy chain fusion in plant

leaves using pBYR6HGP1kd, which has a 6His tag at the N-terminus (Fig. 1). Ebola GP1

expressed from pBYR6HGP1kd produced strong necrosis in leaves, but fusing GP1 to 6D8

mAb reduced the toxicity of GP1 (Fig. 2). Due to the extensive necrosis, were unable to

obtain unfused GP1 in sufficient yield for immunization experiments.

We compared the protein expression levels using pBYK3R co-delivered with pBYH2GP1 or

pBYH2GP1kd (encoding H2GP1 with SEKDEL at C-terminus), and extracting four days

after agroinfiltration. We assayed by ELISA to measure human IgG, and found that the

SEKDEL construct yielded ~3-fold higher expression (Fig. 3a). Thus, we used the SEKDEL

construct in the dual replicon vector pBYRH2GP1kdK3, which provided somewhat higher

expression than co-delivery of the two separate vectors, up to ~50μg IgG per g leaf mass

(Fig. 3a). Therefore, we used pBYRH2GP1kdK3+p19 in subsequent experiments to produce

and characterize EIC. A time course of EIC expression on different days after infiltration

showed that the optimal harvest time was 4 days after infiltration (Fig. 3b).

C1q Binding assay

C1q is a protein component of the complement cascade of the mammalian innate immune

system. C1q binds to immune complexes with a higher affinity than to antibody alone

(Krieger et al., 1985). We used the C1q binding assay to confirm immune complex

formation in plant leaf extracts. Varying dilutions of leaf extracts expressing 6D8 mAb

(pBYH2kd+pBYK3R) or EIC (pBYRH2GPkdK3) at equivalent IgG concentrations were

incubated with C1q, which was immobilized on the microtiter plate wells. The data (Fig. 4)

show that EIC leaf extracts produced substantially higher OD signals than the mAb alone,
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which is consistent with previous observations (Krieger et al., 1985). These data indicate the

formation of immune complexes when EIC was produced in N. benthamiana.

Purification and Characterization of Ebola immune complex

To purify the immune complex, we used ammonium sulfate precipitation and protein G

affinity chromatography. These two steps removed the great majority of the endogenous leaf

proteins, including the major plant protein Rubisco, as shown by reducing SDS-PAGE (Fig.

5, lane 3). We estimate that the EIC preparation was ~90% pure based on visual inspection

of the Coomassie stained gels (lane 8 in Fig. 5 and Fig. 6b). We observed that EIC extracted

directly from leaves in SDS sample buffer (reducing condition) displayed a single band at

130kDa when probed with anti-heavy chain (Fig. 6a). The purified EIC examined on

Coomassie-stained gels comprised 5 different protein species with apparent molecular

weights of 130, 110, 55, 50, and 25kDa (Fig. 6b). Western blot showed that anti-human

heavy chain bound to the largest 4 of the 5 species (Fig.6c), whereas anti-GP1 linear epitope

6D8 (Wilson et al., 2000) bound to only the 130kDa protein (Fig. 6e). Anti-human kappa

chain antibody bound to the protein at 25kDa (Fig. 6d), which is the expected size of kappa

chain. A gel run under non-reducing condition and probed with monoclonal antibody 13C6,

which binds a conformational epitope (Wilson et al., 2000), showed a signal at high

molecular mass (Fig. 6f), which is consistent with a fully assembled immunoglobulin

structure. This confirmed the correct folding of GP1 in the H2-GP1 fusion protein expressed

in N. benthamiana. The presence of multiple protein species that contain heavy chain

sequence (Fig. 6c) indicates proteolytic degradation during extraction and purification, since

the smaller bands were not present when leaves were extracted directly in SDS sample

buffer (Fig. 6a). Nonetheless, we conclude that the full length EIC is assembled in planta

and the GP1 showed correct folding.

Molecular sizing of the Ebola RIC

We assessed the diameter size of the purified EIC preparation using a Zetasizer Nano-ZS

instrument (Malvern Instruments, UK), which measures the hydrodynamic diameter using

dynamic light scattering. For these measurements, the purified EIC, plant-made 6D8 mAb,

and human IgG (Southern Biotech, AL) were diluted in PBS pH7.5 to a concentration

0.1mg/ml. The data shows that the average diameter of EIC was ~20nm (Fig. 7a), whereas

plant-made 6D8 mAb and standard human IgG were ~10nm. The diameter of the antibody

standard measured by Malvern Instruments was also 10nm (http://www.malvern.com/

common/downloads/campaign/MRK880-01.pdf), which was consistent with our result.

Samples were also tested at a lower concentration of 10μg/ml, with the same results (data

not shown). Moreover, size exclusion chromatography was used to confirm the complex

formation. The mouse IgG and plant-made 6D8 mAb (150 kDa) eluted at 18 min and bovine

thyroglobulin (669 kDa) eluted at 15 min (Fig. 7b). The EIC eluted over a broad region, but

had peaks at 11 min and 15-16 min. Therefore, the size of EIC eluted at 11 min is bigger

than 669 kDa, which suggested there are more than 2 molecules in the complex (1 molecule

is ~310 kDa). The peak at 15-16 min probably represents the dimer, and material eluting

between 11-15 min may indicate larger oligomers.
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Immunization study

To examine the immunogenicity of the plant-produced EIC, we immunized mice by

subcutaneous injection, on days 0, 21, 42, and 63 with of 10μg purified EIC (measured as

IgG equivalent). We used VRP-GP1 (provided by John Dye, USAMRIID, Ft. Detrick, MD)

as the positive control (Pushko et al., 2000). We used four doses because three doses of

either EIC or VRP-GP1 yielded low titres. Serum antibody responses were evaluated by

ELISA using irradiated Ebola virus as the capture antigen. Three weeks after the last dose, a

geometric mean titer (GMT) antibody level in the plant-made EIC group was comparable to

the VRP-GP1 group (Fig. 8). Using Kruskal-Wallis Test (nonparametric one-way ANOVA),

the P value for comparison of EIC and VRP-GP1 GMT values is >0.05, indicating no

significant difference. A placebo PBS-immunized group showed no anti-Ebola response and

was arbitrarily placed at a GMT value of 1.0. These results indicate that plant-made EIC is

immunogenic in mice to an extent comparable to VRP-GP1. It should be noted that VRP-

GP1 is an alphavirus-based particle and contains an RNA genome that undergoes a single

round of replication in the host dendritic cells and macrophages (Pushko et al., 2000).

Discussion

In this work, N. benthamiana plants were used as a bioreactor for the geminiviral replicon

system to produce EIC. We chose to use this viral vector, which uses a rolling circle

replication mechanism with a double stranded DNA intermediate, because it has distinct

advantages for the simultaneous expression of two (or, potentially more) different proteins.

For the EIC, the efficient assembly of the complex requires synchrony in expression of the

H2GP1 fusion and the mAb 6D8 light chain, and the geminiviral vector allows efficient and

non-competing amplification of two different replicons delivered together (Huang et al.,

2010). DNA amplification with geminiviral vectors enhanced expression at least 5-fold over

non-replicating vectors using the same expression cassette (Huang et al., 2009), and we

observed similar enhancement for EIC expression (data not shown). We considered using

vectors based upon RNA viruses, but recognized that until recently it has been difficult to

efficiently express multi-component proteins like mAbs with these vectors. Co-delivery of

RNA viral vectors built on the same virus backbone always results in early segregation and

subsequent preferential amplification of one of the vectors in one cell – a common scenario

of “competing replicons” (Dietrich and Maiss, 2003; Hull and Plaskitt 1970). We recognize

that this problem can be overcome by utilizing two sets of vectors derived from non-

competing viruses; e.g., an IgG was produced using tobacco mosaic virus (TMV) and potato

virus X (PVX) vectors, with each virus driving the expression of separate protein subunits

(Giritch et al., 2006). While this has been an elegant example of overcoming the competing

replicon constraint for one class of heterodimeric proteins, for other proteins of more

dramatic size variation (such as the EIC), a search for appropriate “paired” RNA virus

vectors would need to be identified by trial and error. We reasoned that a DNA vector,

containing one copy of each gene to be expressed in the EIC heterodimeric complex, might

be a more direct and efficient strategy to express the immune complex. This hypothesis was

borne out in our experiments.
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Geminiviral replicon systems have been used for plant production of several recombinant

proteins, including GUS protein (Mor et al., 2003), GFP (Kim et al., 2007), and capsid

proteins of hepatitis B and Norwalk viruses (Huang et al., 2009). It was alsoused to produce

an IgG mAb, which efficiently assembled and retained its specific antigen binding property

(Huang et al., 2010). In the present study, we used the geminiviral replicon system to

produce a heavy chain-GP1 fusion protein, which has a molecular mass of ~130kDa. The

viral Rep protein can be supplied either in trans (Mor et al., 2003) or in the geminiviral

replicon, linked with the gene of interest (Huang et al., 2010). We demonstrated that the

single vector pBYRH2GP1kdelK3 yielded higher expression than co-delivery of two

separate geminiviral replicons for H2-GP1 and K chains (Fig. 3). Comparison of constructs

with or without the ER retention signal SEKDEL showed substantially higher expression

with SEKDEL.

The immune complex resulted from the expression of a fusion protein in which the antigen

GP1 was linked to the heavy chain of the mAb 6D8 and co-expressed with the 6D8 light

chain (K3). When the heavy and light chains assemble, immune complexes can be formed

when the 6D8 antigen-combining sites at the N-termini encounter the GP1 6D8 epitope near

the C-terminus of another molecule; this process is diagrammatically described in Fig. 9.

Immune complexes have several immunological functions, including C1q binding and Fcγ
receptor binding, which enhance its ability to be taken up by antigen presenting cells

(Bachmann et al., 1994; Heyman, 2000; de Jong et al., 2006). Previous studies also

demonstrated that the binding of immune complex via Fc receptor to dendritic cells (DC)

induced DC maturation and promoted the efficient presentation of peptides on major

histocompatibility complex class I and II (Regnault et al., 1999; Bajtay et al., 2006). The

enhanced endocytosis, the improved antigen presentation, and thereby enhanced T cell

activation may create the potential for immune complexes to be used as effective self-

adjuvanting vaccines. C1q is a member of the complement cascade, which enhances the

ability of the immune system to clear pathogens. It is known to bind to immune complexes

with higher affinity than monomeric IgG (Krieger et al., 1985). In this study, we

demonstrated that the EIC binds to C1q significantly better than antibody alone. Moreover,

the EIC particle size measured by dynamic light scattering indicated immune complex

formation. The diameters of standard human IgG and plant-derived 6D8 mAb were

measured at 10nm, which is similar to that reported for IgG by Malvern Instruments, UK

(http://www.malvern.com/common/downloads/campaign/MRK880-01.pdf). EIC presented a

diameter of 20nm, which strongly suggests the formation of immune complex. Although the

structure of Ebola GP1 is unknown, it is reasonable that 20nm diameter of EIC would

accommodate approximately 4 Ag-Ab fusion molecules. Moreover, size-exclusion

chromatography data (Fig. 7b) were consistent with this interpretation, showing a range of

complex sizes greater than 2 molecules.

After purification, the protein G affinity purified material showed 5 protein species when

analyzed under reducing conditions and stained with Coomassie which (Fig. 4, bands at 130,

110, 55, 50, and 25kDa), which indicate proteolytic cleavages in the fusion protein. The

calculated approximate size of the full-length glycosylated GP1-heavy chain fusion is

~130kDa, equivalent to the largest band observed. Based on amino acid sequence, the H2-
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GP1 fusion protein is expected to be ~100kDa. However, because the GP1 sequence

contains 15 potential N-glycosylation sites that may be differentially utilized, the molecular

mass could increase by up to ~30kDa. Thus, it is possible that the 110kDa protein represents

a glycosylation variant, but it may also represent a fragment resulting from proteolysis at a

site proximal to the GP1 C-terminus. The presence of H-chain species (indicated by positive

reaction in Western blots, Fig. 5) at 55 and 50kDa suggests that some proteolytic

degradation of the H2-GP1 occurred during the purification process, despite the use of

protease inhibitors. Since extraction of leaves directly in reducing SDS sample buffer

yielded only the 130kDa species (Fig. 5a), the full length fusion protein appeared to be

stable in planta, suggesting that the observed degradation occurred only after extraction and

processing under non-denaturing conditions. We observed a direct relationship between the

extent of degradation in crude extracts and the time they were kept at 4°C (data not shown),

which further supports the idea of post-extraction instability. Thus, there is potential to

increase yields of EIC by the use of more appropriate protease inhibitors, and decreasing the

processing time involved in purification.

It is important to note that our data indicate that the GP1 protein folded correctly to produce

authentic antigen. Western blotting with 13C6 mAb, which recognizes a conformational

epitope of Ebola GP1 (Wilson et al., 2000), showed a signal at the expected size under non-

reducing condition (Fig. 5f). This observation indicates that the plant expressed Ebola GP1

is folded correctly when assembled into a high molecular weight IgG complex. A further

indication that the EIC contains authentic GP1 antigen is provided by the mouse

immunization data. EIC delivered subcutaneously elicited antibodies (Fig. 8) that were

specific to whole Ebola virus. The antibody titres in mice immunized with EIC were

comparable to, although somewhat less than, those achieved using the VRP-GP1 positive

control, which showed complete protection of the mice and guinea pigs from Ebola

challenge (Pushko et al., 2000). Since VRP-GP1 is an alphavirus vector, it undergoes limited

replication in antigen presenting cells of the immunized host, thus creating viral replicon

RNA that can act as a powerful adjuvant through toll-like receptor signaling (Alexopoulou

et al., 2001). We did not use any adjuvant for the EIC antigen in this study, but in yet

unpublished work we found a significant effect using adjuvants, which yielded mouse serum

antibody titres at levels that protected mice from Ebola virus challenge (Phoolcharoen et al.,

manuscript in preparation). The titre of Ebola-specific antibody may not always correlate

with viral neutralizing activity, but protection from viral challenge indicates vaccine

efficacy. Thus, the antibody response to plant-derived EIC shown here is a significant

observation that indicates strong potential for future development of an EIC-based vaccine.

It is important to note that the purified EIC used for immunization was partially degraded,

and that complex formation was likely impaired due to loss of part or all of the GP1 protein

(Figs. 5 and 6). We estimate that each dose contained ~5μg of GP1 protein, which was

roughly estimated from the immunoblots. This suggests that a much better result could be

obtained by inhibition of protease activity during the purification, which would enhance the

yield and facilitate higher dosing. Furthermore, the presence of unfused IgG in the purified

material likely increased the potential for immunodominance of the platform, which could

limit the immunogenicity of the GP1 component. We detected substantial levels of antibody
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against human IgG in the serum of our immunized mice (data not shown). Thus, future

development of this strategy will put strong effort into protease inhibition.

Our results are consistent with those of a previous study (Chargelegue et al., 2005), which

showed that TTFC immune complex produced from Nicotiana tabacum enhanced immune

response and acted as “self adjuvant” when immunized into mice. In that study, a mouse IgG

was fused with TTFC, and the resulting TTFC immune complexes bound to mouse dendritic

cells and induced significantly higher anti-TTFC IgG in mice compared to TTFC antigen

alone. Our finding of high titres of anti-human IgG antibodies in the immunized mice is not

surprising, since we used the humanized 6D8 antibody in the immune complex, in order to

use EIC as a vaccine in humans. Therefore, it is possible that anti-human IgG responses in

the mice interfered with optimal anti-GP1 immune responses. We predict that use of EIC in

humans will induce a stronger anti-Ebola immune response, due to the potential for targeting

the GP1 to antigen presenting cells.

We were unable to produce unfused GP1 in sufficient quantities for immunization, due to

the extreme leaf toxicity that it produced (Fig. 2). Since there is no commercial source of

recombinant Ebola GP1, we could not directly determine anti-GP1 specific IgG. Previous

studies indicated that transient expression of Ebola GP caused toxicity in mammalian cells

including cell rounding and detachment (Chan et al., 2000; Simmons et al., 2002). Our

observations of leaf toxicity upon GP1 expression in N. benthamiana are consistent with the

effects observed in mammalian cells. Interestingly, when GP1 was fused to antibody

forming immune complex, the toxicity of GP1 to leaves was reduced compared to unfused

GP1 (Fig. 2). Since unfolded protein response can contribute to cell death response (Urade,

2007), fusion of GP1 to IgG H-chain may allow more efficient folding in the ER, perhaps by

recruitment of ER chaperones and the limitation of an ER stress response.

In conclusion, this study provides evidence that EIC can be produced in N. benthamiana

using the geminiviral replicon system, accompanied by folding of GP1 into an immunogenic

complex that contains a conformation-specific epitope. The GP1 component of EIC is

immunogenic in mice, eliciting antibody levels comparable to the “gold standard” VRP-

GP1. Future work will focus on minimizing proteolytic degradation during purification, and

enhancing the vaccine efficiency of plant-produced EIC by optimization of dosage and use

of adjuvants that enhance cell-mediated as well as humoral immune responses.

Experimental Procedures

Design of the construct for producing Ebola immune complex

The geminiviral vector pBYK3R was previously described (Huang et al., 2010). We

designed a plant-optimized DNA sequence encoding Ebola GP1 based upon the GenBank

Accession AY354458, using codons that are preferred in tobacco, and removing spurious

mRNA processing signals (Geyer et al., 2010). The designed sequence is deposited in the

GenBank (Accession HM136775). The GP1 coding sequence was fused via a (G4S)3 linker

to the C-terminus of a gene encoding the humanized 6D8 monoclonal antibody (mAb) H2

(Huang et al., 2010). The linker was added to the 3′ end and an XbaI site created at the 5′
end of the 6D8-H2 gene by end-tailoring PCR using the primers H2-Xba-F 95′-
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GGTCTAGAACaATGGGATGGTCTTGCATC) and 6D8H2-G4S-Bam (5′-

GGGGATCCACCTCCGCCTGAACCGCCTCCACCTGATCCGCCACCTCCTTTAC

CCGGAGACAAGGAGAG). A BamHI site was created at the 5′ end of the GP1 gene by

PCR using the primer GP1-Bam (5′-gGGGATCCATCCCACTTGGAGTTATTC), and the

6D8-H2-((G4S)3 and GP1 genes fused via the BamHI site. The 6D8-H2y((G4S)3-GP1 fusion

was inserted into the geminiviral vector pBYR1 (a derivative of pBYK3R that has unique

XbaI, KpnI, and SacI sites for insert cloning) via XbaI and SacI sites. The hexapeptide

SEKDEL was added to the C-terminus of the GP1 sequence by end-tailoring with the

reverse primer GP1-SEKDEL-Kpn-R (5′-

CCGGTACCTTAAAGCTCATCCTTCTCTGAACGCCTAGTTCTTCGTCC) and the

modified gene inserted into pBYR1 via XbaI and KpnI sites. H2gp1 is inserted in the

geminivector between LIR and SIR. The light chain of 6D8 mAb or K3 is expressed in

another geminivector with Rep protein. When H2GP1 and K3 were expressed in tobacco,

this forms immune complex because the variable region of 6D8 mAb can specifically bind

to 6D8 epitope in gp1. The dual replicon vector pBYRH2GP1kdK3, containing the fused

replicons from pBYH2GP1kd and pBYK3R, was constructed by ligating 3 fragments: pBY-

HL(6D8).R (Huang et al., 2010)/XbaI-SacI, pBYH2GP1kd/XbaI-HindIII, and

pBYH2GP1kd/HindIII-SacI. Ebola GP1 alone was expressed by co-infiltrating with

pBYR6HGP1kd and pPSP19. pBYR6HGP1kd was constructed by fusing the GP1-SEKDEL

coding sequence from pBYH2GP1kd (BamHI-SacI) with the soybean vspA N-terminal

signal peptide (NcoI-BamHI) from pBTI201.4 (Judge et al., 2004), which had been modified

by addition of a 5′ sequence to encode the amino acids M-A-S-S and the 3′ sequence

encoding a 6,His tag, by PCR using the mutagenic primers aS-MASS (5′-

GATCCATGGCTTCCTCTAAGGTCCTTGTTTTCTTCG) and 6H-Bam-R (5′,

CGGGGATCCgTGaTGATGGTGATGGTGTC). The two fragments were ligated with

pBYR1 (digested NcoI-SacI) to make pBYR6HGP1kd. GFP was expressed by using

pBYGFP.R (Huang et al., 2009) co-infiltrating with pPSp19.

Plant inoculation and protein expression

Nicotiana benthamiana plants were inoculate with Agrobacterium by needle infiltration on

the lower surface of leaves. The agroinfiltration procedure was performed as previously

described (Huang et al., 2009). For geminivector constructs, final OD600 is 0.25. Plants

were maintained in growth chamber. The leaves were harvested on day 2, 4, 6, and 8 after

infiltration for expression time-course experiments. For other experiments, the leaves were

harvested on day 4 after infiltration. Soluble proteins were extracted by grinding the leaves

with Fastprep (Bio101) machine in 1ml of extraction buffer (phosphate-buffered saline

(PBS) pH7.5, leupeptin, and 0.1% Tween-20) per 0.1mg of leaves. After centrifugation at

13,000 rpm for 5 minutes, the supernatant was retained to be analyzed by ELISA and

Western blot.

Sandwich ELISA protocol for Ebola immune complex quantification

Ebola immune complex in plant extract was quantified by ELISA. Goat anti human IgG was

diluted 1:1000 in phosphate-buffered saline (PBS pH7.5; 50ul per well) was bound to 96-

well polyvinylchrolide microtiter plates overnight at 4°C. The plate was blocked with 5%

skim milk in PBS for 2 hours 37°C. After washing the wells one time with PBS containing
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0.05% Tween 20 (PBST), samples (50ul per well) diluted in 1% skim milk in PBST were

added to wells and incubated 1 hour at 37°C. The wells were washed three times with PBST

and incubated with goat anti human kappa-horseradish peroxidase (HRP) conjugate diluted

1:4000 in 1% skim milk in PBST for 1 hour at 37°C. Plates were developed with TMB

substrate (Pierce, IL) for 5 min at 23°C. The reaction was ended by addition of equal volume

of 1M H2SO4, and the absorbance was read at 450 nm.

SDS-PAGE and Western blot

Plant protein crude extracts and human IgG were denatured by boiling in SDS-PAGE

sample buffer and separated on 4-15% gradient polyacrylamide gels. Proteins were either

visualized by Coomassie blue staining or electrophoretically transferred to polyvinlidene

difluoride (PVDF) membrane (Amersham, NJ). To detect human heavy chain, the

membrane was probed with goat anti-human IgG-HRP conjugated (Southern biotech, AL)

diluted at 1:5000 in 1% skim milk in PBST. To detect human light chain, the membrane was

probed with goat anti-human kappa-HRP conjugated (Southern biotech, AL) diluted at

1:10000 in 1% skim milk in PBST. To detect Ebola GP1, the membrane was incubated with

mouse anti-6D8 (antibody against linear 6D8 epitope in GP1) or mouse anti-13C6 (antibody

against conformational 13C6 epitope) diluted 1:10000 in 1% skim milk in PBST and goat

anti-mouse IgG-HRP conjugated diluted 1:10000 in 1% skim milk in PBST. The membranes

were developed by chemiluminescence using ECL plus detection reagent (Amersham, NJ).

C1q binding assay

50μl of 7.5μg/ml human complement C1q in PBS was coated on the plate overnight at 4°C.

After washing with PBST for 2 times, the plate was blocked with 5% skim milk in PBST for

2 hours at 37°C. The plate was washed with PBST 1 time. Plant extracts containing 25ng

equivalent amounts of human IgG from leaves expressing 6D8 mAb or EIC (determined by

ELISA) were serial diluted, added into the plate and incubated overnight at 4°C. After

washing for 3 times with PBST, the plate was incubated with 1:4,000 goat anti human

kappa-HRP in 1% skim milk in PBST for 1 hour at 37°C. The plate was developed with

TMB substrate and read OD450.

Protein Purification

Infiltrated tobacco leaves were homogenized by using a blender with extraction buffer (PBS

+ protease inhibitor tablet from Sigma, MO). Crude extract was filtered through Miracloth

and centrifuged at 17700g for 15 minutes. Ammonium sulfate was added into the

supernatant to 35% saturation (194 grams per 1 liter of the solution) and mixed with stirrer

at 4°C for 1 hour. The solution was centrifuged at 17700g for 15 minutes and the pellet was

discarded. Then ammonium sulfate was added to the supernatant to 60% saturation (151

grams per 1 liter of the solution) and mixed with stirrer at 4°C for 1 hour. The solution was

centrifuged at 17700g for 15 minute and the pellet was dissolved with the extraction buffer.

The solution was filtered with 0.2-micron filter and Protein G bead (Pierce, IL) was added

into the filtered solution. The protein extract and the Protein G bead were rotated at 4°C for

1 hour. Then it was loaded into the column and the resin allowed to settle. The protein G

column was washed with PBS, pH7.5 and eluted with 50mM citric acid pH2.5. After the

protein was eluted from the column, 1M Tris-base was added to neutralize to a final pH of
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7.5. The purified protein was filtered through 0.2 micron filter and concentrated with

Amicon ultra-4 Centrifugal Filter Units-30kDa (Millipore, MA).

Estimation of complex size by dynamic light scattering

The diameter size was measured by Dynamic Light Scattering using Zetasizer Nano-ZS

instrument (Malvern Instruments, UK). The purified plant-made Ebola immune complex,

purified plant-made 6D8 mAb, and human IgG (Southern biotech, AL) were diluted in PBS

to the concentration 0.1mg/ml and added into the disposable polystyrene cuvette for

Zetasizer measurement.

Size exclusion chromatography

A sample volume of 20 μl was loaded onto BioSep SEC-S4000 column, 600X7.8 mm

(Phenomenex, Torrance, CA). The proteins were eluted with PBS, pH 7.3, at a flow rate 1

ml/min. A chromatogram was recorded measuring the UV absorbance at 280 nm. Bovine

thyroglobulin (Sigma, St. Louis, MO) and mouse IgG (SouthernBiotech, Birmingham, AL)

were used as protein markers.

Mice immunization

Female BALB/C mice were subcutaneously immunized by purified Ebola immune complex

from tobacco leaves. Ebola immune complex (10μg, equivalent to ~5μg of Ebola GP1) was

injected into the mice. VRP-GP1 (1.6 × 108 replicon per mouse) delivered subcutaneously

was used as the positive control (provided by William Pratt, USAMRIID), and PBS was

used as the negative control. The mice were immunized on days 0, 21, 42, and 63. Individual

preimmune serum was collected before the first immunization, day 0. Blood samples were

obtained 3 weeks after last immunization.

Serum antibody analysis

The specific serum IgG response was determined by end point titer ELISA. Polyvinyl

chloride 96-well ELISA plates were coated with 50ul of irradiated Ebola virus (provided by

John Dye, USAMRIID) diluted 1:1000 in PBS and incubated at 4°C overnight. Plates were

blocked with 5% skim milk in PBST at 23°C for 2 hours. Subsequently, the plates were

incubated with the serum diluted in 1%skim milk in PBST for 1 hour at 37°C and then HRP-

conjugated goat anti-mouse IgG for 1 hour at 37°C. The plates were developed with TMB

substrate and read OD450. Endpoint titre was reported as the reciprocal of the highest

dilution that had an absorbance value ≥ 0.02 (two times of OD value for pre-immune serum)

above the background (absorbance of the well lacking the serum). The geometric mean titre

data were subjected to statistical analysis using the Kruskal-Wallis test (nonparametric one-

way ANOVA).
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Fig. 1.
Schematic representation of the T-DNA region of the vectors used in this study. 35S/TEV5′:

CaMV 35S promoter with tobacco etch virus 5’UTR; VSP3′: soybean vspB gene 3′
element, NPTII (yellow box): expression cassette encoding nptII gene for kanamycin

resistance, LIR (red box) : long intergenic region of BeYDV genome, SIR (blue box): short

intergenic region of BeYDV genome, C2/C1 : BeYDV ORFs C1 and C2 which encode for

replication initiation protein (Rep) and RepA, LB and RB : the left and right borders of the

T-DNA region.
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Fig. 2.
Typical phenotype of leaves on day 5 expressing 6D8 mAb (1), Ebola GP1 (2), Ebola

immune complex (EIC) (3), and GFP (4). N. benthamiana leaves were co-infiltrated with

pBYH2kdel+pBYK3R+p19 for 6D8 mAb expression (1), pBYR6HGP1kdel+p19 for Ebola

GP1 expression (2), pBYRH2GP1kdelK3+p19 for EIC expression (3), and pBYGFP.R+p19

for GFP expression (4) at final OF600 = 0.25. The leaves were photographed on day 5 after

infiltration.
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Fig. 3.
Expression of Ebola immune complex in N. benthamiana plants. a. Protein expression of

Ebola immune complex compared among different constructs. N. benthamiana leaves were

co-infiltrated with pBYH2GP1+pBYK3R+p19, pBYH2GP1kdel+pBYK3R+p19, and

pBYRH2GP1kdelK3R+p19 at final OD600=0.25. The leaves were harvested 4 days after

infiltration and extracted for ELISA to quantify IgG (Experimental Procedures) b. Protein

expression level at different times after agroinfiltration using pBYRH2GP1kdK3 with

pPSp19. The leaves were harvested on days 2, 4, 6, and 8 dpi. Data are means ± SD of

samples from three independent infiltration experiments.
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Fig. 4.
C1q binding of crude plant extracts. Crude extracts were quantified for the amount of IgG

by ELISA. Samples were then adjusted to 100 ng/ml IgG, and serial 2-fold dilutions from

1:2 to 1:32 were made. Different dilutions of crude extracts were incubated in wells

containing immobilized C1q. Detection with HRP labeled goat anti-human IgG yielded

OD450 measurements. Data are means ± SD of samples from three independent infiltration

experiments.
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Fig. 5.
Purification of Ebola immune complex from N. benthamiana leaves. Infiltrated leaves were

extracted, and EIC purified and analyzed by SDS-PAGE under reducing conditions. Lane 1:

Protein ladder; lane 2: clarified crude leaf extract; lane 3: leaf proteins removed by 35%

ammonium sulfate precipitation; lane 4: 60% ammonium sulfate precipitate resuspended for

Protein G chromatography; lane 5: 100% ammonium sulfate precipitate; lane 6: protein G

flow-through fraction; lanes 7-10: sequential elution fractions from Protein G

chromatography. The black arrow indicates rbcL protein.
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Fig. 6.
Western blotting of EIC. a. Crude extract from N. benthamiana leaf agroinfiltrated with

pBYH2GP1kdel, pBYK3R and pPS19. The 100 mg leaf sample was harvested 4 dpi and

extracted with 500μl SDS sample buffer containing DTT, and 20μl was loaded on the gel.

Western blot was probed with anti human IgG heavy chain. b-f. Purified EIC from leaves

agroinfiltrated with pBYH2GP1kdelK3 and pPS19. b. Coomassie stained SDS-PAGE

reducing gel; c. Reducing western blot detected with anti-human IgG heavy chain; d.

Reducing western blot detected with anti human kappa chain; e. Reducing western blot

detected with anti-linear epitope 6D8 mAb; f. Non-reducing western blot detected with anti-

conformational epitope 13C6.
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Fig. 7.
Size measurement confirmed the complex formation. a. Hydrodynamic diameters of EIC or

6D8 mAb determined by dynamic light scattering using Zetasizer Nano-ZS instrument

(Malvern Instruments, UK). The abscissa indicates the diameter in nm, and the ordinate

indicates the relative number of molecules at that size, comparing human IgG, plant-

expressed 6D8 mAb, and plant-expressed EIC. b. Size exclusion chromatography was used

to determine the size of the immune complex. EIC was loaded onto BioSep SEC-S4000

(Phenomenex, USA) and eluted with PBS, pH7.3. The elution time in min is shown on the

abscissa, and the A280 was continuously monitored (colored curves). Bovine thyroglobulin

(Sigma, USA), mouse IgG (SouthernBiotech, USA), and plant-expressed 6D8 mAb were

used as protein markers.
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Fig. 8.
Anti-Ebola IgG responses in mice immunized with EIC. Groups of 7 mice were immunized

subcutaneously with EIC, VRP-GP1, or PBS. The immunizations were given on days 0, 21,

42, and 63. The serum was collected on day 84 and assayed for anti-Ebola IgG by ELISA,

using gamma-irradiated Ebola virus as the capture antigen. The data are presented as

Geometric Mean Titer (GMT) ± the standard deviation for each group of mice.

Bhoo et al. Page 24

Plant Biotechnol J. Author manuscript; available in PMC 2014 May 16.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 9.
Diagram illustrating the possible structure of the recombinant IgG and its assembly to form

EIC. At left, the 6D8 H2-GP1 fusion protein (blue H2 chain, green GP1) is assembled with

the light chain (red) to form a chimeric IgG-GP1. The 6D8 epitope on GP1 is shown as a red

star. The epitope binding site at the top of the molecule can bind to the 6D8 epitope

displayed on other chimeric molecules, which results is complex assembly (middle, with

IgG component shown in purple). The complement component C1q can bind to the Fc

region of IgG molecules that are bound to antigen (right).
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