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Introduction

Molecular Pharming represents an unprecedented opportunity 
to manufacture affordable modern medicines and make these 
available at a global scale. The area of greatest potential is in the 
prevention of infectious diseases, particular in underdeveloped 
countries where access to medicines and vaccines has historically 
been limited. This is why, at St. George’s, we focus on diseases 
such as HIV, TB and rabies, and aim to develop production strat-
egies that are simple and potentially easy to transfer to developing 
countries.

The Hotung Molecular Immunology Unit at St. George’s 
Hospital is the only plant biotechnology group in the world 
embedded within a medical school where medical and human 
health is the primary focus of research activity. This places us 
in a unique position to perform highly translational research 
in collaboration with colleagues at the cutting edge of medical 
research. It has driven a research strategy in which plant biotech-
nology is a tool and not a research topic per se. Thus the research 
group is composed of scientists from a range of disciplines, with 
an emphasis on immunology and vaccinology.

Our research is not purely oriented towards product devel-
opment. In order to gain acceptance in the commercial sector, 
progress in regulatory affairs is required, particularly in Europe, 
and specifically in the area of achieving manufacturing compli-
ance with the industry standard of current Good Manufacturing 
Practice (cGMP). To this end we have targeted the performance 
of Phase 1 clinical trials as a focus. Our strategy to develop 
affordable medicines for the poor in developing countries is 
complemented by a research effort that examines how academic 
institutions (like St. George’s) and research consortia can use 
intellectual property and licensing agreements to maximize the 
chances that any research outcomes will be available for humani-
tarian use. In many respects, development in this area is just as 
important as any of our more conventional scientific research 
activities. Without new developments in IP management, we do 
not believe that the benefits of Molecular Pharming will reach 
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their intended targets, and yet few academic technology transfer 
offices are engaging in this opportunity to contribute to a worthy 
humanitarian cause.

Major Research Activities

In this section we will summarize five major areas of research 
activity in our group to exemplify our approach to Molecular 
Pharming. The first area addresses regulatory compliance and 
clinical trials because an understanding of this target is required 
as a framework for all the research and development work that 
is carried out with a potential product in mind. An example 
of such a product—a rabies monoclonal antibody cocktail—is 
then described as a potential solution to improving the control 
of rabies in South East Asia and Sub-Saharan Africa. A third 
area of interest is a novel approach to vaccines, in which the abil-
ity of plants to assemble multimeric immunoglobin complexes is 
exploited to produce self-adjuvanting vaccines. We then describe 
an approach to manufacturing that combines contained hydro-
ponic cultivation of plants with recombinant protein rhizosecre-
tion. This is a low tech manufacturing solution that is readily 
amenable to regulatory compliance and potentially transferable 
to developing countries for local production and processing. 
Finally, the fifth example of our research describes our approach 
to investigating IP management, particularly in the emerging 
field of plant biotechnology.

Regulatory Compliance and Clinical Trials

The progression of Molecular Pharming products into human 
clinical trials is an important priority for the field. It demon-
strates that the technology is moving beyond basic scientific proof 
of concept studies and towards clinical development of products. 
For most products this represents the first time that the manufac-
turing process will have come under any form of scrutiny from 
regulatory assessors. In the UK, all clinical trials are conducted 
according to ICH GCP guidelines, specifically in accordance 
with the ethical principles in the Declaration of Helsinki, the reg-
ulatory requirements of the UK National Medicines Regulatory 
Agency (MHRA), the Association of British Pharmaceutical 
Industry (ABPI) guidelines and the UK Department of Health 
‘Research Governance Implementation Plan’.
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such as those based on hydroponic cultivation, transient expres-
sion and open field cultivation.

Monoclonal Antibodies (mAbs)

Alongside the establishment of a GMP manufacturing process 
for GM plant-derived mAbs, it is important to develop a pipe-
line of mAbs to ensure continuity of technology development. 
We have a long-term interest in the use of mAbs to prevent 
infection, either as microbicides or in passive immunization. In 
many respects passive immunization represents a safer approach 
than the more widely used strategy of active immunization, i.e., 
vaccination. Different individuals often respond differently to 
vaccination, particularly in the presence of concurrent disease. 
Thus in populations where gastrointestinal parasitic infections 
are common, responses to orally delivered vaccines can be poor.3 
Similarly, immunosuppressed patients and particularly those 
with HIV/AIDS may not respond appropriately to vaccination. 
Both of these examples are particularly pertinent to health con-
trol in developing countries.

A further advantage to passive immunization is immediacy. 
In general, vaccines take at least one week to elicit a protec-
tive response and often multiple vaccine doses are required. In 
contrast passive immunization can provide immediate protec-
tion even though that protection may not be long lasting. One 
example where the immediate protective effect of passive immu-
nization is an absolute requirement, is rabies, a disease that is a 
predominant problem in underdeveloped countries in South East 
Asia and Sub-Saharan Africa.

Rabies post-exposure prophylaxis. Rabies is a zoonotic dis-
ease caused by the neurotropic rabies virus, a member of the 
Lyssavirus genus, and is characterized by an acute, fatal, rapidly 
progressive infection of the central nervous system. In humans, 
the worldwide burden of deaths due to rabies is estimated to 
be between 40,000 and 70,000 annually (WHO Fact Sheet 
No. 99; www.paho.org/common/Display.asp?Lang=E&RecID 
= 10209), with half of the infections occurring in children, 
although the actual figures may be significantly higher due to 
under-reporting.4 Following the onset of symptoms, patient sur-
vival rarely lasts beyond 7 days.5 Rabies virus transmission and 
infection can be controlled by limiting the infection in animal 
reservoirs, by pre-exposure vaccination of at-risk individuals or by 
post-exposure prophylaxis (PEP) of individuals after contact with 
a potentially infected animal. Following the bite of an infected 
animal, PEP consists of intramuscular administration of inacti-
vated rabies virus vaccine (either from cell culture or nerve tissue 
origin), together with simultaneous infiltration into the wound 
site of rabies immunoglobulin (RIG) derived either from immu-
nized human (HRIG) or equine (ERIG) sources.6 RIG provides 
passive immunity at the wound site until active immunity, stimu-
lated by the vaccine, takes over.

In the developing world, where the vast majority of deaths 
occur, rabies vaccine is costly and needs to be administered 
repeatedly (three times for pre-exposure vaccination and up to 
five times for PEP). Serum-derived polyclonal antibodies (HRIG 
and ERIG) often suffer from drawbacks including limited 

Our work in this area has been performed in collaboration 
with a number of groups as part of the EU funded Pharma-Planta 
project. The most important of these collaborators are Professor 
Rainer Fischer and Dr. Juergen Drossard at the Fraunhofer IME, 
Aachen, and Professor David Lewis at the Vaccine Institute at 
St. George’s, London. One of the primary project aims was to 
develop a cGMP compliant manufacturing process for a mono-
clonal antibody that was to be used as a topical vaginal microbi-
cide. A further aim was to advance this to a Phase 1 clinical trial 
to assess tolerance, safety and potential adverse reactions.

The choice of a monoclonal antibody target product was for 
several reasons. At present monoclonal antibodies (mAb) are the 
most straightforward class of recombinant proteins to manu-
facture in most plant biotechnology systems. From a regulatory 
perspective, mAbs are well understood and there are several 
examples that are licensed for commercial use. The downside is 
that mammalian cell culture for production of mAbs is firmly 
established and represents a formidable gold standard against 
which to be compared.

With the prevailing attitude towards GM across Europe, it 
was prudent to introduce manufacture by Molecular Pharming 
in a stepwise manner. Even in an area that is apparently driven 
by innovation and cutting edge technology, gradual change pro-
vides reassurance for scientists and regulators alike. Whilst others 
have chosen plant cell culture systems to establish broad regulatory 
parameters for Molecular Pharming, our goal is to develop whole 
plant manufacturing systems. And whilst large scale cultivation 
in open field is an exciting prospect to address important global 
diseases, an initial approach based on greenhouse containment 
was selected. Whilst still allowing us to address important issues 
specifically related to recombinant protein production in plants, 
it also allowed us to defer addressing a range of questions regard-
ing plant cultivation, as well as environmental containment to a  
later point.

In committing to developing a plant-derived mAb for clini-
cal trial, the Pharma-Planta consortium has been able to inter-
rogate relevant regulatory guidelines in Europe and identify the 
gaps where development work was required.1,2 An example is the 
development of a banking system for GM plant material that pro-
vides an equivalent level of genetic and phenotypic stability to 
that required by current master cell banking systems for CHO or 
bacterial cells. A further example is the control of plant cultiva-
tion to deliver product batches that are uniform and reproducible. 
It was essential to determine the requirements of a cGMP-com-
pliant production system and define the parameters within which 
to work. A European Guideline document covering these and 
other relevant issues has now been published by the European 
Medicines Evaluation Agency (CHMP/BWP/48316/2006). A 
manufacturing process compliant with these guidelines was then 
established by the group at Fraunhofer IME under Professor 
Rainer Fischer, and the next step to gain successful approval for 
GMP manufacture of a plant-derived mAb and demonstration of 
safety in a first human clinical trial will be an important mile-
stone. It will demonstrate feasibility and compatibility of a mAb 
production process in plants. It will also act as the starting point 
for regulatory approvals for other plant manufacturing platforms, 
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Developing Novel Self-adjuvanting Vaccines

Vaccine development and adjuvants. One of the approaches that 
we have adopted in Molecular Pharming is to design and engi-
neer proteins which exploit the plant’s manufacturing abilities, 
thereby developing new pharmaceutical candidates that are best 
suited for production by plants. One such example is the devel-
opment of monoclonal recombinant immune complexes (RICs), 
which build on our experience with mAb expression in plants.

An ideal vaccine would not require formulation in an exoge-
nous adjuvant but would be designed to have intrinsic adjuvantic-
ity. One approach would be to design novel systemic and mucosal 
vaccine candidates with ‘in-built’ adjuvanticity, based on direct 
targeting of cellular receptors. We hypothesized that this could 
be achieved by targeting a vaccine to Fc immunoglobulin recep-
tors (FcIgR) on antigen-presenting cells (APCs) and have devel-
oped RICs to achieve this goal. Adjuvanting protective antigens 
by molecular engineering rather than chemical modification 
could augment their uptake and processing, through a natural 
presentation pathway. This in turn could lead to the development 
of both systemic and mucosal immunity, neutralizing antibodies, 
CD4+ T-cell helper responses and cross-presentation for MHC 
class I-restricted CD8 T-cell responses. The near-term goal of our 
studies is to demonstrate, for the first time, that RICs can induce 
protective immunity against an infection in the absence of exoge-
nous adjuvants. We are conducting our studies in a murine model 
but the strategic principles of RICs can readily be translated into 
a self-adjuvanting immunogen for humans.

Immune complexes as vaccines. Immune complexes are typi-
cally formed during the natural course of an infection, specifi-
cally delivering antigens to antigen-presenting cells via Fc and 
complement receptors, for uptake and subsequent presentation 
to antigen specific T cells. In principle, pre-prepared immune 
complexes between antibodies and target antigens of interest 
could therefore be used as vaccines that would be appropriately 
and inherently targeted to the immune system without the use of 
exogenous adjuvants. It has long been known that primary and 
secondary antibody responses to model antigens can be enhanced 
by immunization with immune complexes compared to antigen 
alone.8-10 Importantly, it is now well established that immune 
complexes can be cross-presented by dendritic cells and can stim-
ulate potent MHC class I as well as MHC class II—restricted 
T-cell responses.10,11 Indeed, antibody-mediated enhancement 
of simian immunodeficiency (SIV) virus Gag antigen process-
ing and cross presentation in SIV infected rhesus macaques, has 
recently been demonstrated.12 However, it is not feasible to pre-
pare ‘natural’ immune complexes easily, as this would require 
immune sera or an expensive cocktail of monoclonal antibodies. 
It would be desirable therefore to design recombinant immune 
complexes that could functionally mimic natural immune com-
plexes. To that end, we have developed a transgenic plant-based 
approach for generating such recombinant immune complexes.

RIC subunits consist of an antigen moiety linked to an auto-
specific antibody by a short, flexible oligonucleotide linker region. 
Linkage of both moieties as a single molecule creates a subunit 

production capacity, batch-to-batch variation, high cost, con-
tamination with blood-borne adventitious agents and/or risk 
of adverse reactions. These issues of safety, quality, availability 
and cost, particularly associated with RIG have led to calls for 
the development of alternative biologics that can be used for 
PEP of rabies. Recently, the World Health Organisation Rabies 
Collaborating Centres (WHO RCCs) have published recom-
mendations for a rabies post-exposure prophylaxis product 
based on monoclonal antibodies (mAbs), which would replace 
the currently used RIG preparations.6 A combination of at least 
two mAbs has been deemed a minimum requirement, and the 
hope is that such mixtures of mAbs could be developed as a safer, 
higher quality product that would be more widely available and 
affordable, for the replacement of RIG in post-exposure prophy-
laxis and prevention of rabies in humans. Monoclonal antibodies 
may constitute an attractive alternative to RIG, provided they 
perform equally well with respect to potency, coverage of a wide 
variety of viral strains and do not allow the emergence of resistant 
viral strains.

The conventional approach for monoclonal antibody produc-
tion is the use of mammalian (e.g., CHO) cell fermentation. The 
costs involved in mAb production using mammalian cell-based 
fermentation are significant and a product such as a rabies PEP 
cocktail, where two or more mAbs are required, becomes increas-
ingly prohibitive. As a result, it is recognized that the market 
will not achieve high profitability because the target population 
is disproportionately the poor people in developing countries. 
Thus, the selection by Crucell of a two-mAb cocktail7 and the 
recent recommendation from the WHO RCC that a rabies PEP 
cocktail should comprise a mixture of two mAbs6 is likely to 
be, in large part, an economic compromise. As an alternative to 
fermentation technology, we are advocating transgenic plants as 
a means of producing high quality pharmaceutical products at 
low cost, while avoiding the scale-up limitations of the bioreactor 
platforms. Together with the WHO RCCs, we have embarked 
on a programme to develop a mAb cocktail, using plants as the 
production platform, that may ultimately be deployed as part of a 
successful post-exposure regimen in the developing world.

This cocktail will comprise at least the two neutralizing 
mAbs E559.9.14 and 62-71-3, but our technology allows the 
addition of further mAbs. The variable heavy (V

H
) and light 

(V
L
) domains of each mAb were isolated from the correspond-

ing hybridoma cell lines by RT-PCR, using a standard set of 
degenerate murine primers. In order to prevent unwanted 
immune responses directed against the murine constant 
domains during PEP, the V

H
 and V

L
 domains of each mAb 

were fused, respectively, to the constant γ1 and κ domains of 
a human IgG1κ mAb. The resulting mouse-human chimeric 
genes were cloned into plant expression vectors for the produc-
tion of stable nuclear transformants of Nicotiana tabacum and 
Zea mays and for transient infiltration of N. benthamiana.19 The 
plant-expressed chimeric antibodies have been purified and 
demonstrate the expected neutralising activity to rabies virus. 
We currently await results from in vivo protection studies, 
before initiating product development under cGMP.
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such systems; a geminivirus-derived dual replicon system,18 and 
a plasmid based on a minimal enhancer sequence identified from 
Cowpea mosaic virus (CPMV).19 In both cases, RICs comprised 
of a glycoprotein fragment from Ebola virus and a relevant anti-
body (Ebola-RIC) were found to accumulate to a level of approx-
imately 1% TSP in N. benthamiana leaves.

In vitro characterization of RICs. In vitro analysis of the 
antibody-related effector functions of the RIC was based on the 
initial molecular interactions through which the proposed func-
tions are mediated. The potential for antibody-dependant cellular 
cytotoxicity (ADCC) or phagocytosis (ADCP) was inferred from 
the level of RIC binding to the low affinity Fc receptor FcγRIIa 
as measured by surface plasmon resonance, while complement-
dependant cytotoxicity (CDC) through the classical pathway 
was assessed through binding to component C1q. The C1q bind-
ing represents the first reaction in immune complex mediated 
activation of the complement. Only complexes containing two 
or more immunoglobulins can efficiently bind to C1q. In both of 
the above assays, TT-RICs complexes were found to significantly 
outperform an equimolar quantity of the same uncomplexed 
monoclonal antibody. Interestingly, dynamic light scattering 
measurements indicate that the complexes contain an average of 
4–6 subunits, suggesting that it may not be necessary to form 
large RIC complexes to effectively bind C1q and Fc receptors.

An important aspect of functional in vitro characterization of 
the assembled RICs is their ability to bind to FcR-bearing cells 
and to activate immature dendritic cells (DC). We demonstrated 
in a cell binding assay using the mouse macrophage J774 cells or 
mouse bone marrow derived dendritic cells (BMDC), that RICs 
typically bound to 60% or more of cells while the antibody alone 
exhibited only background binding. Most importantly though, 
following binding of RICs, the dendritic cells displayed an 
increased expression of the key co-stimulatory molecules CD40 
and B7.2, which is indicative of their activation. Therefore, tar-
geting the RICs to dendritic cell FcIγ receptors has the potential 
to stimulate these important antigen presenting cells in vivo and 
facilitate antigen presentation to T cells. In addition, immune 
complexes attached to the surface of these cells could play a role 
in B cell selection in germinal centers during clonal expansion.

Immunogenicity of RICs in mice. We tested tetanus toxin 
plant RICs for immunogenicity in mice. Typically, 1–10 μg of 
purified RICs have been delivered either systemically (subcuta-
neous and peritoneal routes) or mucosally (intranasal, oral and 
intra-vaginal routes). Unlike antigen alone, high titres of specific 
antibody were elicited, even at low doses of RIC, and this subse-
quently proved to be sufficient to protect 100% of mice against 
lethal challenge.17

Second generation RICs and future prospects. The design 
of RIC heavy chains must balance immunogenic properties with 
stability within the cells and tissues of the plant. In general, we 
have observed that although immunoglobulin fusions can act to 
stabilize and improve the bioaccumulation of certain antigens,20 
this advantage tends to be lost as the molecular size increases past 
a certain limit. It is also reasonable to hypothesize that significant 
IC formation may be physically inhibited by very large antigen 
moieties, due to the distance between the antibody binding sites 

capable of self-polymerization, eliminating the requirement for 
polyclonal sera or mAb cocktails to achieve complex formation. A 
schematic representation of RIC structure and assembly is shown 
in Figure 1.

Plants might be well suited to the production of such RICs, as 
the efficiency in planta for protein folding and antibody assem-
bly is well established. In addition, they can perform a range of 
post-translational modifications, including glycosylation, palmi-
toylation,13 myristoylation,14 isoprenylation15 and the addition of 
the GPI anchor.16 Together, these considerations provide a ratio-
nale for exploring the production of RICs in plants.

RICs were first produced by conventional crossing of trans-
genic plant lines.17 In one example, TT-RIC heavy chain (teta-
nus toxin fragment C—IgG2agamma) and light chain (Igkappa) 
were expressed in tobacco (N. tabacum) under the control of the 
cauliflower mosaic virus 35S promotor and in the context of a 
murine Ig signal peptide. RICs accumulated in the crude leaf 
extract to a level of 0.8% TSP (~50 μg/g leaf FW) and assem-
bled into multimeric complexes. Subsequent efforts to improve 
protein yield have focussed on the use of transient expression 
systems in combination with elements designed to increase tran-
scription (matrix/scaffold attachment regions, viral UTRs and 
viral RNA-dependant RNA polymerases). Transient expression 
systems employ direct agroinfiltration of cultures containing 
plasmids encoding both heavy and light chains of the RIC, sig-
nificantly reducing the time frame between cloning and batch 
production by removing plant growth from the critical path of 
the experiment. We have compared the yield obtained using two 

Figure 1. Schematic of RIC molecules, showing proposed complex 
formation through self-affinity.
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An alternative to these methods is to use the natural rhizose-
cretion mechanism of the plant, which in nature has a role in the 
processes of nodulation, mycorrhizal colonization, growth inhibi-
tion of neighboring plants, acquisition of nutrients from soil and 
defense against toxic metals.29 Rhizosecretion was first exploited 
for production of recombinant proteins in 1999, when tobacco 
plants were engineered to secrete either green fluorescent pro-
tein (GFP) from the jellyfish Aequorea victoria, human placental 
secreted alkaline phosphatase (SEAP) or xylanase from the ther-
mophylic bacterium Clostridium thermocellum.30 Rhizosecretion 
of SEAP and GFP into hydroponic medium around the base of 
the roots reached a rate of 20 and 1 μg/g root dry weight/24 h 
respectively.

We have previously demonstrated rhizosecretion of a func-
tional full-length mAb at a rate of 11.7 μg/g root dry weight/ 
24 h.31 In a later study, we also demonstrated rhizosecretion of 
the anti-HIV microbicide, cyanovirin-N (CV-N), again from 
transgenic tobacco.32 The CV-N demonstrated high stability: it 
accumulated in the medium for up to 24 days, compared to only 
11 days for Guy’s 13 mAb.

The yields of recombinant proteins produced by rhizose-
cretion in these studies are too low for commercial viability.33 
Several research groups have employed different strategies to 
attempt to increase the yield of rhizosecreted PMP, with varying 
results. These include the use of a root promoter30 or a plant sig-
nal sequence,34 A. rhizogenes to induce hairy roots on transgenic 
tobacco plants35 and co-expression of the Bowman-Birk Ser pro-
tease inhibitor.34

In our group we investigated the effects of a range of plant 
growth regulators, including α-naphthalene acetic acid (NAA) 
on rhizosecretion of Guy’s 13 mAb and CV-N.33 At the molecular 
level, auxins, such as NAA, promote cell elongation, by increas-
ing cell wall extensibility via the breaking of hydrogen bonds 
between the polysaccharide components of the cell wall. These 
plant growth regulators have diverse physiological effects in 
plants, including the stimulation of lateral and adventitious root 
initiation (reviewed in ref. 36). We theorized that recombinant 
protein secretion might therefore be enhanced by addition of 
NAA to hydroponic nutrient medium, due to increased root sur-
face area and enhanced permeabilization of the cell wall. Indeed 
addition of NAA increased yields of Guy’s 13 mAb 50-fold and 
of CV-N 6-fold over a 7d period. The maximum rhizosecretion 
rates achieved were 58 μg/g root dry weight/24 h for Guy’s 13 
mAb and 766 μg/g root dry weight/24 h for CV-N, the highest 
figures so far reported for a full-length antibody and any recom-
binant protein respectively.

Harvest of rhizosecreted protein pharmaceuticals allows for 
continuous collection throughout the life of a plant. But there 
are also other potentially significant advantages. Purification of 
mAb from vegetative tissues is a time-consuming and expensive 
process involving maceration and removal of undesirable con-
taminants prior to affinity chromatography for final purification 
of product.37 Analysis of hydroponic culture medium at harvest 
revealed significantly lower and less complex levels of proteo-
lytic enzymes, in comparison with leaf extracts, which translated 
to a higher proportion of intact mAb in relation to other IgG 

and the epitope within the antigen. Conversely, it is also possible 
that small, compact antigens may be rendered inaccessible in the 
context of a C-terminal fusion with an antibody, through steric 
hinderance.

The design of a second generation of RIC complexes will be 
informed by a combination of in vitro evaluation based on the 
assays mentioned above, and the observed immunogenic poten-
tial of the complex in vivo. Several general aspects of the RIC 
complexes may be optimized and tested in vitro. At the most 
fundamental level, the selection of an antigen/antibody pair may 
allow fine-tuning of the immune response by concealing promi-
nent epitopes on the antigen. In the case of tetanus toxin, con-
cealing an epitope in this way has been shown to prevent the 
subsequent loading of masked T-cell determinants onto MHC 
molecules, and in certain cases promote the display of neighbor-
ing epitopes.21 Hence, it may be possible to redirect an immuno-
dominant but non-protective humoral response or to skew the 
immune response towards a Th1 profile.

Rational design of the antibody moiety of the RIC may 
improve antibody-mediated effector functions of the complex. It 
has been shown that a chimeric Fc composed of IgG3 and IgG1 
retains the high C1q affinity of the IgG3 subclass while retaining 
protein A binding characteristic of IgG1.22 Furthermore, a panel 
of mutant antibodies with enhanced Fc receptor binding proper-
ties has been reported.23 Due to the well-defined domain struc-
ture of antibodies, it may also be possible to enhance CDC and 
ADCC/P functions by duplicating certain Fc domains within 
the RIC monomer. This latter approach also has the potential to 
change the conformation of the molecule and hence improve the 
display of the antigenic moiety. Exchanging the IgG Fc region 
for IgA, the predominant immunoglobulin found on mucosal 
surfaces, may produce RIC complexes that are more suited for 
the environment and receptors of the mucosa, and thus a more 
effective mucosal vaccine.

Development of a Simplified Contained Molecular 
Pharming Strategy with Low Regulatory Burden

Downstream processing and purification of protein pharmaceuti-
cals from plant tissues has been estimated to account for 80–90% 
of the cost of production.24 An important initial consideration is 
the action of indigenous plant proteases in degrading recombinant 
proteins, and in particular their release during sample preparation, 
which may exacerbate degradation of target proteins.25

One approach to minimizing the potential release of proteases 
is to develop secretion-based systems for recombinant proteins, to 
simplify harvest. For example, single chain Fv and monoclonal 
antibody heavy chain have been recovered from the surround-
ing growth medium of genetically-modified tobacco cell suspen-
sions26,27 and Agrobacterium rhizogenes-derived hairy roots of 
tobacco were used to secrete assembled full-length IgG1 mAb.28 
In general however, protein yields from cell suspensions have 
been low, averaging 1–5 mg/L cell suspension culture. In addi-
tion, cell suspension cultures are frequently genetically unstable, 
whilst hairy root culture requires expensive bioreactors and can-
not exploit the autotrophic capacities of the whole plant.
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that may affect future commercialization of anti-HIV monoclo-
nal antibodies developed by the Pharma-Planta consortium of 
scientific institutions. These antibodies are expressed in tobacco 
and maize plants and are enabled through using a range of pat-
ented and non-patented technologies. This included cataloguing 
the claims of each patent application and the licensing and FTO 
implications for our own technologies. Other analytic parameters 
were: ownership, history of patent disputes, invalidations, revoca-
tions, lapses, term of protection, geographic scope of protection, 
licensing issues and a limited summary and analysis of possible 
legal implications.

More recently our activities have been broadened, and we have 
performed a detailed analysis of the international patent land-
scape related to PMP as a whole.38,39 Perhaps more significantly, 
we also research the social implications of technology transfer 
from the academic sector, specifically the effects on affordability 
and access to health technologies for poorer populations dispro-
portionately affected by disease. In this context we particularly 
include PMP technology as an emerging field most likely to pro-
duce scalable medicinal products at low cost and adaptable to 
local manufacturing capacity.

To elaborate on some of the results of our research, we found 
that the public funded sector, as opposed to industry contrib-
utes to greater than 50% of patented technologies in the PMP 
sector, and that this is likely to reflect academic contribution 
to patented research in the biopharmaceutical product sector 
as a whole.38 Since many of the potential products are targeted 
towards neglected diseases that affect developing countries, we 
make the case that the academic sector should take note of new 
licensing paradigms adopted by several institutions worldwide 
to enable access to medicines at affordable cost. (Statement of 
Principles and Strategies for the Equitable Dissemination of 
Medical Technologies; AUTM Global Health Sample Clauses. 
Available on www.autm.net).

Conclusions

The prospect of producing modern medicines in plants is 
extremely attractive. A clear advantage is that the concept and 
its benefits are immediately obvious to the public and non-scien-
tists. However, the introduction of any technology, particularly 
into a traditionally conservative area such as the pharmaceuti-
cal industry is inevitably cautious. It was entirely predictable 
that the first plant-derived pharmaceuticals (Newcastle dis-
ease vaccine and glucocerebrosidase) would be produced using 
technologies that closely mimic existing approved production 
platforms. Such incremental progress allows the introduction 
of new approaches within the context of an existing regulatory 
framework and does not pose major challenges to regulatory 
authorities. Our adoption of approaches that allow contained 
cultivation of plants under highly controlled conditions repre-
sents the next step, as we move away from sterile cell cultures 
and into non-sterile whole plant systems grown either hydro-
ponically or in standardized compost.

We have always advocated that plant production platforms 
are best suited for medical targets that are required in very large 

degradation products.33 We also demonstrated that hydroponic 
medium could be processed directly onto a chromatography col-
umn for affinity purification allowing simple and rapid produc-
tion of high purity mAb.

From a regulatory perspective, production by rhizosecretion 
under contained cultivation is also attractive. Manufacturing 
variability can be controlled much better through consistency 
of environmental factors (e.g., light, day length, temperature 
and CO

2
) which affect plant growth and recombinant protein 

yield and quality. The avoidance of soil and compost and the 
use of defined hydroponic medium also provide an even greater 
control over the plant cultivation process. Contained growth 
also facilitates plant disease management and reduces the risk of 
contamination from external sources. From an environmental 
safety view, the risk of accidental release of transgenic material 
into the environment is greatly minimized through contained 
cultivation.

Taken together with our recent technical advances, these 
regulatory advantages make a compelling case for further inves-
tigation of hydroponic cultivation and rhizosecretion harvest as a 
potentially competitive strategy for the production of plant made 
pharmaceuticals.

The Intellectual Property (IP) Landscape in Relation 
to PMP: Social Implications

An important societal activity in our group is to analyze the IP 
landscape in relation to plant made pharmaceuticals to research 
the best modes of technology transfer, sharing of knowledge, 
licensing and commercialization to make end products and 
processes in PMP accessible and affordable for low- to middle-
income countries. There is significant patenting activity in the 
PMP arena, and therefore such analyses are essential to clear 
any potential barriers to ensure freedom-to-operate (FTO) and 
secure any necessary permission to commercialize outputs from 
upstream research. FTO also will potentially involve the use of 
our own IP and that of our partners in research collaborations as 
a tool for commercialization.

These activities began with the Pharma-Planta Project 
through collaboration with our partner organization, The Centre 
for IP Management in Health R&D (now assimilated into the 
Concept Foundation). Together we developed an access plan that 
we anticipate will secure access to PMP technology at afford-
able cost for developing countries. In the access plan a number 
of milestones were achieved. We included in our consortium 
agreement clauses on technology transfer and sharing of IP, with 
special consideration of developing countries and humanitarian 
access. We also secured a signed statement from all scientists in 
the Pharma-Planta consortium, that in principle all IP generated 
by the project would be shared for free if necessary to benefit 
a humanitarian cause. We also performed a detailed landscape 
analysis of the patents and other IP rights related to our main 
product target, HIV neutralizing antibodies produced through 
PMP technology.

We further carried out a detailed IP landscape analysis of prior 
art including published patent applications and granted patents 
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specifications that are functionally acceptable and agreed by 
regulatory authorities. Our development of a rhizosecretion 
based production system is in part, driven by the desire to sim-
plify the purification process.

The final important impact area for plants could be widen-
ing participation in pharmaceutical production, particularly in 
less developed countries with an emphasis on addressing local 
health issues. Any approach that offers a simplified and inexpen-
sive route to pharmaceutical production would be of great inter-
est to countries struggling with health issues that are of little or 
no interest to the developed world. Rabies is a case in point. The 
upstream component of a transgenic plant production platform 
is attractively economic and would not necessitate a large infra-
structure investment. The key to success would be the ability to 
integrate this with appropriate downstream processing technolo-
gies. In addition, developments such as minimal processing, the 
will of scientists in the west to collaborate with scientists from less 
developed countries, and the development of technology transfer 
programmes at an early stage of product development will be the 
key to unlocking this step.

Plant Molecular Pharming offers important prospects for 
improving Global Access to medicines. The urgency now is to 
accelerate development not only for conventional products, but 
also for new concepts.
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quantities, which is why our effort has been targeted towards 
monoclonal antibodies for passive immunization or topical 
microbicides. For the future though we believe that there are four 
important areas where plant production platforms could contrib-
ute to a step change in pharmaceutical production, and all could 
result in significant benefits for global health.

The first is in the production of custom molecules, specifically 
designed with plant production in mind. These include vaccines 
or antibodies with specific functional activity. Examples are the 
recombinant immune complex (RIC) described here, or mAbs 
displaying specific glycoforms which provide enhance particular 
effector functions, as has been described in reference 40.

The second area is the administration of a plant-derived oral 
vaccine in the context of a heterologous prime boost strategy. 
Oral boosting in systemically vaccinated individuals bypasses the 
issue of inducing oral tolerance. It is also a simple and conve-
nient way to provide second, third and fourth booster immu-
nization, which will help to improve the success of any vaccine 
programmes, particularly in developing countries. The approach 
using plant derived products has already been demonstrated for 
the hepatitis B and measles vaccines.41,42

The third area where plant production platforms could 
change pharmaceutical thinking is by the introduction of 
pharmaceutically regulated products prepared by minimal 
downstream processing. Downstream processing contributes 
significantly to manufacturing costs and the simplification of 
this step would greatly enhance the economic feasibility of 
many products. The regulatory issues relate to consistency of 
product, and this applies not only to the active pharmaceuti-
cal ingredient, but also to co-administered plant ingredients. 
The technical challenge therefore is to identify manufactur-
ing processes that can comply with minimal and maximum 
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