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Gene technology has facilitated the biologization ofmanufacturing, i.e. the use and production of complex biolog-
ical molecules and systems at an industrial scale. Monoclonal antibodies (mAbs) are currently the major class of
biopharmaceutical products, but they are typically used to treat specific diseaseswhich individually have compa-
rably low incidences. The therapeutic potential of mAbs could also be used for more prevalent diseases, but this
would require a massive increase in production capacity that could not bemet by traditional fermenter systems.
Herewe outline the potential of plants to be used for the very-large-scale (VLS) production of biopharmaceutical
proteins such as mAbs. We discuss the potential market sizes and their corresponding production capacities. We
then consider available process technologies and scale-downmodels and how these can be used to develop VLS
processes. Finally, we discuss which adaptations will likely be required for VLS production, lessons learned from
existing cell culture-based processes and the food industry, and practical requirements for the implementation of
a VLS process.

© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The earliest manufacturing by humans was biological, e.g. animal
skins as protection and toolsmade fromwood. As technology developed
so did the use of non-biological materials, beginning with stone tools
and progressing to metals and eventually petrochemical derivatives
such as plastics, even though the latter have an ultimate biological ori-
gin (Kolb and Kolb, 1979). This trend reversed during the last century
and there is a renewed focus on biological manufacturing, mainly be-
cause biological products are often too complex for cost-effective total
chemical synthesis. However, even simple biological products are be-
ginning to replace synthetic counterparts because they are considered
more sustainable, i.e. they originate from renewable sources such as
plants. Arguably, the first complex biological products to have a major
impact on society were the earliest antibiotics (Fleming, 1929). Nowa-
days, the pharmaceutical industry is dominated by complex small mol-
ecules aswell as protein-based drugs, andwe are increasingly reliant on
biotechnology for manufacturing, which was foreseen almost 25 years
ago (della Valle and Gambardella, 1993). The scope of biological
manufacturing has recently expanded beyond the familiar territory of
structurally-complex drugs and has begun to embrace spheres more
traditionally dominated by chemical synthesis, particularly the replace-
ment of petrochemical materials with ‘biological’ counterparts such as
biodegradable plastics, biogas for energy and biofuels based on ethanol.
Fermentation is another staple of biotechnology that has been used
since ancient times as a form of food processing, but since the early
1970s it has evolved into a mainstream manufacturing technology for
biological products (Jackson et al., 1972).Without fermentation, the de-
velopment of recombinant DNA and gene cloning technology would
have taken much longer, delaying the benefits brought about by gene
transfer to living organisms including protein manufacturing and gene
therapy (MedCap Advisors, 2016).

Today's protein-based biopharmaceuticals include vaccines, en-
zymes and especially monoclonal antibodies (mAbs) (PhRMA, 2015).
Since the first therapeutic mAb was commercialized in 1986, the bio-
logics industry has expanded to include diverse protein-based drugs,
vaccines and technical reagents, and the market is now worth more
than $US 70 billion (Ecker et al., 2015). Despite the intense competition
formarket share and a certain degree of bureaucratic inertia (della Valle
and Gambardella, 1993), themajor players havemore recently begun to
cooperate in areas of mutual benefit, such as regulatory compliance
(The CMC Biotech Working Group, 2009) and clinical data analysis
(Oo and Kalbag, 2016). The approval of the first plant-derived biophar-
maceutical protein in 2012 ushered in an era where biological
manufacturing has ‘returned to its roots’, in some cases quite literally,
with plants now emerging as an alternative to production systems
based on microbes and mammalian cells (Fischer et al., 2013; Stoger
et al., 2014; Tschofen et al., 2016). The potential benefits of plants for
themanufacture of biologicals include highly scalable and rapid produc-
tion, a low burden of human pathogens, and the ability to carry out
many of the post-translational modifications required for functional
human proteins (Buyel, 2015). Here we discuss recent developments
that presage a new era of biological manufacturing in which plants
could be used to achieve an economy of scale that would have been un-
imaginable even 10 years ago.

2. Potential future applications and market size for monoclonal
antibodies

Nearly 10 t of diagnostic and therapeutic mAbs were manufactured
in 2013, and the demand could double by 2020 assuming the annual
growth rate remains at the current level of ~10% (Ecker et al., 2015).
Much of the current demand centers on mAbs used for the diagnosis
and treatment of comparably rare diseases (Kelley, 2007). Even the big-
gest selling therapeutic mAbs, with millions of patients each requiring
gram quantities of product (such as rituximab for the treatment of

lymphomas), can be provided by todays large-scale manufacturing pro-
cesses based on fermenter capacities of up to 250,000 L (Ecker et al.,
2015). However, if mAbs are to be used for the prevention or treatment
of even more common diseases, e.g. Alzheimer's disease, HIV/AIDS or
dental caries (Ma et al., 2015), then the demand could escalate dramat-
ically, as observed when rituximab was approved for the treatment of
rheumatoid arthritis a (Ecker et al., 2015; Singh et al., 2009). For the pre-
vention of HIV infection, a typical dose of 30 mgmAb would be applied
twice weekly by susceptible women in the form of a vaginal gel, equat-
ing to ~100 doses per year. Therefore, N3 t of the mAb would be re-
quired per year per million women. The HIV+ population in sub-
Saharan Africa is currently 26 million, and the at-risk population is
therefore even higher. An effective prophylactic campaign scaled to en-
tire countries or regions would therefore require 50–100 t of mAb per
year, far outstripping the capacity of even the largest current processes
and defining a new era of very-large-scale (VLS) production more akin
to the food processing industry (Lokhorst et al., 2015).

Such demands are currently impossible to meet using mammalian
cell cultures in stirred tank bioreactors, which are today's gold standard
for production. Chinese hamster ovary (CHO) cells under optimal condi-
tions produce titers of 5–10 g L−1, and with the largest available fer-
menter volumes of 10,000–25,000 L and fermentation lasting
~12 days, the maximum output of a single fermenter would be 250 kg
per campaign or ~7.5 t per year assuming continuous and perfect oper-
ation (Kelley, 2007). In reality, the yield would bemuch lower. Further-
more, such VLS reactor setups would require stainless steel equipment,
thus attracting high investment costs but lacking the advantages of sin-
gle-use technologies that have become popular for both upstream pro-
duction and downstream processing in the pharmaceutical industry
over the last decade (Shukla and Gottschalk, 2013).

Unlike fermentation platforms, plants are effectively living single-
use bioreactors that can be scaled indefinitely simply by sowing more
seeds. Biomass yields of 10,000 t km−2 y−1 have been reported for
closely cropped tobacco in the open field (Stoger et al., 2002), and a ver-
tical farming unit (VFU) has recently been built with a footprint of
~6500 m2 including ~2000 m2 used for plant growth, with an annual
output of 182 t of biomass (Holtz et al., 2015). Accordingly, the annual
space–biomass yield of the VFU was more than nine times higher than
open field production (91,000 t km−2 y−1). The yields of recombinant
protein achieved in the VFU reached 0.65 g kg−1, but titers of up to
2 g kg−1 have been reported for mAbs produced in plants after several
rounds of optimization (Zischewski et al., 2015). Given these numbers
and an average recovery of 70% for plant-derived mAbs in a process
that handles 250 kg of biomass (our unpublished data), an annual
demand of 50 t of pure mAb would require ~72 t y−1 of bulk mAb pro-
duced using 3.5–11.0 km2 of open fields or 0.4–1.2 km2 of VFU area. Im-
portantly, VFUs can be designed as fully-automated plant-handling
facilities that comply with current good manufacturing practice
(cGMP) requirements (Wirz et al., 2012) whereas these requirements
are never likely to be met byopen fields. Although VFUs offer the most
promising approach, the production of mAbs in tonne amounts will be
accompanied by significant investment costs. However, similar or even
higher investments are necessary for CHO-based processes because the
same outputwould require a total bioreactor volume of ~250,000 L. Nev-
ertheless, the investments required for VFUs are likely to pay off due to
the large quantities of product that will be manufactured, meaning that
mAbs will become a “bulk product”. However, this may require a para-
digm shift, turning mAbs from “small quantity – high margin” to “large
quantity – low margin” products.

The cost of CHOcellmedium is $US 55–90 L−1, corresponding to $US
14–22 million per batch for medium alone, which can be regarded as a
high risk investment given recent issues with contamination (Lolas,
2013). In contrast, media costs for a plant-based expression system
would be $US ~4.5 million, assuming recently reported biomass yields
and fertilizer consumption (Buyel and Fischer, 2012). The VLS produc-
tion of mAbs in plants therefore appears to have several advantages
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