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SARS-CoV-2 has been circulating in the global population
for a little less than 2 years now. In this time, COVID-19
has claimed over 5 million lives and has caused immea-
surable economic and psychological damage.[l’z] The
global scientific community initiated over 300 vaccine
projects in response to the pandemic. At the time of this
writing, a total of 22 vaccines have now been approved by
health authorities around the world, and another 91 are
currently undergoing clinical testing.!>* All the approved
vaccines comprise either the whole, inactivated SARS-
CoV-2 virus; or a viral vector or messenger RNA that
encodes the expression of the virus’ spike glycoprotein; or
simply a sub-unit of the spike protein.**! Sinovac’s vac-
cine is an example of an inactivated, whole virus, whereas
the AstraZeneca and Johnson & Johnson (J&J) vaccines
are adenovirus-based vaccines. On the other hand, the
Pfizer and Moderna vaccines are examples of mRNA vac-
cines, while the Russian-developed EpiVacCorona vaccine
contains a portion of the peptide sequence of the SARS-
CoV-2 spike glycoprotein. Surveillance of the approved
vaccines suggests that not only do they offer protection
against COVID-19 but they have also reduced transmis-
sion of the disease.l®! Yet, instead of raising cheerful
visions of a post-pandemic age, the global endeavour to
develop vaccines against COVID-19 has laid bare some
uncomfortable truths about vaccine manufacturing, limi-
tations in the supply chain, and persistent inequities in
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We discuss the impact of COVID-19, the journey towards developing vaccines
against the disease, and how biomanufacturing should evolve in order to meet
similar challenges in the future.

biomanufacturing, bioprocessing 4.0, biotechnology, COVID-19, vaccines

access to vaccines.”"! As many as 12 billion doses will

be needed in order to attain herd immunity globally.
However, only 7.6 billion doses have been administered
thus far, owing to manufacturing and distribution chal-
lenges.'?! The entire continent of Africa has hitherto
received less than 2% of these doses.!"*! About 42% of the
global population has been fully vaccinated but most of
these reside in the developed world.!?!

The slow roll-out of vaccines is in stark contrast to
the alarming speed with which variants of SARS-CoV-2
are emerging around the world. It is estimated that the
virus exhibits a nucleotide substitution rate of 1 x 10>
substitutions per year, which translates to a single nucle-
otide change for every 1000 nucleotides in its genome
each year.[6] Of particular concern are the B.1.1.7 (alpha),
B.1.351 (beta), P.1 (gamma), and B.1.617.2 (delta) vari-
ants, which were first identified in the United Kingdom,
South Africa, Brazil, and India, respectively.“‘q The
alpha, beta, and gamma variants bear the N501Y substi-
tution in their spike glycoproteins, whereas the beta and
gamma variants also exhibit the E484K substitution and
a mutation at the K417 position (N and T for beta and
gamma, respectively).! The delta variant, on the other
hand, bears L452R and T478K substitutions. Similarly,
the P681 position is mutated in the alpha and delta vari-
ants (H and R for alpha and delta, respectively). These
mutations have been shown to increase the binding
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affinity of the spike glycoprotein to the ACE2 receptor of
epithelial cells that line the nasal cavity, which ultimately
makes the variants more infectious and transmissi-
ble.[*'%! In addition, the alpha variant also has two amino
acid deletions at the 69 and 70 positions. The deletions
allow the virus to efficiently evade the immune response
of the host, making it particularly life-threatening.!*®! All
COVID-19 vaccines that are currently in distribution are
based on the spike glycoprotein of the original SARS-
CoV-2 virus that was first identified in Wuhan, and it is
still uncertain if any of these vaccines deliver the same,
high levels of protective immunity against emerging
variants.!'”*%]

The longer it takes to administer the 12 billion doses
needed for global herd immunity, the more likely it is
that one or more variants will emerge that are sufficiently
divergent to completely evade the immunity conferred by
current vaccines. In light of current levels of interna-
tional mobility, resistant variants will eventually spread
around the world and potentially unleash greater chaos
on civilization. No country will be safe as long as the dis-
ease rages in other parts of the world. Even in the rare
and fortunate event that a resistant variant does not
emerge, existing vaccines will still need to be constantly
redesigned and reformulated in order to ensure contin-
ued protection against closely related variants.!'”! Current
and future demand for COVID-19 vaccines—not to men-
tion vaccines for other diseases such as influenza—will
severely stretch the global vaccine supply chain, possibly
to its breaking point. Effective suppression of COVID-19
and other infectious diseases will require disruptive inno-
vations that make vaccine manufacturing and distribu-
tion more responsive, more agile, and more economical
to rapidly meet evolving global demand.

The production of the immunogenic agent is the most
important step in the vaccine manufacturing and supply
chain. Production of adenovirus-based vaccines com-
mences with the propagation of the virus particles in spe-
cialized producer cells that are cultured in single-use
bioreactors.>”! For instance, the AstraZeneca COVID-19
vaccine is produced in HEK 293 cells, whereas the J&J
vaccine is cultivated in PER.C6 cells. The bioreactors are
precisely controlled to minimize process variations that
could have a detrimental effect on product quality, and
the use of single-use fermentation equipment simplifies
logistics, shortens batch times, and reduces the risk of
contamination.”"! The viral particles are recovered from
the producer cells through chemical lysis, which is then
followed by normal flow filtration to concentrate and
clarify the product. The clarified vaccine is further puri-
fied using membrane chromatography and subsequently
re-buffered using ultrafiltration to prepare it for formula-
tion into the finished vaccine dose. The manufacture of
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the Pfizer and Moderna mRNA vaccines, on the other
hand, commences with the production of plasmid DNA
that comprises the coding sequence for the mRNA tran-
script.!??! The plasmid is typically produced in Escherichia
coli, and the construct is subsequently purified and linear-
ized for in vitro transcription in a cell-free reaction mixture.
The mRNA product necessitates the addition of a 5 gua-
nylyl cap and 3’ polyadenylic tail to enhance its stability
and prevent immune rejection by the body.'**! These modi-
fications are accomplished enzymatically either during
or after transcription.”?! Like the adenovirus vaccines, the
mRNA vaccine product is also purified using chromatogra-
phy and then conditioned using ultrafiltration. The purified
vaccine products are then formulated into injectable doses,
which then undergo "fill and finish" into vials. All in all,
vaccine manufacturing typically requires in excess of
200 components, including the immunogenic agent, glass
vials, filters, latex, tubing, adjuvants, stabilizers, emulsifiers,
and disposable bags.!>”** Each of these components is
manufactured in strict compliance with good manufactur-
ing practices (GMPs) in regulated facilities around the
world, and a shortfall in any one item could destabilize the
entire supply chain.*”!

The production of the immunogenic agent incurs the
highest regulatory overheads of all of the aforementioned
steps. As a consequence, it is only practical on a large scale
in centralized manufacturing facilities that have been
designed to lower costs, eliminate redundancies, and
improve efficiency. These facilities typically incur capital
expenditures ranging between $50-300 million depending
on their size and complexity and additional operating
expenditures that are roughly 20% of capital costs.*®
In light of these capital and technological requirements,
vaccine manufacturing is concentrated in a few nations,
notably India, China, South Korea, the United States of
America, the United Kingdom, and Germany. In fact, over
90% of the global requirement for COVID-19 vaccines will
be manufactured in these nations.!*”) Ergo, the subsequent
distribution of vaccine doses from a handful of production
sites to all corners of the globe presents a formidable logis-
tical challenge. The World Health Organization (WHO)
has attempted to unclog this bottleneck by supporting
initiatives to increase vaccine production in developing
countries and has also backed a proposal led by India,
South Africa, and other members of the Developing
Countries Vaccine Manufacturers Network (DCVMN) to
temporarily waive intellectual property protections for
COVID-19 vaccines.** ! The DCVMN comprises as many
as 43 vaccine manufacturers spanning 14 countries and
currently contributes over half of UNICEF’s annual vac-
cine requirements.!?*! Its proponents claim that approval of
the DCVMN’s proposal could bolster localized production
and lead to short-term self-sufficiency in the developing
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world for the remaining duration of the pandemic, but the
proposal is controversial and is unlikely to be approved in
the near term.?*=%%?! In addition, the WHO is coordinat-
ing the delivery of formulations from vaccine manufac-
turers to companies with facilities for filling and packaging
injectable drugs in various parts of the world."**! Still, it is
abundantly clear that widespread distribution of effective
vaccines—all vaccines, not just those for COVID-19—
necessitates the use of innovative formulations and cold
chain logistical solutions that increase the shelf life of the
product. The requirement for cold storage is particularly
acute for the mRNA COVID-19 vaccines, as evidenced by
recommended storage temperatures of —70 and —20°C
for the Pfizer and Moderna vaccines, respectively.l**
The AstraZeneca vaccine has a more conventional rec-
ommended storage temperature of 4-8°C. Cold chains sig-
nificantly increase the costs of vaccines and the logistical
complexities involved in distributing them.**' The cost of
a new vaccine is typically as high as $3-5 per dose.l*®
Manufacturing accounts for about half of this cost, and
filling, vialing, packaging, and transport account for the
other half. The AstraZeneca COVID-19 vaccine falls into
this price range.l*”! However, the Moderna and Pfizer vac-
cines cost $37 and $20, respectively, owing to the addi-
tional costs involved in formulating and distributing these
products at their recommended storage temperatures, as
well as a global paucity of key ingredients required for
their manufacture.*>!

Tectonic changes are currently afoot in the world of
manufacturing. Sensors and computing systems are now
deeply embedded within manufacturing processes. These
devices are connected to each other and the internet.l**!
The vast volumes of data that they continuously upload to
the cloud are being analyzed using artificial intelligence to
control and optimize processes in real-time. Moreover,
advanced robotics has been integrated within manufactur-
ing chains to improve the efficiency of material handover
between unit operations. These developments, which are
collectively referred to as "Industry 4.0", have improved
productivity and product quality and have facilitated
autonomous operation and decentralized decision mak-
ing.*°! Not to be left behind, biopharmaceutical companies
too have embraced digitization and automation. However,
their use has been generally limited to optimizing expres-
sion systems for protein production and improving the
integrity and scale of cell banks for biomanufacturing.!**#1}
There is a clear opportunity for “Bioprocessing 4.0” to take
root in the industry, especially since it is a natural evolu-
tion of quality-by-design (QbD), which seeks to integrate
data analysis and risk management into process develop-
ment in order to achieve consistent and high product qual-
ity at reduced costs.*?! The global pandemic has brought to
light the vital need to accelerate clinical testing and process

development and adopt QbD approaches much earlier in
the value chain, possibly at the R&D stage. In particular,
Bioprocessing 4.0 could transform vaccine production and
distribution and lead to the development of intensive,
decentralized biomanufacturing platforms, especially in
resource-limited settings.

Single-use or disposable bioreactors are now common-
place in the biopharmaceutical industry and have been
successfully incorporated into pre-clinical, clinical, and
production-scale biotechnological facilities over the past few
years.[43] Disposable bioreactors are pre-sterilized by gamma
irradiation and can be directly deployed for vaccine produc-
tion without cleaning and steam sterilization. Moreover,
given their simplicity, they are considerably cheaper to oper-
ate, relatively easier to control using Internet-of-Things (IoT)
devices, and more economical at lower scales compared to
conventional bioreactors. In fact, rapid, low-cost fabrication
of single-use bioreactors has already been achieved in aca-
demic and research settings,**! including our laboratories.
We propose moving one step further towards single-use,
integrated systems.

In one manifestation of our vision, decentralized
vaccine production can be achieved by utilizing a
library of standardized templates and off-the-shelf
parts, potentially making any home or facility an
impromptu manufacturing site. Standardized compo-
nents can be printed anywhere with the click of a but-
ton for cents. By utilizing polycarbonate (a common 3D
printing filament), the system could also be easily steril-
ized.[*>*°! It would be fully modular, with each of the
chambers housing a distinct unit operation. The fluid
transfer would be achieved with the usage of peristaltic
pumps, allowing for an entire closed-loop system. We
especially advocate the use of cell-free reaction mix-
tures for the synthesis of the immunogen since it could
further reduce costs and solve the challenges of product
traceability and quality that traditionally plague
decentralized bioprocesses.[*"*7*%! Likewise, the high
yields inherent in cell-free reactions allow for smaller
working volumes to be utilized. A wide range of prod-
ucts can be produced on-site depending on the DNA
template that is inserted. The cell-free reaction mixtures
can also be lyophilized and loaded into the system
along with desiccated salt mixtures for the required buffers.
In this scheme, merely injecting water into the system
through an appropriate filter could kick-start the production
train. The entire process would be fully automated through
the use of a network of Arduino microcontrollers connected
to Raspberry Pis. Low-cost (non-contact) sensors and ana-
lytical devices such as near-infra-red (NIR) systems can
track the process and facilitate real-time optimization. Con-
sistent with QbD principles, machine learning could be
employed to relate how media composition and processing
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parameters influence yields, productivities, and titers and
subsequently distil these insights into a vastly smaller set of
easily measurable metabolites that could be tracked using
low-cost sensors.[***! Likewise, mixing and temperature
control in the chambers could also be achieved using low-
cost instrumentation. These capabilities will lead to
improved process monitoring and control schemes, both of
which are essential for improving biomanufacturing out-
comes and lowering costs. Most of these components are
available at a reasonably low cost, and the system
envisioned here would cost ~$500-2000 to manufacture,
depending on the complexity of the reactor desired. More-
over, localizing production at the point-of-use also greatly
simplifies formulation, potentially eliminates the need for
cold-chain supply, and greatly reduces the reliance on
cold storage, thereby drastically reducing the cost of a
single dose.

The version of the integrated, single-use system
described here reduces the need for the establishment and
operation of standalone production facilities that incur high
capital and operating expenses and are inflexible towards
product switching. Many variations of this system are con-
ceivable, and such innovations will ultimately translate to
significant savings for healthcare systems, particularly in
the developing world. We also advocate for the establish-
ment of open standards and technologies to facilitate
greater collaboration and data sharing in order to accelerate
innovation-at-scale and overcome market and regulatory
uncertainties. Such a model for innovation has already
been successfully deployed in advanced manufacturing
under the aegis of the Open Manufacturing Platform,
which includes companies such as BMW, Microsoft,
Anheuser-Busch InBev, and Bosch,®!! and it is high time
for the biopharmaceutical industry to follow suit.
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