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ADVANCES IN VACCINE MANUFACTURING
PART 1: UPSTREAM ADVANCES &
INTENSIFYING PRODUCTION

INTERVIEW

Optimizing adenovirus
vector based vaccine production

Arriving at the University of Oxford in late 2019, postdoctoral
researcher Carina Joe hoped to apply her skills in biologics
manufacturing to viral vector vaccines, a new area for
her. Within months, she was at the center of efforts to
produce the Oxford/AstraZeneca COVID-19 vaccine, one
of the first and most widely used COVID-19 vaccines.
Charlotte Barker, Editor, Vaccine Insights, caught up with
Carina Joe (pictured), now a Senior Scientist, to find out more
about her role in scaling up the adenovirus-vectored vaccine,
and her plans for the future.
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Q What is the focus of your research?

CJ: I’'m working at the Jenner Institute at the University of Oxford as a Senior
Scientist, developing processes for large-scale GMP manufacturing of viral vector
vaccines. Recently, I have focused on the Oxford/AstraZeneca COVID-19 vaccine (ChA-
dOx1 nCoV-19 (AZD1222, Vaxzevria)), but I am also involved with developing processes for
adenovirus-vectored rabies and Ebola vaccines, amongst others.

I would describe myself as a generalist. During my master’s and PhD studies, I did a lot
of large-scale cGMP manufacturing of viral-like particle vaccines, monoclonal antibodies,
and novel proteins for targeted drug therapies. When I finished my studies, I saw an oppor-
tunity at the Jenner Institute to develop skills in an area I hadn’t worked on before — viral

vector technology.
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Developing efficient manufacturing processes is very important. People often don’t un-
derstand that even if you make a 100% effective vaccine or drug, it means nothing if you
cannot produce it at a large scale because a vaccine needs to be distributed to a large number

of people to get the benefit of herd immunity.

The Oxford/AstraZeneca COVID-19 vaccine was developed and
scaled up in record time - what was your role in that effort and
what were the key factors for success?

CJ: A big part of why we were able to get the vaccine out so quickly was the
collaboration between the university and a number of industrial partners. We also
worked closely with the government and health regulator to seck advice on how we could move
things forward faster.

My involvement was to develop the large-scale process. Before I joined, the group at Jen-
ner Institute had a process to manufacture the ChAdOx vaccine platform (then being used
for rabies vaccines), but could not produce a large number of doses, and the process was not
scalable. My goal was to develop a process that could be scaled up to 4,000 L and improve
productivity [1]. The other important thing is that the process has to be kept simple because
we aimed to do technology transfer not only to developed countries but also to many low-
or-middle income countries that may not be able to adopt a complex process in such a short

time.

How did you go about making the process faster and more efficient
than previous methods for manufacturing adenovirus-based
vaccines?

CJ: Initially, upstream production of ChAdOx was carried out in shaker flasks,
with purification via ultracentrifugation. This was expensive and required a lot of batches
to get the number of doses required, even for relatively small-scale production. We wanted to
ensure a simple and cost-effective manufacturing process that could be implemented in biopro-
cessing facilities around the world.

Before I joined the team, they had developed a process that can be scaled up to 3 L in a
small bioreactor. They had replaced ultracentrifugation with a three-step process involving
an initial tangential flow filtration (TFF) step, followed by anion exchange chromatography
(AEX), then a final TFF step. However, productivity was still not sufficient, with only 500
doses per L.

My first focus was to improve the upstream process. One of the problems with produc-
ing a viral vector vaccine is the cell density effect, bringing the total productivity down at
high cell densities. To alleviate that problem, I started by optimizing the conditions for cell
growth. I developed a protocol for the composition and timing of nutrients in the media —a
relatively simple change that improved productivity tenfold.

Next, I optimized and automated other aspects of the upstream process, for example, how

much virus should be used to infect cells and when to harvest.
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‘| started by optimizing the conditions for cell growth. |

developed a protocol for the composition and timing of

nutrients in the media - a relatively simple change that
improved productivity tenfold.”

We then adapted the purification process from a 3-L to a 50-200-L bioreactor, and then
up to 4,000 L. The initial TFF step was not suitable for the 1-4,000-L scale. This is import-
ant because most contract manufacturing organizations (CMOs) around the world have the
capacity to run 1000+ L reactors, which will help us a lot in speeding up the global COVID
vaccine supply. With 1,000 L of lysate, this would have required up to 10,000 L of buffer,
which very few CMOs would have been able to accommodate, plus faster pump speeds and
larger filter areas.

We modified the process by removing the initial TFF step so that the cell lysate was loaded
directly onto anion-exchange (AEX). After AEX the material is quite pure, so although we
still have to do TFF after anion exchange, the buffer exchange doesn’t require as much filter

area and, most importantly, we don’t compromise on the quality of the final vaccine product.

Q How did the team at the University of Oxford transferthe technology
you developed to facilities around the world?

CJ: Early on, we had limited funding and our lab at the University was only lab-
scale and not fit for cGMP production. We sent out a call for help via the UK Bioindustry
Organization. Pall, Halix, and Cobra Biologics were quick to join our consortium. Pall offered
us the use of their lab in Portsmouth to test the process on a larger scale, while Halix and Cobra
transferred the process to their cGMP facilities.

Soon, larger CMOs such as Oxford Biomedica, Serum Institute of India, and Wuxi Bio-
logics came on board and gave us access to 1,000—4,000-L scale facilities. In May 2020, we
partnered with AstraZeneca, who were able to bring on board more CMO partners. Within
a few months, we had 25 manufacturing facilities spread across 15 countries and five conti-
nents, all using precisely the same protocol.

We were still producing data in the lab to fully characterize and optimize the process,
but we needed to press ahead with tech transfer, so it was a process of continuous im-
provement. Information flowed both ways — as we obtained results in the lab, we would
update the protocol, and scientists at our CMO partners would report any problems. Be-
tween us, we had a range of expertise and experience (many sites had never worked with
adenovirus vectors before), so there were lots of different challenges, which we would discuss
and solve together. Many of these companies are competitors but came together in these

exceptional circumstances.
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What was it like to find yourself suddenly one of a small group of
people the whole world was relying on?

CJ: There was immense pressure but we had no other choice. For months, I spent
16-18 h per day, 7 days a week, in the lab. At that point, no one else knew the process in depth,
so I had to take it from the beginning to the end. I focused on prioritizing what the next ex-
periment should be so that we could drive this process as quickly as possible for clinical trials

and eventually commercialization.

What's next for your work?

CJ: The ChAdOx platform can be applied to produce vaccines against many viral
infections. Prior to COVID, we developed a vaccine for the Sudan ebolavirus, which has al-
ready been deployed in Uganda, and I am now continuing work on the manufacturing process
for that vaccine.

We also want to be ready for the next pandemic. Recently, we published a blueprint for
how a billion doses of adenovirus-vectored vaccines can be produced within CEPI’s 100-day

target [2,3].

What would be top of your wish list for technology innovation in
vaccine manufacturing?

CJ: Right now, | can produce a lot of vaccine in the upstream process, even
amounts that the world has never seen before. Our bottleneck is now downstream.
There is no filter in the world that can handle those loads and still produce vaccines at the
quality standard we need for human use. So top of my wish list would be innovation in puri-

fication methods.

In your view, how prepared are we for the next pandemic?

CJ « Prior to and in the early days of the pandemic, we had very little funding,
time, or trained staff. The UK government provided funding during the pandemic, but now
that COVID-19 appears under control, policymakers seem to be losing interest again.

At this time, there is not enough support for the vaccine field to tackle the next pandemic,
and the UK government is cutting funding for science and vaccine development. We have all
the knowledge and the technology to develop vaccines even faster than 1 year, but we don’t

have enough support.
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into pre-clinical, clinical and commercial phase drugs. As of 2019, she has been working as
the lead scientist in process development for large scale cGMP manufacturing of the Oxford/
AstraZeneca COVID-19 vaccine, which the team managed to develop in record time. Since then,
their manufacturing technology has been transferred to multiple GMP manufacturing facilities
around the world, enabling clinical trials and global vaccine supply at cost to 189 countries. As
of January 2022, more than 3 billion doses of vaccine have been administered around the world,
saving millions of lives. She and her colleagues continue to work to improve the manufacturing
process with the goal of mass producing the vaccine in less than 100 days for the pandemic pre-
paredness plan. Other than the COVID vaccine, she has taken up other projects such as a rabies
and ebola vaccine, the latter of which was successfully deployed within 2 weeks to Uganda to
control the Ebola outbreak.Affiliation
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Senior Scientist,
University of Oxford
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Resolving facility design
conflicts between
biocontainment & good
manufacturing practices
for vaccines manufacture

Faye Litherland & Ranna Eardley-Patel

Many vaccines are manufactured using disease-causing agents or genetically modified
organisms. However, many of the standard design principles for vaccines manufacturing
facility biocontainment (encompassing biosafety and biosecurity) conflict with design for
hygienic operation in good manufacturing practice facilities.

This article presents an overview of risk-based approaches to resolve the competing
requirements with specific regard to the design of:

e Facility layout, people, material, and waste flows

e Heating, ventilation, and air conditioning

e Construction methodology

o Utility supply

This insight aims to inform those involved in the design of human vaccine production
facilities, or contract manufacturing organization selection, where a new organism or
platform process is to be introduced. It is a small part of a much wider knowledge area
required for ensuring biosafety, and conducting risk assessments when developing, testing,
and manufacturing vaccines.

Vaccine Insights 2023; 2(4), 115-125
DOI: 10.18609/vac.2023.022
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INTRODUCTION

Approximately 25% of all new drug approv-
als are biological products [1], for example,
vaccines and blood products. This percentage
is likely to increase following the success of
vaccines used during the recent COVID-19
pandemic, leading to capability and capacity
expansions globally for pandemic prepared-
ness. One thing that these biological prod-
ucts have in common is that they almost all
require some form of biological containment
and biosecurity during the manufacturing
process. This could be due to using a char-
acterized wild-type organism, a genetically
modified organism (GMO), or both. Vac-
cine production often involves the use of a
genetically modified host cell line, a live virus
seed stock, or cell culture processes that could
propagate human pathogens if contaminated
during production operations.

Relevant local, national, and international
health and safety regulations in relation to the
use of chemicals, GMOs, and the handling
of biological materials need to be applied
when designing and operating vaccine man-
ufacturing facilities and supporting testing
laboratories. Table 1 gives an overview of the
hazard groups (HG) used in the UK, which

relate to the biological containment level

(CL) associated with either a pathogen and/
or GMO. The term Biosafety Level (BSL) is
commonly used in other countries and GMO
containment is considered separately, and is
sometimes used interchangeably with CL.

Many of the guidelines available have been
developed for laboratories rather than man-
ufacturing facilities, and there is little inter-
national regulatory harmonization for biorisk
management for vaccine manufacturing at
production scales (typically greater than 10
L liquid volumes). For UK-based facilities,
these include, but are not limited to, those
listed in the references section [2-18]. Subject
matter expertise input into structured risk as-
sessments is therefore essential to ensure com-
pliance and biosecurity.

The UK COSHH Regulations [6] and the
revised tables in EU Directive 2000/54/EC
[15] do have separate tables for laboratories
and industrial processes, but neither covers
the requirements for the safe design and oper-
ation of the large scale equipment within the
facility. This brings us back again to the impor-
tance of structured risk assessments involving
the right people who have a working knowl-
edge of how to apply the relevant guidances
and regulations.

This is especially relevant for pandemic re-
sponse, where surge vaccine manufacturing

Overview of biological hazard groups.

Biological

hazard
group

Description

Example organisms/disease

No or low individual and community risk
Unlikely to cause human disease

Moderate individual risk, low community risk

Can cause human disease and may be a hazard to employees; it is unlikely
to spread to the community and there is usually an effective vaccine or
treatment available

High individual risk, low community risk

Can cause severe human disease and may be a serious hazard to employees;
it may spread to the community, but there is usually an effective vaccine or
treatment available

High individual and community risk

Causes severe human disease and is a serious hazard to employees; it is
likely to spread to the community and there is usually no effective
prophylaxis or treatment readily available

Brewers Yeast, E. coli (wild type,
non-pathogenic strains)

Bacillus Pertussis (whooping
cough), Legionella spp.

Bacillus anthracis (anthrax),
M. tuberculosis, Rabies virus,
Poliovirus

Ebola viruses (hemorrhagic
fevers)
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is required, and facilities may need to be re-
purposed at short notice. The organisms used
to make vaccine materials may not be fully
characterized at the outset, so a higher con-
tainment level may be required until data
is obtained.

Although this article refers to more to
human vaccines, the same principles apply
to veterinary vaccine production facilities.
The zoonotic risks of all organisms must be
assessed whether for human or animal vac-
cines. Some countries have separate regula-
tions relating to animal pathogens and those
with cross-species risks, for example in the
UK there is the Specified Animal Pathogens
Order (SAPO)

SELECTED DESIGN
CONSIDERATIONS FOR
BIOCONTAINMENT IN A GMP
VACCINES PRODUCTION FACILITY

Many of the standard GMP design principles
for vaccines manufacturing facilities and bios-
ecurity are in conflict. For example, produc-
tion cleanroom suites are typically positively
pressurized to the outside environment, with
a net outward flow of air in order to maintain
the appropriate hygienic air classification, but
a typical laboratory with a pathogen or GMO
containment classification is negatively pres-
surized to the outside environment and/or
has a net inwards flow of air (negative to the
surrounding areas) to provide the appropriate
level of biocontainment.

The following sections discuss the key as-
pects and propose some design solutions to
address these conflicts.

Facility location & layout

Facility location and layout are the first con-
siderations for a GMP vaccine manufactur-
ing facility with a biological containment
requirement.

If the facility is in a geologically active area,
or in an area prone to extreme weather events

EXPERT INSIGHT

or similar, it must be built to withstand those
forces. The degree of protection required will
depend on a risk assessment of the organisms
being handled and whether the requirement
is to minimize or prevent release but could
include seismic rafts, additional structural
reinforcement, building damping, vibration
shielding, and the use of earthquake-resistant
materials.

If the containment cleanroom is near a
road and/or located on an outside wall at
ground level, then measures need to be taken
to prevent damage from a road traffic acci-
dent or a vehicle being forcibly used to enter
the cleanroom. Mitigation measures such as
the installation of very large bollards, bul-
letproof glass or metal barred windows, and
solid walls, ceiling, and floors (brick, con-
crete, etc.) on the containment boundary to
prevent unauthorized personnel access from
inside and outside the facility, are also likely
to be required. These have consequences for
the facility’s capital cost and operation.

With regards to layout, GMP flows such as
the movement of people, waste, and raw ma-
terials also need to be examined for biosecu-
rity and GMP compliance. A recent produc-
tion facility design required the movement of
the HG3 inoculum from the working seed
bank to the CL3 manufacturing suite. This
route used the same corridor as another man-
ufacturing suite and there was no alternative
route. The route had to be carefully managed
using temporal separation so that there were
no other personnel or material movements
through the corridor at the same time as the
transfer, and decontamination measures were
put in place after the transfer before the corri-
dor went back to normal use.

Containment cleanrooms that will in-
volve handling of classified organisms
should be located away from other areas,
even in their own wing where practical, but
this needs to be balanced against the require-
ments of the process flow. Depending on the
risk associated with the organism, it may be
appropriate to have a separate entrance and
access corridor for those people working in
containment cleanrooms, but this requires

Vaccine Insights - ISSN: 2752-5422

117



118

INSIGHTS

a greater footprint and is not always practi-
cal. Unidirectional flow is an advantage, but
is not always possible, especially where the
containment cleanroom is part of a retrofit
of an existing facility.

When locating a containment cleanroom
suite, it is important to always consider the
principles of primary and secondary con-
tainment. The primary containment barrier
is the equipment containing the contami-
nated material. For open processing, this is
the isolator (glove box), or microbiological
safety cabinet. For closed processing, it is
the pipework, vessels, etc, and the joints be-
tween them.

The secondary containment barrier is
formed by the architectural and HVAC el-
ements of the room or suite of rooms. A
critical and often missed element affecting
the building architecture for facilities han-
dling GMOs is the requirement that “the
controlled area should be designed to con-
tain spillage of the entire contents of closed
system” Bunding of a large liquid
waste inactivation system is relatively sim-
ple, but bunding a production suite, where
people and materials movement on trol-
leys is required, takes a bit more creativity.
Mobile bunds with sufficient integrity to
meet the requirement are often not suit-
able for GMP operations in terms of mate-
rials and cleanability. Built-in elements are
preferred, but the materials movement re-
quirements must be carefully assessed, plus
this can be more difficult to achieve in a
retrofitted facility.

Vaccine facilities typically produce large
volumes of contaminated liquid that needs
treatment (e.g., inactivation, neutralization,
dilution) before it can be safely discharged.
The plantroom for the liquid waste inacti-
vation systems should be located as close
as possible to the containment cleanrooms.
Long gravity drainage pipe runs containing
contaminated waste and running outside
the containment boundary represent an in-
creased risk of loss of containment. Risk as-
sessments will show what is most appropri-
ate for a specific organism and facility, but

wherever possible, best practice is to avoid
pipe runs outside the containment area by
locating the liquid waste inactivation room
directly below the containment cleanrooms
it serves. This means that because the sec-
ondary containment boundary is continu-
ous, the liquid waste inactivation room can
be considered part of the suite.

Heating, ventilation & air
conditioning (HVAC)

The flow of air in, out, and around the facility
also needs to be considered for biocontain-
ment, so the next most critical aspect of your
containment cleanroom is the HVAC sys-
tem. The pressure cascade between the rooms
is one of the primary containment mea-
sures and as such it needs to be treated as a
critical system.

A standard pharmaceutical facility HVAC
design protects products from external con-
tamination (airborne dust and other con-
taminants) and internal cross-contamination
(other airborne products) as well as protect-
ing the operators from the product. However,
these pharmaceutical facility HVAC designs
are usually insufficient for a biologics facili-
ty handling classified organisms (see ),
where, in addition, the operators/environ-
ment need to be protected from any poten-
tially hazardous biological agents.

When assessing the HVAC system require-
ments, it is very important to consider which
rooms/suites are served by each air handling
unit (AHU) and what impact the failure of an
AHU would have on the overall facility pres-
sure cascade, which is essential to maintain the
secondary containment barrier.

Case study: HVAC design
for a CL3 facility

Below is a review of the HVAC design for a
derogated CL3 facility (bloodborne organ-
ism not transmissible by airborne routes)
with the containment cleanroom at a small
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positive pressure to atmosphere, but negative
to the rest of the facility . The
containment airlocks (Airlock 1) were on the
same AHU as the non-contained corridor.
This meant that if the corridor AHU (AHU?2)
had failed, the containment cleanroom would
have been positively pressurized to the facili-
ty and there would have been a loss of con-
tainment. In this case, the problem was easily
resolved by moving the containment airlocks
(Airlock 1) onto the containment cleanroom
AHU (AHU 1) .

Another often overlooked area of HVAC
systems is the controlling instrumentation,
including proportional damper position
feedback. HVAC analogue signals commonly
work on the principle of 0-10 V. Therefore,
an open circuit failure of 0V would not be de-
tected as an abnormal condition. If signals are
specified as 4-20 mA instead, then an open
circuit of OmA can be detected and an alarm
raised.

The location of high efficiency particu-
late air (HEPA) filters is another aspect that
is open to debate. For the purposes of bio-
logical containment, they are not required
until higher containment levels (CL3 or 4)
are reached. They can be located inside the
room or remotely within the ductwork. It is
important to remember that if the HEPA fil-
ters are located remotely from the cleanroom,
the filters define the containment boundary
and therefore the ductwork leading to the
filters forms part of the containment bound-
ary. This has implications for the specification
of the ductwork. If a containment-classified
cleanroom has HEPA filters that are remote
from the room boundary, the ductwork up
to the filters must be constructed to the same
airtightness specification as the containment
cleanroom and able to be subjected to the
same decontamination measures.

According to current UK regulatory guid-
ance, HEPA filters on the inlet air are not
required until CL4. This is based on the
principle that the net air flow is inwards and
therefore the containment boundary is se-
cure. However, the AHU failure case must
be considered. If there is a failure of the

EXPERT INSIGHT

containment cleanroom AHU, then there is
an airflow path direct to the atmosphere via
the inlet air ductwork, resulting in a breach
of containment. If an inlet HEPA is not in-
stalled, then a gas-tight damper wired to a
pressure sensor or some other suitable isola-
tion method should be installed to prevent
the loss of containment.

Vaccine manufacturing cleanrooms for
aseptic operations will generally have an in-
let HEPA filter for GMP purposes. This
inlet HEPA can be considered as the con-
tainment boundary if it is correctly located;
a design strategy that is sufficient for GMP,
but not for biocontainment is locating the
inlet HEPA for Grade D cleanroom suites
close to the AHU, before the ductwork di-
vides to different areas. This means that in
the event of an AHU failure, an air path
could be present between containment and
non-containment areas.

If there are potential bioterrorism risks,
multiple small HVAC ducts may be consid-
ered to prevent entry by a malicious person
crawling through intakes or vents.

Construction methodology

The construction of the containment clean-
room presents a challenge both in terms of
specification and constructability. Proprietary
cleanroom fabrication systems are usually
designed for standard positively pressurized
cleanrooms. In a positively pressurized clean-
room, the airtightness of the cleanroom sys-
tem is important, but not critical, because
the air would flow outwards through any
small gaps and still maintain the cleanroom
environment. Even though the cleanroom
panels usually have gaskets in the joints,
polymer-based sealant is used to improve
cleanability and also improves the airtight-
ness of the cleanroom system. The sealant will
degrade over time and outwards air leakage
will increase slightly; inspection of all sealed
joints should be a routine part of any facil-
ity’s planned preventive maintenance pro-

gram. The HVAC system should therefore be

Vaccine Insights - ISSN: 2752-5422
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—» FIGURE 1

The design of a CL3 facility.

Normal operation:
containment and cleanroom
requirements met
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designed with this in mind and have sufficient
capacity to increase airflow rates to maintain
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Not all containment cleanrooms will need
to meet a specific airtightness standard, but
it is important to identify those which do as
early as possible so that the details are includ-
ed in the specifications and checked during
construction.

This can be illustrated with an example of
a -30Pa, Grade B, CL3 containment clean-
room with a proprietary cleanroom system.
As the containment cleanroom is under neg-
ative pressure, the engineering team needs to
ensure that the cleanroom walling system is
physically strong enough to withstand the
pressure differential. There have been inci-
dents of panel damage and cleanroom win-
dows getting sucked in during commission-
ing because the cleanroom system was not
specified for vacuum.

The next issue to consider is the airtightness
of the cleanroom walling system, not consid-
ering any applied sealant. This is important
to prevent particulates being sucked into the
cleanroom from wall cavities, ceiling voids,
etc. The cleanroom system must be specified
to achieve a defined airtightness standard and
be tested following installation before any
sealant is applied to improve cleanability.

Next, we will look at an example of a
-30Pa, Grade D, CL3 containment clean-
room constructed using a non-proprietary
cleanroom system. Standard building materi-
als, such as plasterboard walls with vinyl, will
create the containment barrier. The degree of
tolerance of each stage of construction is even
more critical. As above, it is important that
sealants are not relied upon to achieve the re-
quired airtightness. This type of containment
cleanroom often causes more issues than
those using a cleanroom system. The reason is
that standard building tradespeople are used
to construct the facility. These contractors are
usually not used to building to the toleranc-
es required for this specialist type of work.
Unless they are carefully supervised, and the
work inspected at every stage, the quality of
the construction is unlikely to achieve the re-
quired airtightness.

Best practice involves including in the proj-
ect brief and user requirement specifications

EXPERT INSIGHT

that the cleanroom system vendor will build
a mock-up for testing prior to committing to
the cleanroom system products, then getting
the contractor to complete and test one room
as a sample before progressing to the other
rooms, so that costly mistakes can be avoided.

UTILITY SUPPLY
The supply of GMP utilities into biological

containment classified cleanrooms presents
some very interesting engineering challenges.
The cleanroom construction discussed above
is only part of the story. An essential part
of most containment cleanrooms is the how
utilities are supplied through walls and ceil-
ings. In a standard cleanroom, a hole would
be drilled in the cleanroom system, the pipe
threaded through, and a trim plate applied
and sealed with a polymer-based sealant.
For a containment cleanroom, where a high
airtightness standard needs to be achieved,
this method is not suitable. Proprietary, gas-
keted, gas-tight, pipework and cable transit
systems are available, but their use must be
specified early so that the utility pipework
and cables can be grouped together to en-
sure as few penetrations as possible are made
in the containment barrier. Penetrations
through the containment barrier for other
items such as autoclaves, utility panels, pass-
through hatches, etc. must also be gasketed
and airtight to preserve the integrity of the
containment barrier.

Firstly, let us consider a simple dry
non-returning service such as clean com-
pressed air, that serves bioreactors, product
transfer lines, filter integrity testers, etc. In
normal operating conditions, the service will
be pressurized. It is therefore safe to assume
that containment is maintained by the net
inward flow of the gas. The challenge aris-
es when the system depressurizes due to
breakdown or maintenance. There is now an
open flow path between containment and
non-containment areas. In a classical bio-
logical containment laboratory this would
probably not be an issue because, depending

Vaccine Insights - ISSN: 2752-5422

121



122

INSIGHTS

on the containment level, the laboratory is
likely to be under a small vacuum or at at-
mospheric pressure so the flow of air would
be inward or neutral. If the HVAC system
has been designed to be able to deal with
the increased inwards leakage rate, then con-
tainment can be maintained. However, with
GMP manufacturing we try to avoid having
the cleanrooms under vacuum because of
the potential to draw particulates from un-
classified ceiling voids, wall voids, technical
spaces, etc. This means that at CL2, where
the requirements are to minimize release, of-
ten the cleanroom is positively pressurized to
the atmosphere and the containment is man-
aged through strict construction controls to
minimize air leakage through the cleanroom
wall and ceiling system, and pressure sinks
and pressure bubbles in the personnel and
materials airlocks and any transfer hatches.
It is CL3 containment cleanrooms that are
more likely to be under vacuum.

There are several ways of controlling this
open-air flow path, which seem obvious until
one investigates further. All need careful con-
sideration and risk assessment. For example,
if a barrier device such as a filter is fitted in
the line, how do you safely manage the decon-
tamination of the pipework downstream of
that device following depressurization? When
that device needs maintaining or replacing,
how do you manage the flow path that is
now open again? Probably the most obvious
solution is to decontaminate the cleanroom
prior to carrying out any maintenance work.
This works for planned preventative mainte-
nance, but not in a breakdown scenario. Re-
covery from a loss-of-containment event is an
important consideration that is often over-
looked and must be included in the facility
design i.e., non-routine operations.

Careful consideration has to be given to
the provision of looped services to contain-
ment cleanrooms, with a full understanding
of the potential risks and characteristics of
the organisms being handled. Unlike the ex-
ample of a dry compressed gas service above,
where isolation of different plant areas with
valves and/or filters can be achieved, looped

utilities such as purified water or water for
injection (WFI) often flow through all areas
of a manufacturing facility and return to a
central tank without any interruption. For
a recent vaccine facility project requiring a
Grade C cleanroom with a CL3 contain-
ment classification, the WFI user point was
located outside the containment area in a
separate cleanroom and WFI dispensed into
single-use bags which were then transported
into the containment area. For particularly
high-risk applications, where the demand
is higher, utilities distribution dedicated
to the containment suite may have to be
considered.

TRANSLATION INSIGHT

Biocontainment (biosecurity and biosafety)
measures are a key aspect of vaccine manu-
facturing facility design and operation but are
often in conflict with standard GMP design
principles for the manufacture of biologics.
Maintaining biocontainment is ultimate-
ly the responsibility of the vaccine product
developer, and loss of containment can have
very serious consequences. Like product qual-
ity and safety in general, this aspect cannot be
compromised on.

In addition, most countries have a list of
organisms that they consider represent a risk
for bioterrorism. If any of them will be pres-
ent in the facility, then the relevant govern-
ment agency will need to be consulted and
additional security measures are likely to be
needed to prevent theft or unintentional re-
lease. Comprehensive guidance for handling
of classified organisms at production scales
is still to be developed. However, there is a
wide range of guidance for handling classi-
fied organisms at laboratory scales that can be
leveraged.

Non-routine operations need to be consid-
ered, as well as operations that may take place
in the future. e.g., the introduction of a new
manufacturing process into a CMO facility.

Key questions to ask the product and pro-
cess development teams, facility designers,
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and/or CMO operations team if you are
planning to manufacture a vaccine should
include:

» Do the manufacturing processes (all steps
including testing and known/likely future
activities) involve any classified organisms,
i.e., that are biologically hazardous, and/or
genetically modified, and/or considered a
bioterrorism risk?

» Does the facility location present any
abnormal risks for loss of containment, e.g.,
in an earthquake zone?

» Do the team know which regulations and
guidelines (that apply locally, nationally
and internationally) need to be complied
with?

» Have structured safety risk assessments
[19, 20] [adapted from industry
guidances on layers of protection
analysis (LOPA), bow-tie, failure modes
and effects analysis (FMEA), structured
what if technique (SWIFT), hazard and
operability analysis (HAZOP) etc.] been
performed, documented and reviewed for
biocontainment, including biosafety and
biosecurity, using subject matter experts?

» Do the layout, HVAC design, cleanroom
construction system, utilities design, etc.
enable the biocontainment needed for
(a) routine operations, (b) non-routine
operations (e.g., contaminated cell culture
disposal, maintenance shutdowns), (c)
abnormal situation (e.g., equipment
breakdown, integrity failure)?

Vaccine Insights - ISSN: 2752-5422
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» For new facilities: Does the cleanroom
fabrication team, including sub-
contractors, understand the criticality
of their work for the manufacture of
vaccines/handling of classified organisms?
Can they provide mock-ups/samples for
testing and inspection?

Finally, a common question that is often
asked is if existing facilities can be used for
higher containment operations; generally, the
answer is no. Vice versa, a high containment
facility can be used for less hazardous organ-
ism handling, but this is not cost-effective and
adds unnecessary operational constraints. As
such, facility design needs to be ‘fit for pur-
pose intended’ to address the critical biosafety
and biosecurity aspects.
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When highly pathogenic avian influenza
emerged in Hong Kong in 1997, killing 6 of
18 people with confirmed infections [1], US
public health and national security experts re-
alized the vulnerability of the US and global
populations to pandemic influenza. At the
time, there was a single US manufacturer of
influenza vaccines, Sanofi Pasteur, which re-
lied on seasonal supplies of embryonated eggs
to grow the influenza viruses used to make
their split virus vaccine.

In response to the 1997 outbreak, the US
Homeland Security Council released two doc-
uments that laid out plans to improve public
health preparedness for pandemic influenza:
a national strategy in 2005 [2] and a nation-
al strategy implementation plan in 2006
A key aspect of the preparedness pillar of the
national strategy was: “Establish domestic pro-
duction capacity and stockpiles of countermea-
sures to ensure.. . sufficient vaccine to vaccinate
the entire US population within 6 months of
the emergence of a virus with pandemic poten-
tial” [2]. Starting in fiscal year 2004, Congress
began supplying funds to address this aspect
of the national strategy, with funding through
the US Department of Health and Human
Services (HHS) and the Department of De-
fense (DoD). This effort, a several billion-dol-
lar investment, resulted in part in the creation
of the Biomedical Advanced Research and De-
velopment Authority (BARDA) in 2006 [4] to
be the point organization for leading the de-
velopment of the domestic influenza vaccine
manufacturing infrastructure.

Initial efforts to build up domestic vaccine
manufacturing started in 2004. HHS funded
contracts to bolster supplies of embryonat-
ed eggs so they were available year-round
and to develop a cell-based influenza vaccine
with a provision to build a domestic facility
. BARDA followed
these contracts with additional cell-based

for vaccine production
influenza vaccine R adjuvant , recom-
binant influenza vaccine [8], and influenza
vaccine production facility contracts. In
parallel, the DoD funded the development

of alternate platforms for influenza vaccine
production

These efforts have resulted in the licensure
of new cell-based, recombinant, and adju-
vanted or dose-sparing influenza vaccines
Other improvements include an enlarged do-
mestic capacity to produce adjuvants and in-
fluenza vaccines using egg-based, cell-based,
and recombinant vaccine platforms . The
US now has the domestic capacity to produce
enough influenza vaccine to provide pandem-
ic influenza protection within six months.
But even with improved manufacturing in-
frastructure and more types of vaccines, is
the job of preparing for pandemic influenza
finished? Do we have better vaccines? I would
argue there is still work to be done to achieve
pandemic preparedness with better vaccines.

The majority of influenza vaccines use egg
adaptation for egg-based vaccine manufactur-
ing which has been shown to alter how closely
a vaccine matches circulating influenza viruses

. Recombinant and cell-based vaccines,
which do not require egg-adaptation mutations
for efficient manufacturing, are more effective
than egg-based vaccines because they
avoid egg adaptation and more closely repre-
sent viruses circulating in the population. This
has led to the committees that select strains for
influenza vaccine production recommending
two different strain formularies depending on
whether a vaccine is to be egg-based or non-
egg-based (cell-based, recombinant).

While the use of non-egg-based vaccines
is growing, the field effectiveness data in the
years since their licensure suggest that we are
still being served by mediocre vaccines. The
CDC influenza vaccine effectiveness data

from 2004 to today shows the overall
average effectiveness at 41%. Between 2004
and 2012, before any new vaccines were li-
censed, the average effectiveness over this pe-
riod was 41%. Between 2016 and 2023, after
the last of the new vaccines were licensed,
average effectiveness only increased to 42%.

Why is vaccine effectiveness not improv-
ing? The tremendous improvements to our
influenza vaccine manufacturing capacity and
expanded vaccine manufacturing platforms
have not expanded into the design and man-
ufacture of better vaccines. We are still largely
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In recent years, multiple viruses have caused
outbreaks that threatened a worldwide pan-
demic, with one virus in particular, SARS-
CoV-2, causing the worst human pandemic
in 100 years. The first coronavirus outbreak
of the 21st century, caused by SARS-CoV-1,
appeared in November 2002 and after
spreading to 29 countries, came to a halt in
mid-2003 [1]. In 2009, the HIN1 pandemic
presented a public health emergency of un-
certain scope and effect, with reporting of
laboratory-confirmed cases and loss of lives
in all countries [2]. The second coronavirus
outbreak, caused by MERS-CoV, appeared
in 2012 and caused deaths in 27 countries,
despite its primary localization within the
. The third and most
deadly coronavirus outbreak, caused by
SARS-CoV-2, appeared in 2019 and rapidly

spread to cause an unprecedented global pan-

Arabian Peninsula

demic that has already killed over 15 million
people worldwide and continues to impact
human lives through emerging viral variants

despite the tremendous contribution of
vaccines in greatly reducing the risk of se-
vere illness and death . In addition, there
have been other threatening viral outbreaks
. These 20 years

of numerous outbreaks and pandemics have

in the last two decades

reiterated the need for rapid manufacturing
and deployment of prophylactic vaccines and
therapeutics to avert the spread of global in-
fection and death.

The speed of COVID-19 vaccine de-
velopment, particularly of the two mRNA
vaccines produced by Moderna and Phizer/
BioNTech, was unprecedented. Within a
year of the pandemic starting, two entirely
new vaccines based on the mRNA technol-
ogy were authorized for emergency use that
allowed for billions of doses of vaccines to be
administered globally, saving millions of lives

. mRNA holds great promise as a rap-
id-response manufacturing platform tech-
nology to support the production of billions
of doses in a small manufacturing footprint
and low capital cost facility ; however,
that promise had to be rapidly translated
to reality during a global health crisis. This

was made possible by public—private part-
nerships to facilitate and accelerate the de-
velopment, manufacturing, and distribution
of COVID-19 vaccines, therapeutics, and
diagnostics. In addition, transformative clin-
ical trials, strong regulatory agency and man-
ufacturer interactions, and swift and adaptive
regulatory strategy in emergency use autho-
rization (EUA) of the two mRNA vaccines

, followed by their full approvals, were
pivotal.

Considering the lessons learned from the
COVID-19 pandemic and the need to avoid
future global outbreak catastrophes, a pan-
demic prevention plan has been launched
to lay the groundwork to develop, test, and
approve preventative vaccines against new
pandemic pathogens in 100 days Ceis
clear that compressing vaccine development
timelines further will require substantial shifts
in the current development process, support-
ed by scientific advancements and regulatory
agency support.

I believe the paradigm shifts required to
substantially condense timelines could come
from the field of neoantigen-based person-
alized cancer vaccines. Neoantigens refer to
patient-specific unique short peptide epi-
topes that are found in tumor cells (and
not in healthy tissues) that can be identified
using bioinformatics methods . Once
the bioinformatic methods for identifying
neo-epitopes in cancer genomes are well-val-
idated and accepted by regulatory agencies,
the rate-limiting step will be the speed with
which these identified neoantigens are man-
ufactured and administered to patients.
mRNA can suitably support the speed and
manufacture of the vaccine in days; however,
it will require the demonstration of rigorous
process control because, in this case, ‘pro-
cess is the ‘product’. Application of Quality
by Design (QbD) principles

mRNA platform manufacturers to install

will allow

critical process parameters to identify the
critical quality attributes and overall control
strategy in a target-agnostic manner. This
will give regulators the understanding and
confidence in vaccine manufacturers risk
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