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Towards deterministic bioprocesses

This article is part of our ‘Rising Stars’ series, giving a platform to the emerging leaders of the
sector. In this series, we share the perspectives of fledgling thought-leaders, chosen by our
Editorial Advisory Board members as future stars in their field.

Sam Reffsin was nominated by Editorial Advisory Board member Christopher Ton, Principal
Scientist, Vaccines & Advanced Biotechnologies Process Development, Merck & Co.

While robustness in a bioprocess is defined by the consistent achievement of product qual-
ity despite internal and external variabilities, the reality of biological plasticity often leads to
heterogeneous cellular phenotypes within isogenic populations. This insight article explores
the implications of biological nondeterminism for bioprocess development, emphasizing the
importance of systems biology approaches and advanced molecular engineering to optimize
robustness and yield. Techniques such as single-cell genomics, DNA barcoding, and in silico
modeling, which provide insights into cellular heterogeneity and enable the mapping of cell
states across dynamic bioprocess phases, are discussed. Additionally, the need for proactive
engagement with regulatory agencies, particularly in the context of bridging clinical trials
when modifications to the way approved products are manufactured occurs, is highlighted.
By reevaluating legacy processes and implementing a pre-investment strategy in systems
biology, the field can enhance product manufacturability and ensure compliance with evolv-
ing regulatory standards. The goal of deterministic bioprocessing in vaccine production
addresses the inherent biological nondeterminism observed in cellular systems, ultimately
supporting the development of safe and effective vaccines.
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BIOLOGICAL NONDETERMINISM attribute, as it ensures that the same prod-

uct quality is achieved with defined inputs.
Robustness refers to a system’s ability However, defining and controlling bio-
to maintain its functions despite exter- process robustness is challenging, as the
nal and internal disturbances. In biopro- term ‘robustness’ itself can be complex.
cess development, robustness is a crucial Biological systems are notably robust,
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yet they are also nondeterministic

In computer science, nondeterminism
denotes the uncertainty of an outcome due
to multiple possible results, even when the
same inputs are applied . In essence,
biology is inherently plastic. This plas-
ticity contributes to biological robustness,
enabling biological systems to evolve and
adapt efficiently to both micro and mac-
roenvironmental changes, thereby gaining
a selective advantage.

What does biological nondetermin-
ism mean in the context of vaccine man-
ufacturing? For a specific input, such as
a stable cell line expressing an antigen,
it implies that individual cells within an
isogenic population can exhibit divergent
phenotypes . These cells share the
same genotype, yet their phenotypes can
differ for various reasons. Subtle varia-
tions in a cell’s microenvironment may
activate specific signaling pathways in
one cell but not in another. In Crabtree
positive Saccharomyces cerevisiae micro-
bial fermentation , for example, one
cell may find itself in a local minimum of
glucose availability, prompting it to uti-
lize alternative sugar sources. In contrast,
another cell might be in a local maximum
of glucose availability, allowing it to fer-
ment the glucose efficiently. The variabil-
ity in nutrient mixing and the challenges
associated with controlling these factors
present an intriguing scale-dependent
challenge, although this topic will not be
addressed further here

There are also molecular drivers of
heterogeneity in cell phenotype. A cell’s
past can influence its future; that is, its
experiences can be encoded as epigenetic
memory . This memory can man-
ifest through various modifications to a
cells ability to express certain genes or
loci (without a change in genotype), such
as methylation or histone modifications.
Epigenetic memory can take on multiple
forms. During development, cells undergo
differentiation and experience epigenetic

changes that establish gene expression
patterns defining their cell type

In both therapeutic protein and vaccine
bioprocessing, cells of a specific type—or
even those derived from a single clone—
are often utilized, which may render devel-
opmental memory less relevant compared
to other fields, such as cell therapy
Additionally, cells can acquire environ-
mental memory. Stressors such as nutrient
limitation, toxins, or other stressors can
induce widespread epigenetic changes that
may be inherited by future generations,
priming them to respond more effectively
to repeated exposure to the same stress.
This phenomenon of transgenerational
epigenetic inheritance is a critical consid-
eration in the context of bioprocessing. In
addition to stress related selective pressure
that can drive genetic mutations, a cell’s
past experiences can lead to stable epigen-
etic changes being passed on to its descen-
dants . This underscores the
importance of developing a comprehensive
understanding of the entire bioprocess and
associated stressors, from cell banking to
harvest.

Practically speaking, what does bio-
logical nondeterminism mean for biopro-
cessing? There are two key considerations:
robustness and optimization. In the context
of robustness, this concept suggests that to
effectively control robustness at the level of
individual cells within a process, advanced
control strategies that extend beyond tra-
ditional process engineering may be nec-
essary, such as molecular engineering. If
not all cells are behaving identically in a
bioprocess, there may be an opportunity
to understand the circuits that drive some
cells to perform as intended, as well as the
circuits that lead others to engage in unde-
sirable behaviors. The critical questions
then become: how can we encourage all
cells to act as one within bioprocess? Can
we identify biological levers, in addition to
process levers, to control the system in a
more deterministic manner?
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THE APPLICATION OF THE
SYSTEMS BIOLOGY TOOLBOX TO
BIOTHERAPEUTICS AND VACCINE
BIOPROCESS DEVELOPMENT

The field of single-cell biology has evolved
from a philosophical digression to a major
focus area in quantitative biology and bio-
medical research. In the last decade, there
has been an explosion of new technologies
that enable us to apply modern molec-
ular biology techniques to single cells.
Additionally, recent years have seen a revo-
lution in big data analytics, predictive mod-
eling, and the ability to construct biological
models in silico.

MEASURING CELL TO CELL
VARIABILITY IN BIOPROCESS

Regardless of whether one is aiming to pro-
duce a live virus, peptide, or protein vaccine,
most bioprocess development begins with
the selection of a cell line as a host. From
this point, a single clone is typically chosen
based on a set of desirable attributes such
as growth rate, productivity, and metabolite
profile. This single clone is then expanded
and banked for future use. While all cells
derived from a single clone are presumed to
share the same genotype, they do not nec-
essarily exhibit the same phenotype .In
the context of bioprocess, this phenotypic
variability may result in differences in pro-
duction expression across individual cells
and perhaps even drift in process behavior
over multiple batches and time. Single-cell
genomics, particularly transcriptomics, pro-
vides a powerful tool for mapping heteroge-
neity in cell states that are inferred to relate
to specific phenotypes and process attri-
butes . The ability to profile single
cells within a process not only allows for
the identification of heterogeneity within a
system but also facilitates the connection of
that heterogeneity to critical process attri-
butes, such as product expression. By linking
cell states (marked and color-coded by the

numbers 1-6 in ) to productivity
, there is potential to steer cells

into favorable gene expression programs,

ultimately enhancing yield and robustness.

MAPPING CELLULAR
STATE TO FATE

There are many variants of single-cell
genomics techniques that can be utilized to
optimize bioprocesses. Given that a biopro-
cess is dynamic and often involves multiple
stages and manipulations such as changes
in nutrient availability, pH, temperature,
gas transfer, and redox potential, the abil-
ity to connect a cell’s state across different
phases of the process is crucial for reveal-
ing potential sensitivities . Several
research groups have developed DNA

Variability in product expression across single cells

as detected by singe cell RNA sequencing.

High product

Low product
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(A) Single cell RNA sequencing was used to identify
heterogeneity in gene expression states within a bioprocess.
The data reflects a single time point. Each dot reflects a cell
that has been grouped according to its transcriptome. Cells
that are colored the same are assigned to the same cell state.
(B) Normalized product expression. Overlaid transcript

expression of the bioprocess product. Each cell is colored by its
expression level, with darker blue referring to higher expression.

The cell state annotations from (A) are carried through.
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barcoding strategies to link a cell’s state at a
specific point in time to its propensity to fol-
low a particular fate trajectory

These methods typically involve the
introduction of arandom sequence of nucleic
acids, usually DNA, into the genome of the
cell. As the barcode is integrated, it is herita-
ble through multiple cell divisions, enabling
the tracking of cell lineages across genera-
tions. Alternatively, CRISPR technology can
be employed to ‘nick’ or cut DNA at predeter-
mined silent loci, resulting in the accumu-
lation of mutations that serve as molecular
fingerprints for individual lineages
In both cases, the barcode information can
be recovered simultaneously with single-cell
genomics measurements, facilitating the
connection between lineage and cell state.

In bioprocessing, establishing a link
between a cell’s state early in the process
and its future productivity is essential for
ensuring end-to-end process robustness.
Such DNA barcoding strategies are partic-
ularly applicable to live virus vaccine bio-
processes. Viruses manipulate their hosts
to such an extent that they can become
nearly unrecognizable. Thus, connecting
a cell’s fate (e.g., whether it is infected and
how much virus is being produced) to its
endogenous state prior to infection poses
significant challenges if one relies solely on
profiling cells post facto. Lineage tracing can
help identify cell states that subsequently
yield high amounts of viral particles
With this information, it may be possible to
enrich for those specific states to improve
yields, potentially through manipulating
signaling pathways via small molecule addi-
tions or through genetic engineering.

IN SILICO BIOPROCESS
DEVELOPMENT

The cornerstone of systems biology is the
generation of vast amounts of data. While
many tools are available to interpret this
data in the context of understanding biolog-
ical circuits that are critical for bioprocess

design , the goal is to enhance the
efficiency of, and in some cases replace,
resource-intensive experiments.

For instance, predicting how a single
clone of a cell line will perform over the long
term within a process can be challenging.
Initial clone screening is typically conducted
in a high-throughput model that does not
accurately represent final manufacturing
scales . The focus during this stage
is usually on titer rather than scalability:.

Using single-cell genomics, it becomes
possible to create molecular fingerprints
that not only represent high-yield pheno-
types but also identify characteristics of
a robust process. By leveraging historical
process data from large-scale operations, it
is possible to screen novel clones to ensure
that they fit holistically into an existing
biomanufacturing platform based solely
on in silico models development with tran-
scriptomic data. This approach not only
mitigates risks associated with clone selec-
tion but also saves valuable development
time and resources—with the potential to
screen thousands of clones in the time it
may otherwise take to screen dozens.

BUILDING A ROBUST
BIOPROCESS HOST

In the previous discussion, various meth-
ods to identify the molecular drivers of pro-
cess yield and robustness were explored.
What can be done with this information?
In one scenario, cell state can be manipu-
lated through process controls. For example,
if a specific metabolic state is found to be
directly linked to increased yield, advanced
substrate feeding strategies, media supple-
mentation with small molecule signaling
modulators, and gas transfer control can be
employed to push cells into defined meta-
bolic states.

Recent advancements in targeted func-
tional genomics represent another pathway
to building a robust host. It is now possible
to tune biological circuits by activating

Vaccine Insights 2025; 4(4), 101-108 - DOI: 10.18609/vac.2025.020



or repressing transcriptional regulators,
knocking out entire coding regions of genes
of interest, and introducing targeted point
mutations to modify an organism’s genetic
code . These tools serve as stand-
alone screening techniques for rationally
designing bioprocess cell lines, in addition
to validating other systems biology data.

TRANSLATION INSIGHT

The systems biology toolbox is most effec-
tive when applied early in the development
pipeline, in particular before a process
has been defined in full. This approach
allows ample time to identify cell states
that can be manipulated and to deter-
mine the most effective methods for doing
so, whether through process controls or
molecular engineering. However, this strat-
egy carries associated risks, as it involves
pre-investing in potentially costly sys-
tems biology efforts to optimize bioprocess
performance before a molecule’s efficacy
in the clinical can be properly evaluated.
Nonetheless, pre-investment in systems
level approaches to bioprocess development
can yield long-term benefits—not only by
ensuring the sustained manufacturability
of new products in the future but also by
fostering cross-modality knowledge that
can influence a wide range of programs.

Technology evolves rapidly. The molecular
tools described in this work have largely
been commercialized and scaled within the
past decade, to the point where they are
considered democratized and easily acces-
sible to most institutions . However,
the timeline for bioprocess development
and the lifespan of commercial products
often extends well beyond 10 years

Therefore, it is prudent to continuously
re-evaluate legacy manufacturing pro-
cesses. If opportunities for improvement
exist—whether from a cost-of-goods per-
spective or a robustness perspective—there
must be a willingness to revisit and reassess
even established commercial processes.

There are ethical and regulatory consider-
ations with the use of systems level tech-
niques to inform bioprocess development.
Constructing de novo cell lines requires the
use of genetic tools to manipulate cellular
architecture, which can introduce com-
plexities in regulatory submissions. As the
industry moves towards more sophisti-
cated bioprocessing techniques, including
the use of synthetic biology and advanced
gene-editing tools, it is crucial to maintain
a dialogue with regulatory agencies early
in the development process, ensuring com-
pliance with regulatory frameworks while
maintaining product integrity.

Furthermore, when changes are made to
an approved product, whether in the man-
ufacturing process or the cell line used, in
order to ensure a stable and safe supply of
product, conducting bridge trials becomes
essential. These trials serve to establish
the equivalence of the modified process to
the original process that was previously
validated during clinical trials. Engaging
with regulatory agencies early in plan-
ning these bridge trials can ensure that the
study designs meet expectations and that
the data generated will support ongoing
compliance with regulatory requirements,
ultimately facilitating a smoother pathway
for product continuity.

CONCLUDING REMARKS

Applying systems level techniques to bio-
process development underscores the
intricate relationship between cellular het-
erogeneity and robustness in large molecule
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pharmaceutical manufacturing. This under-
standing can not only enhance the optimi-
zation of bioprocesses but also facilitate the
identification of molecular drivers that can
be manipulated to improve yield and product
quality. Furthermore, the proactive engage-
ment with regulatory agencies is essential
to navigate the complexities introduced by
the use of cutting-edge biotechnologies. As

REFERENCES

the field continues to evolve, a commitment
to reevaluating legacy processes will be vital
in ensuring the continued manufacturability
and compliance of safe and effective vac-
cines. Ultimately, the integration of these
methodologies can transform the landscape
of bioprocess development, paving the way
for more deterministic outcomes in inher-
ently nondeterministic biological systems.
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VACCINE MANUFACTURING: UPSTREAM
PROCESSING AND RAW MATERIALS

Resilient and flexible

biopharmaceutical supply networks:
strengthening the vaccine supply
chain through a manufacturing
supply chain data exchange

John Dyck and Kelvin H Lee

“...the vast majority of manufacturers of all types still rely on
emails, faxes, and phone calls to exchange critical data from
their suppliers, often resulting in delays and inefficiencies.”

The COVID-19 pandemic exposed important flaws in the inbound supply chain for vaccines.
NIIMBL and CESMII are working with key stakeholders to develop a means for vaccine man-

ufacturers and suppliers to share information securely for improved supply chain tracking,
resilience, and optimization.
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If anyone still doubted the central impor-
tance of the inbound supply chain for vac-
cine manufacture (and most other areas of
our domestic and commercial life), the past
few years should have dispelled them. The
pandemic, geopolitical unrest, and military
action across the world have fundamen-
tally disrupted our globally interconnected
supply chains, cutting off cities and global
supply hubs, while pressurizing raw mate-
rial supplies. These global events have
exposed and continue to put pressure on
the traditional inbound supply chain model,
which is rooted in ‘just in time’ lean manu-
facturing practices.

It is a shocking and little-known fact
that the vast majority of manufacturers
of all types still rely on emails, faxes, and
phone calls to exchange critical data from
their suppliers, often resulting in delays
and inefficiencies. This makes anticipat-
ing and reacting to day-to-day disruptions
a non-trivial challenge, but in the face of
COVID-19, proved to be an untenable short-
coming. The barriers to digitizing and auto-
mating this end-to-end view of suppliers’
manufacturing operations are significant,
but so are the benefits. Biopharmaceutical
companies understand that while mini-
mal idle capacity and just-in-time inven-
tory models offer certain business benefits,
they also present high risk of delays and
stockouts when disruptions occur. In the
‘new normal’, supply chain resilience has
become a business imperative and com-
petitive edge, requiring more sophisticated
approaches to risk management and con-
tingency planning. Disruption, be it small
or extreme, is no longer a question of ‘if’ but
‘when’.

Potential delays or failure points in a
vaccine supply chain are too numerous to
list here, but include categories such as:

Unavailability of critical raw
materials that meet the unique
quality specifications required

by the customer or manufacturer

(e.g., excipients, adjuvants, media and
buffer components, enzymes, lipids,
chromatography resins, reagents used
in required analytical testing or release
methods);

Stockouts or quality failures involving
single-use systems or vaccine product
components (e.g., filters, plastic bags,
single-use bioreactors, glass vials,
syringes, cartridges, needles, diluents,
etc.);

Delays due to failure in meeting
analytical specifications for incoming
raw materials, in-process materials,
vaccine substance or intermediates, or
final vaccine product;

Operational disruptions at
manufacturing plant or vaccine
substance/intermediate/product
storage sites (e.g., power failures,
natural disasters, pan/epidemics, or
political unrest);

Lack of regional manufacturing capacity
due to unexpected demand surges or
loss of access to in-house or contract
production facilities;

Failures in transportation, importation,
cold-chain shipping, or distribution;

Absence of alternative or contingency
suppliers or validated manufacturing
sites within the approved license;

Regulatory misalignment across
countries resulting in fragmented supply
chains during initial license applications
or post-approval manufacturing changes.

The need for international, digitally
connected, cyber-secure, and collabora-
tive real-time decision-support systems
isn’t novel. A major obstacle is the lack of
standardized data definitions and a trusted
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collaborative infrastructure that enables
manufacturers and suppliers to share infor-
mation securely. It’s also vital to remove
the high setup costs for small and medi-
um-sized manufacturers, which requires
open, standards-based technology.

Two manufacturing USA institutes,
NIIMBL and CESMII, are working with
support from the Gates Foundation to con-
vene key stakeholder groups. They also
collaborate with CEPI and other innova-
tors that, in concert with standards bodies
and policy makers, represent the innova-
tion ecosystem and critical mass needed
to address these challenges. These groups
approach solutions in a way that scales up
both within the USA and globally, and in a
manner that is accessible and sustainable
for small and mid-sized manufacturers.

Participants in a recent workshop iden-
tified and prioritized the following as the
most strategic and high-value use cases
that an end-to-end manufacturing sup-
ply chain data exchange (MSCDE) should
address. Ideally, this effort would be under-
taken as an open initiative with a strong
focus on industry-led standardization.
The three primary use cases are centered
around supply chain tracking, resilience,
and optimization.

1. Raw materials attribute analysis and
product genealogy tracking. As global
supply chains grow in complexity,
manufacturers must know precisely
where, when, and how each component
of their products is made. Standardizing
this process would enhance the
consistency, speed, and reliability of raw
material analysis, and allow traceability

VIEWPOINT

throughout the supply chain from
suppliers to final distribution. This
capability is critical to address quality
issues when they arise.

2. Collaborative demand sensing and
supply chain resilience. Anticipating
and forecasting supply chain gaps will
give US manufacturers a competitive
advantage. Establishing a common
framework for real-time analytics can
improve global demand forecasting and
enable more agile scaling of production
and distribution. Additionally, improved
risk mitigation, including anticipating
supply substitutions, helps ensure
continued product quality and
availability.

3.Flow and schedule/planning
optimization. Optimizing business
processes improves productivity and
enhances supply chain flow from raw
materials to final delivery to the patient.
This results in a more efficient and
reliable manufacturing and distribution
process and ultimately improves the
livelihood of vaccine end customers.

In contrast to the current technology
landscape, workshop participants empha-
sized that the MSCDE must be developed as
a national resource. It should be intention-
ally designed to support and democratize
access and usability across all levels of sup-
ply chain participants, from small and mid-
sized businesses to large global enterprises.
We look forward to receiving feedback from,
and continuing to work with, the commu-
nity on advancing these ideas.
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VACCINE MANUFACTURING: UPSTREAM
PROCESSING AND RAW MATERIALS

EXPERT INSIGHT

Overcoming CMC, manufacturing,
and supply chain challenges in
vaccine production: a review

of efforts in the Global South,
with a focus on Africa

Vishal Mukund Sonje and Valerie Chambard

This article investigates the challenges and potential solutions associated with establishing
robust and resilient vaccine manufacturing and supply chains in low- and middle-income
countries (LMICs). While these regions face significant constraints in manufacturing capa-
bilities and supply chain logistics, they also present unique potential for scaling up global
vaccine manufacturing capacity and, therefore, achieving global health security, equitable
access and rapid response in outbreak situations. The article explores the technical, infra-
structural, and financial barriers that hinder vaccine manufacturing in LMICs, including
limited technical know-how, lack of skilled workforce, and insufficient funding. It also exam-
ines supply chain pain points for input materials and distribution of finished goods in these
regions. The review highlights successful case studies and innovative approaches being
employed, particularly by the Coalition for Epidemic Preparedness Innovations (CEPI) and
partners, to overcome these challenges. By addressing the critical need for capacity building
and international collaboration, the article aims to provide a comprehensive understanding
of the current landscape and prospects of vaccine manufacturing in the Global South.

Vaccine Insights 2025; 4(4), 89-100 - DOI: 10.18609/vac.2025.019

Delayed access to COVID-19 vaccines con- underscored the unequal distribution of
tributed to the disproportionate impact vaccine development and manufacturing
of the disease on certain low- and mid- companies worldwide. Most manufactur-
dle-income countries (LMICs) during the ers are situated in North America, Europe,
pandemic, particularly affecting African India, and China. While there are biolog-
countries. The COVID-19 pandemic has ics manufacturers in Latin America, their

gs, BIOINSIGHTS www.insights.bio 89



INSIGHTS

capacity is limited and does not cover all
areas . For the African region, during
the pandemic, countries predominantly
relied on COVAX and other countries for
its supply of vaccines and various medical
countermeasures

The existing financial mechanism
to address the vaccine demand for pub-
lic immunization is primarily supported
through Gavi, WHO, and UNICEF, specif-
ically, in Latin America (five countries),
Southeast Asia (22 countries), African con-
tinent (39 countries). Over the next 5 years
many countries are expected to transition
out of Gavi support, for example, from
Africa around seven countries (represent-
ing 31% of African population) will move
to self-financing. The shift in procurement
of vaccines to self-financing or other mech-
anisms offers opportunities as well as some
challenges in creating a globally distrib-
uted manufacturing base

To enable equitable access in future, one
of the prevalent approaches considered is
to create globally distributed vaccine man-
ufacturing capacity, supported by vaccine
manufacturing platforms that can easily
adapt in pandemic situations. During peri-
ods when there are no large-scale outbreaks,
these platforms can be kept warm and
sustainable by manufacturing vaccines
in routine immunization [6]. To support
resilient local manufacturing capabilities,
the African Union and the Africa Center
for Disease Control and Prevention (Africa
CDC) has set an ambitious target to pro-
duce 60% of local vaccine demand by 2040
with an expected total demand estimated
at 1.2 billion doses per year. Currently, less
than 1% of vaccines required in Africa are
manufactured locally

African Vaccine Manufacturing
Accelerator (AVMA) [8], developed in part-
nership with the African Union, aims to
accelerate the expansion of commercially
viable vaccine manufacturing in Africa.
AVMA is an initiative designed to support
the growth of vaccine manufacturing in

Africa by providing financial incentive to eli-
gible manufacturers, as summarized below:

US$0.50 per dose for vaccines where

the drug substance (DS) is processed in
Africa on an AVMA priority technology
platform or for AVMA priority vaccines

US$0.40 per dose: For other qualifying
vaccines where the DS is manufactured
in Africa

US$ 0.30 per dose: For vaccines where
only fill and finish occurs in Africa,
capped at US$1 per vial

The priority vaccines are oral cholera
vaccine, malaria, measles-rubella, hexava-
lent (whole-cell pertussis [DTwP] contain-
ing), yellow fever, Ebola with improved
thermostability as from -20 °C, rotavirus
single-dose  blow-fill-seal presentation,
pneumococcal (viral vector or mRNA tech-
nology platforms as rapid response plat-
forms). The AVMA will play a catalyzing
role in the transition to localized manufac-
turing and provide a pathway to financial
sustainability for eligible manufacturers

Secondly, innovative financing mecha-
nisms now put in place will help to accom-
modate surges in vaccine demand due to
outbreaks. Tech transfer for the eight anti-
genslisted above has already been arranged
including traditional technologies like live
attenuated virus, crucial for high-demand
vaccines, and in addition, support is being
provided to establish novel platform such
as mRNA for new vaccine development,
expected to scale as science and invest-
ment progress

CHALLENGES IN SETTING UP
MANUFACTURING IN THE
GLOBAL SOUTH

The limited manufacturing capacity has
been identified as a key driver of inequita-
ble access to vaccines in the Global South.
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Other interconnected challenges are
emphasized below.

In addition to manufacturing capacity, it is
essential that the vaccine manufacturers
have access to manufacturing technology.
Technology transfers are resource- and
time-intensive and often not feasible to
achieve results in a short time, especially
during pandemic situations. It is a complex
issue influenced by economic, political, and
commercial factors. Representatives and
health policy makers from Global South
countries have voiced their concern and
highlighted the importance of access to the
right technologies

To enable success in creating vaccine man-
ufacturing capabilities among new man-
ufacturers in the Global South, it is critical
to develop the supply chain ecosystem. The
latter plays a pivotal role, as manufactur-
ers need hundreds of different critical input
materials and consumables. Most of these
materials are supplied by manufacturers
in high-income nations. A lack of pooled
and consistent demand, wide geographical
spread of recent greenfield vaccine manu-
facturing sites, lead time disruptions and
currency fluctuations make it challenging
for input materials manufacturers to local-
ize manufacturing or establish a defined dis-
tribution network in the Global South

CEPI'S RESPONSE TO EXPAND
VACCINE MANUFACTURING
CAPABILITIES AND ASSOCIATED
SUPPLY CHAIN IN THE

GLOBAL SOUTH

One of CEPI’s landmark initiatives is the
100 Days Mission’, which aims to develop

vaccines against emerging infectious dis-
eases within 100 days of identifying a
new threat . This ambitious goal relies
heavily on the manufacturing networks
established in the Global South, as rapid
production and distribution close to the
source of an outbreak are critical to the
success of the mission. By leveraging the
enhanced capabilities of vaccine manufac-
turers in LMICs, CEPI aims to ensure a swift
and effective response to future pandemics,
minimizing their impact on global health
and economies.

To ensure a rapid response to pandemics,
maintaining ‘warm’ manufacturing capac-
ity is crucial. Developing routine immu-
nization vaccines on novel platforms can
help achieve this. While fill-finish capacity
is generally product agnostic and adaptable
for various vaccines and biotherapeutics,
for DS, more effort is needed to bridge the
gap between current vaccine platforms and
rapid response platforms like mRNA. For
other novel platforms, namely viral vector
and protein subunit, efforts are ongoing to
shift some of the routine vaccines to novel
technologies, such as developing measles
and rubella vaccine using fixed bed reac-
tors. While most routine immunization
platforms differ from novel ones, balancing
between traditional versus conventional
technologies is necessary.

CEPI has been working on various fronts
to facilitate establishing a vaccine manu-
facturing network in the Global South. Key
levers and technical resources of this
strategy are:

Expand vaccine manufacturing network
capacity and capability building in LMIC
countries

Streamline the supply chain
management and ecosystem

Strengthen the local regulatory
agencies and enabling national control
laboratories
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Chemistry manufacturing and control
(CMC) templates and guidance

Tech transfer guidance

CMC framework—Phase appropriate
CMC milestones/guidance

Best practices for process validation
and comparability

In this review, initiatives coming under
purview of manufacturing and supply
chain are reviewed in detail.

CEPI is supporting the establishment
of a sustainable vaccine manufacturing
network in the Global South. A Call for
Proposals was launched in Q1/2022; fol-
lowing a defined eligibility criteria and due

Establish bioprocess facility
Manufacturing DS/DP and f/f
Recombinant viral vectors
Regional outbreaks

diligence process, several vaccine manu-
facturing organizations from the Global
South were selected. Case studies from a
few of these partnerships are discussed
further below. Details of the current CEPI
vaccine manufacturing network are shown
in .

By fostering partnerships and facilitat-
ing technology transfers, CEPI has enabled
five manufacturers to access manufac-
turing platforms capable of rapid response
in pandemic situations, such as mRNA
or viral vector. CEPI has also supported
upgrading the manufacturing capacity,
revamping the quality management sys-
tem and workforce training. Notably, CEPI’s
support has been instrumental in bolster-
ing existing capacity to ensure that these
regions can produce vaccines not only for
local consumption but also for global distri-
bution, thereby contributing to worldwide
health security.

CEPI vaccine manufacturing facility network (VMFN) map.

EID outbreak response
Viral family library CTM
Vaccine product manufacture

Establish cGMP capability
Expand DP manufacturing

Strengthen bioprocess facility

Platforms: mRNA and viral vaccines

Improve quality compliance

Lab and pilot scale: mRNA and viral vector

Expand f/f and Lyo capacity (new campus)

High-volume form/fill
Alum vaccine capability
Multi-platform production
Epi-/pandemic f/f response

© 2025, Biolnsights Publishing Ltd. All rights reserved.

Five agreements in three different regions supporting manufacturing capacity strengthening in the Global South have been signed.
© 2025, Biolnsights Publishing Ltd. All rights reserved.
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Broadly, CEPI is supporting VMFN part-
ners to:

v

Establish novel platforms capable of
rapid response such as mRNA and viral
vector

» Upgrade manufacturing capacity to
meet current Good Manufacturing
Practice (cGMP) standards

v

Revamp quality management system
and train the local talent on novel
platforms

Supply chain management

In 2024, CEPI signed a memorandum
of understanding with Africa CDC to
strengthen the supply chain and associ-
ated vaccine manufacturing ecosystem in
the African continent. In the area of supply
chain, CEPI collaborates with Africa CDC
via the Platform for Harmonized African
Health Products (PHAHM), as recently
highlighted in . Among several activ-
ities, the Framework for Action from

EXPERT INSIGHT

PHAHM aims to expand the local manu-
facturing capacity for Africa to become
self-reliant in addressing its vaccination
needs in an efficient way, as depicted in
detail . Therein, the sup-
ply chain related activities fall under the
Infrastructure Development program.

With support from local government
authorities, donors such as Africa CDC,
Gates foundation, CEPI, WHO, Team Europe
and IFC, as of today, tech transfer for eight
different antigens is in progress in South
Africa and Senegal [?]. The current map
of sites having signed technology trans-
fer agreement is shown below in s
with oral cholera vaccine and measles and
rubella being DS projects, while yellow
fever was an existing vaccine that is cur-
rently being upgraded at a new site, with
increased manufacturing capacity. The
year of product entry to the market indi-
cates the timeline for obtaining WHO pre-
qualification. In addition, there are around
25 vaccine manufacturing initiatives sup-
ported by private sector, local government
authorities etc. The current tech transfer
is mostly focused on building fill-finish

»FIGURE 2

Market design and demand
intelligence
African vaccines procurement
pooling mechanism

Access to finance
@ Vaccine manufacturing
deal preparation
facility and
fundraising for
ecosystem enablers

Regulatory strengthening

© Strengthening NRAs and
RCOREs to build vaccine
regulatory excellence

Framework For Action for building the African ecosystem required to scale vaccine
manufacturing as defined by African Union and Africa CDC [20].

i

Agenda-setting and
coordination

© Continental strategy
delivery and
oversight

© 2025, Biolnsights Publishing Ltd. All rights reserved.

Technology transfer and IP

@ Vaccine technology transfer
and IP enablement unit

R&D and talent

development

© Regional capability
and capacity centres

O Vaccine R&D centres
and R&D coordinating
unit

Infrastructure development

@ Advocacy for enabling trade
policies for vaccines

© 2025, Biolnsights Publishing Ltd. All rights reserved.

ISSN 2752-5422 - Published by Biolnsights Publishing Ltd, London, UK

93



VACCINE INSIGHTS

~FIGURE 3

African vaccine manufacturing map [9,21].

[0 Drug substance

Drug product

Antigen Country of Year of product African Demand Currently UNICEF
manufacture entry 2030 procured (%)
A 2
Hexa (wP) 46 M 100
PCV 126 M 90
MMCV 19M 100*
Rota 119 M 93
2025-2030"
32M 100
94 M 92

I I 47 M 99.9
I*I 204 M 95

All 8 products face limited market opportunities
outside the UNICEF procurement channel

T
II<I

*Timelines premised on timely review from involved regulatory authorities.
2Estimated percentage when product is launched.
Source: Africa CDC, CHAI, PATH analysis and landscaping activity, DEMAND and

UNICEF data taken from Linksbridge 2024 © 2025, Biolnsights Publishing Ltd. All rights reserved.

Eight antigens are expected to achieve WHO PQ and enter the continental market between 2025 and 2030.
© 2025, Biolnsights Publishing Ltd. All rights reserved.
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capabilities for drug product manufactur-
ing, which is also evident from Figure 3.

The case studies from the ongoing CEPI
sponsored projects and tech transfer initia-
tives are captured below.

Novel manufacturing platforms:

mMRNA, viral vector and

recombinant protein subunit

CEPI is supporting the establishment of
novel manufacturing platforms at the
VMEN partner organizations. Building on
lessons learnt from COVID-19 pandemic,
manufacturing technologies and the cho-
sen platforms to implement can readily be
adapted for rapid respond in pandemic sit-
uations; these technologies are based on
mRNA, viral vector or recombinant protein
technology. Examples of these are listed
below:

» mRNA technology. The WHO/MPP
mRNA Technology Transfer Program is

Vaccine Insights 2025; 4(4), 89-100 - DOI: 10.18609/vac.2025.019

supported by the WHO and Medicines
Patent Pool (MPP). The program’s goal is
to help LMICs build mRNA development
and manufacturing capabilities; and to
provide support for access to IP-free

raw materials and reagents [21,22].
CEPI-funded mRNA projects are
complementary with the WHO/MPP
program to support capacity building
and utilization. Efforts are also underway
to establish comparability with some
other prominent technologies, such as
Quantoom’s mRNA production platforms.
MRNA platforms supported by WHO-
MPP benefit from pooling the resources
for tech transfer, process and analytical
development, supply chain management
and license-free access to critical
components and raw materials [22]

» Viral vector and protein subunit
platforms. Many LMIC vaccine
manufacturers, a few with CEPI support,




are establishing bioprocess labs capable
of novel vaccine candidate development,
or to receive platform technology. As
part of the 100 Days Mission, and
particularly the preparedness phase

of it, organizations are aiming to have
proof of concept immunogenicity
studies with exemplar vaccines, and
through that, organizations will

have standard operating procedures,
analytical capabilities and qualified host
cell line master cell banks, e.g., MRC5,
Vero, CHO, etc. Regional developers/
manufacturers will benefit from having
established, well characterized host cell
lines and process platforms that can be
quickly adapted for novel pathogens.
Having integrated bioprocess, scale up
and clinical manufacturing combined
with platform knowledge in terms of
critical process parameters and critical
quality attributes will support quickly
adapting to include new candidate
development

GMP or capability upgrade:
implementing restricted access barrier
systems and filling alum-based vaccines
Existing manufacturing facilities and leg-
acy building in many LMIC regions need
upgrading to meet the cGMP standards.
For example, the recent revision in EMA
Annex 1 mandates the upgrade of clean-
room areas operating under open clean-
room environment to restricted access
barrier systems or isolators . These
upgrades are crucial for maintaining the
highest levels of sterility and ensuring
compliance with updated regulatory stan-
dards. Implementing such measures sig-
nificantly reduces contamination risks,
enhances product safety, and aligns with
the stringent requirements of cGMP. CEPI
has supported around four VMFN partners
to upgrade legacy filling lines to a ¢cGMP
standard

In another instance, the project scope
was defined to implement a recirculation

loop on the filling line to enable the aseptic
filling operation of alum-based vaccines.
Adding this capability ensures increased
capacity utilization, maintains opera-
tional readiness, and prepares the system
to respond efficiently in an outbreak situ-
ation

Supporting: operations, quality
management system upgrade,
workforce training

Developing supply chain department in
new industry requires input from multi-
ple areas of expertise since such a func-
tion has interface with almost all other
departments, including planning, finances,
procurement, operations, quality, ware-
housing, and human resources. CEPI sup-
ports the development of supply chain
strategy by providing technical support,
and funding when necessary. CEPI assists
one of the VMFN partners by providing
consultant support to manage the procure-
ment of laboratory equipment and consum-
ables. Additionally, CEPI provides support
to validate supply chain operation modules
in enterprise resource planning, through
internal expertise.

Another area is upgrading quality
management systems from manual to
electronic. Secondly, upgrade in the docu-
mentation management and/or moving to
enterprise resource planning tools, for more
efficiency as well as compliance to cGMP
requirements.

Supply chain: Africa supply chain forum

Most input materials worldwide come
from suppliers in high-income countries. A
few global companies dominate the mar-
ket, creating mutual dependencies (e.g.,
vials and stoppers). This presents a high-
risk situation for supply and business
continuity, especially during pandemics
or outbreak situations when national pro-
tectionist measures, such as export bans,
may arise. Input materials currently man-
ufactured in Africa are limited to porcine
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gelatin (Gelita/South Africa). In terms of
primary packaging materials, Revital™
syringes (Kenya) are prequalified by the
WHO. Beyond vaccines, there are tech
transfer happening in the biopharma-
ceutical area . Also, such diversifica-
tion would support the case for localizing
input materials manufacturing in Africa.
There are also opportunities for lessons
learnt from the tech transfer of other bio-
pharmaceuticals that can be leveraged for
vaccines.

In January 2024, CEPI and the Africa
CDC co-organized the inaugural supply
chain forum in Nairobi, Kenya, dedicated to
the African vaccine manufacturing indus-
try . The supply chain forum offered an
opportunity for vaccine manufacturers, key
suppliers, country representatives, regional
representatives, key stakeholders, and
donors to discuss their challenges and sug-
gest solutions to address supply chain gaps;
some of which are mentioned below.

Uncertain demand forecasts create
supplier backlogs—and manufacturers in
the local region are not a top priority for
vendors

v

Local manufacturers have limited
negotiation power due to low and
unpredictable demand volumes

v

v

High freight costs arise from long-
distance import processing, especially
for excipients requiring cold chain

v

Import and customs policies lack
transparency and vary by country

v

Resubmitting import and customs
documentation for each transit country
adds storage costs and delays

» There is a shortage of skilled workforce
in the supply chain, particularly
professional buyers who can negotiate
favorable payment terms
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The above list highlights some of the
key issues, and it has a negative effect on
production lead time and efficiency. Based
on the identified issues, the SC forum rec-
ognized three solutions strategies sum-
marized below, and these will be driven
through an execution plan also called as
roadmap for action:

» Localize production of key materials.
The scope includes identifying key input
materials, geographies and existing
support infrastructure. Based on the
assessment, to come up with a plan for
localizing key materials

v

Regional access and supply consortium.
Developing a pooled procurement
mechanism and distribution center to
reduce costs through higher volume
procurement. This solution requires
significant investment and coordination
among manufacturers to better
standardize inputs. It may be a mid- to
long-term solution

v

Simplifying and harmonizing trade
regulations, policies and procedures.
Simplification and harmonization

of national trade, tariff and import
regulations. It also includes roll-out of
harmonized system (HS) codes, which
are unique identifiers of any material for
custom duties and tariffs

To share a practical example of lateral
support for supply chain and facilitation
during the COVID-19 pandemic, CEPI pro-
vided direct support to its partners using
a supplier’s network developed with the
COVAX Marketplace . The principle
of the COVAX marketplace was to match-
make between COVID-19 vaccine devel-
opers and manufacturers, and suppliers of
input materials needed. During the opera-
tional period, 14 out of 30 requests raised
in the marketplace resulted in a match.
Leveraging this experience, CEPI continues




to offer a similar service to connect with
suppliers, to speed up access to input mate-
rials and consumables needed to develop
new vaccines.

Supply chain: mapping the constraints
in the incoming materials

CEPI recently sponsored a market research
study to map the input materials required
for vaccine manufacturing in Africa. It was
conducted by a Research Lab Consulting
Company, The MindCo. The study aimed to
identify pain points in Africa’s input-mate-
rial supply chain and list critical materials
to prioritize, along with potential solutions
to address these challenges.

MindCo investigated the challenges
of procuring input materials and consum-
ables in Africa, primarily by interviewing
vaccine manufacturers and input mate-
rial suppliers. One of the deliverables of
the exercise was to identify critical input
materials, followed by harmonization and

standardization. The assessment resulted
in 45 input materials required for drug
product manufacturing and quality con-
trol, and classified into right categories, as
shown in . These materials were
also categorized based on the level of dif-
ficulty of replacing the supplier as per the
compliance requirements. The assessment
also shed more light on the existing pain
points in the input materials supply chain
in Africa. Broadly, these pain points fall in
two categories—long lead time and high
price.

Based on the learning from this analysis
and suggestions provided by the stakehold-
ers, the roadmap shown in is cur-
rently being built for tackling pain points
across the value chain to strengthen the
supply chain in Africa.

Developing a sustainable procurement
mechanism for African vaccine manufactur-
ers is considered as an enabler for long-term
sustainable approaches, such aslocalization.

List of 45 critical input materials identified based on assessment done by MindCo.

Segment Category Number  Input materials Category Number  Input materials
Fill and finish Adjuvants 6 1. Aluminium-based adjuvants Lab reagents 10 1. (q)PCR-kits
2.CpG 2. Reagents for bioburden
3.QS-21 3. Relevant reagents for endo-
4. Squalene toxin (LAL)
5. Monophosphoryl lipid A (MPL) 4. Relevant reagents for sterility
6. Liposomal determination
5. RNA-binding fluorescent dye
6. Relevant antibodies
Filtration 2 1. Disposable filters 7. Relevant primers
2. Sterile filtration systems 8. Buffer for the lab
9. Buffer for the pH
Lab material 11 1. Connectors 10. Cell culture media
2. Tubes
3. HPLC-columns PPE and 8 1. Connectors
4. (q)PCR plates disposable 2. Tubes/hoses
5. ELISA plates material 3. Filters
6. Filters 4. Pipette tips
7. Pipette tips 5. Pipettes
8. ELISA-assay substrates 6. Disposable kits
9. Pipettes 7. Bags for process and storage
10. Bags for process and storage 8. Optical adhesive foil
11. (RNase-free), cell culture
plates
Primary 4 1. Glass vials 3. Seals/caps
packaging 2. Stoppers 4. Ampoules
Temperature 1 1. Vaccine vial monitor (for heat
monitoring device exposure)
Disinfectants 3 1. Decon-quat® 3. Isopropanol
2. Decon clean®
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»FIGURE 5

Roadmap to build input raw materials supply chain in Africa.

1. Demand pooling/
procurement support

Enablers

Financial hedging Increase capacity
utilization (through

product division)

Forecast planning and
strategy

Open channels of
communication with
suppliers

Coordination/
standardization among
manufacturers

Regulatory
standardization

Total cost of ownership
estimation

Benchmarking

Within the African context, efforts are
already underway to harmonize trade pro-
cedures across the continent through initia-
tives from African Continental Free Trade
Area and World Trade Organization /World
Custom Organization, for example harmo-
nizing the HS codes.

The implementation of a consoli-
dated input material procurement mech-
anism necessitates several prerequisites,
including:

v

Demand volume to generate suppliers’
interest and long-term engagement

v

List of input materials and consumables
that do not require long regulatory
approval (e.g., tubes, Erlenmeyer flasks,
roller bottles and tissue culture flasks,
disposable filters, etc.)

» Engagement from all parties such as
manufacturers, suppliers, funders, and
national government authorities

v

Feasibility study with cost estimate
and model to cover the inherent
costs/overheads
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CONCLUDING REMARKS

Building a self-reliant vaccine manufactur-
ing ecosystem in the Global South needs
various stakeholders’ involvement, includ-
ing financial support and technical advice,
as well as coordinated effort to develop
a sustainable manufacturing and supply
chain ecosystem. Achieving this goal is a
long-term effort, but progress is underway
and could be categorized as an early phase
in the execution of this program.

To ensure the sustainability of the newly
added manufacturing capacity, it is key
to expand the scope to diversify the prod-
uct portfolio beyond vaccines; for exam-
ple, producing insulin. With an increase in
overall turnover and capacity utilization,
it will make a good case for materials sup-
pliers and manufacturers to set up a local
manufacturing base. Simplification and
harmonization of trade regulations and
import policies will be critical to this effort.

By focusing on tech transfer, capabil-
ity building, and developing robust supply
chain. CEPI aims to support globally geo-di-
verse manufacturing capability that can
accommodate rapid pandemic response.
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Enabling large-scale production of a
next-generation VLP polio vaccine
for a post-eradication world

‘Ideally, we would have a vaccine that could be available
under emergency use within the next 4-5 years.”

As we move toward a polio-free world, there is a pressing need for alternatives to inac-
tivated and live poliovirus vaccines, which pose an ongoing biosecurity threat. Here,
Charlotte Barker, Commissioning Editor, Vaccine Insights, talks with Nicola Stonehouse,
Professor at the University of Leeds, about a long-running collaboration to develop a virus-
like particle (VLP) polio vaccine that can be produced in traditional recombinant expression
systems. Plus, an exciting new project is exploring the potential for cell-free production of
VLPs.

Vaccine Insights 2025; 4(4), 83-87 - DOI: 10.18609/vac.2025.018

What are your primary research interests and how have they
evolved over time?

N S I'm a virologist. Earlier in my career, I was very much involved in fundamental
biology, using viruses as model organisms. It was that fundamental work on the
virus lifecycle and the structure of virus capsids that led me to work on vaccines. A pivotal
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moment came in 2011, when I joined a consortium funded by the WHO to explore making
a virus-free polio vaccine. That was my first foray into applying basic science to a vaccine
problem. At the time, we weren’t planning anything beyond proof-of-principle work but has
now evolved into a promising candidate virus-like particle (VLP) polio vaccine.

What are you working on currently?

We

are still working on the VLP polio vaccine project, but also applying our successes

and lessons learned to other viruses. The fundamental biology involves understanding the

complexities of how viral genomes are made and how capsids are assembled. Our research
is a mixture of both, and they interplay very nicely.

Why is there a need for alternatives to the current polio vaccines
as we move toward a post-eradication world?

Most countries now use the inactivated vaccine. A major disadvantage
of both current vaccines is that they require maintaining large stocks of virus, and the
consequent biosecurity threat. As we move into a polio-free world, this will become more
challenging and expensive. Already many manufacturers are not able to meet the WHO’s
stringent criteria for manufacturing polio vaccines. By creating a virus-free alternative,
we could broaden the number of organizations that can make it.

As well as the threat of biosecurity breaches or bioterrorism, there are long-term polio
excretors—people who have had the oral polio vaccine and have not cleared it. Sometimes
the virus can be produced in the gut for months, years, and even decades. These people
are excreting poliovirus into water supplies, and because the virus mutates readily, this
can include viruses that can infect other people. Currently, if we stopped vaccinating, that
small number of people could seed a new outbreak. For all these reasons, there is a lot of
interest in creating virus-free polio vaccines.

What approach is the consortium taking to create virus-free
vaccines?

The outside surface of these empty capsids is identi-
cal to the virus. In theory, if you could produce, harvest, and purify the empty capsids, you
would have an effective vaccine. However, empty poliovirus capsids are very unstable and

Vaccine Insights 2025; 4(4), 83-87 - DOI: 10.18609/vac.2025.018



Q

rapidly expand into a conformation that is antigenically different. These expanded parti-
cles do not generate a protective immune response in verified animal models and so are
unsuitable as a vaccine. Our job was to stabilize the VLPs, so they did not expand, keeping
the majority in the native conformation.

We initially used structure-based design, but ultimately we found that an evolutionary
approach was more effective. We allowed the virus to infect cells under stress, causing the
virus to accumulate mutations that stabilized the capsid.

To make a virus-free product, we translated the stabilized particles into a variety of
expression systems—plant, insect, mammalian, and yeast. Different partners in the consor-
tium worked on different expression systems—here at Leeds, we are concentrating on yeast.

The first work was done in plants, but we ultimately chose to focus on yeast and insect
cell expression systems. The goal behind our work is to translate to as many industrial
partners as possible, especially in low- and middle-income countries. It was therefore more
strategic to use systems that were already validated and had the potential to produce low-
cost vaccines.

What are the results so far?

We want to use these VLPs as a com-
bination, not just with each other, but with other components of pentavalent/hexavalent
vaccines, to replace inactivated poliovirus in the current childhood vaccination program.

Once we had proof of concept, we started doing yeast fermentation experiments with
CPI in Darlington, UK, with additional funding, including from the UK Vax-Hub (led by
UCL and University of Oxford). Controlled fermentation improved both the yield and qual-
ity of the VLPs produced—and even small improvements in yield can make a big difference
when producing billions of doses of vaccine.

In parallel, within the consortium, our colleagues at Oxford are working on scaling
up production in insect cells, in the hope of giving manufacturers a choice of expression
systems.

What have been some of the biggest challenges the consortium
has faced in developing the VLP platform?

NIBSC (now MHRA) played a key role here.
Funding gaps have also been challenging. We have been lucky to be funded via the
WHO and the Gates Foundation, but there are often administrative delays at the end of
a funding period, and this can create difficulties for research staff working on the project.
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Our current challenge is purification. We can successfully scale up production in yeast
cells but scale-up of purification is still proving challenging.

What is the potential for cell-free production methods of VLPs?

N CPI put together a consortium to look at cell-free production of VLPs, which
was recently funded by CEPI. The goal is to be able to make VLPs quickly at the
point of care using an automated system, removing the need to stockpile vaccines.
It’s early days, but we’re aiming to make a variety of VLPs within this system, starting
with the core protein from hepatitis B virus and moving on to more complex VLPs like polio.

What's next for your work?

N The VLP vaccine for poliovirus is progressing. We are working with three

pharma companies, in India and China, under research agreements, and we are
negotiating licensing. We hope to license more widely once the process is fully optimized.
Ideally, we would have a vaccine that could be available under emergency use within the
next 4-5 years.

Meanwhile, we are continuing with fundamental virology, funded by the NIH. We also
have further funding together with UK Vax-Hub to work on viruses related to polio and
vaccine platforms for epidemic and pandemic preparedness.
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VACCINE MANUFACTURING: UPSTREAM
PROCESSING AND RAW MATERIALS

Post-pandemic evolution of vaccine
development and manufacturing:
India and beyond

“..we should involve different industries and share
the workload so that vaccines can be developed
and made available as quickly as possible.”

Charlotte Barker, Commissioning Editor, Vaccine Insights, speaks with Sudeep Kumar, Senior
Vice President, Biological E Ltd, about the evolution of the Indian vaccine industry, the
growth of vaccine manufacturing in African nations, and the secrets of effective technology
transfer and scale up.
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Q How did you first get involved in the vaccine manufacturing field,
and how have your interests progressed from there?

S | have nearly 28 years of experience in biotherapeutics, including significant

work in vaccines. My career initially began in the field of recombinant therapeu-
tic proteins and monoclonal antibodies. However, a collaboration with US biotechnology
company Novavax during the 2009 H1N1 influenza pandemic marked my entry into the
vaccine field. During that period, I visited the USA several times to facilitate technology
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transfer for an influenza vaccine, which sparked my interest in vaccine development. Since
then, I have overseen the manufacturing of around a dozen different vaccines, including
VLP and recombinant vaccines against both viral and bacterial pathogens.

A second significant milestone in my journey was during the COVID-19 pandemic,
when [ was involved in the rapid development and production of Biological E’s successful
COVID-19 vaccine.

These two pandemic experiences played a critical role in shaping my interest in vaccine
development. Today, I continue to manage several vaccine programs aimed at protecting
both adults and children from various infectious diseases. This work is highly motivating,
contributing meaningfully to public health by preventing disease and saving lives.

Q Can you tell me about your current role and what it involves?

This includes vaccines against a
wide range of pathogens, such as hepatitis B, diphtheria, tetanus, pertussis, typhoid con-
jugate, PCV, and COVID-19.

My responsibilities span various technology platforms, including recombinant pro-
tein expression systems, toxoid-based vaccines, and whole-cell bacterial formulations.
Each of these requires distinct production approaches, quality standards, and regulatory
considerations.

On average, our facilities produce approximately 6 million vaccine doses per day, and
I am involved in ensuring consistent quality, regulatory compliance, technology transfer,
process optimization, and strategic planning to meet both domestic and global health
needs.

Q What are your career highlights to date?

First was establishing

the VLP technology platform in India. Our group was the first in the country to set up a
VLP technology platform and build a dedicated manufacturing facility to support it.

Second, I was involved in the successful development and launch of the 14-valent
pneumococcal conjugate vaccine (PCV14). Overcoming the technical and regulatory chal-
lenges associated with such a sophisticated formulation was a major accomplishment.

Lastly, I was deeply involved in the development and launch of a COVID-19 vaccine
during the pandemic. Contributing to the rapid development and rollout of an effective
vaccine during such a time was both professionally and personally fulfilling.

Q In your view, what lessons did the industry learn from the
pandemic?

Firstly, that a single company cannot do everything
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onits own in a pandemic setting. A lot of collaboration and interaction is required between
different countries. In such situations, profit margins become secondary to saving lives.
Rather than trying to do all activities at a single site, we should involve different industries
and share the workload so that vaccines can be developed and made available as quickly
as possible.

The second thing we learned is related to the supply chain. During the pandemic, trans-
portation between countries was almost completely stopped, and most of the raw mate-
rials and consumables were being sourced from the USA or Europe. After the experience
with COVID-19 vaccine production, the Indian Prime Minister emphasized the importance
of being less dependent on other countries for critical supplies. This was one of the biggest
issues we faced—the procurement of raw materials and consumables. We have to be very
particular about securing all the materials required for both drug substance and drug prod-
uct manufacturing.

Regulatory collaboration worked well. We have several success stories from the
COVID-19 vaccine effort. Even after COVID-19, we have continued with a number of joint
ventures and collaborations. Things have improved significantly. Before COVID-19, many
companies were working in isolation, handling everything from development to manufac-
turing on their own. But now things have changed. Most companies prefer to collaborate
at different stages and under different business models.

How is the vaccine industry in India evolving post-pandemic?

The country has built significant
capacity, both in terms of drug substance production and drug product manufacturing.

India has long been a global powerhouse in vaccine manufacturing. However, prior to
COVID-19, the focus was primarily on traditional platforms such as recombinant, inacti-
vated viral, and bacterial vaccines. During the COVID-19 period, India not only scaled up
production but also significantly enhanced its technological capabilities.

Importantly, India has embraced and advanced several new technologies, including
mRNA and DNA vaccine platforms, in addition to its existing expertise in recombinant
subunit vaccines. Since 2021, India has made substantial progress, not just in manufac-
turing but also in vaccine development. This positions the country more favorably in the
global landscape, particularly concerning innovation in vaccine technologies.

There is a lot of discussion currently around expanding vaccine
manufacturing in African nations. Do you think that there are les-
sons to be learned from India’s success?

A number of discussions are already underway between African governments,
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the Developing Countries Vaccine Manufacturers Network (DCVMN), and other stake-
holders about establishing in-house or on-site manufacturing capabilities. Some initia-
tives are already in motion, with efforts being made to set up manufacturing facilities on
the continent.

Of course, there will be challenges. Africa has not historically been known for vaccine
production, so for many of these countries, it will be a completely new undertaking. In
contrast, technology transfer to India has been relatively smooth because there is already
a foundational ecosystem and trained workforce in place. In Africa, it may take more effort
initially, but challenges are a natural part of growth. Often, only when confronted with
challenges do we find the solutions.

I believe the importance of local manufacturing, especially in the context of a pandemic,
will become increasingly clear to African nations. With time and with the right support
and partnerships, the challenges can be overcome.

One approach for African countries could be to focus on newer
technologies, such as mMRNA. What is your perspective on this?

If you look at the requirements for

setting up facilities and transferring technologies, platforms like mRNA, DNA, or

recombinant protein vaccines can be more straightforward than traditional whole-cell,

inactivated, or toxoid vaccines. These newer technologies often involve less complex pro-
duction environments and are easier to standardize.

The key will be for local professionals in Africa to actively engage in capacity-build-
ing and training. Every technology comes with its own set of challenges, but with proper
guidance and strong collaboration between technology owners and local partners, those
challenges can be addressed effectively over time.

What do you think are the most important factors in a smooth
technology transfer?

A defined timeline and day-to-day interaction are essential.

In many cases, I have observed that technology transfer is treated as a documentation
exercise, where the donor simply provides dossiers or technical files. But documentation
alone is not sufficient. Practical, hands-on engagement is crucial. On-site collaboration,
joint technical work, and ongoing discussions between both parties are vital. While com-
prehensive documentation is, of course, necessary for regulatory purposes, it cannot
replace the value of practical demonstrations and real-time problem-solving.

Another important factor is the evaluation of raw materials and consumables used for
developing technology. The materials and consumables used must be assessed against
those available locally in the recipient country. Often, variations in raw materials can
become bottlenecks, impacting product yield or quality. This evaluation should be inte-
grated into the early stages of technology transfer to avoid disruptions later in the process.
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Today, we are seeing a significant increase in technology transfer activities, and the
overall ecosystem has improved, however, the foundation remains the same. Successful
technology transfer relies on strong collaboration, regular engagement, and a shared com-
mitment to working through challenges together.

What are the main pain points when scaling up vaccine produc-
tion, and how can these be overcome?

Regulatory guidelines and quality
standards are becoming increasingly stringent over time. Vaccines, being administered to
healthy individuals, are subject to particularly rigorous scrutiny. At every stage of scale-up
or technology transfer, we must demonstrate compliance with quality standards and reg-
ulatory requirements.

Another major challenge can arise during the scale-up process, particularly when any
modifications occur, such as changes in equipment. If, for instance, equipment used at
a larger scale differs from that used in small-scale production, we are required to revisit
and revalidate the entire process. Regulatory authorities will not accept a situation where
different technologies or processes are used at different stages without thorough valida-
tion. Any addition, removal, or alteration of a process step demands comprehensive jus-
tification and evidence of maintained quality. To manage this, a scale-down model must
be employed and validated meticulously before scale-up. This approach ensures that the
scaled-up process mirrors the validated model as closely as possible.

Another significant point relates to equipment specifications; for example, differences
in the height-to-diameter ratio of bioreactors used at different scales. Variations like
these can introduce complexities, both in process performance and in gaining regulatory
approval. Such differences must be addressed with careful process design and robust com-
parability studies. In general, scale-up in vaccine manufacturing is full of bottlenecks.
However, due to the especially strict regulatory landscape in this sector, additional pre-
cautions are necessary to ensure compliance and product integrity.

A related trend we are seeing globally is the increasing reliance on collaborations and
technology transfers. Rather than traditional scale-up alone, many manufacturers are now
engaging in technology transfer, either domestically or internationally. In such cases, the
transferred technology must be clearly and comprehensively documented. No deviations
from the defined process are acceptable, as regulators require a high degree of consistency
and clarity.

Q Is automation something you are looking at?

We are
increasingly moving toward automated systems to reduce human intervention,
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particularly in areas where aseptic processing is critical, such as drug product manufactur-
ing. Automation greatly enhances consistency, sterility, and efficiency, and many facilities
have already adopted it, or are in the process of transitioning.

That said, the level of ease in implementing automation depends on the age and design
of the facility. In newly built plants, incorporating automation is relatively straightfor-
ward. These facilities are designed with the latest technologies in mind, and equipment
and processes are typically well-integrated and fully synchronized. However, retrofitting
older plants presents more challenges. Synchronizing systems with modern automation
software can be difficult. Equipment compatibility, process integration, and the reconfigu-
ration of existing workflows often require significant effort and investment.

Another critical aspect is training. As we adopt more advanced automated systems, it
becomes essential to ensure that operators on the factory floor are well-trained. They need
to understand both how to use the equipment and how to troubleshoot it.

What technologies do you think have the most potential for the
future?

While

there are still challenges to address, particularly around the stability of mRNA

vaccines, the potential is clear. Currently, most mRNA vaccines require storage at around

-20 °C, which complicates distribution, especially in lower-resource settings. However,

several companies are actively working on formulations that can remain stable at 2-8 °C,
which would greatly ease logistical constraints.

In addition to mRNA, recombinant subunit and protein-based vaccines also show
strong potential. These platforms offer flexibility, scalability, and faster development
timelines, which are crucial during pandemic scenarios or other public health emergencies.
Their manufacturing processes are relatively well-established, making them well-suited
for rapid scale-up.

From a safety perspective, both mRNA and recombinant protein technologies are also
highly favorable. Unlike traditional vaccines that use whole inactivated viruses or bacte-
ria, these newer platforms carry lower risk profiles, as they do not involve live or inacti-
vated pathogens. This makes them inherently safer for broad population use, including in
vulnerable groups.
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