Cell-Free Synthesis of Highly Potent
Recombinant Neurotoxins

A Process Economic Feasibility Study

Williams Olughu, Christos Stamatis, Suzanne S. Farid, and David Gruber

ince its inception four decades
ago, cell-free synthesis (CFS) has
been used to produce
biomolecules such as RNA, DNA,
peptides, and proteins (1). However,
most of these applications have been in
early stage research and small-scale
proof-of-concept studies, with rare
examples of large-scale production. The
slow industrial uptake of CFS has been
attributed to low productivity, which

suggests an uneconomical path to large-

scale manufacture.

Typically, a CFS platform includes a
genetic template (encoding the product
of interest), chemical additives
(nucleotides and an energy source),
and a lysate (extract from ruptured
cells) as prerequisites for the upstream
reaction (Figure 1a). Recently, interest
has grown in considering cell-free
technology as a potentially attractive
production platform for stratified
medicine and rare disease treatments
(2), on-demand medicine (3-5), highly
potent molecules (6), and difficult-to-
express proteins (7). Contributory
factors include significant
achievements toward scalability (8),
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Figure 1A: Generic illustration of the key components in a cell-free protein synthesis

(CFPS) reaction (4)
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simplification of reaction mixtures (9),
enhanced protocols for preparation of
reaction components (10), and
improvements in titer (11-13).

Ipsen Biopharm is experienced as a
major manufacturer of highly potent
therapeutic proteins as active
pharmaceutical ingredients (APIs) for
treating neurologic disorders and rare
diseases (for which volumetric
demands are small). Considering the
above developments, CFS technology
should be of benefit to Ipsen’s portfolio
of low-volume, high-value biologics.
That synergistic fit has led the
company to harness its membership
among more than 45 other participants
in the industrial consortium of the
Future Targeted Healthcare
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Manufacturing (FTHM) Hub hosted at
University College London (UCL) to
evaluate the applicability of CFS for
biomanufacturing.

Ipsen is investigating actively the
potential benefits of replacing a high-
containment fermentation process with
a CFS process that would provide a
flexible manufacturing environment for
its portfolio of highly potent
neurotoxins. Here we describe insights
from the user feasibility study
mechanism offered by the FTHM Hub to
apply decisional tools created at the UCL
biochemical engineering department to
help develop a business case for using
CFS in production of Ipsen’s neurotoxin
portfolio.
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Figure 1B: Process flowsheets for the manufacture of a recombinant neurotoxin that were

considered in the analysis reported herein
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SMALL- AND LARGE-SCALE
APPLICATIONS OF CFS

Commercial use of CFS technology can
be classified broadly into small- and
large-scale applications. Development of
CFS for small-scale applications has
been the main contributor to the
technology’s resurgence, which comes
in response to increasing demand for
diagnostic reagents (14), gene/protein
libraries (15), biosensors (16), high-value
proteins such as neurotoxins (6, 17), and
membrane proteins (18).

The nascent concept of on-demand
biomanufacturing is expected to foster
resilience in drug manufacturing and
supply, improving access to medicines
for difficult-to-reach locations and
places with limited infrastructure. Some
early on-demand biomanufacturing
studies have shown promise. For
example, Stark et al. developed a
portable cell-free platform in 2019,
using freeze-dried Escherichia coli lysate
to synthesize efficacious bioconjugate
vaccines against certain pathogens in a
mouse model (5). Pardee et al.

demonstrated the versatility of CFS in
2016 by using freeze-dried E. coli lysate
to synthesize functional antimicrobial
peptides, vaccines, and antibody
conjugates (3). Continued progress in
this area is projected to increase
demand for cell-free technologies.

Although low productivity is
currently a significant bottleneck for
CFS (19), the scientific consensus is that
high theoretical product yields will be
more achievable with CFS than with
cell-based systems (20, 21). Biosynthetic
pathways can be optimized without a
concomitant energy sink from secondary
reactions (for example, energy expended
in cell maintenance) that are inherent to
cell-based systems. Process
intensification methods such as
continuous and semicontinuous
manufacturing techniques have been
adopted to resolve some productivity
challenges (22, 23).

Such efforts have led to successful
pilot-scale and large-scale production of
biological products from cell-free
platforms. In 2011, Zawada et al.
showed a 10° scalability from a 250-puL

Determining what yields
are required to make an
attractive business case
requires a cost of goods
ANALYSIS to weigh
the trade-offs in yield,
process duration, and
resource requirements.
Other factors beyond yield
and cost can influence
decisions strongly.

to a 100-L bioreactor for production of a
granulocyte-macrophage colony-
stimulating factor (8). In 2012, Yin et al.
developed a cell-free process that scaled
from 10 pL to 5 L to produce
aglycosylated antibodies and antibody
fragments (24). In 2021, Ipsen
researchers demonstrated a successful
10-fold scale-up of a cell-free neurotoxin
production process in a 5-L stirred-tank
bioreactor (6). Large-scale applications
by Sutro Biopharma have shown that
the cell-free platform provides potent
molecules for clinical testing, having
applied it to manufacture antibody-
drug conjugates (ADCs) and bispecific
ADC products that are currently in
phase 1-1b (25).

BUILDING A CFS BUSINESS CASE

The examples above illustrate pursuits
of higher product yields to help ensure
a viable upstream CFS production
platform. However, determining what
yields are required to make an
attractive business case requires a cost
of goods (CoG) analysis to weigh the
trade-offs in yield, process duration,
and resource requirements (e.g., media
and reactors). Other factors beyond

Figure 1c: Schematic representation of scenarios comparing a cell-based with a cell-free synthesis (CFS) process
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Figure 2: (LEFT) Cost of goods (CoG) breakdown by category for Escherichia coli cell-based and cell-free synthesis (CFS) processes, the
latter with an in-house and outsourced supply of cell extract, at two dose sizes (10 ng and 100 ng), and assuming an annual demand of 5
million doses from a single-product facility; (RIGHT) CoG and facility use rate for E. coli and CFS processes, the latter with an outsourced
supply of cell extract (CFSo), increasing pipeline size at dose sizes of 10 ng and 100 ng
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yield and cost can influence decisions
strongly: e.g., safety, flexibility,
development timeline, and scalability.
The feasibility study by Ipsen and UCL
was intended to capture the differences
across this broad set of financial and
operational performance metrics for
neurotoxin manufacturing processes
relying on either cell-based or cell-free
expression. The results have provided a
rational basis for decision-making
about an upstream production platform
for a highly potent, modified
recombinant neurotoxin.

We used the industrial workhorse
E. coli as the template organism in a
cell-based process to generate cell-free
extract. UCL's decisional tools helped us
determine the CoG differences between
the E. coli and CFS processes across a
large matrix of possible production
scenarios. We used the results to
establish what level of improvements
would be required for the CFS process to
reach acceptable cost efficiency. To
decide on the manufacturing route to
adopt, we used a multiattribute
decision-making approach to capture
less tangible but important factors such
as safety.

CoG Assessment Methodology: The
process economics evaluation of CFS for
highly potent modified recombinant
neurotoxins was performed using a
model developed at UCL’s biochemical
engineering department. The model was
adapted from an earlier version that
initially was developed and applied to
compare a mammalian cell culture with
a CFS reaction for the commercial
manufacture of ADCs (19). With required
user-specified inputs (e.g., describing
peak annual demand and dose size), we
initiated a simulation in which the
model performs a series of mass-balance
and equipment-sizing calculations to
determine necessary resources, facility
footprint, capital investment, and
ultimately provide a CoG estimate.

Our study compares an E. coli cell-
based platform process for
manufacturing a neurotoxin molecule
with a CFS process using either in-house
or outsourced supply of cell extract.
Figure 1B shows process flowsheets
considered in our analysis. They
indicate that processing steps are
reduced with CFS, as is expression time
(decreasing from 10 days to five days),
compared with a cell-based process.
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However, that advantage does not
translate to increased productivity
(=50% productivity loss) because of a
fourfold reduction in neurotoxin titer.
That was confirmed by Ipsen’s
experimental CFS results, which showed
that the maximum neurotoxin titer was
50 mg/L (6). Hence, the base-case
assumption for this study supports the
notion that a cell-based platform
provides superior product yield, which
suggests that further optimization of
CFS titers would be required. When
different scenarios were simulated,
however, the ranking became more
nuanced.

Figure 1c illustrates the scenario
analysis we followed in our study,
considering an annual product demand
range between 100,000 and 10 million
doses ranging from 10 ng to 10 pg each.
We evaluated options of in-house and
outsourced supply of cell-lysate extracts
specific to the CFS platform.
Additionally, we compared cell-based
and cell-free process options across
three manufacturing scales (5 L, 20 L,
and 100 L) and different pipeline sizes
(from a single to a multiproduct
facility).
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Figure 3: Scenario analysis across different combinations of the

annual product demand, the dose size, the manufacturing scale,
and the pipeline size for cell-based (E. coli) and cell-free (CFS)
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CoG Analysis: In our CoG analysis, we
compared the potential of cell-free
process options for the following
scenarios deemed by Ipsen to be the
most probable real-world cases: a 5-L
upstream process, two dose sizes of
10 ng and 100 ng, and a target of
5 million drug-product vials per year
(Figure 2). The general trend indicates
that as dose size increases, CoG values
also increase for all production
platforms, so that the cost-
competitiveness of CFS decreases
relative to the cell-based process.
However, introducing more products
provides for better facility use rates and
an overall reduction in CoG/dose
without improving the basic
competitiveness of the cell-free process
relative to the cell-based process.

Figure 2(LEFT) indicates that for
single-product facilities, indirect costs
(mainly facility-related overhead)
represent a key CoG driver regardless of
the production platform. Overhead costs
associated with maintenance of process
equipment and utilities, for example,
remain constant regardless of use rate
from 1% to 45%. For 10-ng doses, the
CoG values are almost equivalent to the
indirect costs, which account for >95%
of the CoG across all platforms
regardless of the quantity of spare
product or lysate extract generated.
However, for 100-ng doses, the variable
costs (labor and materials) increase as
facility use increases to meet the target
product throughput.

The CoG increase seen with the CFS
options mainly is driven by a rise in
facility use rate because their titers are
lower than those from a cell-based
process (Figure 1c¢). That suggests that
manufacturing with current CFS
processes is uneconomical for a plant
producing one neurotoxin product at a
dose size >10 ng, at which point the
difference in product titer between the
two options becomes a limiting factor.
Based on current assumptions regarding
the cost of outsourcing cell extracts and
in-house performance of an E. coli
extract process, both CFS options offer
equivalent CoG values.

To explore CFS’s feasibility further
and enhance the decision-making
process for selecting an optimum
manufacturing platform, we considered

To explore the feasibility
of CFS further and
enhance the decision-
making process for
selecting an optimum
manufacturing platform,
we considered making
MULTIPLE products
(up to six) in the same
manufacturing facility.

making multiple products (up to six) in
the same manufacturing facility. The
overall trend shown in Figure 2(RIGHT)
indicates that CoG/dose decreases as the
number of products manufactured
increases for each production platform.
Additionally, those results suggest that
a multiproduct facility that increases
facility use rates would be more
economical overall because of improved
allocation of indirect costs. Note that for
simplicity, only the “CFSo” process with
outsourced cell-extract supplies is
shown in Figure 2(RIGHT).

With 10-ng doses, the CoG/dose
profile is similar for both production
platforms. Although the facility use rate
is higher for the CFS platform, it does
not exceed 45% with six products
sharing the facility. Moreover, for both
platforms, the reduction in CoG becomes
marginal with four products or more,
indicating a reverse in the CoG drivers
so that variable costs dominate at that
point. By contrast, the cell-based
process is the better performer for
100-ng doses, given its current status as
the provider of higher product titers.

Scenario Analysis: The above
analyses focused on two dose sizes
(10 ng and 100 ng) and an annual
product demand of 5 million doses
using a 5-L bioreactor. The results in
Figure 2 suggest that dose size and the
number of products in the pipeline are
critical parameters that influence CoG
significantly. Additionally, it is expected
that annual demand directly affects use
rate, CoG, and potentially the
manufacturing platform. Hence, we
performed further scenario analysis
varying annual demand, dose size, and
the number of products across three

NOVEMBER—-DECEMBER 2022

Figure 4: Multiattribute decision-making
analysis comparing cell-based (E. coli) and
cell-free synthesis (CFSo, with outsourced
cell lysate) processes, considering both
operational and cost attributes;
embedded table lists scores and relative
importance assigned to each operational
attribute considered in the analysis.
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Scenario configuration: 1 million doses/year,
250 ng/dose, 5-L scale, and four neurotoxin products
sharing the same facility.

production scales (5L, 20 L, and 100 L)
to elucidate the interrelationship of
those factors and investigate a feasible
operating window for each process
platform.

Figure 3 illustrates the outcome of
our scenario analysis and ranks a cell-
based and a cell-free process with an
outsourced extract supply. The yellow
shaded part of the grid shows where
the cell-based process is more cost-
effective, offering at least 10% lower
CoG/dose than the CFS process. The
blue part of the grid shows where the
CFS process is more cost-effective by at
least 10%. The green part of the grid
shows where both processes offer
equivalent CoG/dose. Finally, the grey
part of the grid shows where both
processes fail to meet the target for
annual product throughput. From
Figure 3, it can be inferred from the
diagonal split of the grids that a key
parameter in ranking processes is the
annual product throughput (kg/year),
which is derived from the product of
the annual product demand (doses/
year) and the dose size (ng/dose).

Where is the operating window for CFS
to outperform E. coli at current titers?
Figure 3A ranks the two manufacturing
platforms using our base-case
assumptions (shown in the table), with
the titer of the cell-based process
fourfold higher than that of the CFS
process. For a single-product facility,
the ranking shifts as the annual
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product throughput increases from
both processes being equivalent to the
cell-based process, both being more
cost-effective, and finally to both
processes being infeasible. Note that
although the manufacturing scale does
not influence the rankings, it does
have a profound impact on the
infeasible area, which decreases as
scale increases.

Switching from a single-product to a
multiproduct facility does not change
the rankings. Overall, the cell-based
process outperforms the CFS process at
current productivity levels across all
scenarios with differing demands, dose
sizes, and pipeline sizes. Hence, given
current assumptions related to CFS
process performance, the optimum
strategy would be to keep the cell-
based process and scale it up when
necessary.

Where is the operating window for CFS
to outperform E. coli if both systems attain
equivalent titers? Figure 3B illustrates
scenarios in which the CFS reaction
provides a similar protein titer to that of
the cell-based process, which is a
potentially attainable goal for the
future. That would lead to a twofold
increase in productivity relative to the
E. coli cell-based fermentation process.
The results indicate a favorability shift
towards the CFS process at that point.
Moreover, increasing the CFS reaction
titer to match that of the cell-based
process would reduce the infeasible area
and offer increased manufacturing
flexibility to cover a broadened range of
annual product throughputs for
different neurotoxins.

So the difference in titer significantly
influences which process is more cost-
effective. At low dose sizes and
demands, the CFS process would need a
twofold improvement in titer; higher
dose sizes and demands would require
at least a threefold increase to offer CoG/
dose equivalent to that of the cell-based
process. These results will help us
prioritize future process-development
efforts toward the improvement of CFS
titers from current levels of 50 mg/L to
200 mg/L.

Multiattribute Decision-Making
Analysis: In addition to CoG/dose as a
decision metric, we considered other
operational factors to enhance the
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The different scenarios we
investigated illustrate that
selecting an expression
platform is a complex
decision that requires
evaluation of multiple
factors. ARATIONAL
decision-making approach
can accelerate bioprocess
development, reduce CoG,
and increase the prospect
of commercial success.

selection of an optimum manufacturing
platform. The table embedded in Figure
4 summarizes key operational
attributes considered in our analysis,
with the rating achieved (1-10) for each
manufacturing platform and each
attribute’s relative importance. For
instance, the CFS process achieved a
score of 8/10 in operational ease
compared with 4/10 for the E. coli
process, and operational ease was
given the highest importance at 100%.
The rating achieved for each
operational attribute was weighted
based on its relative importance, and
the weighted ratings subsequently were
summed to calculate an operational
score for each manufacturing platform.
We normalized the CoG/dose values to
estimate a CoG score between 0% and
100%, defining the aggregated scores
as the weighted sums of the
operational and CoG scores.

Figure 4 illustrates how the
aggregated scores change depending on
the relative importance (weight) given
to operational and cost metrics. Because
of its relevance to Ipsen Biopharm, the
highlighted scenario is based on an
annual demand of 1 million doses with
a dose size of 250 ng, at a 5-L scale in a
facility shared by four products. The
higher its aggregated score, the more
desirable is the manufacturing platform.
The cell-based process was more
favorable as long as the operational
weight remined <65%, given the base-
case titer assumption for CFS at
50 mg/L. At an operational weight of
65% (CoG weight of 35%), the CFS
process (50 mg/L) breaks even with the
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cell-based process, and any further
operational weight increases the
favorability of the CFS process.

Basing a decision on CoG would
suggest adopting the cell-based process
if the CFS titer is limited to 50 mg/L, at
which it shows slightly better scores
only when the operational criteria
outweigh the cost criteria. With at least
a twofold titer increase (to 100 mg/L),
CFS becomes the optimum strategy no
matter how the financial and
operational criteria are weighted. Based
on this information, it becomes clear
that further optimization of CFS titers
will be required before any decision is
made to move to a CFS platform.

The different scenarios we
investigated illustrate that selecting an
expression platform is a complex
decision that requires evaluation of
multiple factors. Disregarding the
interrelation of CoG and operational
elements during a production platform
selection process increases the
likelihood of making the wrong choice.
Thus, adopting a rational decision-
making approach can accelerate
bioprocess development, reduce CoG,
and increase the prospect of commercial
success.

FEASIBILITY DEFINED
Ipsen leveraged the opportunity offered
by the FTHM Hub to apply UCL’s
decisional tools to real-world scenarios
and evaluate the potential benefits of
replacing a highly contained, cell-based
neurotoxin fermentation process with a
CFS process to help establish a cost-
effective and flexible manufacturing
environment. This feasibility study
focused on applying those tools to
compare the process economics and the
operational attractiveness of a CFS and a
traditional bacterial cell-based system
used for producing highly potent
therapeutic proteins.

This collaboration with the FTHM
Hub provided several benefits for Ipsen:

» manufacturing cost savings to
improve future business performance

* process development cost and time
savings

« information to evaluate shifts in
investment priorities.

Specifically, the Hub’s decisional
tools have helped Ipsen identify



scenarios in which the cell-free platform
could offer up to 35% savings in CoG.
Insights from this work have helped us
prioritize future R&D activities related
to CFS, which is expected to reduce
process development times by an
equivalent of 18 person-months. Finally,
this feasibility study provided critical
data used to draft a business case for
developing a cell-free production
platform that led to Ipsen committing
an additional investment equivalent to
36 person-months valued at about £0.5
million. Ultimately, the insights from
this analysis have assisted critical
decision-making at Ipsen by running
thousands of simulations to identify
optimal conditions under which the CFS
platform would provide value across a
matrix of scenarios, accounting for both
financial and operational benefits.
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