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Abstract

Viral vectors are advanced therapy products used as genetic information car-

riers in vaccine and cell therapy development and manufacturing. Despite the

first product receiving market authorization in 2012, viral vector manufactur-

ing has still not reached the level of maturity of biologics and is still highly sus-

ceptible to process uncertainties, such as viral titers and chromatography

yields. This was exacerbated by the COVID-19 pandemic when viral vector

manufacturers were challenged to respond to the global demand in a timely

manner. A key reason for this was the lack of a systematic framework and

approach to support capacity planning under uncertainty. To address this, we

present a methodology for: (i) identification of process cost and volume bottle-

necks, (ii) quantification of process uncertainties and their impact on target

key performance indicators, and (iii) quantitative analysis of scale-dependent

uncertainties. We use global sensitivity analysis as the backbone to evaluate

three industrially relevant vector platforms: adeno-associated, lentiviral, and

adenoviral vectors. For the first time, we quantify how operating parameters

can affect process performance and, critically, the trade-offs among them.

Results indicate a strong, direct proportional correlation between volumetric

scales and propagation of uncertainties, while we identify viral titer as the

most critical scale-up bottleneck across the three platforms. The framework

can de-risk investment decisions, primarily related to scale-up and provides a

basis for proactive decision-making in manufacturing and distribution of

advanced therapeutics.
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1 | INTRODUCTION

Advanced therapy medicinal products (ATMPs) are a new
class of therapeutics that includes cell and gene therapies

(C&GT), as well as tissue engineered medicines.[1] Their
promising clinical results have made ATMPs particularly
attractive for the cure of life-threatening diseases, includ-
ing cancer and neurodegenerative disorders.[2] Currently,
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there are approximately 700 on-going clinical trials for gene
therapy products, while it is forecasted that by 2025 there
will be 50–60 approved C&GT products in the market.[2–4]

ATMPs are coupled with complex manufacturing processes
that use advanced therapeutics as a “raw material.” In that
respect, viral vectors are the most frequently used carriers
and find broad applications in ATMP manufacturing.[5–8]

Owing to their ability to carry genetic payload, viral vectors
have been established as one of the four most prominent
vaccine manufacturing platforms.[9]

Despite prior knowledge, viral vector manufacturers
faced significant challenges to ramp up capacity and
respond to the unprecedented demand during the
COVID-19 pandemic. As a result, the global viral vector
manufacturing capacity was, almost exclusively, dedicated
to COVID-19 vaccines, creating a backlog and possible
shortages in the C&GT space.[4,10,11] This highlighted that,
although clinically established, the viral vector industry is
still immature when it comes to proactive and informed
decision-making with respect to manufacturing capacity
planning. The increasing demand and regulatory land-
scape pressures manufacturers to design cost-effective and
reliable processes early on, guaranteeing global supply.
This is not a straightforward exercise as product titers and
product recoveries are reported to be low with respect to
other biological products.[12] In this space, production
planning activities become intrinsically in risk, as manu-
factures are faced with multiple decisions to make which
are critically tied with uncertainties in process capabilities
and future product demands.

Scale-up of cell-based, biological process is coupled
with challenges related to the choice of suitable operating
conditions that can ensure high product yield, cell growth
and acceptable product quality.[10,11,13–21] To this end, viral
vector manufacturers are focusing efforts to optimize their
upstream (USP) and downstream (DSP) process train, inte-
grating resilience to uncertainties arising from differences
in physical and chemical environments. Such develop-
ments may result in higher yields and shorter production
times.[12–15] Despite technological advancements in unit
operation manufacturing and increased understanding of
biological processes, process standardization, and intensifi-
cation across scales remain a challenging task.[10,11,17]

Building an understanding around the scalability and costs
of manufacturing assets becomes increasingly important as
underlying manufacturing uncertainties for processes
under development may impact expected batch sizes,
intrinsic process rates and costs. Such key performance
indicators (KPIs) drive the decision-making and are critical
for the long-term market success of any pharmaceutical
product of this type.

In this space, computer-aided tools enable a systematic
analysis of correlations between underlying manufacturing

uncertainties and manufacturing KPIs. Recent efforts have
been presented assessing process capabilities and perfor-
mance under demand and process uncertainties in vaccines
and ATMPs. Comisel et al.[22,23] developed a techno-
economic model for LV and AAV manufacturing and
assessed how inputs related to material costs and resource
costs impact cost of goods sold (COGs) per dose, using local
sensitivity analysis (LSA). Ferreira et al.[24] presented a bio-
process simulation in SuperPro Designer (Intelligen)[25] for
AdV-based vaccine production to asses alternative USP pro-
cess configurations, including batch versus perfusion mode
of operation. The study proposed a what-if scenario
approach to assess how USP titer impacts capital and oper-
ating expenditures comparing nominal process perfor-
mance, at different scales. Kis et al.[26] developed SuperPro
models for emerging vaccine platforms monitoring both the
KPIs of interest and how those may impact supply chain
decisions. In a later study focusing on COVID-19 vaccines,
Kis et al.[27] assessed the impact of manufacturing uncer-
tainties during process development including batch failure
rate, process scale, production titers, resource costs and
their impact on process capital expenditure (CapEx), oper-
ating expenditure (OpEx) and throughput-related quanti-
ties. In this case, production scale is integrated as a
continuous input, quantifying total production capacities
and investments needed to deliver billions of COVID-19
vaccines and booster doses at global scale.[26]

Despite previous contributions in the field, the scale-
dependent quantification of manufacturing uncertainty
remains an open challenge. To address this, in this work
we present a model-based framework to characterize pro-
cess performance uncertainties, identifying which of
those depend on process scale. Specifically, we assess
how propagation of underlying manufacturing uncer-
tainties affects investment and production planning per-
formance indicators, such as batch size, process
bottlenecks and costs. We aim to address the ongoing
manufacturing challenges of in risk manufacturing for
emerging pharmaceutical products. In the case where
assets are fixed, maximizing process productivity is criti-
cal, as there may be limited flexibility to improve perfor-
mance via capacity expansion. Investment in new
capacity comes with added financial risks, which ought
to be considered to quantify benefits of switching scale or
scaling out production. In this context we quantify the
impact of volumetric scale up and compare worst-case
and best-case scenario performances at different scales.
The former case is accounted for by sampling for lower
viral titers, lower recoveries, and longer tasks, while the
latter is quantified by sampling for improved titers,
higher recoveries, and shorter process times. The pro-
posed framework is applied to three industrially relevant
viral vectors, currently at the forefront of advanced
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manufacturing of biologics. A key novelty of the pre-
sented work is the use of computer-aided tools to quan-
tify and compare scale-dependent process performance.
This provides an important tool that can be used by tech-
nology developers and manufacturers to assess process
feasibility and resilience early on. In the space of pharma-
ceuticals, the presented methodology can inform scale-up
decisions from Phase I clinical trials to registration and
authorization. The methodologies and approaches that
form the backbone of this work are generic and can be
tailored for any advanced manufacturing platform.

The remainder of the paper is organized as follows.
Section 2 presents the modeling assumptions and data col-
lected and structure of the techno-economic models and
simulations and the global sensitivity analysis (GSA) work-
flow is explained. Results of the computational experiments
are presented in Section 3, where cost-related and
throughput-related uncertainties are compared for the three
selected products and across scales. The significance of the
results for investment planning and scheduling of viral vec-
tor supply chains is discussed, followed by a summary of
key findings of the study in the concluding Section 4.

2 | METHODOLOGY

2.1 | Framework overview

The methodology developed in this study includes three
main steps: (i) process flowsheeting, (ii) data collection, (iii)
modeling and simulation, (iv) uncertainty and sensitivity
analyses. Information regarding production processes for
each of the viral vector manufacturing process are obtained
from the scientific literature, for both drug substance (pri-
mary manufacturing) and drug product (secondary
manufacturing). Each process flowsheet was created using
SuperPro Designer.[25] SuperPro uses built-in sets of algebraic
and differential equations to calculate material and energy
balances, sizes equipment, schedules operations, and com-
putes capital and operating expenditures. Information of
techno-economic performance of the manufacturing plat-
form can be obtained from each simulation. Variations in
batch times that are related to process kinetics can be consid-
ered using our sampling approach. For the purposes of this
study, we assume processes that have already been opti-
mized and approved by regulatory authorities and therefore
key process parameters, such as temperatures, pressures,
medium, and buffer compositions are fixed.

In this study the outputs of interest are (i) batch
size, (ii) batch time, (iii) cycle time, (iv) capital costs,
(v) operating costs per batch, and (vi) unit production
costs. Additional inputs are sourced from SuperPro's
industrial-based databases. Operational inputs (e.g., task

lengths and recoveries, and working volumes) and
resource costs are varied within the range reported in lit-
erature (known range) or an arbitrary range of ±50% of
their nominal value (known nominal value, unknown
range) in order to preserve the order of magnitude and
allow assessment of input significance.

An uncertainty analysis (UA) is performed using a
SobolGSA-MatLab-Component Object Model (COM)-
SuperPro interface. The input samples are varied at each iter-
ation and outputs of interest are recorded. This enables the
generation of uncertainty distributions of the selected
techno-economic outputs for each of the production pro-
cesses. Global sensitivity analysis (GSA) is performed for
every vector process to assess how vector-specific underlying
manufacturing uncertainties propagate to KPIs differently
according to the readiness of each production platform. By
performing the UAs across scales, the variability of the KPIs
is assessed by computing median and interquartile ranges
(IQR). The latter indicates the range covered by the central
50% data points within the collected output samples. This
allows a quantification of expected process batch sizes, pro-
cess times and costs for each manufacturing scale to assess
process scalability. The impact of the assumed input distribu-
tions on the output ranges is studied to illustrate scenarios
where probabilities of input realizations may integrate
knowledge gathered from process data. For this, uniform
and triangular input distributions are considered and
compared.

2.2 | Flowsheet development and data
collection

Generalized processes for each of the vectors are modeled
in SuperPro Designer. Detailed production recipes, resource
costs are listed in Tables SI1-1–SI1-4. The following sections
discuss key process steps, differences, and similarities across
vector-products, namely adenovirus-based vaccines (AdV),
lentivirus-based vectors for ex vivo gene therapy (LV), and
adeno-associated virus-based in vivo gene therapies (AAV).
Nominal values and ranges for process parameters and
costs are listed in Tables SI1-5–SI1-8.

2.2.1 | Seed cell expansion

Adenoviral, lentiviral, and adeno-associated viral
vectors
First, the working cell bank of HEK 293 cells is expanded
in a series of cell culture steps (Steps 1–3, Figure 1A–C)
upon addition of serum-free medium.[24,28] Each expansion
step begins with a seeding cell density of 0.2 � 106 cells/
mL. After 96 h of culture a cell density of 1.4 � 106 cells/
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mL is reached and the culture is transferred to the subse-
quent step. The expansion factor for each step is 7, which
results in 6 volumes of serum-free medium added at the

beginning of each step.[29,30] Step 4 corresponds to the main
bioreactor which operates at a working volume (WV) of
2000 L. Specifically, cells are expanded for 3.6 days to a cell

FIGURE 1 Flowsheet for: (A) Adenovirus manufacturing highlighting labeled process steps (1–15) and key resource inputs, (B)

lentivirus manufacturing highlighting labeled process steps (1–13) and key resource inputs, and (C) adeno-associated virus manufacturing

highlighting labeled process steps (1–15) and key resource inputs.
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density of 1.9 � 106 cells/mL. At each step the culture is
aerated via a mixture of air and CO2, with the latter added
to maintain pH during cell growth.

2.2.2 | Viral growth

Adenoviral, lentiviral, and adeno-associated viral
vectors
Viral growth is the initiated via two routes in Step 4.
(Figure 1A–C). In the case of AdV, infection-based viral
growth is assumed, which entails the cell culture being
infected via the addition of concentrated AdV master virus
bank at 1 � 1012 VP/mL.[24] In the LV and AAV processes,
transfection-based viral growth is assumed, with 2.5 μg/106

cells of plasmid DNA added to the culture.[22,23] Both the
transfection and infection step take 48 h and progress until
a target titer is reached, namely 1 � 1011 VP/mL
(AdV),[13,20,21] 1 � 107 TU/mL[20–22,31–33] (LV), and
1 � 1011 vg/mL (AAV).[23,34–36] The culture is then har-
vested and the mixture is clarified. As viral vectors are
either intracellular (AdV, AAV) or extracellular (LV) prod-
ucts, vector-specific DSP are modeled accordingly.

2.2.3 | Primary recovery

Adenoviral and adeno-associated viral vectors
AdV and AAV vectors are intracellular products and require
breakage of HEK cells to be released in the supernatant. Cell
lysis (Step 5, Figure 1A,C) is performed by adding 1 mL/107

cells of lysing agent Triton X-100.[20] The mixture is incu-
bated, and complete cell lysis is assumed. After cell lysis,
DNA is then degraded via a DNA lysis step with the addition
of 25 � 106 U/mL of feed of Benzonase,[22,23] for AAV and
AdV. In the AdV process, the mixture is centrifuged (Step 6,
Figure 1A) to remove cell debris, precipitated nucleic acids
and cell debris. A depth filtration step (0.2 μm membrane)
(Step 7, Figure 1A) removes the remaining particulate com-
ponents in the stream. The mixture is sent to a ultrafiltra-
tion/diafiltration (UF/DF) (0.005 μm membrane) (Step 8)
system with impurities removed via the permeate and AdV
viral particles retained by the membrane. In the AAV pro-
cess, a microfiltration step (0.45 μm) (Step 6, Figure 1C)
removes cell debris, precipitated nucleic acids and impurities
after lysis and substitutes the AdV centrifugation and depth-
filtration step. The AAV mixture is sent to a UF/DF system
(Step 7, Figure 1C) with impurities removed via the permeate
and AAV viral particles retained by the UF membrane.

Lentiviral vectors
As LV vectors are extracellular products cell lysis is not
required. DNA degradation is achieved by adding the

same amount of Benzonase (25 � 106 U/mL feed)
(Step 5, Figure 1B). Viral losses in this step are ignored
as negligible[24,37] with respect to the more significant
losses in the following steps. A microfiltration step
(Step 6, Figure 1B) removes cells and precipitated
nucleic acids. The clarified LV mixture is sent to a
chromatography step.[22,23]

2.2.4 | Purification

Adenoviral vectors
The AdV retentate from the UF/DF step is sent to an ion-
exchange (IEX) chromatography column (Step 9,
Figure 1A), which removes protein and DNA impurities.
The retentate is loaded onto the column with a binding
capacity of 3 � 1012 VP/mL[19,24]and a binding efficiency
of 100%. The column is washed to remove weak impuri-
ties. Elution of AdV product is achieved with the gradient
addition of a NaCl-based buffer to shift pH of the column.
An overall AdV yield of 80%[24,38] is assumed. The col-
umn is then regenerated with a high-concentrated NaCl-
based buffer (>20/gL) to desorb strong impurities.
Finally, re-equilibration is achieved by wash buffer,
marking the start of a new cycle.

Lentiviral vectors
The same purification protocol (Step 7, Figure 1B) is
implemented in the LV process, with adjusted recoveries
and binding capacity. The retentate is loaded onto the
column with a binding capacity of 5 � 108 TU/mL[18,22,23]

and a binding efficiency of 100% and overall step recovery
of 40%.[18,22,23]

Adeno-associated viral vectors
In AAV purification, an affinity chromatography col-
umn (Step 8, Figure 1C) precedes the IEX step[23] (Step
9, Figure 1C), as it is reported that IEX alone cannot
separate full capsids from empty ones.[39–41] A neutrali-
zation tank is added after affinity chromatography is
performed. The two columns are modeled with a bind-
ing capacity of 3 � 1012 vg/mL and 1 � 1013 vg/mL
respectively,[23,42] with yields of each step assumed to be
70%.[23] The cycles follow those of the AdV process. The
viral titer after IEX is specified in the model as
1.12 � 1012 vg/mL.[23,42]

2.2.5 | Polishing

Adenoviral vectors
Polishing of the viral vector solutions is achieved with
UF/DF and sterile filtration. AdV is concentrated by a
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factor of 3 (Step 10, Figure 1A). The mixture is diafiltered
with seven volumes of formulation buffer, as vectors are
unstable after IEX. The solution is then flushed with a
volume of 20 L/m2 and average permeate flux of 30 L/
m2h resulting in a viral particle concentration of
2.1 � 1012 VP/mL.[24] The overall viral yield of the pro-
cess step is set to 90%. The formulated bulk is sterile-
filtered (0.2 μm membrane) with a flux of 2000 L/m2h
and an assumed loss of 5% and a titer 2 � 1012 VP/mL
(Step 11, Figure 1A). The drug substance bulk is frozen
and stored at �70�C using liquid N2 for heat exchange
(Step 12, Figure 1A).

Lentiviral vectors
The LV purified solution is ultrafiltered/diafiltered (Step
8, Figure 1B) for buffer exchange and this is prototyped
on the AdV process. The adjusted product recovery for
this step is 80%, with a final drug substance titer of
9.8 � 108 TU/mL, which falls in the range of 108–109

TU/mL.[22] The drug substance is sterile-filtered (0.2 μm
membrane) (Step 9, Figure 1B) and cryofrozen to �70�C
with liquid N2 and stored (Step 10, Figure 1B).

Adeno-associated viral vectors
The AAV purified solution is ultrafiltered/diafiltered
(Step 10, Figure 1C) for buffer exchange and this is again
prototyped on the AdV process. The adjusted product
recovery for this step is 95%, with a final drug substance
titer of 2.3 � 1012 vg/mL.[23] The drug substance is
sterile-filtered (Step 11, Figure 3), and cryofrozen to
�70�C with liquid nitrogen and stored (Step 12,
Figure 1C).

2.2.6 | Fill and finish

Adenoviral vectors
The AdV drug substance is thawed and formulated with
PBS buffer to a target concentration of 1011 VP/mL[43,44]

(Step 13, Figure 1A). The solution is sent to UF step and
filled into 5 mL vials[43,44] at a rate of 400 vials/min[45]

and 3 parallel lines (Step 14, Figure 1A). This allows each
vial to contain 10 doses.[43,44] Each vial is capped, labeled,
refrigerated at 2�C[43,44] and boxed (Step 15, Figure 1A).

Lentiviral vectors
The LV drug substance is thawed and formulated with
PBS buffer and concentrated/ultrafiltered to a target con-
centration of 2 � 109 TU/mL in 50 mL vials (Step 11-12,
Figure 1B).[7,23] Vials are filled at a rate of 10 vials/
min[45] which are then capped, labeled, cryofrozen, and
boxed (Step 13, Figure 1B).

Adeno-associated viral vectors
The AAV substance is thawed and formulated with PBS
buffer and concentrated/ultrafiltered to a target concentra-
tion of 1 � 1013 vg/mL in 50 mL vials[5,6,23] (Step 13-14,
Figure 1C). Vials are filled at a rate of 10 vials/min[45] and
are then capped, labeled, cryofrozen, and boxed (Step
15, Figure 1C).

2.2.7 | Outputs

The monitored model outputs can be divided in through-
put- and cost- related outputs (Figure 2A). The batch size
B of each process is calculated based on the mass flow
per batch. The assumed dose sizes relate to the 3 selected
representative product applications, namely vaccines as
5 � 1010 AdV viral particles (VP)/dose,[43,44] in vivo gene
therapy as 7 � 1014 AAV viral genomes (vg)/dose,[5] ex
vivo gene therapy as 2 � 109 LV transfecting units (TU)/
dose.[7,22,23] The batch time T is calculated as the time to
process the batch from USP to fill and finish (F&F). The
cycle time Y is defined as the minimum required time
before another batch can be started (i.e. bottleneck step).

The capital cost includes direct fixed capital (DFC) costs
C1, start-up and validation C2 and working capital costs C3.
DFC includes equipment purchase cost and estimates costs
of installation, piping, and building. Start-up and validation
cost is calculated as a percentage of DFC.[25] Working capi-
tal is instead defined as the upfront expenditure required to
cover the first 30 days of operation in terms of variable
costs. It therefore depends on the variable-related OpEx per
batch (materials O1, consumables O4, utilities O5) and how
many batches can be completed within the starting 30 days.

The operating cost includes raw material costs
(medium, buffers, lysing agents, plasmid DNA, and HEK
cells), consumables (chromatography resins, filter mem-
branes), utilities, labor costs, QC/QA costs and facility
dependent costs. The variable costs (materials O1, con-
sumables O4, utilities O5) are calculated based on
resource costs reported in literature (Table SI-8) and
SuperPro industrial-based materials database. The labor
costs O2 are calculated based on an assumed basic labor
rate 30 $ h�1[25] and on the calculated batch time T.

The assignment of labor to each process step can be spec-
ified by an allocation factor, which relates the number of
labor hours to the actual process time. A value >1 would
indicate that operators would work in parallel on a specified
task. In this work, a value of 1 is assumed for all units. The
quantified labor hours are multiplied by lumped labor rate,
which is calculated based on the input basic rate and
accounting for benefits, supervision, supplies and administra-
tion requirements.[25,46] The underlying correlations are
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included in Section SI1-7. QC/QA costs are calculated as a
percentage of this.[14] Finally, facility dependent costs O3 are
calculated as a percentage of DFC and account for the con-
tribution of maintenance and equipment depreciation to the
operating costs. In this study, OpEx per batch and OpEx per
dose are selected as outputs.

Different scales of productions are considered for
each vector product, namely 50, 200, 1000, and 2000 L
scale (main bioreactor working volume). The throughput
of the facility is adjusted via a user-defined factor which
scales flows in each material balance calculation. Process
models are simulated for the selected scales and products,
thereby solving material balance, equipment sizing and
costing equations. The techno-economic performance of
each process plant at this nominal value is recorded and
the cost breakdown is analyzed.

The outputs selected offer an overview of an overall
process throughput, time, capital, and operating costs.
The output set can however be augmented to section-
specific quantities and/or individual cost components
depending on the detail of the analysis required. This
may find an application techno-economic assessments of
multi-purpose production platforms.

2.3 | Global sensitivity analysis and
uncertainty analysis

The impact of parameter and process uncertainties on
the model outputs can be quantified by sensitivity and
uncertainty analyses. To align with current industrial
practices, where campaign planning and process

FIGURE 2 (A) Overview of layers of calculations embedded in techno-economic model and (B) Three-step global sensitivity analysis

(GSA) workflow. Step 1: highest-ranking (Si + Sij ≥ 0.05) operational inputs are obtained, which impact batch size B, T, Y, N throughput-

related outputs. Step 2: the screen operational inputs are combined with resource costs inputs. GSA determines the highest-ranking inputs

within the operational and resource costs input space. Outputs monitored in GSA II include capital costs and operating costs C, O, K.

Finally, GSA III is performed to obtain results displayed in Section 3.3. All plots for Step 1–3 are included in SI.2.
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improvements take place post the establishment of the
process units, equipment size is fixed for all process
models. In such cases, the productivity of the process
may decrease due to limited understanding of the volu-
metric scale up or improve with process engineering and
optimization. This enables characterization of a produc-
tivity space for each manufacturing scale. Given a set of
inputs, the framework samples from the associated prob-
ability distributions of each input and records all calcu-
lated outputs. Operational inputs (e.g., task lengths,
conversions, and recoveries) and resource costs are con-
sidered and their impact on the selected KPIs
(Section 2.2) is monitored.

2.3.1 | Global sensitivity analysis

The input–output sensitivities for each flowsheet are
assessed using Sobol sequence. For this the techno-
economic model is simulated iteratively for 4096 quasi-
random input samples. Variance-based global sensitivity
analysis (GSA) is performed to investigate the respective
contributions of input uncertainty to the recorded out-
puts. Given the dimensionality of the input–output
model, random sampling-high dimensional model repre-
sentation (RS-HDMR) is implemented. The method relies
on the generation of a metamodel from input–output
data and requires the additional samples (1023) to simu-
late the process and the test the validity of the surrogate.
All inputs are varied simultaneously, and the output vari-
ance is recorded. This allows the computation of indices
which inform on both single input contributions to out-
put variability (first-order indices, Si), combined contri-
butions of inputs i and j (second-order indices, Sij), as
well as higher order interactions. The total contribution
of a single input (ST) is also calculated, by summing up
first, second and higher orders interactions. Here we
assume first-, and second-order interactions and calcu-
late: ST = Si + Sij. Higher order interactions are excluded
as insignificant.

Given the computational complexity of considering
all operational inputs and resource inputs (Tables SI5–8),
a three-step GSA-based methodology is proposed to
screen inputs and preserve key sensitivities of the outputs
(Figure 2B). The methodology takes advantage of the
layers of calculations, namely material balances, schedul-
ing and economic calculations (Figure 2A). First, opera-
tional inputs for each manufacturing process are ranked
(GSA I), considering only batch size B, process time T,
and cycle time Y as outputs. Inputs i which sum of first
and second-order effects (ST) results below a selected
threshold of 0.05 are deemed to have a negligible contri-
bution to output variability and excluded from the

reduced input sets. The first reduced set of operational
inputs is combined with the full set of resource cost
inputs (GSA II) to determine the most impactful inputs
on throughput-related quantities. Additionally capital
costs C, operating costs O and K are considered. A second
reduced set of inputs is again obtained based on the
selected threshold of significance and simulated via GSA
III. All three levels of the staged three-step GSA are per-
formed assuming uniform input distributions. This
allows unbiased characterization of Sobol indices and
observed sensitivities across the entire feasible range of
the studied inputs. The knowledge acquired via this step
provides an understanding of input–output sensitivities
and assists the interpretation of the UA.

2.3.2 | Uncertainty analysis

Based on the outcomes of the GSA, the impact of uncer-
tainty of critical inputs (ST ≥ 0.05) on the outputs is
quantified. For this, techno-economic models at different
scales are simulated iteratively for 4096 quasi-random
input samples. In advanced manufacturing processes, the
nature of uncertainty can differ, based on the level of pro-
cess understanding acquired. To cater for all steps across
process development and commercial scale, we propose
the investigation of two types of uncertainties. The first
one is the epistemic uncertainty, considering significant
lack of process understanding and therefore uniform dis-
tributions for the inputs. In this case, we capture both the
theoretical best and worst performance of the process.
The second type of uncertainty is the aleatoric uncer-
tainty, whereby process knowledge has been established
and therefore the most likely input value can be identi-
fied. To assess such cases, we use triangular distributions
based on reported upper and lower input bounds and a
most probable value which corresponds to the nominal
input considered for the techno-economic assessment.

3 | RESULTS AND DISCUSSION

3.1 | Techno-economic analysis of vector
processes

Each of the developed flowsheets is simulated in Super-
Pro with all inputs held at the base case values to deter-
mine nominal throughputs and costs of each
manufacturing platform for process comparison. Capital
costs attributed to seed cell expansion steps (1–3)
(Figure 2A–C) are estimated to the same for the three
processes and �40 � 106 $ (Figure 3A–C). Although
equipment dimensions and direct fixed cost correspond
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to 62 � 106 $ for all processes in the virus production
section as well, LV and AAV require an additional
upfront working capital 1.6 � 106 $ related to plasmid-
based transfection. Upfront working capital covers for
30 days of operation (OpEx per month) and the raw
materials in this section (plasmid DNA) make up �77%
of the OpEx per batch contribution for the virus propaga-
tion process section (Figure 3D,F).

The primary recovery and clarification steps require
similar equipment purchase cost for AdV and AAV 11–
12 � 106 $, which result higher than equipment costs LV
(3 � 106 $), as the supernatant can be harvested,

microfiltered and degraded without UF steps. As LV are
extracellular entities and there is not an additional expen-
diture in lysis buffers, reduces the OpEx per batch
brought by raw materials. In the case of AdV and AAV
instead, lysis and Benzonase share 1.9 � 105 $/batch of
the OpEx per batch (Figure 3B,F).

The purification train for AdV and LV involves IEX
and UF/DF steps. As expected, the AAV purification
section involves an additional affinity chromatography
step which comes with additional consumables costs
(�6187$/batch) and facility-dependent costs (�3.2 � 104

$/batch) due to maintenance and equipment depreciation

FIGURE 3 Breakdown of costs of manufacturing for viral vector processes: (A) capital costs for adenoviral (AdV), (B) operating costs for

AdV, (C) capital costs for lentiviral (LV), (D) operating costs for LV, (E) capital costs for adeno-associated vector (AAV), (F) operating costs

for AAV.
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(Figure 3A,F). As the number of cycles remains the same, a
smaller bed volume is required and is proportional to the
assumed volumetric flowrates and the column binding
capacity. Capital costs in the polishing step result similar
across all processes (8.6–8.8 � 106 $), as there are small
deviations in the stream volumetric flowrates.

The F&F steps of the process entail different equip-
ment sizes, because of the dilution targets in each vial.
With a vial price at 2 $/vial, the AdV product is more
diluted and is filled in smaller vials (5 mL). This results
in a need for equipment at higher throughput (maximum
400 vials/min), in three parallel lines and many vials
required. This translates into a substantial raw material
costs (3.3 � 104 $/batch), as can be seen in Figure 3A. An
additional cost contributor is the maintenance and depre-
ciation cost, which directly depends on the capital cost.
AAV and LV gene therapies require equipment of capac-
ity <25 units/min, bypassing the need for parallel lines
and requiring a smaller number of vials as products are
more concentrated.

The time to produce a batch ranges around 22 days,
with �95% of this contributed by the USP process and
DSP time taking 20.5 days for each of the processes,
respectively. As labor cost is estimated as a function of a
basic labor rate and the hours of operation per batch, the
labor cost contribution to OpEx per batch results the
same for all processes as batch time is the same across all
vectors. The bottleneck step in each of the process config-
urations is the cell culture step and viral growth in the
main bioreactor and corresponds to �6 days, which
becomes the shortest time between two consecutive
batches within a manufacturing campaign. The maxi-
mum throughput of each facility results to be the same,
namely 50 batches/year. This is computed by assuming a
single year-long production campaign.

The batch sizes that result from each process are of
significantly different orders of magnitude. The AdV pro-
cess produces a nominal value of 3.0 � 106 doses/batch
of AdV, compared to 214 LV doses/batch and 102 AAV
doses/batch. The resulting nominal costs per dose are 0.5
$/dose for the AdV vaccine, 11 600 $/dose of the AAV in
vivo gene and 1650 $/dose for LV products for ex vivo
gene therapy. The results are found to agree with the
orders of magnitudes for batch sizes and costs per dose
reported in literature.[22–24,47,48]

3.2 | GSA and UA across platforms

The techno-economic analysis (Section 3.1) provides use-
ful insights into the breakdown of costs and productivity
drivers of each vector platforms at nominal point of oper-
ation at 2000 L scale. In this work, the equipment size is

kept fixed and GSA is performed. GSA plots in Figures
SI2-1–SI2-3A–C illustrate which key operational inputs
propagate to the throughput quantities that define the
productivity of the process (i.e., batch size, process time,
and cycle time). The highest-ranked operational inputs
are the used in combination with inputs for each
resource cost (Figures SI2-1–SI2-3D–F) to screen a final
set of critical operational and resource inputs, which are
the basis of the following analyses.

3.2.1 | Throughput outputs

By considering the range of titers reported in the litera-
ture (Tables SI1-5–SI1-7) and recoveries for the DSP and
F&F section, a range of batch sizes for each process is
recorded. Given the dose sizes for the selected product
applications and 2000 L scale of USP, AdV vaccines are
produced at batch sizes at million dose scale, with ranges
around 1.8 � 106 doses/batch (IQR = 1.1 � 106–
2.9 � 106 doses/batch), several orders of magnitude
higher than both AAV batches sizes, which distribute
around a median of 76 doses/batch (IQR = 53–102
doses/batch) and LV, with a median of 672 doses/batch
(IQR = 354–1133 doses/batch) (Figure 6A1–C1). First-
order sensitivity indices Si (Figure 4G–I) highlight that
viral vector batch size variability is primarily caused by
the titer input variability followed by the performance of
the chromatography steps. Titers and working volumes
vary within orders of magnitude up to O(102) and are
expected to result in larger variance in the batch size, as
opposed to DSP recoveries which translate into a 0–1
fractional change of the batch size. This is seen in the
AdV process, where the USP titer, working volume and
IEX yield have respective first-order contributions Si of
0.50, 0.35, and 0.06. Significant combined effects between
titer and working volume are observed (Sij = 0.06), as
well as weaker interactions (Sij = 0.01) with the IEX yield
for both inputs. Similar trends are seen in the LV process,
with first-order effects for the USP titer (Si = 0.53), work-
ing volume (Si = 0.20) and IEX yield (Si = 0.14) on batch
size variability. Combined effects between USP titer and
working volumes (Sij = 0.03) are observed alongside
those with the IEX step (Sij = 0.01). Finally in AAV
manufacturing, first-order effects are once more observed
for inputs related to USP productivity, namely USP titer
(Si = 0.68) and working volume (Si = 0.11). The recovery
of the affinity chromatography step stands out as impact-
ful to batch size (Si = 0.05), stronger than the IEX step
(Si = 0.02), which was in fact excluded at the GSA I step
(Figure SI2-3). Despite sampling over an equivalent range
of chromatography yields, the fractional change in the
IEX is computed on a smaller batch size, which results in
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lower contributions to the computed batch size variance.
A strong combined effect on the output (Sij = 0.11) is
observed for USP titer and working volume, while inter-
actions with chromatography yields remain lower
(Sij < 0.05). Filtration steps such as UF/DF do not impact
the batch size significantly, with indices Si do not go
above 0.0001 (Figure SI2-2). These purification steps tend
to be rather standardized in the industry, with recoveries
that do not go below 90% for both AdV and AAV. In the
case of LV instead, filtration recoveries can reach 70% as
reported by Perry et al.[18] As a result the variability

introduced by titer and chromatography step yields is
remarkably more significant.

The length of time to produce the batch solely
depends on the assumed task lengths (Figure 4A–C). As
processes are assumed to not be vector specific until
transfection/infection and the longest tasks take place in
the USP section, variability in process time is mainly
attributed to task durations in the seed cell culture train
(Steps 1–3) and the main bioreactor (Step 4), followed by
viral growth. This is confirmed by the value of sensitivity
indices (Si = 0.22) for all cell tasks for all processes and

FIGURE 4 Global sensitivity analysis (GSA) plots for throughput-related outputs of each viral vector platforms. Each plot displays first-

order sensitivity indices Si along the diagonal and second-order indices Sij in squares combining two inputs: (A) process time for adenoviral

(AdV), (B) process time for lentiviral (LV), (C) process time for adeno-associated vector (AAV), (D) cycle time for AdV, (E) cycle time for LV,

(F) cycle time for AAV, (G) batch size for AdV, (H) batch size for LV, (I) batch size for AAV. Only the five highest ranking inputs are

included in the plot to aid visualization; full plots are displayed in Figures SI2-4–SI2-6.
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the viral vector growth with a lower index (Si = 0.099).
This results into a cycle time which ranges of 6.7 days
(IQR = 6.1–7.5 days). The cycle time for each of the pro-
cesses is impacted by the cell culture step duration in the
main bioreactor (Si = 0.69) and the transfection task
length (Si = 0.28) which together constitute the bottle-
neck of the process (Figure 4D–F).

3.2.2 | Cost outputs

A further set GSA plots is obtained, which illustrate how
the combination of critical operational inputs and
resource cost inputs impact cost-related outputs, includ-
ing capital costs, operating costs per batch and operating
cost per dose. The resulting uncertainty ranges are dis-
played in Figure 6A4–A6, B4–B6, and C4–C6.

Capital costs do not demonstrate significant varia-
tions across all platforms. This can be attributed to the
fact that the equipment size is fixed and the largest share
of this cost is the direct fixed cost. The recorded CapEx
variability for all processes, with medians of 242.7 � 106

$ (IQR = 242.4–243.0 � 106 $) for AdV, of 128.5
(IQR = 127.9–129.0 � 106 $) and of 170.2 � 106 $
(IQR = 169.7–170.7 � 106 $) for AAV is a result of vary-
ing working capital, which is estimated as a function of
OpEx per year (Figure 5A–C). The working capital
includes the upfront cost of materials for the initial
30 days of operation. This cost would be expected to vary
according to the cost of the resources consumed for each
batch and the actual number of batches completed within
the 30-day period. Therefore, pDNA cost is the main con-
tributor to working capital variability in the LV process
(Si = 0.57) and the AAV process (Si of 0.47) followed by
contributions from other resources (Si = 0.01–0.09)
(Figure 5B,C). Weaker first-order contributions from
inputs that impact bottleneck lengths and number of
batches is also observed, namely the task lengths relate to
cell expansion and viral propagation in the main bioreac-
tor (Si = 0.08–0.19). In the case of AdV, first-order effects
for these task lengths (Si = 0.52, Si = 0.21) prevail over
materials resource costs (Figure 5A).

The variability in OpEx per batch for each vector is
primarily introduced by materials and operating costs
(Figure 5D–F). Given the inputs considered and the
equipment size remaining fixed, the facility-dependent
component of the cost does not contribute to the
observed output variability. Plasmid DNA cost is the most
prominent in LV (Si = 0.89) and AAV manufacturing
(Si = 0.75) as it contributes to the largest share of the cost
(Figure 5E,F) (Section 3.1, and References 22, 23, and
39). The OpEx per batch also varies due to the cost of
endonuclease, with first-order contributions in both the

LV process (Si = 0.09) and the AAV process (Si = 0.09).
A range of weaker first-order sensitivities (Si = [0.08–
0.02]) are also observed with respect to labor and
medium cost in both LV and AAV manufacturing. GSA
for the AdV process highlights stronger first-order effects
for endonuclease costs (Si = 0.41) and the labor rate
(Si = 0.32), as pDNA is not consumed by the process
(Figure 5D). Additionally, the amount of medium con-
sumed and its cost show significant first-order (Si = 0.14)
and weak second-order effects (Sij = 0.01), as they impact
the total cost of medium consumed which is factored in
the materials cost. This second order effect becomes
insignificant in LV and AAV manufacturing given the
stronger Si of pDNA cost. The computed uncertainty
ranges for the OpEx per batch highlight that manufactur-
ing a batch of AdV overall remains more expensive than
LV and AAV vectors at the same scale (Figure 6A5–C5).
Specifically, expenditures at medians of 1.41 � 106

$/batch (IQR = 1.37–1.45 � 106 $/batch) are required to
manufacture AdV, due to the facility-dependent cost of
the F&F sections. Manufacturing a batch of AAV vectors
requires around 1.31 � 106 $/batch (IQR = 1.22–
1.39 � 106 $/batch) as opposed to 0.98 � 106 $/batch
(IQR = 0.90–1,07 � 106 $/batch) for LV. This is because
AAV costs embed additional expenditures for deprecia-
tion, materials, labor, and consumables of additional
steps, for instance the affinity chromatography step.

With the range of OpEx per batch and batch sizes, a
range of costs per dose for each product application is
obtained (Figure 6A6–C6). AdV require smaller dose
sizes, which improves the throughput of each batch and
lowers the unit production cost to a median of 0.74
$/dose (IQR = 0.48–1.16 $/dose) (Figure 6A6). As batch
sizes remain low for LV and AAV and dose sizes gener-
ally higher, the cost to produce a dose of LV product
ranges within 1459 $/dose (IQR = 866–2730 $/dose)
(Figure 6B6). Instead, AAV products cost �17 268 $/dose
(IQR = 12 698–24 602 $/dose) (Figure 6C6). The cost per
dose is lowered for larger batch sizes and the GSA plots
(Figure 5G–I) highlight how this value is mostly sensitive
to the operational inputs that impact the batch size. In
AdV manufacturing, first-order effects from USP titer
(Si = 0.57), working volume (Si = 0.30) and IEX yield
(Si = 0.042) are recorded (Figure 5G). Similarly in LV
manufacturing, significant inputs include USP titer
(Si = 0.80), working volume (Si = 0.60) and IEX yield
(Si = 0.036) (Figure 5H). In AAV manufacturing, the
impact of pDNA cost also results significant (Si = 0.09),
alongside the expected USP titer (Si = 0.41), working vol-
ume (Si = 0.27) and affinity chromatography yield
(Si = 0.036) (Figure 5I). This would be explained by the
strong first-order contribution found for the OpEx per
batch in AAV manufacturing, based on which the unit
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cost is computed. Second-order effects between USP titer,
working volume and chromatography yields also propa-
gate to the unit production cost, given its dependence on
batch size. These results highlight the importance of
either improving the productivity per batch and/or lower-
ing dose sizes. It is in fact expected that lowering dose for
gene therapy LV and AAV products especially would
lower costs of production per unit by orders of magni-
tude. Additionally, reducing pDNA requirements for
transfection would contribute to lowering AAV unit costs
production. The orders of magnitude of costs and batch

sizes are found to agree with data reported in literature
and industrial reports.[22–24,27,47–49]

3.3 | Comparative analysis across
platforms and scales

The GSA analyses (Section 3.2) and quantified Sobol indi-
ces provide useful insights how input uncertainty may
propagate to process performance indicators for each
viral vector platform considered. Leveraging on this

FIGURE 5 Global sensitivity analysis (GSA) plots for cost-related outputs of each viral vector platforms. Each plot displays first-order

sensitivity indices Si along the diagonal and second-order indices Sij in squares combining two inputs: (A) Capital cost for adenoviral (AdV),

(B) capital cost for lentiviral (LV), (C) capital cost for adeno-associated vector (AAV), (D) operating cost for AdV, (E) operating cost for LV,

(F) operating cost for AAV, (G) unit cost for AdV, (H) unit cost for LV, (I) unit cost for AAV. The five highest ranking inputs are included in

the plot to aid visualization; full plots are displayed in Figures SI2-4–SI2-6.
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knowledge, uncertainty ranges for each KPI at different
scales of manufacturing can be quantified and character-
ized. First, a discussion on the propagation of uncertainty
across scales is presented. Output uncertainty ranges gen-
erated via uniform sampling of the input space are com-
pared with those generated via triangular distributions,
to illustrate the impact of integrating process knowledge
of most probable input values. Median and IQR ranges
for each case are reported in Tables SI3-1–SI3-3 alongside
violin plots for (i) process time, (ii) cycle time, (iii) capital
cost, and (iv) operating cost per batch across scales
(Figure SI3-1). Batch size ranges and cost per doses are
instead presented in Figure 7. Secondly, a discussion on
how scalability assessments can integrate the findings of
the UA is presented.

3.3.1 | Throughput outputs

Process and cycle times ranges remain almost unchanged
across scales (Figure SI3–A1–A2, B1–B2, C1–C2), and
this is due to the assumption that the number of

expansion steps and task lengths do not vary across
scales. When the uncertainty space is explored uniformly,
medians of process times result around 21.2 days
(IQR = 19.9–22.5 days) while a median cycle time of
6.8 days (IQR = 6.1–7.6 days) is found for all processes.
When triangular distributions are assumed, more input
samples are generated around the most probable value of
3.6 days for cell expansion tasks and 2 days for viral
growth. Output samples result distributed around lower
median values and a tighter IQR range is recorded,
with medians of �19.8 days (IQR = 18.9–20.8 days) for
process time and 6.1 days (IQR = 5.8–6.9 days) for
cycle time.

A volumetric propagation of uncertainty is observed
with respect to the batch size for all production platforms
and distributions, with larger IQR ranges as production
scale increases (Figure 7A–C). This is due to the assump-
tion that titer ranges do not vary across scales and
directly multiply main bioreactor working volume which
increases proportionally with scale. Additionally, the crit-
icality of USP titer for batch size variability identified via
GSA (Section 3.2) explains the prevalence of this trend

FIGURE 6 (A1–A6) Violin plots generated via uniform input distributions for adenoviral (AdV) process techno-economic performance,

at 2000 L scale and assumed product dose size of 5 � 1010 VP dose-1: (A1–A3) throughput related outputs and (A4–A6) cost-related outputs.

(B1–B6)—Violin plots for lentiviral (LV) process techno-economic performance, at 2000 L scale and assumed product dose size of 2 � 109

TU dose-1: (B1–B3) throughput related outputs and (B4–B6) cost-related outputs. (C1–C6)—Violin plots for adeno-associated vector (AAV)

process techno-economic performance, at 2000 L scale and assumed product dose size of 7 � 1014 vg dose-1. (C1–C3) throughput related
outputs and (C4–C6) cost-related outputs.
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over the impact of DSP recoveries, which correspond to a
fractional change in batch size and would contribute to a
linear increase instead. Batch sizes for AdV-based vac-
cines applications consistently remain larger than LV-
based and AAV-based gene therapies. Specifically, when
considering a uniform distribution, AdV batch sizes
range at 2000 L around medians of 1.9 � 106 doses/batch
(IQR = 1.2–2.9 � 106 doses/batch), decreasing to a
median of 9.4 � 105 doses/batch (IQR = 5.9 � 105–
1.4 � 106 doses/batch) at 1000 L scale, up to a median of
4.7 � 104 (IQR = 2.9 � 104–7.2 � 104 doses/batch) at
50 L (Figure 7A). Compared to AdV, LV batch sizes
remain lower ranging from around 672 doses/batch
(IQR = 354–1133 doses/batch) at 2000 L to batch sizes of
17 doses (IQR = 9–28 doses/batch) at 50 L (Figure 7B).
Median values for AAV batches at 2000 L correspond to

�76 doses/batch (IQR = 53–102 doses/batch) and drop
to significantly lower amounts at 50 L, with 2 doses/batch
(IQR = 1–3 doses/batch) (Figure 7C). If a triangular dis-
tribution is assumed, tighter ranges of batch sizes are
observed for each scale, with the peak value selected for
USP titers and recoveries impacting the shape of the dis-
tribution. In the LV process, most probable input values
for USP titer and DSP recoveries are generated at a mid-
point within the considered range and this translates in a
symmetrically skewed distribution compared to the uni-
form case, with median values preserved for all scales
and tighter IQR ranges. In the case of AdV and AAV,
USP peak values correspond to the upper bound whereas
IEX and affinity chromatography yields correspond to
the lower bound. As USP titer is identified as most
impactful to this output, median values for AdV and

FIGURE 7 (A–D)—Violin plots for adenoviral (AdV) process techno-economic performance across scales (50–2000 L) and assumed

product dose size of 5 � 1010 VP dose-1. (A) Batch size and (D) unit operating cost per dose. (B–E)—Violin plots for lentiviral (LV) process

techno-economic performance across scales (50–2000 L) and assumed product dose size of 2 � 109 TU dose-1. (B) Batch size and (E) unit

operating cost per dose. (C–F)—Violin plots for adeno-associated vector (AAV) process techno-economic performance across scales (50–
2000 L) and assumed product dose size of 7 � 1014 vg dose-1. (C) Batch size and (F) unit operating cost per dose. Uniform and triangular

distributions are compared.
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AAV batch sizes increase for all scales while IQR ranges
decrease, as more USP titer input samples are generated
in the upper end of the specified ranges.

3.3.2 | Cost outputs

Smaller scales result in lower capital investments as
equipment of smaller volume is required in each process.
AdV capital costs drop from a median of 242.7 � 106 $
(IQR = 242.4–243.0 � 106 $) at 2000 L to 80.5 � 106 $
(IQR = 80.5–80.6 � 106 $) at 50 L scale (Figure SI3-1,
A3). Overall, the process requires the highest capital
expenditure compared to LV and AAV due to the F&F
process sections at all scales. LV capital costs range from
128.5 � 106 $ (IQR = 128.2–128.9 � 106 $) at 2000 L to
71.3 � 106 $ (IQR = 71.2–71.4 � 106 $) at 50 L scale
(Figure SI3-1,B3), whereas in AAV manufacturing at
50 L capital costs remain higher than LV, resulting in a
median of 91.6 � 106 $ (IQR = 91.5–91.7 � 106 $)
(Figure SI3-1,C3). Uncertainties around the capital costs
remain narrow at all scales, with a variability introduced
via the working capital contribution.

Scaling down batch sizes results in lower operating
expenditures per batch for all vectors. Production costs for
AdV batches remain higher than AAV batches and LV
batches at all scales. For instance, in the uniform distribu-
tion case AdV production costs decrease from 1.41 � 106

$/batch (IQR = 1.37–1.45 � 106 $/batch) at 2000 L, to
costs at 1000 L at medians of 0.90 � 106 $/batch
(IQR = 0.87–0.93 � 106 $/batch) up to 0.36 � 106 $/batch
(IQR = 0.33–0.38 � 106 $/batch) at 50 L (Figure SI3,A4).
These ranges remain higher than the LV and AAV process
scales, although processes converge to an almost equiva-
lent expenditure of medians 0.32–0.39 � 106 $/batch at
50 L (Figure SI3,B4,C4). Additionally, assuming triangu-
larly distributed resource costs with central peak values
results in a symmetrical tightening of IQR ranges around
preserved median values. OpEx per batch is strongly
dependent on resource costs realizations as observed in
the GSA analyses and the distribution pattern is pre-
served. For both distributions larger IQR are observed
with increasing scale due to the larger amount of raw
material required to manufacture larger batch sizes.

Unit production costs result higher at lower scales
due to economies of scale for all processes, with a
10–20-fold increase at 50 L compared to 2000 L
(Figure 7D–F). If OpEx per batch for each vector is at
similar orders of magnitude, converging to an equivalent
range for smaller scale, differences across vectors are sig-
nificant when costs are normalized by batch size ranges.
Specifically, for the uniform distribution case, a 10-fold
increase in unit cost for AdV-based vaccines translates in

an increase from 0.74 $/dose (IQR = 0.48–1.16 $/dose) at
2000 L to 7.56 $/dose (IQR = 4.90–12.2 $/dose) at 50 L
(Figure 7D). For LV and AAV products, manufacturing
at lower scale results in sharper increases in unit costs, as
batch sizes are found to be lower by orders of magnitude
compared to AdV vaccines. At 50 L scale, LV unit pro-
duction costs range at 19127 $/dose (IQR = 11 396–
36 640 $/dose) compared to a median of 1459 $/dose
(IQR = 866–2730 $/dose) at 2000 L scale (Figure 7E).
Unit AAV costs at the lowest 50 L scale reach a median
of 197 973 $/dose (IQR = 146 360–283 598 $/dose)
(Figure 7F). The impact of triangular distributions is also
assessed and is related to the trends observed for the
batch size for each vector application. These analyses
highlight that manufacturing at larger scales is expected
to lead to significant cost reductions, specifically in the
case of ex vivo LV and in vivo AAV-based products which
are characterized by smaller batch sizes and typically
higher dose sizes.

3.3.3 | Scalability assessments and supply
chain planning

A staged approach to scale up mitigates financial risks
of investment, however, can reduce possible benefits
from economies of scale in earlier phases of process
development. In Phase I clinical trials, manufacturing
is often allocated to existing small-scale assets. As clini-
cal trials progress and product demand increases man-
ufacturers may assess the maximum scalability of
available resources before switching to larger scales. In
this space, IQR ranges can be used as means of quanti-
fying a worst-case and best-case performance for each
KPI considered across scales. In addition, the shape of
the probability distributions displays the likelihood of
each scenario and can inform risk management
strategies.

For instance, the UA conducted on the AAV process
can be used to quantify the scalability of a 200 L produc-
tion platform, which is estimated at �11 doses/batch.
This maximum value may be achieved via combined pro-
cess improvements between USP processes via higher
viral titers, operating bioreactors at maximized working
volumes and improved affinity chromatography yields in
DSP, which are found to be critical inputs for batch size
variability. Unit production costs are directly impacted by
batch size; therefore, in this best-case scenario would be
lowered up to 44 886 $/dose. Switching to larger scales a
1000 L bioreactor would ensure batch sizes of �28 doses/
batch at 28 900 $/dose and �53 doses at 14 874 $/dose in
the worst-case and best-case scenario respectively, with
expected further cost reductions at 2000 L scale. For both
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the uniform and triangular distribution case, the calcu-
lated IQR ranges are found to not overlap, which effec-
tively improves confidence in the differentiation of
process performance across scales. The high-dose require-
ments for AAV in vivo applications result in consistently
lower batch sizes compared to other viral vector applica-
tion. Prioritizing investments and process development
efforts at higher scales in AAV manufacturing to maxi-
mize batch sizes would lead to substantial benefits from
economies of scale. Manufacturers may assess the num-
ber of batches required at an intensified 200 L scale, com-
pare it to the required number at larger scales and
develop cost-effective strategies accordingly.

In the LV case, the quantified manufacturing uncer-
tainties may result in more complex trade-offs during
scale-up. Batch size outputs generated by uniform input
distributions result in IQR ranges which overlap across
scales as the spread of output samples increases, there-
fore challenging the differentiation of scales (Figure 7B).
For instance, a 1000 L manufacturing process ensures
batch sizes of around 336 doses/batch (IQR = 177–566
doses/batch) in the uniform distribution case. If produc-
tion is allocated to this asset, manufacturers may com-
pare the potential of process improvements (i.e.,
increasing viral titers and IEX yields) and assess switch-
ing to a higher scale. Figure 5B highlights a potential
twofold increase in production in best-case process per-
formance scenario, with a unit production cost of 1192
$/dose (Figure 5E). With scale up, a 2000 L process may
supply batch sizes as low as 354 doses/batch in the worst-
case scenario performance which corresponds to costs as
high as 2 730 $/dose. The worst-case performance when
more probable process parameters are integrated via tri-
angular input distributions would instead correspond to
375 doses/batch at 2000 L and 2 578 $/dose. This high-
lights the importance of considering a drop in batch
yields occurring during scale-up, as reversed effects to
economies of scale may result from the scale switch. Nev-
ertheless, when scenario probabilities are factored in the
decision-making, switching to higher scales becomes a
reliable option. Considering a hypothetical target demand
of 500 doses and the batch size distributions obtained via
uniform or triangular sampling, the 1000 L process dis-
plays a lower probability of satisfying it with a single
batch in a best-case scenario compared to a 2000 L pro-
cess at its worst-case performance, even prior to process
intensification. In a similar fashion, the probabilistic cost
per dose for each scale could be compared, as there is
more probability of lowering unit production costs at
2000 L.

Further trade-offs emerge from an end-to-end supply
chain perspective. Manufacturers supply the LV vectors
as raw material for transfection for C&GT products ought

to ensure raw materials availability at the cell therapy
site, to allow minimized of return times of the end C&GT
product to the starting patients. As more C&GT products
reach commercialization and inventories of LV vectors
are more likely to be depleted at the cell therapy
manufacturing site, demand fluctuations may propagate
to the LV supplier node as short-term unforeseen orders.
This may pressure manufacturers in identifying proactive
strategies to minimize collection times between batches,
to ensure raw material availability for the manufacturing
of life-saving C&GT therapeutics. In this space, the quan-
tification of best- and worst-case cycle times of 5.9–
7.4 days would assist manufacturers in assessing benefits
of bypassing process bottlenecks in the main bioreactor
through smaller scale equipment staggering. Shorter bot-
tlenecks enable reactive short-term scheduling of new
batches to fulfill short-term unforeseen orders. However,
scaling out would however result in a reduced benefit
from economies of scale, with associated probable batch
sizes and costs and a requirement for a higher number of
batches to meet established mid-term demand targets.

Scalability assessments in AdV-based vaccines appli-
cations highlights that a 1000 L manufacturing process
provides batch sizes of around 9.4 � 105 doses/batch
(IQR = 5.9 � 105–1.4 � 106 doses/batch), in the uniform
distribution case (Figure 7D). Improved viral titers and
IEX chromatography yields could enable ramping up pro-
duction to 1.4 � 106 doses/batch at a cost 0.6 $/dose. In
comparison, the worst-case performance of a 2000 L bio-
reactor correspond to 1.2 � 106 doses/batch, with costs of
1.16 $/dose. Further process improvements at this scale
lowers cost to 0.5 $/dose, with >twofold increase in batch
size, namely 2.9 � 106 doses/batch. Although these
options result cost-competitive with unit costs ranging
between 0.5 and 1.2 $/dose, the pressure to urgently sup-
ply vaccines at global scale may drive manufacturers to
opt for investments at 2000 L. This would be because of a
higher probability of larger batch sizes at million doses
scale, which would meet global demand faster and pro-
vide a higher potential for scalability. Once more, consid-
ering the triangular distribution case, tighter IQR ranges
would provide more confidence in the differentiation of
performance of scales, as overlaps of uncertainties are
reduced. From a supply chain perspective, the cost-
competitiveness of AdV manufacturing at both 1000 and
2000 L scales, despite the considered uncertainties, high-
lights the potential of staggering equipment at a single
location to reduce cycle time or decentralizing
manufacturing assets across different geographical loca-
tions. Allocating resources in distributed supply chain
networks allows manufacturing closer to the demand
zones, minimize transport delays and costs and poten-
tially improve the resilience of the network in case of
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disruption, while potentially requiring a larger number of
batches and longer production campaigns to meet
demand targets.

4 | CONCLUSIONS

As more novel therapeutics advance from clinical to com-
mercial stages, manufacturers are asked to plan their
manufacturing capacity and schedule necessary equip-
ment and facility investments such that shortage risks are
minimized. This requires in-depth characterization of
manufacturing platforms capabilities and incurred costs.
The concept of in risk manufacturing is highlighting the
need to plan before process capabilities are known for
certain. In the case of viral vectors, processes still require
significant improvements to maximize titers, minimize
downstream (DSP) losses, shorten bottlenecks and reduce
costs per dose. This holds especially for viral vector-based
gene therapy products, where batch sizes are significantly
higher than vaccines and costs result orders of magnitude
higher. This study presents a systematic framework for
(i) process modeling and simulation for the selected bio-
pharmaceutical application for techno-economic assess-
ment, (ii) characterizing of uncertainty in process
performance, which involves correlating performance
deviations to specific contributions of key process uncer-
tainties (i.e., model inputs) via variance-based global sen-
sitivity analysis (GSA), (iii) quantifying of uncertainty in
the techno-economic performance (productivity and
costs) (i.e., model outputs) at different scales of
manufacturing. Our methodology is relevant to many
other advanced therapy medicinal products (ATMP)
emerging categories, such as mRNA vaccines and non-
viral based gene therapies[50,51] and can repurposed for
other product applications using the same vectors with
adjusted dose sizes and adapting process models to alter-
native setups. In this work, processes for three vector
applications are studied and compared, namely
adenovirus-based (AdV) vaccines, lentivirus-based (LV)
ex vivo gene therapy and adeno-associated virus-based
(AAV) in vivo gene therapy.

Results of the techno-economic assessment for each
platform suggest similar capital expenditures for the
2.000 L scale. Whereas operating expenditure for AdV
embed a significant contribution from fill and finish
(F&F) costs, a significant portion of LV and AAV produc-
tion costs per batch corresponds to plasmid DNA require-
ments for viral propagation. As USP titers are typically
higher, batch sizes for AdV are orders of magnitude
larger than LV and AAV. As a result, costs of vaccines
typically range around 0.5–1 $/dose, whereas gene thera-
pies cost 1000–10 000$/dose in best-case scenarios.

GSA results highlight pressure points in viral vector
manufacturing and set strategic targets for process
improvements and engineering efforts. Sobol indices
highlight how input uncertainty may propagate to pro-
cess performance uncertainty. Batch sizes are found to be
impacted mostly by upstream (USP) titers and working
volumes, followed by DSP chromatography recoveries.
Process bottlenecks for each of the processes are also
characterized. As the process set up considered a single
production line, cycle time is dictated by the tasks of cell
and viral growth in the main bioreactor. Unit production
cost per dose are found to be directly correlated to the
batch size.

A comparative uncertainty analysis (UA) across scales
is then presented and is aimed at quantifying uncertainty
ranges for the selected throughput and cost related key
performance indicators (KPIs) for different scales and
vector products. Additionally, the impact of the assumed
input probability distributions on KPI uncertainty is
assessed, with comparisons between uniform and trian-
gular input distributions. As triangular distributions
result in tighter uncertainty ranges for all outputs consid-
ered, this is found to improve the differentiation of pro-
cess performance across scales, which reduces risks
associated with scale selection.

Despite uncertainties, investment in higher scales in
early stages leads to significant cost reductions, specifi-
cally in case of AAV-based in vivo gene therapies, which
are characterized by consistently smaller batch sizes.
Scale-up assessments for LV manufacturing are also pre-
sented, with direct considerations related to risk quantifi-
cation in switching to larger scales and meet set demand
targets. Scale comparisons for AdV manufacturing plat-
forms, highlight the cost-competitiveness of scaling out
manufacturing resources at smaller scales and focusing
on process intensification.

The analyses presented highlight several challenges
related to minimizing production and distribution costs,
while ensuring product availability and setting up flexi-
ble manufacturing platforms. Process performance
uncertainty at different scales adds further risks for
each scale up and investment decision. The framework
presented in this study provides means of characterizing
process performance ranges and associated probability
distributions which ought to be integrated in the
decision-making. This highlights the need for computer-
aided tools that systematically integrate the scale depen-
dent process uncertainties, quantify performance and
risks of manufacturing alternatives. This would assist
decision-makers in identifying successful strategies for-
ward that ensure availability of ground-breaking thera-
peutics to those in need, from clinical to commercial
stages.
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