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a  b  s  t  r  a  c  t

Reimbursement  pressures  have  resulted  in  an  increased  awareness  of  the  importance  of estimating  and
improving  manufacturing  costs  for  cell therapy  products.  This  work  describes  the  development  and  appli-
cation of  a decisional  tool  capable  of  computing  the  manufacturing  costs  for an  allogeneic  CAR-T  cell
bioprocess.  The  tool  was  used  to  facilitate  a comparison  of  the  impact  on  cost  of goods  (COG)  from  the
use  of  different  process  technologies  including  T-flasks,  gas  permeable  vessels,  rocking  motion  bioreac-
tors,  an  integrated  processing  platform,  MACS  purification  and  spinning  membrane  filtration  technology.
Seven  different  process  flowsheets  were  compared  and  the  economic  drivers  of  manufacturing  costs  were
analysed.  COG  per  dose  values  were compared  against  a specified  target  selling  price  (TSP) to understand
the  feasibility  of  achieving  a target  COG  as %  TSP.  Finally,  a  multi-attribute  decision-making  (MADM)
analysis  was conducted  in order  to allow  preference  of process  design  to be  determined  on  the  basis
of  qualitative  and quantitative  operational  attributes,  rather  than  COG  alone.  The  flowsheet  containing

rocking  motion  bioreactors,  spinning  membrane  filtration  technology  and  a MACS  purification  platform
was  found  to  result  in  the  lowest  COG  value.  The  MADM  analysis  indicated  that this  was  also  the  preferred
flowsheet  when  qualitative  operational  attributes  were  also  considered.  Furthermore,  process  attributes
such  as viral  transduction  efficiency  and  electroporation  efficiency  were  found  to be key  process  economic
drivers.

© 2018  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license
. Introduction

Many chimeric antigen receptor (CAR) T cell therapies currently
n development are autologous. This has been reflected by the focus
f the majority of process design commentaries and analyses in
his area to date [e.g. 1–3]. However, recent advances have allowed
he silencing of T cell receptor (TCR) expression on T cells derived
rom normal healthy donor so as to avoid alloreactivity [4]. This has
aved the way for the development of allogeneic CAR-T cell ther-
pies. A major advantage of an allogeneic CAR-T therapy is that it
ould be used as an off-the-shelf treatment in acute oncology cases
f a patient is either too ill to provide their own T-cell sample, or
f they cannot provide the requisite number of T-cells required for

he manufacture of an autologous product. Further to this, universal
ell therapies align with traditional scale-up strategies and greater
conomies of scale could be realised with such a product. Allogeneic
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E-mail address: s.farid@ucl.ac.uk (S.S. Farid).

ttps://doi.org/10.1016/j.bej.2018.05.014
369-703X/© 2018 The Authors. Published by Elsevier B.V. This is an open access article u
(http://creativecommons.org/licenses/by/4.0/).

CAR-T cell therapies have the potential to enable more affordable
treatments when compared to their autologous counterparts that
are estimated to command a price bracket of US$150k – US$650k
[5–7]. Whilst allogeneic CAR-T cells may  be able to provide solu-
tions to cost of goods challenges currently observed in relation to
autologous products, the clinical safety and efficacy of the approach
are still being explored.

At the forefront of current commercial challenges to cell thera-
pies is the production of cells at a relevant quantity and quality to
support their function. Traditional, planar technologies that offer
reliable tools for laboratory-based protocols are labour-intensive
and do not lend themselves to large scale, allogeneic processes. The
majority of dose sizes reported for CAR-T cell therapy products are
estimated to be on the order of 107 – 109 cells, although full dose
ranges vary from 104 – 1012 cells [8].

Further to this, technologies used for the concentration of T-cell
populations following cell culture have also improved. Spinning

filter membrane technologies (e.g. Lovo Cell Processing System
(Fresenius Kabi, Lake Zurich, IL, USA)) [9] and fluidised bed cen-
trifuge systems (e.g. kSep (Sartorius, Göttingen, Germany)) [10],

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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long with integrated systems mentioned above where the cell cul-
ure chamber also acts as a centrifuge, now offer efficient means of
ell concentration in a closed environment. This represents a wel-
ome shift from more conventional, planar technologies that do not
ffer the process control, flexibility, or potential for scale-up asso-
iated with modern technologies. Despite these advances, cost of
oods (COG) associated with the production of CAR-T cell therapies
re still a major challenge facing products of this nature.

Advances in technologies have seen platforms such as the fol-
owing being evaluated in cell therapy bioprocessing applications:
as-permeable vessels (e.g. G-Rex (Wilson Wolf, New Brighton, MN,
SA)) [11], rocking motion bioreactors (e.g. Xuri Cell Expansion Sys-

em (GE Healthcare, Chicago, IL, USA)), and contained, integrated
ioprocess platforms (e.g. CliniMACS Prodigy (Miltenyi Biotec, Ber-
isch Gladbach, Germany)) [1]. Further to this, technologies used
or the concentration of T-cell populations following cell culture
ave also improved. Spinning filter membrane technologies [9] (e.g.
ovo Cell Processing System (Fresenius Kabi, Lake Zurich, IL, USA))
nd fluidised bed centrifuge systems (e.g. kSep (Sartorius, Göttin-
en, Germany)) [10], along with integrated systems mentioned
bove where the cell culture chamber also acts as a centrifuge,
ow offer efficient means of cell concentration in a closed envi-
onment. This represents a welcome shift from more conventional,
lanar technologies that do not offer the process control, flexibil-

ty, or potential for scale-up associated with modern technologies.
espite these advances, cost of goods (COG) associated with the
roduction of CAR-T cell therapies are still a major challenge facing
roducts of this nature.

The use of decisional tools can prove useful in the identification
f cost-effective bioprocess designs and equipment sizing regimes.
urther to this, decision-support tools and cost of goods (COG) mod-
ls offer a means to capture resource requirements and the process
conomics associated with different bioprocess designs in order to
id process development decisions early on in product develop-
ent. At the time of writing there is a small, but growing number

f this type of analysis that has been applied to cell therapy bio-
rocesses. Commercially available flowsheeting software has been
sed to evaluate the relative economic potential of iPSC-derived
ell bioprocess designs [12]. The use of bespoke decisional tools
o aid cost-effective process design has also been demonstrated by
umerous studies. The use of manual versus automated cell culture
latforms during the production of patient-specific iPSC-derived
ell populations across a variety of scales has been considered [13].
urthermore, the use of a combined experimental and economic
pproach has identified the most cost-effective process platform
or purification of hiPSC-derived retinal progenitor cells (RPCs) as
art of the manufacture of an autologous cell therapy product; this
pproach also highlighted economic and feasibility constraints of
urrently available purification technologies [14]. For mesenchy-
al  stem cells (MSCs), published studies have focused on the

mpact of different potential commercial dose-demand scenarios
nd their impact on the scale at which microcarriers in single-use
ioreactors (SUBs) become preferable to planar-based technolo-
ies from an economic perspective [15,16], and on the optimal
ingle-use scalable downstream processing technologies for vol-
me  reduction [17]. Further to this, Hassan et al. [18] showed how

 decisional tool could be used to evaluate the effect of process
hanges during different phases of clinical development on the
ong-term profitability of a project.

Multi-attribute decision-making (MADM) analysis provides a
echanism for qualitative, as well as quantitative attributes of a

olution to a bioprocess design problem to be evaluated. MADM

equires that all attributes are considered across an equivalent mea-
urement scale, this is usually done by converting all attributes to
imensionless units on a finite rating scale. This method therefore
llows preference decisions to be made on the basis of multiple
eering Journal 137 (2018) 192–204 193

attributes for an array of different problem solutions [19]. MADM
analyses have previously been applied within various decision sup-
port tools in the biopharmaceutical sector in order to evaluate
bioprocess designs on the basis of operational, environmental, and
economic attributes [20,21].

To date, no economic analyses or decisional tools relating to
CAR-T cell therapy bioprocessing have been published. CAR-T cell
therapies demand a unique production process. T-cells must be
activated and be genetically manipulated in order to express a CAR
protein; the material required to do this is usually transduced via a
viral vector. Further to this, allogeneic CAR-T cell therapies require
an additional unit operation in order to silence genes causing the
expression of T-cell receptors (TCRs), which could mediate graft-
versus-host disease (GvHD) in recipient patients.

This study describes the development and application of a
decisional tool that has been designed to capture the resource
requirements and COG associated with different bioprocess flow-
sheets put forward for the production of an allogeneic CAR-T cell
therapy for the treatment of haematological malignancies. This
paper evaluates the use of different types of cell culture vessels
(rocking motion bioreactor, gas permeable vessel, and tissue cul-
ture flasks) when used in conjunction with a variety of different
devices for media removal (fluidised bed centrifuge, spinning filter
membrane, integrated bioprocess platform based on continuous
centrifugation, automated media removal pump). Additionally, the
tool highlights process economic drivers associated with each bio-
process flowsheet. Scenario analyses are used to probe the effects
of process improvements on COG as a percentage of target selling
price. Finally, multi-attribute decision making (MADM) analysis is
applied to quantitatively evaluate different allogeneic CAR-T cell
therapy bioprocess flowsheets from both financial and operational
perspectives. This is the first time such an analysis has been applied
to the production of an allogeneic CAR-T cell therapy.

2. Tool description

A decisional tool was developed in order to evaluate different
bioprocess flowsheets and process technologies associated with
the manufacture of an allogeneic CAR-T cell therapy from an eco-
nomic and operational perspective. The tool comprises a bioprocess
economics model, an information database, and a multi-attribute
decision making (MADM) module. The tool was  implemented in
Microsoft Excel (Microsoft Corporation, WA,  USA) and Visual Basic
for Application (VBA) (Microsoft Corporation). The tool architec-
ture is described in Fig. 1. The bioprocess economics model was
used to calculate quantitative data in order to compute the financial
attributes (COG, fixed capital investment) considered in the MADM
analysis. The stochastic MADM analysis was  configured to assess
the impact of uncertainty and variability in the weightings and rat-
ings of financial and operational attributes on what was deemed to
be the optimal process design.

2.1. Bioprocess economics model

The bioprocess economics model used in this case study is based
upon that described in Jenkins et al. [13]. The model makes use
of equipment sizing calculations, mass balance equations and cost
computations (based on key resource requirements) in order to
provide an economic evaluation of the different technologies that
were available for use in different unit operations within the bio-
process. The bioprocess economics model utilised data stored in

the information database pertaining to the technologies evaluated
within this study, as well as basic bioprocess assumptions such as
the costs of raw materials and labour, and bioprocess unit operation
yields.



194 M.J. Jenkins, S.S. Farid / Biochemical Engineering Journal 137 (2018) 192–204

F ess ec
d andle

i
p
p

C

w
l
M
n

2

g
e
u

2

a
o
e
r
(
a
(
a

W

w

t
o
a
v
c

ig. 1. Decisional tool framework used within this study. Information from the proc
ata  obtained from responses to surveys completed by industry experts. Data was  h

Key input parameters for the bioprocess economics model
nclude the annual demand, d, and the dose size, s. Briefly, the bio-
rocess economics model was implemented to compute the COG
er dose for a given process flow-sheet (or design) as follows:

OG per dose = cmat + clab + cdep

d
(1)

here cmat, clab and cdep represent the annual cost of materials,
abour, and the cost of fixed equipment depreciation respectively.

aterial, labour, and depreciation costs are functions of the tech-
ologies selected within a given bioprocess design.

.2. Multi-attribute decision making methodology

Industry experts were asked to rate different process technolo-
ies on a scale of 1–10 for the operational attributes considered for
ach candidate technology tested by the tool. These ratings made
p the qualitative data described in Fig. 1.

.2.1. Additive weighting technique
In this work, the additive weighting technique was  applied to

 multi-attribute bioprocess design problem where economic and
perational attributes were considered. An aggregate score, W,  for
ach alternative, j, was computed by multiplying the normalised
ating for each attribute included in the analysis by the weight
representing the importance of each attribute) assigned to each
ttribute; these products were then summed over all the attributes
Yoon and Hwang, 1995). This can be represented mathematically
s:

j =
n∑
i

wirij (2)

here wi= normalised weight assigned to attribute i
rij= dimensionless rating of attribute i for alternative j
The additive weighting technique relies on assigning weightings

o all attributes; these weightings are relative to the importance

f each attribute within a given field. A greater weighting that an
ttribute is given, the more important it is. Weightings were con-
erted to a 0–1 scale in order to allow an aggregate score to be
omputed.
onomics model is fed into the MADM component of the tool, along with qualitative
d by the database in the same manner as previously described.

Prior to computation of the aggregate score using Eq. (2), each
alternative (j) had to be assigned a rating (x) for each attribute (i),
which then had to be standardised. Economic attributes (e.g. COG,
FCI) were calculated using the bioprocess economics model. Opera-
tional attribute ratings, and their relative importance, were collated
from responses to a survey delivered to industry experts.

Different types of attributes were assigned ratings based on
a number of different dimensions and measurement units. All
attribute ratings were therefore standardised by converting them
to a dimensionless, 0–100, scale. Standardisation was  achieved by
giving each attribute a rating that was a fraction of a feasible range
of the best and worst attainable value for any given attribute. The
dimensionless rating for each attribute, rij, was therefore calculated
as:

rij =
∣∣∣ xij − xi worst

xi best − xi worst

∣∣∣ (3)

where xij= rating value assigned to alternative j for attribute i
xi best= best attainable value for attribute i
xi worst= worst attainable value for attribute i

2.2.2. Weighted financial and operational scores
The relative importance of the total weighted economic and

operational scores were captured using combination ratios, whose
sum is equal to one. Overall aggregate scores for each alternative
solution, Wj,  were therefore calculated as follows:

Wj overall =

⎛
⎜⎜⎜⎜⎝

n∑
i=1

rij economic

n
*  R1

⎞
⎟⎟⎟⎟⎠

+

⎛
⎜⎜⎜⎜⎝

n∑
i=1

rij  operational

n
*  R2

⎞
⎟⎟⎟⎟⎠

(4)

where R1= economic combination ratio
R2= operational combination ratio
R1+R2 = 1

2.2.3. Stochastic additive weighting

Input variables in MADM analysis include weightings assigned

to each attribute and the ratings assigned to each attribute for
each process strategy tested using the analysis. In order to cap-
ture the uncertainty in ratings and importance weightings assigned



M.J. Jenkins, S.S. Farid / Biochemical Engineering Journal 137 (2018) 192–204 195

Table  1
Attributes considered in the MADM analysis, along with their respective weightings
and  probability distributions.

Attribute
Category

Attribute Name Importance
Rank

Weighting

Financial FCI 1 Uniform (90,100)
COG per dose 2 Uniform (40, 100)

Operational Process control 1 Uniform (85, 95)
Process containment 2 Uniform (65, 75)
Ease of scale-up 3 Uniform (45, 65)
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Ease of validation 4 Uniform (30, 60)
Validation effort 5 Uniform (10, 40)

o each attribute considered within the MADM analysis, probabil-
ty distributions were assigned to a) the ratings assigned to each
ttribute for each process design evaluated within the MADM anal-
sis (Table 1) and b) the importance weightings assigned to each
ttribute considered in the MADM analysis (please see results sec-
ion). The probability distributions were then used as the inputs for

 Monte Carlo simulation in order to characterise the variability in
he weights and ratings of the financial and operational attributes.
his allowed for more informed decision making, and the level of
onfidence associated with such a decision [22]

The Monte Carlo method requires estimates of probability distri-
utions for uncertain input parameters associated with the MADM
nalysis; these probability distributions are assigned to key process
arameters. A sample outcome is randomly generated by assigning

 value to each parameter tested in the simulation according to its
pecific probability distribution. This process was repeated 1000
imes in order to generate frequency distributions of simulation
utcomes. The output distributions of the Monte Carlo experiment
an then be used to determine the probabilistic properties associ-
ted with the key performance metrics of a bioprocess design or
anufacturing strategy.

.3. Sensitivity analysis

A sensitivity analysis was carried out in order to identify key
rocess economic drivers associated with the process. Process input
arameters were varied by arbitrarily decided upon values of ±15%
f their original value in order to assess their impact on COG. For
xample, when the base case viral transduction efficiency, 70%, was
aried by ±15% the worst case value was 59.5% and the best case
alue was 80.5%.

. Case study set-up

.1. Tool application

The decisional tool was applied to a case study designed to
valuate the use of different process technologies for the manufac-
ure of an allogeneic CAR-T cell therapy product. At this time, and
ith limited clinical experience, we estimated that CAR-T cell ther-

py dose sizes will vary depending on the target indication from
104–1012 cells per Kg, with the majority of those tested in the

egion of 106 – 109 cells per dose [8]. The annual demand is also
ikely to vary dependent on target indication; rare haematological

alignancies may  only warrant an annual market size number-
ng in the low hundreds, whereas more common indications may
equire thousands of doses per year. In this instance, a target dose
ize of 108 target cells and an annual demand of 1000 doses was
et as the base case scenario as these values are believed to be the

ear the midpoint. The effects of dose size and annual demand on
OG were analysed using the bioprocess economics model; dose
izes ranging from 107 to 109 total cells and annual demands rang- Ta
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Fig. 2. The process flowsheet considered within this cas

ng from 500 to 5000 doses were tested as the extremes using the
odel.

The bioprocess economics model was used to compute COG and
CI requirements for different bioprocess designs; these economic
arameters were then combined with the operational ratings for
ifferent technologies in order to create a MADM rating for each
rocess design tested using the tool.

.2. Process overview

The bioprocess in question is outlined in Fig. 2, where it is bro-
en down into unit operations. This process flowsheet differs from

 typical autologous process in that additional unit operations in
he form of electroporation and purification are required. Electro-
oration is utilised in order to transfer genetic material that silences
he genes causing expression of T-cell receptor �� (TCR). TCR− cells
void GvH reactions [4]. Purification, or enrichment, of TCR− cells at
he end of the bioprocess is required (Fig. 2) in order to attain a tar-
eted level of purity of TCR- cells amongst the total cell population
hat forms the therapy in this instance.

Three categories of cell culture technology were tested within
he model so as to reflect the choices of available technologies
n the market; tissue culture flasks (TCFs), including T-flasks and
anually operated stacked culture vessels; gas permeable ves-

els (GPVs); and finally rocking motion bioreactors (RMBs). Key
nput parameters regarding these technologies are summarised in

able 2.

The concentration technologies tested included fluidised bed
entrifugation (FBC), spinning membrane filtration (SFM), auto-
ated media removal (AMR) – to be used in conjunction with

able 3
ell concentration and purification (cell enrichment) technologies considered in this case

Concentration Technologies

Equipment Type Abbreviation Maximum
input

Maximum cell
density

Fluidised bed centrifugation FBC 114L N/A 

Spinning filter membrane SFM 7.2L 1.6 

Integrated bioprocess platform INT 3.5 × 1010

cells
0.65 

Purification Technologies

Equipment Type Abbreviation Maximum
input

Maximum
cell density

Stand-alone immuno-affinity
purification

MACS 3.5 × 1010

cells
N/A 

Integrated bioprocess platform-based
immune-purification

INT 3.5 × 1010

cells
N/A 
y for the production of an allogeneic CAR-T cell therapy.

GPVs only – and finally an integrated process technology offering
the potential for cell culture, concentration and purification in a
contained, all-in-one platform (integrated process platform (INT)).
Key input parameters pertaining to concentration technologies can
be found in Table 3, where data is also available for the purifica-
tion technologies considered in this study; namely a standalone
magnetic-activated cell sorting platform (MACS) and a MACS plat-
form within the integrated process platform technology described
above. Where the integrated process platform is used for purifica-
tion, the platform was  also assumed to be used for concentration
as well. Static cell culture bags were assumed to support transduc-
tion and activation unit operations, whereas electroporation was
carried out using the AgilePulse machine (BTX, MA,  USA).

A base case viral transduction efficiency of 70% was selected as it
is within the range reported in literature [23], as well as consistent
with values seen during process development work carried out by
Pfizer (data not shown). Within the sensitivity and scenario anal-
yses, viral transduction efficiencies ranging from 50% to 90% were
used. Key process and cost assumptions associated with the bio-
process, including reagent and material costs, labour costs, fixed
capital equipment costs and specific process yields can be found
in Table 4. Table 5 illustrates the 7 different process configurations
tested by the model; different process configurations are described
by their Flowsheet Number (1 to 7) from this point forward.

The attributes tested within this case study fell into two cat-
egories: financial and operational. Attributes and their rank, in

terms of importance, were determined via consultation with indus-
try experts. The final list of attributes, the category to which
they are assigned, and the importance weighting assigned to each
attribute are listed in Table 1. Weightings were assigned probability

 study and their associated cost and performance parameters.

Viable cell
yield

Target cell
yield

Consumable costs
per run (US$)

Fixed equipment
costs (US$)

80% N/A 1,800 281,000
85% N/A 537 79,500
86% N/A 3,000 235,500

Viable cell
yield

Target cell
yield

Consumable costs
per run (US$)

Fixed equipment
costs (US$)

95% 80% 2,217 55,000

95% 80% 3,000 235,500



M.J. Jenkins, S.S. Farid / Biochemical Engin

Table  4
Key cost assumptions used within the bioprocess economics model.

Cost Parameter Value

Media & Reagents
Activation beads US$454/mL
Electroporation buffer US$785/L
TALEN plasmid US$6,500/mg
Expansion media US$300/L

SFM buffer US$100/L
FBC buffer US$80/L
INT concentration buffer US$300/L
Purification buffer US$2,157/L
Purification reagents US$3636 per 1010 cells

Labour
Operator cost US$120,000/yr

Fixed Equipment
Incubator US$27,000
BSC US$12,000
AgilePulse electroporator US$32,400

Table 5
Flowsheet configurations considered within the bioprocess case study (equipment
sizes shown where relevant).

Flowsheet
Number

Cell culture Cell
concentration

Purification (cell
enrichment)

1 RMB (10 L) FBC MACS
2  RMB (10 L) SFM MACS
3  RMB (10 L) INT INT
4  GPV500 AMR  MACS
5  L-5 FBC MACS

d
t
a
w
s
o
F
fi
c
[
c
t
c
w

F
n
b

6  L-5 SFM MACS
7  L-5 INT INT

istributions to capture the uncertainty in these values. These dis-
ributions were utilised in the stochastic MADM analysis. The COG
nd fixed capital investment associated with each process design
ere selected as the financial measures used in the MADM analy-

is. The COG is a key quantitative measure of the cost-effectiveness
f a bioprocess, and has therefore been included in this analysis.
CI represents the upfront costs required to build a new facility
t for housing a bioprocess. Typically, many companies involved in
ell therapy product development are academic spin outs and SMEs
24]. Many of these players are likely to view the upfront costs asso-

iated with a process design as a key factor to consider with regards
o bioprocess design. Equally, larger companies may  view high FCI
osts as a significant risk associated with a particular project; FCI
as therefore included in the MADM analysis.

ig. 3. Stacked column chart displaying COG per dose made up of its constituent parts 

umbers introduced in Table 5. The dashed line intersecting the y-axis at US $7500 repres
elow  the x-axis indicate the number of culture vessels required per lot for each process 
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Qualitative attributes, such as process control, and process con-
tainment are vital to the robustness and reproducibility of cell
therapy bioprocesses. These are two areas upon which product
quality is dependent. Furthermore, ease of scale-up and ease of
operation are important attributes to capture in the MADM analy-
sis. For instance, technologies such as automated media removal are
not commonly associated with high fixed equipment costs, unlike
fluidised bed centrifuge and spinning membrane filtration units. It
is important to translate these qualitative trade-offs into quanti-
tative measures within the MADM analysis. The likely validation
effort supported by different technologies is also important to cap-
ture. For example, technologies which rely on manual operators
and are therefore more prone to human error and may require
additional validation studies in order to prove the consistency of
product quality over multiple production lots.

4. Results and discussion

This section discusses insights from the process economics
analysis of alternative whole bioprocess flowsheets for allogeneic
CAR-T cell therapies. It provides a breakdown of the COG categories
for each flowsheet as well as the bottlenecks and cost drivers in each
case. The cost analysis is extended using a stochastic MADM anal-
ysis to weigh up the financial and operational attributes of each
flowsheet.

4.1. Bioprocess economic model results

Fig. 3 shows the relative COG per dose values, broken down into
constituent cost categories, associated with each bioprocess flow-
sheet. Whilst the optimal process flowsheet (Flowsheet 2), in terms
of COG, is highlighted in Fig. 3, COG differences of <5% are consid-
ered insignificant due to the margin of error associated with the
COG model. Percentage values above each column in the chart refer
to the COG difference relative to the optimal flowsheet.

Flowsheets 1–4, which all involve rocking motion bioreactors or
gas-permeable vessels as the cell culture platform, all lie within 10%
of one another (Fig. 3). However, Flowsheets 5–7, for which tissue
culture flasks are the cell culture platform, all have a COG value at
least 20% larger than the Flowsheet 2 (optimal COG). Fig. 3 shows
that the major difference in the COG between flowsheets including

tissue culture flasks compared to those where cell culture is sup-
ported by rocking motion bioreactors and gas-permeable vessels is
the labour costs. Flowsheets 5–7 require seven, seven and six cell
culture units respectively; this is compared to one unit for Flow-

for each process flowsheet. Numbers on the x-axis refer to the process flowsheet
ents the modelled COG value that is equal to 15% of target selling price. Panels inset
design. The technologies used in each flowsheet deign are provided in Table 5.
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Fig. 4. Schematic and inset panels summarising the capacity bottlenecks, doses produced per lot, and number of lots required per annum for the process flowsheets with
the  lowest COG per dose values. Unit operations are shown in the panels on the left of the figure. The capacity bottleneck (in terms of number of cells that can be handled) is
o n whe
t g facto
d

s
H
s
T
c

n
s
(
p
F
b
c
r
t
d
g
i
b
c

c
i
(

o
∼
v
w
b
S
o
c
a
e
t
t
f

verlaid  for each process flowsheet and is positioned according to the unit operatio
hat  can be handled by the technology used within a given flowsheet is the limitin
eign  are provided in Table 5.

heets 1–3 and to two units for Flowsheet 4 (table insert, Fig. 3).
ence, more operators are required for flowsheets that include tis-

ue culture flasks; this is reflected in the increased labour costs.
his reinforces the greater scalability of rocking motion bioreactors
ompared to tissue culture flasks.

Capacity limitations and their consequences on lot size and
umber of lots required are illustrated by the capacity bottleneck
chematics and inset panels for the four highest ranked flowsheets
determined by COG) in Fig. 4. Flowsheet 3, where INT is used, can
roduce 78 doses per lot; this is compared to 90 doses per lot for
lowsheets 1, 2 & 4, where fluidised bed centrifuge, spinning mem-
rane filtration and automated media removal are the respective
oncentration technologies. This means that 13 lots per year are
equired if integrated process platform is used for cell concentra-
ion, as opposed to 12 if other technologies are considered. This is
ue to the reduced cell concentration capacity offered by the inte-
rated process platform as compared to other platforms considered
n the study. Therefore, because VT costs are calculated on a ‘per lot’
asis, Flowsheets 3 and 7 result in increased viral transduction costs
ompared to other flowsheets (Fig. 3).

When the integrated process platform is not considered for cell
oncentration, the capacity of the purification platforms is the lim-
ting factor on the number of doses that can be produced per lot
Fig. 4).

A target selling price (TSP) of US$50,000 was selected based
n costs for marketed cellular therapies being in the range of
US$1000 to US$100,000 [25]; an approximate midpoint of these
alues was chosen for calculations in this case study. At the time of
riting, two autologous CAR-T cell therapies have been approved

y the FDA; KymriahTM or tisagenlecleucel-t (Novartis, Basel,
witzerland) for acute lymphoblastic leukemia and YescarataTM

r axicabtagene ciloleucel (Gilead, CA, USA) for diffuse large B-
ell lymphoma. Prices for these therapies in the US are listed
s US$475,000 and US$373,000 respectively, in line with early

stimates that predicted prices would be in the several hundred
housand dollar range for autologous CAR-T cell products [5–7]. In
he biologics industry typical values for COG as % sales are reported
rom 15% to 40% in order to recover R&D, sales and marketing costs
re this occurs. This label indicates the unit operation whereby the number of cells
r on the scalability of the process design. The technologies used in each flowsheet

[26]. In order to maximize the sensitivity model, a figure on the
very low end of this range (15%) was selected [15,17,26], which
translates in to a COG target of US$7500 in this case study.

4.2. Effect of dose size and annual demand on COG

Different annual demands and dose sizes were investigated in
order to test their effect on the COG of the four highest ranked Flow-
sheets (according to COG), and whether the target of a COG value of
less than 15% of target selling price (TSP) was realistic across these
scenarios.

The trend dis played within Fig. 5a, whereby COG per dose
decreases as the annual demand increases is consistent with
economies of scale that are associated with scale-up of allogeneic
cell therapies; reductions in labour costs and the distribution of FCI
costs across a larger annual demand are the causes of this. This is
concurrent with both current opinion in the field of cell therapy
bioprocessing and findings of previous analyses [15].

At a the highest annual demand of 5000 doses per year, Flow-
sheet 2 still exhibits the lowest COG value; this equates to ∼13%
of TSP as shown by the scatter plot in Fig. 5a – which displays COG
values for the four flowsheets across the different annual demands.
Flowsheets 1 and 4 also exhibit COG values that are less than 15% of
TSP. Flowsheet 3 exhibits COG > 15% TSP; this is due to the increased
viral transduction costs associated with this Flowsheet that are
discussed in Section 4.1.

At annual demands of 500 doses per annum all four process
flowsheets tested resulted in scenarios where COG > 15% of TSP. As
with other demands that were analysed, Flowsheet 2 resulted in the
lowest COG figure, which was approximately 17% of TSP. Similarly,
Flowsheet 3 proved to have the highest COG, whereby COG  is equal
to ∼19% of TSP. At all annual demands the COG for Flowsheet 1
and Flowsheet 4 fell within 1% of each other’s value, indicating that
there is no significant difference between these process designs

from a COG perspective.

Fig. 5b shows that changes in COG associated with changes in
dose size are more dramatic when compared with those associ-
ated with changes in annual demand (Fig. 5a). For dose sizes less
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Fig. 5. Scatter plots indicating the effect of a) annual demand and b) dose size on
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Fig. 6. Tornado charts showing the effect that a ±15% change in key parameters has
upon the COG per dose in terms of a percentage change. Best case values, whereby
COG per dose decrease relative to the base case are shown to the left of the y-axis
(negative values). Worst case values are shown to the right of the y-axis (positive
he  COG per dose for Flowsheets 1-4. Dashed lines on the plots that intersect the
-axis at US$7500 indicate the modelled COG value that is equal to 15% of target
elling price.

han 108 target cells, a COG per dose value of < = 15% of sales is
chievable. For dose sizes of 5 × 108 and above, manufacturing costs
xceed far beyond this value; as high as 170% of TSP in the case
f Flowsheet 3 at a dose size of 109 cells. As dose size increases,
o too does the number of lots required per year. This is because
umber of doses produced per lot decreases as dose size increases.
he dramatic rises in COG associated with increase in dose size
bserved in Fig. 5b can be attributed to viral transduction costs,
hich are carried out on a ‘per lot’ basis. Owing to the fact that large

ose sizes result in COG that greatly exceed the 15% of TSP target
et, therapies for indications that require increased dose sizes may
rove challenging from a reimbursement perspective. The sales
rice achieved by a cell therapy will likely be determined by its
uality and efficacy relative to currently available comparators,
nd key performance indicators as described by health technology
ssessments (HTAs).

.3. Sensitivity analysis: identification of key process economic
rivers

The tornado charts in Fig. 6 illustrate the changes in COG
hat variations in input parameters effect. Transduction efficiency
nd electroporation efficiency proved to be the greatest economic
rivers associated with this bioprocess, each resulting in a 30%
wing in COG when altered by ± 15%. Both these parameters have

 direct impact on the number of target cells that can be pro-
uced per lot; this is why they effect such a major change in COG

hen varied. Purification technology capacity was ranked third in

he sensitivity analysis. Fig. 4 shows that the capacity of currently
vailable purification technologies causes a capacity bottleneck;
herefore, an increase in this parameter would increase achiev-
values).

able lot sizes and thus reduce the number of viral transduction
processes required to satisfy annual demands. The tornado charts
show that the COG per lot of viral transduction has a significant
impact on COG; it is the parameter ranked fourth in the sensitivity
analysis. This is to be expected given the fact that the cost of viral
transduction dominates the COG breakdowns shown in Fig. 3.

Finally, it is of note that variations in the cell culture expan-
sion fold have little impact on COG. This is in contrast to the
data presented in previous studies related to human cell culture
[13] whereby cell culture expansion fold (expressed as number
of expansion stages required) was  a key process economic driver.
However, in this instance it has little effect because of the DSP
capacity bottlenecks referred to in Section 4.1; a higher expansion
fold may  create incremental reductions in material costs associated
with cell culture, but will not impact on the number of doses that
can be produced per lot.

Downstream processing across multiple units in parallel was  not
initially permitted during this study; this is consistent with previ-
ous analyses in this area where historically this has been considered
undesirable at large scale due to validation concerns [15,18].
However, parallel downstream processing operations, whereby
multiple DSP units are used and the process is pooled at the end
of purification or concentration are now being considered in the
sector given existing capacity constraints of units. In order to
accommodate this, an equipment sizing evaluation was  carried out
in order to estimate the effects of parallel downstream process-
ing on capacity bottlenecks within the bioprocess. This is shown in
Fig. 7. The results presented in Fig. 7 indicate that purification would
no longer be the bottleneck or restricting factor on the scalability
of the bioprocess and that the number of doses produced per lot
would range from 311 to 334 as opposed to 75 to 90 (Fig. 4) as was
previously described. This is because the performance of the cell
culture operation is now the limiting factor; maximum cell yield
from this operation is 150bn cells per lot. Interestingly, Flowsheet
3, containing the integrated process platform would now allow for
the greatest number of doses to be produced per lot; previously this
Flowsheet produced the smallest number of doses per lot. Addition-
ally, the number of lots required per year is reduced from 12 (Fig. 4)
to four (Fig. 7). Viral transduction costs are calculated on a per lot
basis and Fig. 4 illustrates that they account for a significant pro-
portion of overall COG. It is therefore conceivable that permission
of the use of downstream processing units (DSP) units in parallel

could significantly reduce COG per dose; although additional cap-
ital expenditure on additional DSP units will also be required to
facilitate this scenario. Overall, this analysis suggests that the pro-
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Fig. 7. Schematic and inset panels summarising the capacity bottlenecks, doses produced per lot, and number of lots required per annum for the process flowsheets where
multiple DSP units are permitted. Unit operations are shown in the panels on the left of the figure. The capacity bottleneck (in terms of number of cells that can be handled)
i ion wh
t ability
T

c
i

4

t
p
t
v
m
c
c
F
r

d
w
b
t
s
i
c

i
o
k
p
w
t
b
o
i
v
C
a
C
v

s  overlaid for each process flowsheet and is positioned according to the unit operat
hat  can be produced due to process limitations is a constraining factor on the scal
able 5.

ess can be de-bottlenecked at the purification stage of the process
n this scenario.

.4. Scenario analyses

Based on the results of the sensitivity analysis described in Sec-
ion 4.3, scenario analyses were carried out in order to identify
rocess improvements or cost reductions necessary to achieve a
arget COG value. In these analyses, the impact of simultaneously
arying two or more key economic drivers upon the COG was
easured. This allowed the identification of the amount by which

urrent process yields and efficiencies, or process costs, need to
hange in order to hit a target COG. Analyses were performed using
lowsheet 2 as the basis for improvements in COG as this design
esulted in the minimum COG per dose value.

The process parameters varied in this analysis were the trans-
uction efficiency and electroporation efficiency. These parameters
ere chosen because they were identified as key economic drivers

y the sensitivity analysis. Furthermore, both viral transduction
echnologies and mRNA plasmids used in electroporation have
een rapid advances in recent years and it is feasible that further
mprovements in the efficiencies observed in these unit operations
ould be achieved.

Additionally, the cost of viral transduction per lot was tested
n the scenario analyses, as was the capacity (in terms of number
f cells) of purification platforms. Again, these were shown to be
ey economic drivers in the sensitivity analysis (Section 4.3). The
rice to the cell therapy manufacturer in this instance is negotiated
ith a contract manufacturing organisation (CMO) that is assumed

o produce the viral vector used in the transduction stage of the
ioprocess. This results in a ‘viral transduction cost per lot’. As with
ther bioprocess sectors (not least the cell therapy field), advances

n the technologies and reagents used in the production of viral
ectors are being made. This is likely to result in reduced COG for the

MOs producing viral vectors; it is therefore not unreasonable to
ssume that cell therapy manufacturers will put pressure on these
MOs to reduce the selling price to reflect this. Thus, the cost of
iral transduction may  be reduced.
ere this occurs. This label indicates the unit operation whereby the number of cells
 of the bioprocess. The technologies used in each flowsheet deign are provided in

Purification technologies are limited in capacity and through-
put; this has been the subject of many commentaries and reviews
within the cell therapy bioprocess field [14,27]. As competition
amongst manufacturers of purification platforms increases, and
as demand from the process sector increases, it is likely that the
capacities of these technologies will increase.

Having explored whether current processes can meet a cost tar-
get of COG as 15% TSP earlier (Fig. 3, Section 4.2), further scenarios
were then carried out to see how much better the performance
would need to be if the target was COG had to be even lower, set at
10% TSP. Fig. 8a indicates that viral transduction efficiency must be
increased to 90% from 70%, along with a 22% increase in the purifi-
cation capacity from the base case scenario, in order to achieve
a COG as 10% TSP (Point B, Fig. 8a). Alternatively, a 50% increase
in purification capacity and a minor increase in viral transduction
efficiency to 73% could achieve this target (Point A, Fig. 8a).

This is a similar scenario to that where both reductions in the
viral transduction cost per lot, and the viral transduction efficiency
are varied. Point A in Fig. 8b illustrates that a reduction in viral
transduction costs per lot of 38% is required, assuming viral trans-
duction efficiency remains at the base case value. However, as
shown by Point B in Fig. 8b, improvements in viral transduction
costs alone are not sufficient to achieve COG equal to 10% of TSP.
Furthermore, when both viral transduction and electroporation
efficiencies are varied (Fig. 8c), when electroporation efficiency is
increased to 84%, viral transduction efficiency is required to be 90%
for COG equal to 10% of TSP to be achieved.

Fig. 8b and c indicate that significant process improvements are
required in order to reach COG values equal to 10% of TSP, par-
ticularly if the capacity of purification platforms were to remain
unchanged. Therefore, to analyse whether an increase in process
capacity at the purification stage would have an effect on the
required process improvements in other areas in order to achieve
COG equal to 10% of TSP, the scenarios described by Fig. 8b and c

were re-run under the assumption that the capacity of the purifica-
tion technology had increased by 25% (Fig. 8d & e). Direct cost fluc-
tuations that would be associated with this increased purification
technology capacity were also considered in COG computations.
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Fig. 8. Contour plots showing the windows of operations whereby COG values of below 15% of target selling price (TSP) can be achieved. Plot a) considers viral transduction
efficiency and purification capacity (in terms of number of cells); Point A illustrates the bioprocess performance whereby COG is safely below 15% of TSP, Point B illustrates
the  bioprocess performance whereby COG is ∼10% of TSP. Plots b) & d) consider viral transduction cost per lot and viral transduction efficiency are considered in one scenario.
Plots  c) & e) consider viral transduction efficiency and electroporation efficiency. Plots b) & c) consider scenarios where the capacity of purification technology remains at
the  base case value. Point A on the respective plots indicates the required bioprocess performance whereby COG is safely below 15% of TSP. Plots d) & e) consider scenarios
where the capacity of purification technology is assumed to be 25% greater than the base case scenario. Here contour plots show required bioprocess performance whereby
COG  = ∼10% of TSP (Point A on the respective plots). TSP was estimated to be US$50,000.
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Table  6
Decision matrix for the evaluation of different process designs.

Attribute Original rating data Feasible Range

Flowsheet 1 Flowsheet 2 Flowsheet 3 Flowsheet 4 Worst Value Best Value

COG per gram 7,829 7,630 8,220 7,888 9,500 6,500
FCI  932,574 556,797 703,097 623,397 500,000 1000,000
Process control Tr(6.8, 7.3, 7.8) Tr(6.8, 7.3, 7.8) Tr(5.5, 6.0, 9.5) Tr(5.2, 5.7, 6.2) 0 10
Process containment Tr(8.2, 8.7, 9.2) Tr(8.2, 8.7, 9.2) Tr(8.5, 9.0, 9.5) Tr(5.5, 6.0, 6.5) 0 10
Ease  of scale-up Tr(6.5, 7.0, 7.5) Tr(5.8, 6.3, 6.8) Tr(6.0, 6.5, 7.0) Tr(5.0, 5.5, 6.0) 0 10

Tr(6.5, 7.0, 7.5) Tr(7.8, 8.3, 8.8) 0 10
Tr(5.5, 6.0, 6.5) Tr(5.2, 5.7, 6.2) 0 10

T um, most likely, and maximum values, respectively.
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Table 7
Summary of weighted dimensionless ratings for each attribute and process flow-
sheet tested within the MADM analysis.

Parameter Flowsheet

1 2 3 4

COG per dose 75 84 58 73
Fixed capital investment 5 40 26 34
Ease of operation 22 25 23 28
Process control 63 63 50 47
Validation effort 10 9 8 8
Ease  of operation Tr(6.2, 6.7, 7.2) Tr(6.8, 7.3, 7.8) 

Validation effort Tr(6.5, 7.0, 7.5) Tr(6.2, 6.7, 7.2) 

r(a, b, c) refers to the triangular probability distribution where a, b, c are the minim

Fig. 8d illustrates that if a 25% increase in purification technology
apacity is assumed, then a 21% reduction in the viral transduc-
ion cost per lot will result in COG equal to ∼10% of TSP (Point A,
ig. 8d). Furthermore, if viral transduction costs can be improved
rom 70% to 88% then COG equal to 10% of TSP can be achieved
Point B, Fig. 8d). If the capacity of purification platforms improved
y 25%, electroporation efficiency must be improved from 70% to
9% to achieve COG equal to ∼10% of TSP (Point B, Fig. 8a).

The scenario analyses in this section offer evidence that allo-
eneic CAR-T cell therapies can achieve COG values as a percentage
f target selling price similar to early biopharmaceutical prod-
cts. They also illustrate how COG of 10% of TSP may  be achieved.
epending on what are deemed to be the most feasible or
chievable process improvements, the window of operation will
e directed towards different regions of the contour plots. For

nstance, if viral transduction efficiency can be easily improved
hen process engineers may  target Point B in Fig. 8a–e, however
f improvements in other parameters prove more feasible, then a

indow of operation whereby COG ≈ 10% of sales close to Point A
n Fig. 8a–e may  be targeted. However, at this time in development,
t must be emphasized that both COG and TSP are not definitively
nown as there as currently no examples of marketed allogeneic

 cell therapies, and as such, the model should be used as a tool
o determine the relative importance of altering various process
arameters on COG.

In order to reduce COG, it is likely that improvements in cur-
ent process technologies will be required (Fig. 8a, d & e). Previous
ase studies and reviews have commented on the lack of scalable,
igh resolution purification (sometimes referred to as purifica-
ion) platforms [14,27]. The scenario analyses above indicate that
mprovements in this area of cell therapy bioprocesses, alongside
he maximisation of potential yields of target cell types via the
mprovement of vector delivery systems, are key to reducing the
OG burden associated with allogeneic cell therapy bioprocessing.

.5. Multi attribute decision making analysis under uncertainty

MADM analysis was applied in this case study in order to eval-
ate potential process designs on the basis not only of financial
ttributes, but also operational attributes. In this case study, the use
f MADM proved particularly instructive due to fact that the four
op-ranked process flowsheets from a COG perspective all resulted
n COG values within 10% of the optimal solution. MADM analy-
is was therefore used to select between different process designs
n this instance. A stochastic MADM analysis was applied to Flow-
heets 1, 2, 3 & 4, as defined in Section 3.2.

Uncertainty data was incorporated into the ratings given to the
ualitative operational attributes for each technology by assign-

ng appropriate probability distributions. Trular distributions were

ssigned to each attribute for each flowsheet, to represent their
inimum, most likely, and maximum values. The resultant deci-

ion matrix for the evaluation of the four bioprocess flowsheets is
herefore shown in Table 6.
Ease of scale-up 37 32 34 28
Process containment 60 60 62 39

4.5.1. Qualitative operational benefits
Table 7 contains the mean dimensionless ratings scored by each

process flowsheet for each attribute when evaluated using the
stochastic MADM analysis. The data contained within Table 7 indi-
cates that Flowsheet 3 ranks highest for process control amongst
the four flowsheets. This is due to the integrated process platform’s
ability to run both concentration and purification unit operations
within a controlled environment in an automated manner. This
attribute was ranked the most important amongst respondents
to a survey sent to bioprocess professionals. Process contain-
ment, referring to a bioprocess’ ability to run without exposure
to the surrounding environment was also ranked high in terms
of its importance amongst operational attributes. Flowsheets 1–3
all achieved high ratings amongst respondents for this attribute.
Table 7 shows that Flowsheets 1–3 containing rocking motion
bioreactors were rated favourably compared to Flowsheet 4, con-
taining gas-permeable vessels, for all operational attributes aside
from ease of operation. This is due to the automated media removal
device used for media exchanges associated with gas-permeable
vessels as opposed to complex perfusion culture strategies used
within the rocking motion bioreactor platform. In order to test
whether the operational benefits associated with Flowsheets 1 and
3 outweigh the high score achieved for the FCI attribute achieved
by Flowsheet 4, it was necessary to consider the aggregate scores
achieved by each process flowsheet in the MADM analysis.

4.5.2. Multi-attribute decision making analysis under uncertainty
The cumulative frequency distribution of the aggregate score of

the alternative process flowsheets was generated and is displayed
in Fig. 9. Initially, equal importance of operational and financial
attributes was  assumed (i.e. R1 = R2 = 0.5). The cumulative fre-
quency curves for Flowsheets 2 and 4 do not intersect with each
other, or any other curves on the chart. However, Flowsheets 1 and 3
intersect with one another just above the median value. Flowsheet
1 achieved a preferable aggregate score compared to Flowsheet 3
in 51% of Monte Carlo simulations. Flowsheet 3 also resulted in

the greater range of values compared to Flowsheet 1. This indi-
cates that the uncertainty associated with Flowsheet 3 is greater
than Flowsheet 1, and therefore whilst the median aggregate scores
are approximately equal, it may  be that Flowsheet 1 is considered
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Fig. 9. Cumulative frequency curves showing the spread of aggregate scores as com-
puted by the MADM component of the tool. Aggregate scores were generated over
1000  Monte Carlo simulations.

Fig. 10. Spider plots showing depicting the sensitivity of the overall aggregate
MADM score for each flowsheet design to variations in the financial attribute com-
bination ratio, or the importance given to financial attributes within the MADM
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nalysis. The sum financial attribute combination ratio (R1) and operational attribute
ombination ratio (R2) (not shown on chart) are always equal to 1. The technologies
sed in each flowsheet deign are provided in Table 5.

referable to Flowsheet 3 due to the reduction in variability of its
ggregate score. Flowsheet 2 is clearly the preferred alternative of
ll the options presented in Fig. 9. It is therefore possible to rank
he alternatives in order of preference; Flowsheet 2, Flowsheet 4,
lowsheet 1, Flowsheet 3.

.5.3. Multi-attribute decision making analysis: sensitivity to
nancial and operational weightings

The results of reconciling trade-offs between financial and oper-
tional outputs using a single multi-attribute score are discussed in
his section. Previous sections of this work have focused on iden-
ification of the preferred process design when operational and
nancial attributes were given equal ratings. Here, overall strat-
gy scores were calculated for each process design using MADM
nalysis across a range of combination ratios. These combination
atios reflect the relative importance of financial and operational
ttributes in process design. The financial combination ratio, R1,
nd the operational attribute combination ratio, R2 were assigned
uch that R1 + R2 = 1 under any circumstance. Therefore if one com-
ination ratio is varied, the other is adjusted to reflect this change.

In this instance, the weightings assigned to each individual
ttribute were kept constant and were not subject to uncertainty.
he average weightings assigned to each attribute during the Monte
arlo simulation, shown in Table 1, were applied for the purposes

f this deterministic analysis.

The combination ratios were then assigned a values ranging
rom 0 to 1 (at intervals of 0.1). Fig. 10 depicts the sensitivity
f the overall aggregate score for each flowsheet to the finan-
eering Journal 137 (2018) 192–204 203

cial and operational combination ratios at an annual demand of
1000 dose per year and a dose size of 108 target cells per dose.
If the operational attributes are considered approximately twice
as important as the financial attributes (R2 = 0.65, R1 = 0.35), Flow-
sheet 4 is ranked bottom of the four flowsheets tested using
MADM.  However, when financial attributes are considered at least
as important as economic attributes (R1=R2 = 0.5), Flowsheet 4 is
ranked above Flowsheets 1 and 3, despite all flowsheets obtain-
ing a similar ranking for COG per dose. Flowsheet 4 is ranked
favourably to Flowsheets 1 & 3 due to its superior FCI ranking;
the gas-permeable vessel technology is characterised by low FCI
costs. Flowsheets 1 & 3 are ranked approximately equally across
scenarios tested; they scored similarly in both economic and oper-
ational categories. Flowsheet 3 is favoured slightly owing to the
greater process containment offered by this strategy, and a reduc-
tion in FCI costs. Indeed in scenarios where operational attributes
are considered 9 times (or greater) the importance of economic
attributes, Flowsheet 3 is the top ranked technology, although the
difference between the aggregate scores for Flowsheets 1, 2 and 3
in these instances are not significant. Flowsheet 2 is the top ranked
flowsheet in all other scenarios tested; it offers significant oper-
ational and economic benefits in comparison to Flowsheet 4 due
to the process containment and process control offered by rocking
motion bioreactors. The FCI rating for Flowsheet 3 is also signifi-
cantly higher than Flowsheets 1 and 2, due to the relatively low
cost of the spinning membrane filtration technology, as opposed
to fluidised bed centrifuge or the integrated process platform, used
for cell concentration.

5. Conclusion

A case study has been presented whereby a decisional tool,
consisting of a bioprocess economics model, information database
and MADM analysis has been developed in order to facilitate
decision making with regards to process design for an allogeneic
CAR-T cell manufacturing process. Cost-effective equipment sizing
regimes were identified for alternative process flowsheets. Flow-
sheets consisted of a variety of different technology platforms
to support cell culture, concentration of cells, and enrichment of
target cell populations. The difference in COG values of three of
the process designs evaluated within the study did not exceed
10% compared to the most cost-effective design (in terms of COG
per dose). It was  found that using tissue culture plastic culture
ware such as T-flasks and multilayer vessels proved to be sig-
nificantly more costly than rocking motion bioreactors or gas
permeable vessels. A sensitivity analyses indicated that viral trans-
duction efficiency, electroporation efficiency, viral transduction
cost per lot and the capacity of downstream processing equip-
ment (in terms of cell numbers) were the key process economic
drivers; improvements required to bring about a COG per dose
value significantly below 15% of target selling price were subse-
quently identified using scenario analyses. MADM analysis was  also
able to identify that the flowsheet consisting of rocking motion
bioreactor, spinning filter membrane, and a standalone MACS plat-
form as the preferred process design when both financial and
operational attributes were taken into account. Future work is
considering comparisons between allogeneic and autologous CAR-
T cell COG in order to identify scenarios whereby one product
type is more economically viable than the other. Other avenues
for future work include extending the sensitivity scenarios with
stochastic modelling, such as Monte Carlo simulations, to cap-

ture the impact on the process robustness [13,17,20] as well as
capturing the impact of regional differences in regulatory require-
ments (e.g. for cleanroom environments) on the manufacturing
costs.
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