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analysis
Ryan McCoy, Jahid Hasan,  
Stephen Ward & Nicholas Gaddum

Automation adoption is a fundamental requirement to de-risk manufacturing processes and 
support sustainable commercial realization of cell and gene therapies. In this study, we ex-
amined cost and productivity sensitivities to increasing automation for the manufacture of 
cell-based immunotherapies. Firstly, we stratified automation adoption into four strategic 
levels (Manual, Bolt-together, Integrated and High-throughput) and adapted each to support 
the manufacture of an exemplar CAR-T immunotherapy. Then, using an internally developed 
modelling tool, we demonstrated automation adoption at the Bolt-together level reduced 
the Cost of Manufacture (23%) to Manual processing with limited further reductions seen 
as a function of increasing automation levels (max 30%). However, more significantly, we 
illustrated how automation adoption delivers increased throughputs (batches/yr) propor-
tional to automation level in the example modelled, when maintaining facility footprint 
and constraints. This study highlights the value of employing modelling tools to strengthen 
early-stage development activities with respect to the assessment of automation adoption 
strategies to support commercial realization and confirms the requirement for automation if 
cell and gene therapies are going to realize their full potential at industrial scale. 
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INTRODUCTION

Cell and gene therapies (CGTs) are showing 
immense promise to transform the manage-
ment of chronic disease, from diffuse cancers 
to monogenetic disorders and eye disease. 
There are currently 14 licensed products in 
total being actively reimbursed within the 
US (9) and EU (9) respectively – with the 
ability to supply the market, a core compo-
nent considered during licensure. The im-
mune-oncology sector has dominated recent 
advances in the field, with gene modified 
Chimeric Antigen Receptor (CAR) T-cell 
immunotherapies demonstrating durable 
responses in up to 80% of complex liquid 
tumor patients [1–5]. FDA and EMA award-
ing of marketing authorization to Novartis’s 
Kymriah® and Kite’s Yescarta® in 2017 and 
2018 respectively, swiftly followed by high 
profile acquisitions (Gilead’s $12 billion for 
Kite and Celgene’s $9 billion for Juno Ther-
apeutics), signals commercial commitment 
to CGTs. Furthermore, the CGT industry 
attracted greater than $16 billion dollars in 
financing over the first 3 quarters of 2019 
[6]. However, positive clinical data and the 
receipt of marketing authorization do not 
guarantee commercial success. Health payer 
reimbursement, clinical adoption, supply lo-
gistics and cost-effective robust manufactur-
ing strategies have all been identified as key 
deterministic factors of commercial success 
[7–9]. Each of these present unique challeng-
es, and analysis can employ different tools. 
Herein we apply an engineering approach to 
analyze the latter, where various manufac-
turing strategies of a CAR T-cell product are 
viewed considering the associated cost and 
capacity.

For this we need to examine the evolution 
of these therapies and how they move from 
discovery to clinical use. Novel therapies gen-
erally emerge from laboratory research envi-
ronments. Early stage development benefits 
from flexible, manual processing strategies 
allowing agile exploration of new biologi-
cal technologies. Ideally, therapies showing 
promise would then benefit from process 

and analytical industrialization through auto-
mation to increase potential for commercial 
success. However, at this stage of develop-
ment funds are scarce, and industrialization 
investment has to compete with clinical data 
generation. In turn, this locks-in those flex-
ible, manual processes which benefit discov-
ery, with limited scalability for commercial 
roll-out. 

CGT manufacturing process industrializa-
tion has become a specialism in itself seeding 
the growth of companies with appropriate ca-
pabilities. Commercial entities providing this 
function typically provide expert process di-
agnostics, analytical test development and ac-
cess to automated commercial bioprocessing 
systems. When automating manufacturing 
systems, two models currently exist. Firstly, 
manual processing steps can be closed and au-
tomated on an individual unit operation ba-
sis. These systems can then be ‘bolted’ togeth-
er. This daisy-chaining of systems support the 
generation of a closed end-to-end automated 
process, but often still requires manual inter-
vention to transfer material between systems 
representative of different unit operations. 
Secondly, integrated solutions exist, whereby 
multiple unit operations are combined onto 
a single platform [10]. These reduce operator 
intervention and increases process consisten-
cy, however they are less flexible, and inherent 
process bottlenecks renders other unit opera-
tions unavailable. Finally, in-built analytical 
functionality is currently limited, meaning 
process monitoring still requires sampling for 
off-line analysis. 

To meet the expected ‘high-throughput’ 
required for realizing commercial success 
of autologous immunotherapies, integrated 
processing may reflect automotive and phar-
ma manufacture, allowing parallel process-
ing of multiple patient therapies on a single 
platform. This shift from manual processing, 
to ‘bolt-together’ automation, to integrated 
solutions, and eventually to a futuristic ‘high 
throughput’ system, presents new commer-
cial and quality challenges [11] that require 
addressing prior to health sector adoption 
[12]. Challenges already recognized include: 
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development of enabling technologies to allow 
safe manufacturing stream parallelization; in-
corporation of process analytical technologies 
(PAT) for monitoring and control; shifting 
from scheduled (stepwise recipes) to adaptive 
(feedback control) processing. These develop-
ments will enable scalability, and are a promi-
nent discussion point within the industry [13] 
when contemplating the vision for idealized 
‘high-throughput’ systems of the future.

When considering the therapy reimburse-
ment cost, investor-funded development costs 
need to be recovered as well as the ongoing 
manufacturing cost of goods (CoGs). These 
are then viewed in-line with the targeted dis-
ease prevalence (rare versus common) which 
means that a one-solution-fits-all strategy to 
automation adoption will not be appropriate. 
At this point CoGs can be affected through 
process industrialization, and therefore the 
art of CoGs modelling should direct automa-
tion planning. 

Current modelling strategies for determin-
ing the manufacturing CoGs fall into two dis-
tinct categories. The first utilizes a goal seek-
ing orientated approach, identifying the most 
cost-effective solution in an ‘unconstrained’ 
environment, by mass balancing different 
combinations of bioprocessing technology 
solutions [14–16]. The second, constrains the 
manufacturing facility design or the process 
toolchain and seeks to maximize/optimize a 
pre-defined measure of success, such as cost 
or throughput [17,18]. Technically, whilst 
both modelling strategies can provide valu-
able insight, gaps exist, especially around the 
oversight of the assumptions and constraints. 
This makes it challenging to compare mod-
el outputs from different authors to support 
comparative analysis. Furthermore, from a 
practical perspective, companies rarely have 
the capital to build facilities from the out-
set that are capable of meeting projected de-
mands for different stages of the development 
or commercialization pathway. This coupled 
with the high risk of investment early in the 
development program, when supporting 
clinical data is yet to be realized, means this 
second strategy for CoGs modelling has the 

potential to be of greater value in understand-
ing how to maximize utility of collaborations 
with CMOs, or of leased manufacturing 
space, where the facility infrastructure is al-
ready in place. 

The aim of this study is to apply differ-
ent automation strategies to CGT Catapult’s 
exemplar CAR-T cell therapy process to in-
terrogate their potential to optimize Cost 
of Manufacture (CoM) and manufacturing 
throughput. Manufacturing costs including 
suite layout, process equipment utilization, 
staff scheduling, and quality control/release 
aspects have all been considered in order to 
provide a comprehensive analysis with the 
assumptions and constraints clearly detailed. 
This study supports understanding of how 
the implementation of four different lev-
els of automation (manual, ‘bolt-together’, 
integrated and a forward looking idealized 
‘high-throughput’ system) may impact the 
scalability of CAR-T therapy manufacture. 

MATERIALS & METHODS 
The economics and resource utilization mod-
el applied in this study was developed using 
Microsoft Excel® (Microsoft Office 2016, Mi-
crosoft Corporation, WA, USA). This mod-
el was designed to evaluate the relationship 
between key manufacturing strategy con-
siderations in terms of manufacturing suite 
footprint, throughput, labor utilization and 
CoM as a function of applied automation 
level. The model focused exclusively on what 
occurs within the manufacturing suite and 
quality control (QC) activities. As the mod-
el omits the parameters described below, cost 
projections as a function of automation level 
are described as CoM rather than CoGs. 

	f Pre- and post-manufacturing unit supply 
chain logistics and staffing thereof;

	f Cold chain storage capacity and staffing 
thereof;

	f Warehousing and staffing thereof;
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	f Quality management/assurance oversight 
(except for the QP);

	f Commercial licenses associated with the 
use of reagents and equipment;

	f Batch failure rates – it was assumed all 
batches were completed successfully;

	f R&D costs during development.

Automation level definition

To stratify process automation into differ-
ent categories for evaluation, an indicative 
structure describing four discrete levels was 
proposed as defined below and illustrated in 
Figure 1. 

Manual

A process with a low level of automation. 
Most unit operations are performed utilizing 
conventional manual handling methods. This 
approach requires use of Biological Safety 
Cabinet (BSC) isolators to provide a Grade 
A processing environment for material ma-
nipulation in a Grade C background. Process 
material is cultured in laboratory incubators. 
For the exemplar CAR-T process modelled 
in this study, only the cell isolation process-
ing step utilizes an automated unit operation 
(CliniMACs® Plus). All analytical techniques 
are performed off-line. 

Bolt together

A process where automation is applied at the 
individual unit operation level. This approach 
still requires operator intervention to transfer 
material between unit operations but can be 
performed completely using closed processing 
technologies. As each automated device rep-
resents a single unit operation and is operated 
independently, it means that multiple devices 
within the same process stream can be utilized 
at the same time – supporting concurrent man-
ufacture of different patient therapies (e.g., 

Patient A material may be processed by Device 
1 whilst Patient B material is being processed 
by Device 2). All analytical techniques are per-
formed off-line. Cell expansion has ‘on-line’ 
monitoring capability for some process param-
eters (pH, Dissolved Oxygen [DO]). 

Integrated

A process where automation is applied across 
multiple unit operations in a unified manner 
utilizing closed processing technologies and 
disposable single use tubing/reactor sets. The 
only operator intervention during process-
ing is to remove samples or exchange reagent 
reservoirs. Each integrated platform can only 
handle a single batch at any one time. All ana-
lytical techniques are performed off-line. Cell 
expansion has ‘on-line’ monitoring capability 
for some process parameters (pH, DO).

‘High-throughput’

A hypothetical, automated system capable of 
processing parallel streams of patient material 
utilizing closed processing technologies. The 
system has integrated at-line and on-line ana-
lytics (minimizing the need for operator inter-
vention). The system takes advantage of shared 
functionality across the parallelized streams. 

CAR-T cell process definition

A generic exemplar 7-day CAR-T immuno-
therapy process, capable of generating a single 
dose of 1 billion CD3+ cells per patient, was 
defined for use in this study and then adapt-
ed to the automation levels described above 
(Figure 2). Technologies used (using generic 
names), key processing parameters and ana-
lytical testing regimes for each are captured in 
Table 1 and Table 2 respectively. Differences in 
the cell seeding strategy between manual and 
automated technologies to achieve the target 
dose in the proposed timeframe, was based 
on the authors practical experience of imple-
menting processes within similar expansion 
technologies and operational conditions; with 
the point of commonality chosen as a seeding 
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density of one million CD3+ cells/mL. Two 
databases were generated and populated with 
the unit costs for the reagents and consum-
ables (Supplementary Table 1) or the equipment 
(Supplementary Table 2) used for each auto-
mation level. Where the consumable kits or 
physical equipment didn’t exist (e.g., for the 
integrated and parallel processing solutions), 
prices were estimated based on benchmarked 
values against existing technologies. Processes 
for all automation levels were assumed to oc-
cur in a Grade C manufacturing environment.

The model: set-up & workflow

An overview of the four-step method devel-
oped for the model set-up and workflow is 
defined in Figure 3. 

Step 1

Generic model assumptions and constraints, 
independent of automation level, for the 
manufacturing suite (and facility) operation 
(Table 3) and regulatory or quality compli-
ance (Table 4) were defined. Included here is 
a maximum number of operators working 
in the clean room at any time due to particle 
generation.

Step 2

As described above, discrete levels of automa-
tion were defined and translated into CAR-T 
manufacturing processes based on the exem-
plar CAR-T process. Specific assumptions as 
a function of each automation level were cap-
tured at this point (Table 1). 

	f FIGURE 1
Indicative structure of operation the four levels of automation and translation these concepts into manufacturing designs for 
the exemplar CAR-T immunotherapy process studied. 

Each manufacturing suite consisted of 2 rooms, with the larger primary room dedicated to core processing activities and the smaller auxiliary room 
to in-process control analytics and reagent preparation activities (where appropriate).  
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	f FIGURE 2
Overview of how CGT Catapult’s exemplar CAR-T process was adapted to demonstrate the four different automation levels 
employed in this study, as previously detailed in Figure 1. 

The ‘Generic Process Schematic’ reflects the unit operations/process steps that were considered as part of the exemplar process. The streams for 
each of the four automation levels modelled then illustrate the technologies used and the integrated vision of these unit operations for ‘Integrated’ 
and ‘High-Throughput’ automation levels. 
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Step 3

Cleanroom suite equipment layout designs 
were established and refined in an itera-
tive manner, by determining the number of 
parallel streams that could be simultaneous-
ly processed without exceeding resource or 
equipment constraints. In brief, we assumed 
operators could work in an independent 
fashion with key processing steps having to 
be verified by a secondary operator in accor-
dance with accepted pharmaceutical good 
manufacturing practice. The maximum num-
ber of ‘processing’ operators required to run 
each batch per day, were defined to be dif-
ferent dependent on the level of automation. 
Therefore, one key difference applied in the 
model was the ratio of ‘processing’ operators 
to ‘secondary sign-off’ operators required for 
each automation level. Next, based on maxi-
mum number of operators available, the total 
number of man hours available per suite per 
day were calculated. We then determined the 
number of parallel batches possible within 
the available man hours, keeping in mind the 
equipment constraints for each option as de-
termined by the current iteration of the suite 
layout. If a piece of equipment was deter-
mined to be a bottleneck, then the additional 
items would be included, and the above pro-
cess would be repeated. In this study, only 
the manual process option was equipment 
limited, with isolator availability identified 
as the bottleneck. For the other automation 
levels, where equipment constraints were not 
limiting, the scheduling pattern providing 
the most balanced resource utilization was 
selected. The finalized suite layouts were visu-
alized using HakoBio Software (OUAT! Live 
Sciences, Brussels, Belgium) (Figure 1). 

Step 4

The model for each automation level creat-
ed was then run. Each model could be based 
on constant footprint or constant facility 
throughputs assumption, to determine the 
impact on key measured responses (e.g., cost 
of manufacture, labor requirements etc.). 

Costs were then extracted from the model 
and represented as either facility costs (a func-
tion of cleanroom rates, equipment deprecia-
tion (based on 10-year lifetime) and renewal 
rates), labor costs (as a function of total staff 
numbers, including process operators, QC 
operators and QPs) or variable costs (e.g., raw 
materials, consumables, QC analysis reagents 
etc.). Variable costs were calculated on a per 
batch basis. The facility and labor costs were 
calculated annually and then divided by the 
throughput to determine the contribution 
per batch to the CoM. 

The Cost of Manufacturing (CoM) per 
batch was determined by summing the an-
nual suite (facility and labor) costs, dividing 
by the number of manufactured batches per 
suite, per year (throughput), and then adding 
the variable costs per batch.

RESULTS
Cost of manufacturing per batch 
(CoM) & annual throughput

Figure 4A illustrates the calculated CoM and 
breakdown into facility, labor and variable 
contributions for each automation level. 
Compared to Manual production, the in-
troduction of Bolt-Together automation re-
duced CoM by 23% (£32,707 and £25,206, 
respectively) per batch. Interestingly, increas-
ing automation level further did not sub-
stantially reduce the batch cost for Integrat-
ed (24% decrease, £24,717) and offered a 
modest improvement for High Throughput 
(30% decrease, £22,944). However, facility 
throughput was enhanced considerably when 
compared to Manual (320 batches p/a); 
290% with Bolt Together (936 p/a), 400% 
with Integrated (1272 p/a) and 760% with 
High-Throughput (2436 p/a), see Figure 4B.

Further analysis of Figure 4A revealed that 
almost all the batch cost could be attribut-
ed to the variable costs for the Bolt-Together, 
Integrated and High-Through automation 
strategies (86, 88 and 94% of the total cost, 
respectively). This was a function of the fixed 
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  f TABLE 1
Assumptions and constraints associated with the exemplar CAR-T process modelled in the context of the four levels of automation. 

Hypothetical CAR-T process assumptions
Process step Automation level Assumption
Starting material All Apheresis (fresh)
Cell conc. and washing Manual Benchtop centrifugation using commercially available buffer
Cell conc. and washing Bolt Together Stand-alone closed and automated volume reduction and wash technology – cells washed in commercially available buffer
Cell conc. and washing Integrated

High-throughput
Volume reduction and wash technology within integrated platforms. Cells washed into commercially available buffer

Cell isolation Manual Stand-alone Magnetically Activated Cell Sorting Technology – (CD4/CD8 positive selection) 
Cell isolation Bolt Together Stand-alone Magnetically Activated Cell Sorting Technology – (CD4/CD8 positive selection)
Cell isolation Integrated

High-throughput
Magnetically Activated (or equivalent) Cell Sorting Technology integrated into platform design – (CD4/CD8 positive selection) 

Cell seeding Manual 400 million CD3+ cells at 1 million cells/mL in cell expansion bags
Cell seeding Bolt-Together 

Integrated
High-throughput

100 million CD3+ cells at 1 million cells/mL in STRs

Activation All CD3/CD28 based Polymeric Nanomatrix activation agent  
Transduction All Lentiviral vector added on day 1 at MOI of 1:1 to CD3+ cells. (Total seeding volume of ‘Manual’ process is 4x other systems and therefore 4x amount of vector is 

required) 
Expansion All Basal media + 5% human AB serum
Expansion All Cytokine addition on day 1, 3, 5 (IL-7 and IL-15) through closed processing techniques
Expansion All Scheduled feeding regime – medium addition on days 3 and 5 (equal to 40% media volume addition in system on each day, so that after two feeds system volume has 

doubled)
Expansion All Total process length – 7 days
Expansion Manual 1 L Bags (maximum working volume 800 mL) – static culture in incubators (1 patient per shelf, 3 patients per incubator)
Expansion Manual Expected >2.5-fold cell fold expansion 
Expansion Bolt Together Seven individually operated single stirred tank bioreactors operated on various/a single platform(s)
Expansion Integrated A single stirred tank bioreactor operated as part of integrated platform
Expansion High-throughput Seven individually operated single stirred tank bioreactors operated on single platform that have centralized common resources for media and cytokine addition 
Expansion Bolt Together

Integrated 
High-throughput

Expected >10-fold cell fold expansion

Post-expansion cell conc., washing and pre-formulation Manual Benchtop centrifugation
Post-expansion cell conc., washing and pre-formulation Bolt Together Stand-alone closed and automated volume reduction and wash technology
Post-expansion cell conc., washing and pre-formulation Integrated

High-throughput
Volume reduction and wash technology in integrated platform 

Formulation buffer All Cryostor10
Formulation Manual/Bolt Together/Integrated Manual volume addition of formulation reagents to attain required cell concentration in formulation buffer post-cell count analysis
Formulation High-throughput In line analytics determine cell count post-wash and initiates volume addition to achieve correct cell concentration in an automated fashion
Formulation All 1 billion viable CD3+ cell dose. (50 million cells/mL, single bag, 20mL working volume)
Freezing All Controlled Rate Freezing Technology – performed outside suite – considered non-rate limiting
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facility costs being averaged across an increas-
ing number of batches, reducing them to an 
appreciably small percentage of the total costs 
(3–7%). 

To determine the number of equivalent 
manufacturing suites required for the man-
ual, bolt-together and integrated automation 
levels to achieve the same throughput as the 
‘high-throughput’ automation level, the mod-
el was switched from a ‘constant footprint’ to 
‘constant throughput’ scenario, whereby the 
‘high-throughput’ result (2436 batches per 
annum) was used as the target value. From 
this analysis the Manual, Bolt-Together and 
Integrated automation levels required 8, 3 
and 2 suites respectively to achieve the same 
throughput (Figure 4B). Scaling out of the 
Manual, Bolt-Together and Integrated auto-
mation levels had a minimal impact on the 
total batch cost or the percentage distribu-
tion of facility, labor and variable costs (<1%) 
[Data Not Shown]. 

The model output in relation to facility 
staffing and productivity, as a function of 
automation level, is illustrated in Figure 5. 
To generate the staff utilization profiles, the 
total number of hours required to perform 
the scheduled operations on a given day was 
determined. This was then used to generate 
the number of operators required each day, 
factoring in the assumptions around prima-
ry and ‘sign-off’ operators (Table 4). The total 
number of staff required each day to perform 
operations was similar for Manual, Bolt-To-
gether and Integrated automation levels lead-
ing to similar sized payrolls (22, 22, 24 total 
staff, respectively), whilst High-Throughput 
had a reduced payroll size (19 total staff), 
which was mainly attributed to the reduced 
QC staff numbers, as a function of the as-
sumed in-built analytical capability of the 
system.

Interestingly, workforce composition be-
tween Operators and Quality Control (QC) 
changed as a function of automation level 
(Figure 5A). For a Manual automation level, 
the ratio of operators (18 Staff) to QC (4 staff) 
was 4.5:1 reflecting the highly labor-intensive 
nature of the process and low QC throughput 

as a result. Bolt-Together and Integrated au-
tomation levels had ratios of Operator to QC 
staff of 1.75:1 and 2:1, respectively, with total 
Operator numbers reducing in comparison 
to the Manual automation level (14 and 16 
staff, respectively) and QC staff increasing (8 
staff for both). This reflects the assumptions 
built into the model whereby the use of au-
tomation improves operator efficiencies, but 
not QC and thus, increased QC support is 
required to accommodate the increasing pro-
duction capability. For the High-Throughput 
automation level we see Operator numbers 
stay constant compared to other automation 
levels (15 staff), but QC staff numbers reduce 
to four. This illustrates the value potential of 
the assumed in-built analytics which reduc-
es the QC burden associated with running 
in-process controls. 

When considered in the context of the 
overall annual throughput per staff mem-
ber, productivity was significantly enhanced 
from 14.5 batches/staff member for Man-
ual to 128.2 batches/staff member for 
High-Throughput, whilst Bolt-Together and 
Integrated automation showed similar figures 
at approximately 42.5 and 53.0 batches/staff 
member (Figure 5B).

Annual throughput per unit footprint also 
increased as a function of automation level, 
from a baseline of 3.2 batches/m2 for a Man-
ual, to 24.3 batches/m2 for High-Through-
put. This highlights that whilst staff numbers 
remain reasonably constant and footprint is 
fixed, the value of each staff member or each 
square meter becomes much greater with the 
implementation of automation. 

Upfront capital investment

Whilst supporting higher throughputs and 
lower CoM, the potential drawback of auto-
mation lies in the significant upfront capital 
investment to realize these benefits. From 
solely a capital expenditure perspective, fa-
cility set-up for the Bolt-Together automa-
tion strategy required 2x the investment 
compared to Manual, whilst Integrated and 
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High-Throughput solutions required 5–6x 
the capital investment (albeit they delivered 
4–8x the productivity). The scalability of au-
tomation is a substantial advantage as it facil-
itates incremental expansion (or reduction) of 
the process, if required, much more efficiently 
and with better control (leading to lower fail-
ure rates). Furthermore, this capital expendi-
ture is to realize the full throughput potential 
of each suite. In terms of business strategy, it 
is much more likely that company will expe-
rience a ramp up phase in production as they 

expand their reach within the respective mar-
ket space, thus it may be feasible to stage this 
capital expenditure outlay. 

DISCUSSION
The work examines cost and productivity 
sensitivities to increasing automation of the 
manufacturing processes for cell-based im-
munotherapies. Manual, Bolt-Together and 
Integrated automation solutions were all 

  f TABLE 2
Assumptions and constraints associated with the in-process controls for the exemplar CAR-T process modelled 
in the context of the four levels of automation.

In-process controls (IPC) and release testing (RT) assumptions
Test Process Definition 
IPC 1 – Post-wash/pre-cell 
isolation

Manual
Bolt Together
Integrated

Off-line viable CD3+ cell count (flow cytometry)

IPC 1 – post-wash/pre-cell 
isolation

High-throughput At line integrated viable CD3+ cell count (flow cytometry) 

IPC 2 – post-cell isolation Manual 
Bolt Together
Integrated

Off-line viable CD3+ cell count (cytometry)

IPC 2 – post-cell isolation High-throughput At line integrated viable CD3+ cell count (cytometry) 
IPC 3 – during formulation Manual 

Bolt Together
Integrated

Off-line viable CD3+ cell count (cytometry)

IPC 3 – during formulation High-throughput At line integrated viable CD3+ cell count (cytometry) 
RT – sterility All Standard sterility testing of final product – assumed this QC 

test is outsourced as a standard cost per batch
RT – endotoxin All Standard endotoxin testing of final product – assumed this 

QC test is outsourced as a standard cost per batch
RT – mycoplasma All Standard mycoplasma testing of final product – assumed this 

QC test is outsourced as a standard cost per batch
RT – identity All Quantitative flow cytometry-based assay – up to eight identi-

ty markers including viability. (includes % transduction). Test 
is performed in-house by QC team

RT – potency assay All Cell based killing assay – test is performed in-house by QC 
team

RT – pH All pH testing of final product – assumed this QC test is out-
sourced as a standard cost per batch

RT – adventitious agent All Process assessed designed to be Xeno free so no adven-
titious agent testing required for murine, bovine, porcine 
viruses, etc.
Human adventitious agent testing of final product assumed 
to not be required as it is autologous product and would have 
been tested as part of patient screening

RT – viral copy number per cell All Assumed QC test is outsourced as a standard cost per batch
RT – integration site analysis All Safety assay to address the risk deriving from insertional 

mutagenesis. Assumed QC test is outsourced as a standard 
cost per batch

IPC: In-process control; RT: Release testing.



research article 

  683Cell & Gene Therapy Insights - ISSN: 2059-7800  

modelled upon existing automation strategies 
currently available, wholly or in-part, to ther-
apy developers. The High-Throughput auto-
mation level was a hypothetical vision; a sys-
tem with integrated analytics (cell counting/
flow cytometry to support cell selection and 
formulation) and parallelized expansion for 
multiple batches concurrently. Although the 
system has not been realized yet, the power 
of modelling tools can still demonstrate the 
value of such systems, thereby supporting the 

business case for their development. Critical 
to this analysis are the assumption provided 
in Tables 1–4, as well as the Supplementary 
Tables.

We demonstrated that the introduction 
of automation at the Bolt-Together level re-
duced the CoM by 23% compared to Man-
ual processing, with Integrated automation 
showing a marginal improvement (24% de-
crease) and High-Throughput enabling addi-
tional cost reductions (30% decrease). More 

	f FIGURE 3
Overview of the set-up structure and workflow for the model.

Steps reflect the different activities undertaken as described in the methods section. 
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significantly, automation adoption deliv-
ered much greater throughputs (batches/yr) 
(Manual 320, Bolt Together 936, Integrated 
1272, High Throughput 2436, respectively). 
Thus, the reduction in CoM observed could 
be primarily attributed to automation in-
creasing throughput and diminishing facility 
costs proportionally (from 14% for manual 
to 3–7% for other automation levels). Sec-
ondly, increasingly efficient use of the man-
ufacturing team, as a function of automation 
adoption, yielded reduced labor costs (from 
10% for Manual, to 5–6% for Bolt-Togeth-
er/Integrated, and 2% for High-Throughput) 
per batch. Furthermore, adoption of auto-
mation creates a different set of operator skill 

requirements to that of manual, which could 
be argued are easier to recruit for and train-up 
on when establishing a manufacturing team 
(especially operators). This may be counter 
balanced by the need for greater numbers of 
QC staff (for bolt-together and integrated 
platforms), however, at a time when the fore-
cast recruitment needs vastly outstrips supply 
[19], the ability to maximize the number of 
batches per staff member is greatly benefi-
cial. The authors recognize that the upfront 
development of automation is costly and 
time consuming and developers often decide 
against it during the early stages of develop-
ment. The impact unfortunately, is that from 
a regulatory perspective you get ‘locked-in’ 

  f TABLE 3
Assumptions associated with the operation of the manufacturing facility and cleanroom suite, which were uti-
lized for constraining the model and determining the facility associated costs.

Manufacturing facility and cleanroom operational assumptions
No. of cleanroom suites 1
Cleanroom grade Grade C
Cleanroom footprint 100m2

Maximum equipment 
footprint

65% of total area. This ensured integrity of required work-flows could be maintained (personal 
flow, waste streams, product streams etc.)

Max. no of operators and 
equipment load per suite

In a real-world scenario these factors are driven by particulate data and the ability to maintain 
particulate counts below required operating levels (Grade C in this model). It was assumed a 
combination of equipment and operator particulate generation would allow a maximum of 12 
people in the cleanroom suite at one time, in addition to the required equipment for the process 
being modelled

Equipment location It was assumed equipment could be positioned in a manner that would not compromise air 
handling/air-flow within the suite and would not impact on material, product or waste stream 
work-flows

Cryo- and warehouse 
facilities

Cryo- and warehouse facilities are segregated into another part of facility and are unconstrained 
in terms of operational/storage capacity

QC facilities QC facilities are based on-site and are unconstrained in terms of operational capacity
QC staffing Each assay required had a ‘processing time’ associated with it. Staffing requirements were calcu-

lated based on total time required to perform assays
Facility operational period Maximum of 320 days per annum
Cleanroom rental cost Fixed cost – includes environmental monitoring, gowning, central facility services (e.g., waste 

management) etc.
Analysis of variations in these costs [Data not shown] as a function of the models employed 
were not considered significant enough to warrant individual inclusion and thus a fixed rate was 
applied for all models

Manufacturing shift 
length (and maximum 
working time per day) 

14h (2 x 8h overlapping shift patterns) – during periods where shifts overlap, no more than 12 
people would be allowed in the cleanroom at any given time (as per the ‘Max. no of operators 
and equipment load per suite’)

Operator/QC staff work-
ing days per annum

5/2 shifts (224 working days a year per operator, after allowance for 28 days of holiday and 8 
bank holidays are accounted for)

Batch scheduling It was assumed that the arrival of patient apheresis material at the manufacturing centre would 
be managed from a clinical and logistical scheduling perspective to support the proposed manu-
facturing schedule. Whereby incoming material would be stored for no longer that 24h

These were applied to all four levels of automation modelled.
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to your process reasonably early within the 
development lifecycle. When funding and re-
sources are then more amenable, it becomes 
significantly more challenging, but not im-
possible, to implement; not just through the 
cost of developing the new process, but the 
costs of showing comparability and through 
obtaining commercial licenses etc. Hence the 
automation need at commercial scale should 
be identified early in the development lifecy-
cle, so it can be built-in to the development 
plan, with a view to minimize the cost (and 
risk) of subsequent requirements to change. 
The authors expect it to take in the region 
of 9–15 months for development teams to 
translate a process similar to the exemplar 
manual process herein, to something reflect-
ing a bolt-together or integrated solution at 
an estimated cost in the region of £0.75–1.5 
million (Note this can be highly depended on 
the size of the development team employed, 
the technologies being applied and doesn’t 
include the capital expenditure required to 
set-up the development laboratory with the 
technologies being adopted, the cost associat-
ed with formal comparability studies (which 
may be significant if non-clinical work needs 
to be repeated or clinical bridging studies 
undertaken). 

As we sought to maximize throughput 
during model set-up, the challenges associat-
ed with the scalability of the manual process 

became apparent. We set out an iterative de-
cision tree to assist developers in planning 
manufacture to maximize capacity, see Figure 
3. The Manual process required considerable 
isolator usage, which made it time inefficient 
and, in this study, became the primary bot-
tleneck. When this was coupled with a man-
ufacturing protocol requiring operator in-
terventions across multiple process days, the 
result was an equipment unit operation with 
a very low throughput (mean of 0.5 batch/
day in this study).

As this model assumes unimpeded sup-
ply of patient apheresis material, the process 
design is of maximum suite capacity. There-
fore, labor and facility contributions to CoM 
were minimized. The reality is that aphere-
sis supply is likely to be uneven, a result of 
many contributing factors including clinical 
slot availability, logistic considerations [20] 
and manufacturing/scheduling strategies. 
Implementation of starting material cryo-
preservation is one strategy being utilized 
by developers to help to smooth starting 
material supply into the facility and there-
fore maximize throughput. Our model (Fig-
ure 4) suggests that the automated strategies 
could accommodate significant reductions in 
throughput without a significant change in 
CoM as the facility contribution was a very 
low proportion of the total CoM (e.g., 3–7% 
with decreasing automation level). Variable 

  f TABLE 4
Assumptions and constraints associated with regulatory and quality compliance for the modelled processes.

Regulatory and quality assumptions
BMR and counter sign off It was assumed state of the art electronic traceability system/batch manufacturing re-

cords (BMR) would be employed and the role of dual operator sign-off would be reduced 
as a function of automation level, thereby allowing greater levels of interdependent 
operator working within increased automation. Where dual sign-off would then only 
be required at critical process points. To model this the following ‘primary’ to ‘sign-off’ 
operator ratio was applied to each automation level:
2:1 for Manual
3:1 for Bolt Together
3:1 for Integrated
4:1 for High-Throughput

Multi-product segregation It was assumed that the methods employed could be validated (e.g., through temporal 
and spatial separation approaches) to facilitate ‘side-by-side’ product manufacture within 
the same suite/on the same automated platform

QP sign-off It was assumed that 1 x QP can sign-off up to 4 products per day
These were applied to all four levels of automation modelled.
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costs therefore accounted for the majority 
of CoM for Bolt-Together, Integrated and 
High-Throughput (88, 89 and 94%, respec-
tively), as process automation afforded high-
er throughput. Targeting key variable cost 
drivers is therefore paramount to achieving 
further cost reductions. Typically, factors 
such as gene delivery vector, selection anti-
bodies, cytokines and single use disposable 
kits are high cost items, representing oppor-
tunities for savings. A significant proportion 
of this cost is driven by the scale of opera-
tions for a single batch and the efficiencies 
of individual unit operations. As therapeutic 
mechanisms of action understanding for im-
munotherapies improves, quality attributes 
deemed critical (CQAs) will be refined. It is 
expected then that the field will shift towards 
lower dose, but higher purity and potency 
products. This in turn, is projected to reduce 
physical scale and processing times for in-
dividual autologous batches. Coupled with 
the incorporation of emerging technologies, 
such as non-viral gene delivery systems, the 
future looks promising with respect to sig-
nificantly reducing the variable cost propor-
tion of autologous ATMP manufacture.

High variability in CoGs model structure 
exists between groups, particularly around 
assumptions and constraints applied, mak-
ing it challenging to compare their outputs. 
However, a recent publication by James [21], 
which also utilized modelling approaches to 
examine the impact of automation adoption 
on CAR-T manufacture, showed a number 
of parallels to our own. It illustrates similar 
levels of cost reduction to this study through 
the application of automation for a “closed 
automated system with centralized incuba-
tion” (22% CoGs reduction compared to 
25–25% in this study). When comparing 
both models, manual processes showed com-
parable annual throughput per unit area, 
and per staff member, (2.1 and 3.2 batches/
yr.m2, and 14.5 and 19 batches/yr.staff, re-
spectively). Whilst James’ “closed automated 
system with centralized incubation” strategy 
showed a significantly lower throughput per 
unit area (10 batches/yr.m2) compared to 
our ‘high-throughput’ strategy (24.3 batch-
es/yr.m2), the staff productivity in his model 
was significantly higher (153 to 128 batch-
es/yr.staff, respectively). By evaluating the 
assumptions behind these metrics, we can 

	f FIGURE 4
(A) Cost of Manufacturing (CoM) per batch as a function of automation level. (B) Annual throughput per suite as a function of 
automation level.

(A) Contributing costs are illustrated individually in terms of facility, labor and variable associated costs. (B) The ‘high-throughput’ automation level 
yielded the greatest annual production. To determine the number of manufacturing suites required for the manual, bolt-together and integrated 
automation levels to achieve the same throughput as the ‘high-throughput’ automation level, the model was switched from a ‘constant footprint’ 
to ‘constant throughput’ scenario. The number of suites are shown in boxes above each bar.



research article 

  687Cell & Gene Therapy Insights - ISSN: 2059-7800  

hopefully start to understand what has led 
to the variations observed. For example, we 
hypothesized that the higher throughput per 
unit area in our study can be attributed to the 
use of STRs as the expansion system. These 
systems use heating jackets to maintain tem-
perature, which in turn result in a zero impact 
on footprint in addition to the baseline con-
sumables or equipment, rather than requiring 
additional incubator resources and associated 
footprint. 

In addition to reducing CoGs, automation 
offers improved process robustness and the 
reduced risk of batch failure. This is a criti-
cal factor especially for autologous therapies 
where a repeat batch may not be possible for a 
patient that is progressing clinically. It is high-
ly challenging to quantify such parameters as 
a function of automation level, but qualita-
tively however, it is possible to surmise at the 
potential impact. Automation naturally tends 
to adoption of closed processing technologies, 

reducing operator interventions/manipula-
tions. This in turn, decreases risks associated 
with microbial contamination (during manu-
facture and due to decreased ‘spray and wipe’ 
load), or operator induced errors. Further-
more, automation opens the door for adap-
tive control strategies whereby in-built ana-
lytics measure, and feedback control directs 
process decisions to reach key target parame-
ters, thus reducing batch failure rates. Impor-
tantly however, the high initial capital expen-
diture follows the law of diminishing returns, 
whereby the majority of risk reduction and 
removal of ‘process hazards’ can be achieved 
with semi-automated solutions (such as the 
Bolt-Together and Integrated automation in 
this study) [21]. Thus, investment in automa-
tion beyond this level, purely for risk reduc-
tion purposes, should be considered cautious-
ly as the value is diminished.

From a more overarching perspective, as 
automation level increases, single batches 

	f FIGURE 5
Staff utilization and productivity. 

(A) Day-to-day variation in operator staffing levels for the four automation levels. To generate the staff utilisation profiles, the total number of 
hours required to perform the scheduled operations on a given day was determined. This was then used to generate the number of operators 
required each day, factoring in the assumptions around primary and “sign-off” operators (Table 4). For each automation level the total number of 
operators only, required to complete processing per day is shown by the solid line. After the initial ramp-up phase of production, a unique cyclic 
pattern in daily operator requirements for each automation level was derived, as illustrated within the dotted lines. (B) Throughput variation 
with respect to total staffing requirements and manufacturing suite footprint, for the four automation levels. Based on model constraints and 
assumptions, whereby employees work a 5/2 shift pattern, with each employee working 224 working days/year, the total payroll staffing size 
(Operators and QC staff) required to support operations are shown in the first column.  Annual throughput per staff member (Batches/yr.staff) and 
per footprint (batches/yr.m2) for the manufacturing suite are shown in the other columns respectively.   
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become increasingly tied into a single item of 
equipment, which in the case of high-through-
put means you have multiple batches ‘opera-
tional’ on a single item of equipment at any 
given time. The consequence of this is you 
become more exposed from a risk perspective 
to failure of that automated system. Further-
more, increasing levels of automation, typi-
cally translates to increasing single supplier 
dependencies (especially for integrated and 
‘high-throughput’ systems). Thus, as the man-
ufacturer, you become increasingly exposed 
to the ability of that supplier to meet your 
daily operational needs, thus co-evolutionary 
collaborations will be critical in ensuring au-
tomation technology providers are capable of 
growing in line with individual therapy devel-
opers and the broader community. 

The concept of High Throughput has not 
been coined in this paper, as this has been a 
point of discussions at the recent Phacilitate 
Special Interest Group automation meetings 
[22]. However, to the authors’ knowledge this 
is the first publication analyzing cost or pro-
duction implications of this concept, where 
patient material can be manufactured in par-
allel. This study demonstrates clear commer-
cial benefits, but important engineering and 
regulatory challenges need to be addressed if 

High Throughput is to be realized for ATMP 
manufacture.

CONCLUSION
Immunotherapy development, specifically 
for CAR-T and TCR focused products, is 
a rapidly changing landscape. The processes 
of 5 years ago are considerably different to 
today and will be very different again in 5 
years’ time. Automation allows the develop-
ment of de-risked manufacturing processes, 
enabling increased throughput and reduced 
CoM. It is therefore a critical aspect of scal-
able manufacture, in order to support com-
mercial viability and that these novel medi-
cines can be supplied to the populace. Each 
product and process is unique. Therefore, 
the degree of automation adoption should 
be tailored to the manufacturing needs and 
supply level demands. We have demon-
strated the value to therapy developers of 
employing modelling tools to support early 
stage manufacturing development decision 
making in relation to assessing automation 
adoption strategies. Embracement of these 
tools can only make the development pro-
cess stronger. 
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