1. Supplementary Figures

RNA vaccine production using in vitro transcription and co-transcriptional capping
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Figure S1. Process flow diagram for RNA vaccine drug substance production (aka. active ingredi-
ent production, bulk production or primary manufacturing) and drug product manufacturing
(aka. fill-to-finish or secondary manufacturing). The drug substance is produced in the production
bioreactor based on the in vitro transcription reaction using the T7 RNA polymerase enzyme, and
5" capping of the RNA is achieved co-transcriptionally using 5" cap analogues (needed to ensure
antigen expression). Following RNA synthesis, the DN Ase I enzyme is added to the bioreactor to
digest the template DNA and then the reaction mix leaves the bioreactor and enters the down-
stream processing section. For downstream purification, tangential flow filtration (TFF) can be
used to retain the RNA molecule by the filter and let the other components of the reaction mix
flow through the TFF as these are smaller in size than the RNA molecule. Next, the retentate con-
taining the RNA of interests is purified by a chromatography unit operation, such as CaptoCore
700 chromatography, ion exchange chromatography or hydroxyapatite chromatography, whereby
the protein enzymes can be removed. Next, a second TFF step is carried out whereby the buffer is
replaced for the formulation buffer and then the RNA solution is sterile filtered before entering the
lipid nanoparticle (LNP) encapsulation unit operation which is the bottleneck for the RNA drug
substance production (aka. primary manufacturing) section. Following the formulation step the
LNP encapsulated RNA solution enters a third TFF for diafiltration then an optional dilution step
is carried out followed by a sterile filtration operation. The sterile LNP-encapsulated RNA solution
is then transferred to the fill-to-finish (aka. secondary manufacturing) section. There, an optional
dilution step followed by sterile filtration can take place. Next, the formulated RNA solution un-
dergoes quality control and is filled into vials or other containers. The vials are then capped,
sealed, inspected using automated image processing, labelled and packaged into secondary and
tertiary packaging. If blow-fill-seal [1,2] or the Intact™ Modular Filler [3,4] is used for fill-to-finish,



than the filling, capping and sealing operation can be combined. The entire production process is
independent of the RNA sequence, therefore in principle vaccines against virtually any disease
can be produced using the same production process [4-10].
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Figure S2. Breakdown of annual operating costs and cost per dose for LNP-formulated RNA drug
substance production based on the five RNA vaccine types listed in Table 1. A. Share of operating
cost (OpEx) components. The percentage of each OpEx component is shown on the y-axis and the
five RNA types are shown on the x-axis. The table below the x-axis also indicates the total OpEx in
USD per year for a single facility with a single production line at the common scale. B. Share of
cost per dose components. The percentage of each cost per dose component is shown on the y-axis
and the five RNA types are shown on the x-axis. The table below the x-axis also indicates the total
cost per dose for LNP-formulated RNA drug substance production. The number of LNP-formu-
lated drug substance doses produced per year are also shown for a facility at the common scale
which is indicated in the table below the x-axis.

2. Supplementary methods

Techno-economic modelling



Table S1. Input parameters and assumptions used for techno-economic modelling in SuperPro
Designer.

Parameter use Parameter Parameter name Value Unit
class
. . % of
Piping Cost 35 TEPC
Instrumentation Cost 40 % of TEPC
Insulation Cost 03 % of TEPC
Electrical Facilities Cost 10 % of TEPC
Direct Cost Buildings Cost 250 % of TEPC
(DO) Yard Improvement Cost 15 % of TEPC
Auxiliary Facilities Cost 40 % of TEPC
Unlisted Equipment Purchase
Cgst fUEP o 30 %of TEPC
Unlisted Equipment Installa- 50 % of
CapEx calculation tion Cost UEPC
Indirect Cost Engineering Cost 25 % of DC
(@) Construction Cost 35 % of DC
Other Cost Contractor's Fee 5 % (]); éI)C i
(OC) . % of (IC +
Contingency 10 DC)
Working Capital — to cover ex- 10 mRNA &
days
Miscellane- penses for saRNA
ous Start-up and Validation Costs 30 % of DFC
Up front R&D 0 US$
Up front royalties 0 US$

Maintenance: equipment specific multipliers
Depreciation: contribution from each equipment’s un-

Facility de- depreciated purchase cost
pendent Insurance 1 % of DFC
Local taxes 2 % of DFC
Factory expenses 5 % of DFC
Basic operator labour rate 25 USD x
(BOLR) hour!
. % of
Benefits factor 40 BOLR
o,
£
Operating supplies factor 10 PO
. BOLR
OpEx calculation
Supervision factor 20 %o of
perv BOLR
Labour Administration factor 60 % of
BOLR
USD x
L d tor lab t 57.5
umped operator labour rate hour
Adjusted basic operator la- USD x
57.5
bour rate* hour!
Direct labour time utilization -
60 %
batch
Direct labour time utilization - 70 o

continuous




Laboratory, quality control,

Lab, QC, QA . 50 % TLC
quality assurance
. US$x
Standard electricity 0.1 (KWh)?
Chilled water 0.4 tgiiex' .
Utilities Uss
X
Cooled water 0.1
tonne-!
Steam 12 S
tonne!
Fixed R&D 0 USsS
year!
. US$ < g
Variable R&D 0 MP-
Miscellane-
iscetiane On-going process validation 0 Us$ )1(
ous year
Other fixed 0 Us$ >1(
year-
. US$ = g
Other variable 0 MP
Construction period 20 months
Start-up period 4 months
Ti ! Project lifetime 20 years
fme vatta- Inflation 4 %
tion -
NPV interest - Low 7 %
NPV interest - Medium 9 %
NPV interest - High 11 %
Loan interest for DFC 9 %
Loan interest for working cap-
. 12 %
ital
Loan interest for up front 1 o
R&D °
Loan interest for up front roy-
. 12 %
alties
L iod for DF 1
Overall economic oar.l period for - < - 0 years
. Loan period for working capi-
evaluation tal 6 years
Financing Loan period for up front R&D 6 years
Loan period fo'r up front roy- 6 years
alties
DFC outlay for 15 year 30 % of DFC
DFC outlay for 27 year 40 % of DEC
DEFC outlay for 3 year 30 % of DFC
DFC outlay for 4t year 0 % of DEFC
DFC outlay for 5t year 0 % of DEC
Straight line rcil(e)zreaatlon pe- 10 years
Salvage value 5 % of DFC
Production Operating capacity for each 100 %
level year
Product failure rate 5 %




US$ x g

Disposal cost 0 MP-
Income tax 40 %
Fixed advertising and selling 0 US$ x
. expenses year-!
Miscellane-

lsf)eusane Variable advertising and sell- 0 USgx g

ing expenses MP-1
Variable running royalty ex- 0 US$ x g

penses MP-!

Abbreviations used in Table S1: CapEx — capital expenditure; OpEx — operating expense; TEPC —
total equipment purchase cost; UEPC — unlisted equipment purchase cost; DFC — direct fixed capi-
tal; DC — direct cost; IC — indirect cost; OC — other cost; TLC — total labour costs; BOLR — basic op-
erator labour rate; g MP — gram of main product. *calculated based on benefits, operating
supplies, supervision cost and administration cost.

Drug substance production (aka. primary manufacturing) modelling as well as drug
product manufacturing (aka. fill-to-finish, secondary manufacturing) modelling has been
carried out using SuperPro Designer Version 11, Build 2 from Intelligen, Inc. The input
parameters and assumptions for drug substance and drug product techno-economic mod-
elling in SuperPro Designer are listed in Table S1 below. Most of these parameters listed
in Table S1 were kept at the default values from SuperPro Designer, as these default val-
ues are representative for biopharmaceutical production process and cost modelling. The
Building Cost within the Direct Costs used for CapEx calculations was changed from the
default value to 250 % of the total equipment purchase cost (TEPC), as this value is more
representative of GMP production processes which have higher facility costs. Updating
this Building Cost to 250 % of the TEPC was recommended by Demetri Petrides the from
Intelligen, Inc who developed SuperPro Designer. The working capital cost period was
decreased from the default value to 10 days because RNA vaccine production is faster
compared to conventional cell-base biopharmaceutical production for which the default
working capital cost period value was representative. The laboratory quality control (QC)
and quality assurance (QA) costs were increased to 50% of the total labour costs (TLC)
because this is a new technology and quality testing is likely to be more expensive com-
pared to more established technologies. The impact of the QC/QA on the cost per dose
was evaluated in Figure 1B and by changing the QC/QA costs between 15 — 65% of TLC
the impact on the cost per dose was minimal. The time between consecutive batches (aka.
cycle slack time) was set to 3 hours for production process models at the 30 L scale and to
2 hours for production process models at a lower scale. All production processes were
modelled to operate 330 days per year. The number of campaigns per year was set to 1 in
all the drug substance and drug product manufacturing models. The labour cost for drug
substance production processes (operated in batch mode) was calculated using the de-
tailed labour estimate, in function of the basic labour rate, benefits, operating supplies,
supervision cost and administration cost. The labour cost for fill-to-finish processes (op-
erated in continuous mode) was calculated using the lumped labour estimate. All other
parameters shown in Table S1 were kept at the default values in SuperPro Designer.

The purchase price of CleanCap 5 capping analogues at GMP grade was received
from the supplier, TriLink BioTechnologies Inc [11].

The purchase price of CleanCap AG or CleanCap AU stated in this publication were
estimated by the authors and are not representative of actual pricing. TriLink BioTechnol-
ogies LLC (San Diego, CA, USA) did not supply CleanCap AG or CleanCap AU to Impe-
rial College London at the purchase price estimated in this publication.

The purchase price of the modified UTP (N1-methylpseudouridine-5'-triphosphate)
was estimated based on the selling price of this material taking into account a discounting
factor obtained by dividing the list price of the CleanCap AU 5 capping analogues with
the price quoted by TriLink BioTechnologies Inc for large scale GMP grade supply of the
same material. Subsequently, a purchase price value was also received for the modified



UTP from TriLink BioTechnologies Inc which was within the uncertainty range listed in
Figure 1.

The SuperPro Designer modelling files and data is available in a publicly accessible
repository: https://github.com/ZKis-ZK/LNP-formulated-RNA-vaccine-drug-substance-
production-cost-modelling.
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