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Abstract: The COVID-19 pandemic has motivated the rapid development of numerous vaccines
that have proven effective against SARS-CoV-2. Several of these successful vaccines are based on
the adenoviral vector platform. The mass manufacturing of these vaccines poses great challenges,
especially in the context of a pandemic where extremely large quantities must be produced quickly
at an affordable cost. In this work, two baseline processes for the production of a COVID-19
adenoviral vector vaccine, Bl and P1, were designed, simulated and economically evaluated with
the aid of the software SuperPro Designer. B1 used a batch cell culture viral production step, with
a viral titer of 5 x 100 viral particles (VP)/mL in both stainless-steel and disposable equipment.
P1 used a perfusion cell culture viral production step, with a viral titer of 1 x 10'> VP/mL in
exclusively disposable equipment. Both processes were sized to produce 400 M/yr vaccine doses.
P1 led to a smaller cost per dose than Bl ($0.15 vs. $0.23) and required a much smaller capital
investment ($126 M vs. $299 M). The media and facility-dependent expenses were found to be the
main contributors to the operating cost. The results indicate that adenoviral vector vaccines can be
practically manufactured at large scale and low cost.
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1. Introduction

The well-known proverb, “necessity is the mother of invention” certainly describes the
recent experience with the unprecedented development speed of SARS-CoV-2 (COVID-19)
vaccines. As of the end of May 2021, researchers are currently testing 92 vaccines in human
clinical trials, with 28 having reached phase 3. At least another 77 vaccines are being
tested pre-clinically in animals and could lead to additional candidates progressing into
human clinical studies [1]. The 12 leading vaccines, the majority authorized for widespread
emergency use and limited approvals in select countries, are shown in Table 1. As noted in
the table, these vaccines are based on four different vaccine platforms: inactivated virus,
protein subunit, adenovirus vector and messenger RNA (mRNA).

Vaccines are intended to arm an individual’s immune system to protect against a
future exposure to harmful viral or bacterial pathogens. To accomplish this protection,
vaccines must in some way resemble the pathogen that they are directed against, while not
causing infection. Historically, vaccines utilized highly attenuated pathogens, incapable
of causing severe infections yet providing enough exposure to develop immunological
memory and protection against future exposure. This strategy is still used today and
employed in development of several COVID-19 vaccines. Vaccination with inactivated
virus does not require a priori knowledge of which viral components (antigenic epitopes)
elicit a protective antibody response, but rather allows the immune system to survey the
full virus, potentially leading to generation of an immune response to multiple portions of
the virus. However, given the large diversity of “foreign” material, much of the immune
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response may not be directly aimed at providing protection and hence vaccine efficacy is

hard to predict.

Table 1. Leading COVID-19 vaccines.

Product Name Developer Platform Status
Approved in 1, Switzerland
mRNA-1273 Moderna mRNA EUA in 46 countries
. . . Approved in 5 countries
Comirnaty Pfizer (BioNTech) mRNA FUA in 21 countries
CVnCoV CureVac mRNA Phase 3
Ad26.COV2.S Janssen Adenovirus Vector (Ad26) EUA in 17 countries; stopped use in 2
. . Approved in 1, Brazil
Vaxzevria Oxford-Astra Zeneca Adenovirus Vector(ChAdOx1) EUA in 74 countries; stopped use in 2
NVX-CoV2373 Novavax Protein Sub-unit Phase 3
. Gamaleya Research Adenovirus Vector . .
Sputnik V Institute (Ad26, Ad5) EUA in 69 countries
Convidecia CanSino Adenovirus Vector (Ad5) Appr(?ved n Chl.na
EUA in 5 countries
EpiVacCorona Vector Institute Protein Sub-unit Approved in T.urkmemstan
Early use in Russia
BBIBP-CorV Sinopharm Inactivated Virus Approved in 3 countries
P EUA in 27 countries
. . . Approved in China
CoronaVac Sinovac Inactivated Virus EUA in 23 countries
Covaxin Bharat Biotech Inactivated Virus EUA in 12 countries

While vaccine development in the early days was a “hit or miss” strategy, with the
tools available today to probe biology and intervene at the molecular level, many new
vaccine strategies have emerged. These emerging vaccine platforms do not require the
inactivated virus but rather target portions of the virus leading to inherently safe products
with accelerated development times. For example, molecular characterization of the SARS
virus family has identified the spike (S) protein as an important antigenic target [2—4].
Consequently, most of the COVID-19 vaccine candidates, outside of the inactivated virus
category, incorporate the spike protein with three different strategies employed for the
leading COVID-19 candidates: protein subunit, adenovirus vector and mRNA. These
platforms are briefly described in the following paragraphs, with an emphasis on the
adenovirus vector platform which is the object of the present study.

1.1. Protein Subunit Vaccine Platform

The protein subunit vaccine platform utilizes one or more proteins that have been
selected a priori as targets for the immune response. Upon administration, the proteins
undergo standard processing into peptide fragments which are presented to the immune
system. In this manner, the full protein(s) is sampled by the immune system generating a
polyclonal antibody response, an important diversity that improves the odds of maintaining
protection in the face of future virus mutations. A variation of the standard protein subunit
vaccine methodology is to start with peptide fragments that represent highly immunogenic
epitopes, rather than the entire protein. Although this design can make vaccines safer and
easier to produce, often, the protein (or peptides) requires the incorporation of adjuvants
to elicit a strong protective immune response [5-7].
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1.2. Adenovirus Vector Vaccine Platform

Viruses have evolved to be highly effective at infecting host cells and then hijacking
the host’s cellular machinery to make copies of themselves. Viruses are detected by the
immune systems and stimulate both innate and adaptive immune responses that often
lead to potent immunological memory that protects the host from reinfection, and hence,
viruses have been used as vectors or carriers of vaccine antigen information (genes). In
their use as a viral vector, the native virus is genetically modified such that they can deliver
the DNA template for an antigenic protein, thus providing an “in situ factory” for vaccine
antigen production.

While several viruses are used as viral vectors (e.g., adeno-associated virus, poxvirus,
lentivirus, etc.) [8-10], adenoviruses have several advantages:

e  They are able to infect a wide range of cell types and both dividing and nondividing
cells [10-13];

e  They are relatively safe in that most wild-type adenoviruses cause mild or asymp-

tomatic infections [11-13];

Their molecular biology is well-known, and their DNA can be easily manipulated [11-13];

They can pack relatively large inserts (~5 kb in first generation vectors) [8,10-13];

They have a low risk of insertional mutagenesis [10,12]

They can achieve high titers (in appropriate cell lines and cell culture conditions) [11-13];

They are relatively thermostable [11].

Nonetheless, adenoviruses face a major obstacle to utilization as viral vectors: human
populations have high preexisting immunity to certain serotypes such as Ad5, which may
reduce their practical effectiveness. Two strategies are commonly employed to circumvent
this issue: the use of serotypes that have lower prevalence in human populations (such
as Ad35 or Ad26); or the use of nonhuman adenoviruses (e.g., simian, canine, bovine,
ovine, porcine or avian adenoviruses) [8,9,11,12]. In fact, most COVID-19 adenoviral vector
vaccines resort to either one of these approaches: the Oxford-AstraZeneca vaccine is based
on a chimpanzee adenovirus [14]; the Janssen vaccine makes use of the Ad26 serotype [15],
and the Gamaleya Institute vaccine employs two different serotypes, Ad26 and Ad5 (the
former is used in the first dose and the latter in the second dose) [16].

In all COVID-19 adenoviral vector vaccines shown in Table 1, the gene that codes for
the SARS-CoV-2 spike (S) protein was inserted (in the case of the Janssenjohson vaccine,
with a minor sequence modification to enhance the S protein stability). In addition, in all
of these vaccines, the adenoviral vectors were modified to prevent the adenovirus from
replicating i.e., the adenovirus is replication-defective [14-16]. This is a safety feature to
protect vaccinated individuals from potentially severe adverse effects, particularly im-
munocompromised patients, children and the elderly. Replication-defective adenoviruses
are usually obtained by making partial or total deletion of the E1 gene. Often, the E3 gene
is also deleted; E3 is not essential for viral replication but helps the virus evade immuno-
surveillance. The deletion of these genes also makes room for larger inserts [8,11-13,17].

The large-scale production of replication-defective adenoviruses requires the utiliza-
tion of host cell lines that provide the deleted replication gene (E1) in trans, the most
common ones being HEK 293 and PER.C6. These cell lines can be adapted to suspension
culture in serum-free media, and can achieve high cell densities and high viral yields in
fed-batch or perfusion culture [8,10,17-19].

It is worth noting that before the COVID-19 adenoviral vector vaccines, only two
viral vector vaccines had been approved for human use, both of them against Ebola:
rVSV-ZEBOV in 2019 and Zabdeno/Mvabea in 2020 [7].

1.3. mRNA Vaccine Platform

Messenger RNA (mRNA) is an intermediate between DNA and protein. mRNA that
codes for antigenic proteins when delivered into a cell directs protein synthesis using
the host’s cellular machinery with tremendous speed. Recent technological advances
have largely overcome issues with the inherent instability of mRNA and the challenge
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of delivery into cells, providing a platform where one can go from mRNA sequence to
vaccine candidate with unprecedented speed [20-22]. Highlighting the development speed
capabilities, mRNA-1273 developed by Moderna and the U.S. National Institute of Allergy
and Infectious Diseases advanced to clinical testing just two months after the viral sequence
was published [23-25].

The COVID-19 pandemic has highlighted some important vaccine attributes in dealing
with this and future pandemics. Namely, development speed, the ability to quickly scale
manufacturing capacity to supply vaccine across the globe, and at a cost that provides
access to all. The assessment of the four leading COVID-19 vaccine platforms across these
attributes is provided in Table 2.

Table 2. COVID-19 vaccine platforms.

Platform Development Speed Supply  Cost of Goods Comments
Established commercial platform
Low-cost production
Inactivated ) N + Long development time—Customized process
Virus required

e  Potential safety concerns relating to residual
infective virus

Protein Subunit

° Long development time—Customized process
- +/— +/— required
e  Adjuvant often required

mRNA

e  Platform process—requires minimal
customization
Simple platform—does not require host cells
New platform with limited commercial

++ + +/—= manufacturing experience

e  First generation products require frozen storage
which adds cost and distribution challenges

e  Requires several custom materials adding to
cost

Adenovirus
Vector

Low-cost production
+ + + e  Platform process—requires minimal
customization

++ strongly favorable; + favorable; +/— neutral; - unfavorable.

Kis et al. recently performed a detailed techno-economic analysis of the production of
mRNA COVID-19 vaccines that sheds light on the challenges related to this technology,
especially in the context of a pandemic [26]. In this paper, we present a techno-economic
analysis of COVID-19 vaccines based on adenoviral vectors, which constitute another major
technology that has been successful in the fight against the disease. We believe that the
present work highlights the favorable economics and scaleup potential of the adenoviral
platform.

2. Materials and Methods
2.1. Software

The design, modeling and cost analysis of viral vaccine production have been per-
formed using SuperPro Designer v12 (Intelligen, Scotch Plains, NJ, USA). SuperPro De-
signer is a process simulation and economic evaluation tool that is suitable for biotechno-
logical processes.

2.2. Process Description

Four processes for adenoviral vaccine production were modeled and evaluated: two
based on batch cell culture (B1 and B2), and two based on perfusion cell culture (P1 and
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P2). In all scenarios, it was assumed that a replication-defective adenovirus carrying the
gene for the spike (S) protein of SARS-CoV-2 is produced by complementing mammalian
cells (e.g., PER.C6 or HEK-293) in suspension culture.

e  Batch Scenarios (Bl and B2): In the batch processes, the viral production stage includes
a host cell growth phase prior to infection within the same stainless-steel stirred-tank
bioreactor. The cell culture stage that comes immediately before the viral produc-
tion stage is also performed in a stainless-steel stirred bioreactor. The fundamental
difference between Bl and B2 is the virus titer achieved in the viral production step,
with levels of 5 x 100 viral particles (VP)/mL and 1 x 1011 VP/mL for B1 and B2,
respectively. The batch processes were largely based on references [19,27,28].

e  Perfusion Scenarios (P1 and P2): In the perfusion processes, two single-use bioreactors
(SUBs) equipped with an external alternating tangential flow (ATF) microfiltration
system are used in each run. The host cells are first expanded in the first bioreactor
and then transferred into the second bioreactor for viral production. Both stages are
operated in perfusion mode. The fundamental difference between P1 and P2 is the
virus titer achieved in the viral production step, with levels of 1 x 10'2 VP/mL and
2 x 102 VP/mL for P1 and P2, respectively. These processes were largely based on
references [18,29].

In addition, the perfusion and batch scenarios differ in the use of disposable versus
stainless-steel equipment. In the batch processes, all blending and storage steps that
require a volume above 1000 L are conducted in conventional stainless-steel equipment,
whereas blending and storage steps in the perfusion processes are exclusively performed
in disposable bags.

Similar downstream processing steps are applied for all processes as outlined below
and can accommodate the range of VP yield:

Chemical Lysis

DNA Precipitation

Clarification (Centrifugation/Depth Filtration)
Ultrafiltration-Diafiltration #1
Anion-Exchange Chromatography
Ultrafiltration-Diafiltration #2

Sterile Filtration

NG LN

Steps 1 and 3-7 are typical processing steps for adenovirus recovery and purifica-
tion [17,27,30-32]. The selective precipitation of DNA after cell lysis (step 2), however,
has been proposed more recently to improve residual DNA clearance [17,27,33,34]. A
simplified process flow diagram created in SuperPro Designer for the batch scenarios (B1
and B2) is provided in Figure 1.

An annual operating time of 48 weeks was considered in all cases. In addition, a
cycle time of 3.5 days was assumed in all scenarios (in other words, two batches of each
process are initiated every week). Given that certain cell culture steps take longer than
3.5 days (as described later), extra equipment units were added to those steps operating
in staggered mode (alternating from batch-to-batch) so that the effective cycle time of
those steps is 3.5 days. To determine equipment sizes and manufacturing lot sizes, an
annual vaccine production sufficient to vaccinate 200 million people with two doses of
5 x 1010 VP per individual was assumed. This total dose (1 x 101 VP) corresponds to a
full vaccination using the Oxford-AstraZeneca vaccine [14], two full vaccinations using the
Janssen vaccine [15], or half a vaccination using the Sputnik V vaccine [16] and represents
an annual production target of 2.2 x 10! VP/year (including an overfill of 10% [17]).

Details on the unit operations of each scenario are provided below.
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Figure 1. Simplified process flow diagram for the production of a COVID-19 adenoviral vector vaccine.

2.2.1. Inoculum Preparation
Batch Processes (B1 and B2)

In the batch processes, cells are sequentially expanded from lab scale using shake flasks
(up to 5 L of working volume) and rocking bioreactors (more than 5 L of working volume),
with a step expansion factor of 7 (this value is within the recommended range of 4-10 [19]).
Every cell expansion step operates in batch mode, starting with a cell concentration of
0.2 x 10° cells/mL [28] and ending with a concentration of 1.4 X 10° cells/mL after 87 h
of culture, yielding a doubling time of 31 h [28]. Each expansion step is initiated by adding
6 volumes of fresh medium to the whole cell culture of the previous step.

Cell growth is performed at 37 °C and the culture is aerated with 0.05 VVM of
sterile air and pH is controlled with the addition of CO, and NaOH [35]. Serum-free cell
culture medium is used containing 6.5 g/L glucose, 3 g/L amino acids, and 10.5 g/L other
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components dissolved in WFI for a total of 20 g/L of dissolved solids. Media are prepared
in dedicated tanks, sterilized with 0.2 pm filters and stored in holding tanks that feed the
bioreactors.

Every cell expansion step is represented by an exponential growth model with the
following mass stoichiometry:

100 Glucose + 13 Amino Acids + 85 O, — 116 CO, + 30 Cells + 52 Water 1

The stoichiometric coefficients are determined by elemental balance, considering a
yield of biomass on glucose of 0.30 g/g; an average amino acid formula of Cs 37H11,0502.23N1.99
(based on media composition published in the patent literature [36]), and an empirical
formula for cells (Cq 0oH1.610056N0.16 [37]). The heat released by cell growth is assumed to
be 3700 kcal/kg of O5.

To convert cell numbers into mass units, a conversion factor of 2.21 x 10° cells/mg of
dry cell weight is employed. This factor assumes that cells are spherical, with an average
diameter of 14 um [38], a specific weight of 1.05 g/cm? [39], and a dry mass content of
30% w/w [40].

Perfusion Processes (P1 and P2)

The perfusion processes begin with the same cell expansion methodology as that
described earlier for the batch processes, however, with higher cell seeding and final cell
densities at each stage; starting with a cell concentration of 0.5 x 10° cells/mL [18,29] and
ending with a concentration of 3.5 x 10° cells/mL after 87 h of culture.

The final cell expansion step immediately before the virus production stage is per-
formed in perfusion mode. In this step, cell culture is carried out in a disposable bioreactor
equipped with an ATF perfusion system [18,29], and it comprises two phases:

e A batch phase that takes 4 days [18,29], leading to a cell density of 5 x 10° cells/mL.
The batch phase follows the exponential growth model mentioned earlier, with the
same doubling time of 31 h.

e A perfusion phase that takes 6 days [18,29], leading to a cell density of approximately
50 x 10% cells/mL. The perfusion rate is set to 2 working volumes per day [18,29]. The
microfiltration membrane is assumed to have a rejection coefficient (RC) of 1.00 for
the cells, and the recovery percentage (Permeate/Feed) is assumed to be 99.5%. The
perfusion phase follows a stoichiometric model with a conversion rate of 90%.

The mass stoichiometry of both cell growth phases is identical to that provided for the
batch process (Equation (1)).

2.2.2. Virus Production

Viral replication only occurs in the last stage of the upstream portion of each process.
It is performed in batch mode in the batch process, and in perfusion mode in the perfusion
process. In both cases, the virus cultivation temperature is 36 °C [18,29] and the aeration
rate is equal to that used for cell growth (0.05 VVM).

Batch Processes (B1 and B2)

In the batch processes, viral replication is carried out in a conventional stainless-steel
stirred bioreactor. This processing step includes two phases: an initial cell growth phase
and a viral replication phase:

e  Cell Growth: This phase starts by adding a seed cell culture with a cell density
of 1.4 x 10° cells/mL to 6 volumes of fresh medium resulting in a cell density of
0.2 x 10° cells/mL, identical to the cell expansion steps described earlier. Similarly,
the cell growth phase is modeled by an exponential growth equation with the same
doubling time and stoichiometry.

e  Viral Replication: After 64 h, when the cell density reaches 0.9 x 106 cells/mL [19], the
cell growth phase is deemed complete, and the viral replication phase is triggered by in-
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fecting the cell culture with a concentrated adenovirus suspension (1 x 10!2 VP/mL).
The volume of suspension is such that the number of VPs per cell (i.e., the multiplicity
of infection (MOI)) is equal to 280. The viral replication phase takes 48 h [19,27,28,35]
and is modeled by a stoichiometric reaction similar to that used to represent cell
growth:

100 Glucose + 13 Amino Acids + 85 O, — @)
— 116 CO; + vyp Viral Particles + (30 — vyp) Cells + 30 Cells + 52 Water
where vyp is the mass stoichiometric coefficient for the VPs produced. The conversion
rate of the viral replication reaction is assumed to be 80%, and the value of vyp
defined so that the desired concentration of VPs by the end of viral replication is
5 x 1010 VP/mL in scenario B1, and 1 x 10! VP/mL in scenario B2. To the best
of our knowledge, the titer used for B2 is the highest one reported for adenovirus
production in batch culture [19]. The other coefficients of the equation are determined
by elemental balance, similarly to Equation (1), assuming that VPs and dry cell weight
have the same empirical formula, and that the yield of biomass (cells + VPs) on
glucose was equal to 0.30 g/g. The heat released by viral replication is assumed
to be 3700 kcal/kg of O,. For the sake of modeling simplicity, VPs are treated as
an extracellular, secreted product rather than accumulating within the host cell as
reported in the literature [27]. In addition, as in the case of the cell density, VP numbers
are converted into mass units. A conversion factor of 2.0 x 1012 VP/ mg was used,
assuming that adenovirus particles are spherical, with an average diameter of 90 nm
and a specific weight of 1.34 g/cm3 [41,42].

Perfusion Processes (P1 and P2)

In the perfusion processes, viral replication occurs in a disposable bioreactor equipped

with an external ATF microfiltration system. In this scenario, viral production does not
include a cell growth phase, but rather two viral replication phases: a batch phase and a
perfusion phase [18,29].

Batch Viral Replication Phase: The high cell density culture obtained by perfusion is di-
luted in fresh medium so that the initial cell density is equal to 15 X 10° cells/mL [18,29].
After a brief mixing period (10 min), the culture is infected with a concentrated ade-
novirus seed, thus beginning the batch replication phase. The concentration of the
virus seed and MOI are 1 x 1012 VP/mL, and 70 [18,29], respectively. Viral replication
is carried out in batch mode for 5 h [18,29]; this phase is represented by the same
stoichiometry as viral replication in the batch process, with a coefficient vyp equal to
that of the perfusion phase (see below). The conversion rate of this phase is assumed
to be 10%. At the end of the batch phase, the ATF perfusion system is turned on,
starting the perfusion phase.

Perfusion Viral Replication Phase: This phase takes 4 days [18,29] and is represented
by the same stoichiometric model as the batch phase. The perfusion rate is 2 working
volumes per day [18,29], and the conversion rate of this phase is 80%. The coefficient
vyp is specified so that the final concentration of VPs is equal to 1.0 x 102 VP/mL in
scenario P1, and 2.0 x 1012 VP/mL in scenario P2. These values cover a range of values
reported in the literature [18,29]. The ATF microfiltration membrane has a rejection
coefficient of 1.00 for the cells and 0.98 for the VPs. This high VP rejection coefficient
is required to minimize the loss of VPs through the microfiltration membrane [18,29]
(under 5%), considering that VPs are represented as extracellular entities. The recovery
percentage (Permeate/Feed) is assumed to be 99.5%.
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2.2.3. Virus Recovery
Chemical Lysis

In both batch and perfusion processes, the cell culture ends before extensive sponta-
neous cell lysis occurs [18,27,29]. A chemical cell lysis is then performed with the addition
of a concentrated lysis buffer (MgCl, 10 mM, sucrose 50% w/v, Tris-HCI 500 mM, and
polysorbate 80 (PS-80) 0.5% w/v) added at a ratio of 1 volume of lysis buffer to 9 volumes
of cell harvest. The composition of this buffer is based on the literature [27,43]. Subse-
quently, a 10% w/w solution of detergent Triton X-100 is added to the mixture, to obtain
a final concentration of Triton X-100 equal to 0.1% w/w (1 volume of detergent solution:
99 volumes of mixture) [18,27,29]. The resulting mixture is incubated at 37 °C [18,29] for
2 h and under gentle agitation [27], leading to complete cell lysis. This phenomenon is
represented by the following mass stoichiometric equation:

100 Cells — 50 Cell Debris + 10 Impurities + 10 Nucleic Acids + 30 Proteins 3)

Notice that the “Cells” component above refers to dry cell weight, and that VPs are not
present in the equation because they are considered as extracellular entities in the model,
for the sake of simplicity. Moreover, 100% of cells are assumed to be lysed.

DNA Precipitation

After cell lysis, liberated DNA is removed by selective precipitation using a solution
of domiphen bromide (domiphen bromide 4% w/w and 40 mM of NaCl). The final
domiphen bromide concentration is 0.04% w/w in the batch processes [27] and 1.52 mM
(approximately 0.06% w/w) in the perfusion processes [34]. Domiphen bromide is a
quaternary ammonium compound that leads to the precipitation of nucleic acids. At
the above concentrations, precipitation of VPs is minimal [18,27,29,33]. The mixture is
incubated for 2 h under gentle agitation to maximize the precipitation of nucleic acids [27].
This step is represented by the following equation:

1 Nucleic Acids (aq) — 1 Nucleic Acids (s) 4)

The conversion rate of this reaction is assumed to be 90% [18,27,29,33]. In addition, it
was assumed that 1% of the VPs precipitate together with DNA.

Cell Lysate Clarification

Given that the batch processes generate a much larger volume of cell lysate than the
perfusion processes (for a given number of VPs), the clarification method differs between
the two types of process.

Batch Processes (B1 and B2)

In the batch scenarios, the cell lysate is clarified by a sequence of centrifugation and
depth filtration [27]. Centrifugation is performed in a disk-stack centrifuge for 4 h, and it
removes remaining whole cells, cell debris and precipitated nucleic acids. The concentration
of the heavy stream is 300 g/L. A disposable depth filter with a pore size in the range
between 1 pym and 0.2 um is then used to remove the remaining solid impurities. The
depth filter is loaded with 650 L/m? of supernatant [27], and the filtrate flux is 650 L/m? /h.
A disposable membrane filter with a pore size of 0.2 um is also included in-line with
depth filtration to protect the ultrafiltration step that comes next, with a filtrate flux of
2000 L/m?/h. The percent removal for each particulate component in the cell lysate
clarification steps is provided in Table 3.
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Table 3. Batch process cell lysate clarification performance parameters.

Component Centrifugation Depth Filtration Membrane Filtration
Cells 95% 100% 100%
Cell Debris 90% 95% 100%
Nucleic Acids (s) * 95% 100% 100%
Viral Particles 10% 10% 1%

* Nucleic acids in solid form (precipitate).

After filtration, the two filters are flushed with a volume of 20 L/m? of depth filtration
area, under a flux of 200 L/m?/h of Loading Buffer (MgCl, 10 mM, Tris-HCI 500 mM,
PS-80 1% and sucrose 40%), to maximize VP recovery. The clarified bulk with the flushed
material is collected in a holding tank. The overall clarification yield in the batch process is
approximately 80% [27].

Perfusion Processes (P1 and P2)

In the perfusion scenarios, the lysate is clarified by a sequence of two disposable
depth filters [34]. A disposable membrane filter is also included after them to protect the
ultrafiltration membrane that follows clarification. The three filters are arranged in-line.
The first depth filter is coarser than the second one and they cover a pore size range between
10 pm and 0.2 um [34]. The disposable membrane filter has a pore size of 0.2 um. The
volume loaded on the depth filters is 100 L/ m? [44], and the filtrate flux is 100 L/m?2/h.
The filtrate flux for the disposable membrane filter was assumed to be 2000 L/m?/h. The
percent removal for each particulate component by each filter is listed in Table 4.

Table 4. Perfusion process cell lysate clarification performance parameters.

Component Depth Filtration #1 Depth Filtration #2  Membrane Filtration
Cells 95% 100% 100%
Cell Debris 90% 95% 100%
Nucleic Acids (s) * 95% 100% 100%
Viral Particles 10% 10% 1%

* Nucleic acids in solid form (precipitate).

After filtration, the three filters are flushed with a volume of 20 L/ m? of depth filtration
area, under a flux of 200 L/m?2 /h of Loading Buffer, to maximize VP recovery. The clarified
bulk with the flushed material is collected in a holding tank. The overall clarification yield
in the perfusion process is 80% [27,34].

Ultrafiltration-Diafiltration #1

The clarified bulk is then sent to a tangential flow filtration system (TFF) with a
300-kDa ultrafiltration membrane [27,34,43,45,46], such that the viral particles are retained
by the membrane and smaller impurities are removed in the permeate. The TFF is operated
with a backpressure on the permeate side, which leads to higher product recovery [45]. In
the batch scenarios, the clarified bulk is first concentrated by a factor of 20 in scenario Bl
and a factor of 10 in scenario B2. The perfusion scenarios (P1 and P2) do not include this
initial concentration step. The clarified bulk is then diafiltered with 7 volumes of Loading
Buffer [27,45] and subsequently flushed with 10 L/m? of the same buffer to maximize
recovery. The rejection coefficients assumed for each component during concentration and
diafiltration are given in Table 5.

Table 5. Rejection coefficients for tangential flow filtration.

Component Concentration Diafiltration
Nucleic Acids 0.10 0.10
Proteins 0.10 0.10

Viral Particles 1.00 0.98
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The average permeate flux during concentration and diafiltration is assumed to be
30 L/m?/h. The overall recovery yield of this processing step is 90% [27,45].

2.2.4. Purification
Anion-Exchange Chromatography

The retentate from the ultrafiltration step is subjected to anion-exchange chromatogra-
phy (AEX), operating in capture mode, to remove protein and DNA impurities. A strong
anion-exchange column with a monolithic structure (CIMmultus QA from BIA Separations)
is used in this step due to its high binding capacity for VPs [30,31,47,48]. The buffers, flow
rates and volumes employed in each chromatography step follow the recommendations of
the manufacturer [49] and are provided in Table 6.

Table 6. Anion exchange chromatography buffers, volumes and flow rates.

Step Buffer Volume (BV *) Flow Rate (BV */min)
Equilibration Loading Buffer 10 0.5
Loading Loading Buffer Max1mum aH.o wed by Fhe 0.5
column binding capacity
Wash Loading Buffer 10 0.5
Elution Elution Buffer 2 0.5
Regeneration Regen Buffer 10 0.5

* BV = Bed Volume.

A column binding capacity of 3 x 10'? VP/mL is assumed, which is an average value
for adenoviruses provided by the column manufacturer [50]. It is worth noting, however,
that a much higher binding capacity (>4 x 10'3 VP/mL) has been recently reported in the
literature for a simian adenovirus vector [43]. The extents of retention and release assumed
for each component during loading and elution are summarized Table 7.

Table 7. Retention and release parameters for anion exchange chromatography.

Component Retention (Loading) Release (Elution)
Viral Particles 80% 100%
Nucleic Acids 30% 100%

Proteins 5% 100%

The entire eluate is collected in a mixing tank, where it is agitated for 15 min prior to
the next processing step.

Ultrafiltration-Diafiltration #2

A second ultrafiltration-diafiltration (UF-DF) step is employed to increase process
robustness and exchange the elution buffer (which has a high salt concentration) with an
appropriate formulation buffer. As an added benefit, this step allows further concentrating
the virus present in the eluate.

A TFF system with a 300-kDa ultrafiltration membrane is employed in the second UF-
DF step, like that employed in the first UF-DF step. Similarly, the TFF system is operated
with a backpressure on the permeate side to maximize VP recovery. The AEX eluate is
first concentrated by a factor of 3, then diafiltered with 7 volumes of Formulation Buffer
(MgCly; 1 mM, NaCl 75 mM, Tris-HCl 10 mM, sucrose 5% w/w and PS-80 0.005% w/w),
and finally flushed with the same buffer to maximize VP recovery and dilute the suspen-
sion. A flush volume of 20 L/m? is used, resulting in a viral particle concentration of
2.1 x 10'2 VP/mL. The rejection coefficients for each component during concentration
and diafiltration are listed in Table 5, and the average permeate flux is assumed to be
30 L/m? /h. The overall recovery yield of this processing step is 90%.
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Sterile Filtration

Lastly, the formulated bulk is sterile-filtered into 50 L plastic bags, using a 0.22 um
disposable membrane filter. The filtrate flux is 2000 L/m?/h, and the loss of VPs during
this filtration step is assumed to be 5%. The final viral titer is 2.0 x 1012 VP/mL.

The overall downstream yield is 49% in all scenarios, as indicated in Table 8. This
value is close to the yield of 50% assumed by Vellinga et al. to estimate the production scale
of an HIV vaccine [17].

Table 8. Summary of downstream processing yields.

Processing Step Yield
DNA Precipitation 99%
Clarification 80%
UF-DF #1 90%
AEX 80%
UF-DF #2 90%
Sterile Filtration 95%
Overall 49%

2.3. Analysis of Process Scale

Larger production volumes were simulated based on scenarios B2 and P2 to evaluate
the effect of process scale on cost. Those scenarios were named B2.2, B2.4, P2.2. and P2.4.
While cases B2 and P2 produce 400 million doses per year each, B2.2. and P2.2 produce
800 million doses per year each, and B2.4 and P2.4 produce 1600 million doses per year
each. When scaling-up, operation times and yields were kept constant; disposable bags
were scaled-up to use the smallest number of them possible and, in the case of the batch
scenarios (B2.2 and B2.4), the fourth cell culture step in a rocking bioreactor was replaced
with a stirred stainless-steel bioreactor. This was done to avoid the use of multiple rocking
bioreactor units in this step.

2.4. Cost Analysis

The capital and operating costs of vaccine production were assessed with the aid of
SuperPro Designer. The purchase and installation costs of equipment were estimated by
the program, except for the chromatography column, which was treated as a consumable
(i.e., with no equipment purchase or maintenance cost). A greenfield project with a lifetime
of 25 years was assumed, corresponding to the useful life of buildings [51]. The direct
fixed capital cost (DFC) was estimated based on multipliers according to average values for
mammalian cell processes [52]. The startup and validation costs were assumed to be 30%
of the DFC, and the cost of laboratory /QC/QA was assumed to be 60% of the total labor
cost [52]. R&D and clinical trial costs were not considered. The electricity cost was obtained
from the U.S. Energy Information Administration [53], while the default SuperPro costs for
steam and cooling water were used. The costs of raw materials were estimated based on
retail prices from Sigma-Aldrich’s website [54]. Prices of single-use bags were taken from
SuperPro Designer v12. Prices of filtration membranes and capsules were estimated based
on those disclosed by Cytiva’s website [55]. The cost of the monolithic column, considered
as a consumable useable for 42 cycles, was quoted directly from Sartorius. The detailed
estimate of the labor rate from SuperPro Designer was employed based on the average
wage for chemical equipment operators in the American pharmaceutical industry [56].
Waste treatment and disposal costs were estimated based on other biopharmaceutical
examples from SuperPro Designer v12.
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3. Results and Discussion
3.1. Cost Analysis

Four different processes to produce a viral vector vaccine were designed, simulated,
and economically evaluated using SuperPro Designer. Scenarios B1 and B2 use batch cell
culture, with a virus production titer of 0.5 x 1011 VP/mL and 1.0 x 10! VP/mL, respec-
tively. P1 and P2 use perfusion cell culture, with a virus production titer of 1.0 x 102 VP/mL
and 2.0 x 10'2 VP/mL, respectively. The productivity of perfusion culture is therefore at
least 10x higher than that of batch culture. B1 and B2 scenarios utilize stainless-steel biore-
actors and a combination of stainless-steel and disposable mixing/storage tanks, while
P1 and P2 scenarios exclusively use disposable bioreactors and mixing/storage vessels.
Additional differences among the four scenarios are detailed in the Materials and Methods
section.

The main results of the four process scenarios are summarized in Table 9. By design,
all four scenarios assume the same batch yield and annual number of batches and are
sized to provide the same annual production rate (11 kg of VP /year). This corresponds to
400 million vaccine doses at a dose of 5 x 100 VP with 10% overfill.

Table 9. Executive summary. Bl and B2 refer to scenarios based on batch cell culture, while P1 and P2 refer to scenarios

based on perfusion cell culture.

B1 B2 P1 P2

Virus Production Titer (101! VP/mL) 0.5 1.0 10 20
Total Capital Investment (million $) 299 251 126 109
Annual Operating Cost (million $) 93 68 59 43
Batch Yield (g of VP) 124 124 124 124

Annual Number of Batches 89 89 89 89

Cost Basis Annual Rate (g of VP /year) 11,000 11,000 11,000 11,000

Cost Basis Annual Rate (million doses/year) 400 400 400 400
Unit Production Cost ($/mg VP) 8.42 6.16 5.34 391
Cost per Dose * ($/dose) 0.23 0.17 0.15 0.11

*1 dose contains 5 x 1010 VP with 10% overfill.

The total capital investment required to build the vaccine production plant and start
up the process is estimated to vary from $251 to $299 million in the batch scenarios
and from $109 to $126 million in the perfusion scenarios. These values fall within the
$50-500 million per antigen range suggested by Plotkin et al., accounting for differences
in process complexity and automation [57]. It is noteworthy that the investment needed
for the perfusion processes is less than half of that required for the batch processes due to
extensive use of disposable equipment in the perfusion scenarios. We also note that, for a
given type of process (batch or perfusion), doubling the virus titer leads to a significant
decrease in total capital cost (16% for the batch process and 13% for the perfusion process).
This capital cost reduction is because, with a higher virus yield, smaller pieces of equipment
can be used in the upstream and virus recovery portions of the process.

Table 9 also shows that the annual operating cost for the batch processes ($68-93 million)
are larger than those for the perfusion processes ($43-59 million), although the difference
is considerably smaller than that for the capital cost. The cost per dose ranges from $0.11 to
$0.15 for the perfusion processes, and from $0.17 to $0.23 for the batch processes. We also
note that operating costs are significantly reduced by doubling the virus titer in both batch
and perfusion processes (by approximately 27% in both cases).

The estimated values of cost per dose are close to the lower end of the manufactur-
ing cost of vaccines produced by multinationals, which ranges from $0.05 to $3—4 per
dose, according to Munira et al. [58]; however, this range presumably includes fill-finish,
packaging, delivery, and annualized R&D costs which were not taken into account in the
present work. Clendinen et al. have estimated the cost per dose for two HPV vaccines,
Gardasil-4 from Merck, and Cervarix from GSK, in the ranges of $0.48-3.05 and $0.62-9.39,
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respectively. These relatively large ranges arise from the way in which costs are allocated
to different production campaigns in that work. Both HPV vaccines are based on virus-like
particles (VLPs) produced in yeast, and their cost per dose includes annualized capital costs,
filling, and packaging [51]. Recently, Kis et al. published a techno-economic evaluation
of the production of mRNA vaccines for COVID-19. They estimated a cost per dose of
$0.51-0.76 for a Pfizer /BioNTech-like vaccine and of $1.69-2.53 for a Moderna-like vaccine;
however, it is worth noting that they consider a very large production scale (8 billion doses
per year), and that fill-finish, packaging, delivery, and R&D costs are not included in the
aforementioned values [26]. It should also be pointed out that the Moderna vaccine dose
is 3.3 times larger than the Pfizer/BioNTech dose, which puts these two vaccines on an
equivalent cost per unit amount.

We may also compare our estimations of the production cost per dose with the selling
prices per dose disclosed for adenoviral vector vaccines against COVID-19 which are
provided in Table 10.

Table 10. Selling price per dose of adenoviral vector vaccines against COVID-19. Vaccine names, manufacturers and prices
were obtained from UNICEF [59].

Vaccine Developer Vaccine Name Manufacturer Price per Dose ()  Vaccine Dose (VP)
Vaxzevria AstraZeneca (Europe/USA/ ... ?) 2.19-6.50
Vaxzevria Fiocruz (Brazil) 3.16 10
AstraZeneca Covishield Serum Institute of India 1.20-5.25 5x 107 [14]
Vaxzevria Siam Bioscience (Thailand) 3.25
G leva R h Sputnik V Gamaleya Research Institute (Russia) 10.00-19.90
amaI €ya kesearc Sputnik V Shilpa Biologicals (India) 13.58 1 x 1011 [16]
nstitute Sputnik V Uniao Quimica Farmaceutica (Brazil) 3.00
Janssen Ad26.COV2.S Janssen (Europe/USA) 8.50-10.00 5 x 1010 [15]

The selling prices from AstraZeneca and Janssen do not include a normal profit margin,
since these companies have pledged to sell their vaccines on a not-for-profit basis during
the pandemic [60]. The selling prices from secondary manufacturers such as the Serum
Institute of India or Uniao Quimica Farmaceutica presumably do not include significant
R&D or clinical trial costs since those costs were born by the vaccine developers, but do
include fill-finish, labeling, packaging, and delivery costs, which are not accounted for in
the current work. This difference likely explains why even the lowest price reported in the
table, of $1.20 per dose, is considerably higher than our highest production cost estimation
of $0.24 per dose. For example, the wholesale unit cost of a vial, cap and stopper for
single-dose packaging is $0.21 per dose, plus $0.10 for secondary packaging materials [51].
Another factor that might be in play during this pandemic is the scarcity of raw materials,
consumables and equipment, lending to substantial price hikes and volatility, which may
directly affect manufacturing costs, or do so indirectly, by reducing the number of batches
that are performed in a given time period.

Figure 2 provides a breakdown of the capital costs for each scenario. Capital costs
associated with the Purification section are essentially the same in all cases, given that the
first UF-DF and chromatography steps adjust the virus titer to similar levels in all scenarios.
In contrast, capital costs related to Inoculum Preparation, Virus Production and Virus
Recovery are significantly smaller in the perfusion scenarios than in the batch scenarios, as
expected. The differences are magnified with respect to the Inoculum Preparation section,
which is the largest capital cost contributor in the batch scenarios, but the smallest one in
the perfusion scenarios as the batch processes require additional cell expansion steps at
larger cell culture volumes requiring larger media preparation and holding tanks.
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Figure 2. Total capital investment for each scenario and its breakdown by process section.

Figure 3 shows the breakdown of the operating costs for each scenario by cost cate-
gories (raw materials, labor, consumables, etc.). We see that the facility-dependent cost
and the raw materials’ cost account for most of the operating cost in all scenarios. The
facility-dependent cost is largely due to maintenance and depreciation of the plant; it is
larger for the batch scenarios, which was expected given that those require higher capital
costs as well.
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Figure 3. Total operating cost (given in terms of cost per dose) and its breakdown for each process scenario. One vaccine
dose contains 5 x 10'9 VP with 10% overfill.
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The raw material bars indicate that doubling the yield for a given type of process
almost halves the cost of raw materials, suggesting that the cost of media dominates the raw
materials’ cost; in fact, media account for at least 84% of the total cost of raw materials (as
shown in Table S1 of the Supplementary Materials). The purchase price of media powder
is estimated to be $2000/kg which, at the concentration of 2% used in the process, leads
to a price of $40/L of reconstituted media. This price estimate is supported by applying
a volume discount to media retail prices (see Table S2 in the Supplementary Materials).
Clearly, there is a high degree of uncertainty to the cost of media, which depends on the
cell lines used, the specific media selected, and on the bulk price discount offered by the
supplier, which has a large influence on the estimated vaccine cost. For example, a simple
calculation shows that halving the price of media alone would decrease the process B1 cost
per dose by 4 cents (18%).

The cost of labor is similar for all processes. Although Bl and B2 require some
extra labor to perform the cleaning operations of stainless-steel vessels and additional cell
expansion operations, P1 and P2 require some extra labor to conduct the longer perfusion
cell culture steps. The cost of laboratory /QC/QA is assumed to be proportional to the
labor cost (60%), and therefore, it is similar for all scenarios as well.

The cost of consumables is relatively small for the batch scenarios, but significant for
the perfusion ones. This was expected given the choice to use stainless-steel vessels in the
batch processes, but single-use vessels in the perfusion processes. The contribution of each
type of consumable to the cost of the category is presented in Table 11.

Table 11. Contribution of each type of consumable to the annual cost of consumables, in thousands

of dollars.
B1 B2 P1 P2
Single-Use Filters 1519 955 917 591
TFF (Multi-Use) Membranes 95 65 99 77
Single-Use Bags 1977 1546 5664 4567
AEX Chromatography Columns * 1713 1713 1713 1713
TOTAL 5304 4280 8393 6948

* Disposable, multi-use monolithic columns.

The higher cost of consumables in the perfusion scenarios is due to the higher con-
sumption of single-use bags. We also note that the AEX columns have a significant and
identical cost in all scenarios. The number and/or size of chromatography columns could
be reduced appreciably if a binding capacity of the order of 10'3 VP/mL was assumed
instead of 3 x 1012 VP/mL, as mentioned in the Materials and Methods section. This in
turn would lead to a significant reduction in the vaccine cost per dose.

Figure 3 also shows that the costs of utilities (electricity, heating, and cooling) and
waste disposal are negligible, which is typical for biopharmaceutical processes [61-63].

Figure 4 presents a breakdown of the operating cost by process section, for all scenarios.
The cost of the Virus Production section dominates in all scenarios, but especially so in
the perfusion ones, due to the proportionally high consumption of media and to the fact
that two cell culture steps are included in the Virus Production section in these scenarios,
while a single cell culture step is included in the batch scenarios. The reason for that is
the separation of the last cell growth step from the virus replication step in the perfusion
scenarios, which does not happen in the batch scenarios. On the other hand, the Inoculum
Preparation section has a small impact on the cost of the perfusion cases, but a large impact
on the batch cases due to the higher number of cell expansion steps and larger vessels
required in the batch scenarios.
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Figure 4. Breakdown of the total operating cost (in terms of cost per dose) by process section. One vaccine dose contains
5 x 101% VP with 10% overfill.

The cost of Virus Recovery is relatively small in all scenarios, though noticeably larger
in the batch processes. This cost difference is due to the much larger volume of lysate
handled in the batch scenarios, which utilize a disk-stack centrifuge in addition to depth
filtration to clarify the virus suspension. The perfusion scenarios, in contrast, deal with
smaller volumes that can be clarified by two depth filtration steps.

Finally, the cost of Virus Purification is relatively low and essentially the same for all
scenarios. The modest footprint of the Purification section may be attributed to two process
design features: (1) the implementation of DNA precipitation in the Virus Recovery section,
as proposed in the literature [17,27,33,34], and (2) the utilization of a chromatography
column that has a substantial binding capacity for adenoviral particles. DNA precipitation
is impactful because it dramatically reduces the DNA load handled by the purification steps,
obviating the need for endonucleases, which are traditionally used to improve host cell
DNA removal, and represent a significant raw material cost. In addition, DNA precipitation
enables the use of a single chromatography step in the Purification section [17].

Chromatographic purification of viral particles is challenged by their large relative
size. The surface area within the pores of the majority of bead-based chromatographic
resins is not readily accessible to the viral particles, resulting in low binding capacity and
operation at low flow rates. Monolithic columns and membrane adsorption columns are
designed with a more readily accessible binding surface for larger solutes and achieve high
dynamic binding capacities for viral particle purification applications [30-32,48].

3.2. Analysis of Process Scale

In the context of a pandemic, extremely large numbers of vaccine doses must be
produced quickly. For that reason, we evaluated the impact of producing 800 million and
1600 million doses per year, in addition to the baseline production of 400 million doses per
year. This analysis was based on scenarios B2 and P2. First, the size of the bioreactor used
in the viral production stage in each scenario is indicated Table 12:
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Table 12. Working and nominal volume of the bioreactor employed in the viral production step for different process scales.

B2 B2.2 B2.4 P2 P2.2 P24

Working Volume of the Viral
Production Vessel (L)

5053 10,104 20,205 252 505 1008

Nominal Volume of the Viral . 700 1300 1300
Production Vessel (L) 6579 13,154 2 x 13,151 (500 L bag) (1000 L bag) (1000 L bag)
Production Rate 400 800 1600 400 800 1600

(million doses/year **)

* Two vessels are used in parallel in this scenario in order to avoid an excessively large vessel. ** 1 dose =5 X 100 VP and accounts for
10% overfill.

Total Capital Investment (million dollars)

500

400

300

200

100

The volumes associated with the batch and perfusion scenarios are significantly
different: the batch processes generate a working volume approximately 20 larger than
the corresponding perfusion processes to produce the same amount of vaccine. This
reflects the fact that these perfusion scenarios (P2, P2.2 and P2.4) yield a viral titer that
is 20x higher than the batch scenarios (B2, B2.2 and B2.4), with a similar downstream
yield in all cases. Moreover, note that the volume required to produce 1600 million doses
per year with the batch process is so large that two parallel stainless-steel bioreactors of
approximately 13 m? each would be necessary; while for the perfusion case, a single 1300 L
disposable bioreactor would be able to produce the same number of doses and therefore
fully immunize 800 million people per year.

Similar to the main viral production bioreactor, all process equipment must be scaled-
up in size and/or number to increase production by a factor of 2 or 4, with a concomitant
impact on total capital cost (shown in Figure 5).

—@— Batch

Perfusion

400 800 1200 1600 2000

Number of Doses Produced per Year

Figure 5. Effect of production scale on the total capital investment. The viral production yield is 1 x 10'* VP/mL for the

batch process and 2 x 1012 VP/mL for the perfusion process.

As observed for the baseline scenarios, the capital costs associated with the perfusion
process are much smaller than those with the batch process for any given production scale.
We also note that doubling the process scale from 400 to 800 million doses/year increases
the total capital cost by only 26% in the case of the batch process and 31% in the case of
the perfusion process, due to the economy of scale. Similarly, quadrupling the amount of
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vaccine production requires a capital cost increase of just 85% and 116% in the batch and
perfusion process, respectively. Consequently, it would be best from an investment point
of view to produce the vaccine in a few large production plants to supply the entire world.

The effect of production scale on the operating cost is presented in Figure 6. Like the
capital cost, the cost per dose is lower for the perfusion process than for the batch process
at any given production scale. We note that there is a significant reduction in the cost per
dose for both processes when the scale is doubled from 400 to 800 million doses (—28%
for B2.2 and —25% for P2.2). Further doubling production leads to smaller cost reductions
(—18% for B2.2 and —14% for P2.2), arriving at 7 cents/dose for the largest scale perfusion
process considered.
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Figure 6. Effect of production scale on the total operating cost (in terms of cost per dose). The viral production yield is
1 x 10! VP/mL for the batch process and 2 x 10'? VP/mL for the perfusion process.

4. Conclusions

In this work, four processes for the production of an adenoviral vector vaccine against
COVID-19 were designed: two based on batch cell culture and two on perfusion cell
culture. A thorough techno-economic analysis was performed with the aid of a process
simulation software tool. Besides the type of cell culture employed for virus production,
these processes differed in the use of disposable equipment and in the virus titer achieved
in the upstream portion of the process. As a result, it was possible to estimate and compare
the total capital and operating costs for each scenario. The cell culture media and facility-
dependent expenses were determined to be the major cost drivers of the vaccine production
cost. The upstream sections contribute the most to the vaccine capital and operating costs.
The results also demonstrate that the perfusion scenarios lead to lower operating costs and
drastically lower capital costs compared to the batch scenarios, which require much larger
footprints within facilities. The effect of production scale was also evaluated for both types
of processes, showing that a production increase from 400 to 800 or 1600 million doses per
year entails significant capital and operating cost savings per dose.

The present study has a few limitations. It does not account for the cost incurred in
many aspects of vaccine development (upfront R&D, clinical trial costs), production costs
outside of bulk vaccine substance (fill-finish, labeling, packaging), and delivery costs. All
these expenses impact the final vaccine selling price and it might be useful to estimate
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those costs in future cost modeling work. In addition, Monte Carlo simulations could be
performed to better understand the interactions between different cost-impacting variables.

Although viral vector vaccines have not been commonly employed before the COVID-19
pandemic, today, several of the vaccines being successfully used against SARS-CoV-2 are
based on the adenoviral vector platform. It is likely that many vaccines in the future will
be based on this technology. Viral vector vaccines are a particularly convenient type of
vaccine to manufacture in the context of a pandemic. Introducing different antigens into
the viral vector chassis is straightforward such that novel vaccines can be developed rather
quickly. We believe that the results of the current study can help scientists in academia
and industry to optimize vaccine production and reduce manufacturing costs, both in the
context of COVID-19 vaccines, and more generally, for any vaccine candidate. The current
analysis also contributes to greater transparency in vaccine pricing. Lastly, this study may
be useful to those working with adenoviral vectors for gene therapy, given that the viral
vector production process in that field is essentially the same one used for viral vector
vaccine production (though the production scale may be significantly higher).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9081430/s1, Table S1: Contribution of media and water for injection (WFI) to the cost of raw
materials, Table S2: Retail prices of media used for cell growth and viral production by HEK 293 and
retinoblast cells.
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