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Once Covid-19 vaccines become available, 5e10 billion vaccine doses should be globally distributed,
stored and administered. In this commentary, we discuss how this enormous challenge could be
addressed for viral vector-based Covid-19 vaccines by learning from the wealth of formulation devel-
opment experience gained over the years on stability issues related to live attenuated virus vaccines and
viral vector vaccines for other diseases. This experience has led eover timee to major improvements on
storage temperature, shelf-life and in-use stability requirements. First, we will cover work on ‘classical’
live attenuated virus vaccines as well as replication competent viral vector vaccines. Subsequently, we
address replication deficient viral vector vaccines. Freeze drying and storage at 2e8 �C with a shelf life of
years has become the norm. In the case of pandemics with incredibly high and urgent product demands,
however, the desire for rapid and convenient distribution chains combined with short end-user storage
times require that liquid formulations with shelf lives of months stored at 2e8 �C be considered. In
confronting this “perfect storm” of Covid-19 vaccine stability challenges, understanding the many lessons
learned from decades of development and manufacturing of live virus-based vaccines is the shortest path
for finding promising and rapid solutions.

© 2020 American Pharmacists Association
®

. Published by Elsevier Inc. All rights reserved.
Introduction

Currently, different types of vaccine technologies are under
development to immunize the world population against the SARS-
CoV-2 virus. On October 13, 2020, one hundred ninety-nine Covid-
19 vaccines were in a preclinical development phase and forty-nine
in different phases of clinical development. These include candi-
date vaccines based on RNA, DNA, replicating and non-replicating
viral vectors, inactivated and live attenuated viruses, protein sub-
units and virus-like particles.1

Among the promising and front-running candidate Covid-19
vaccines, one can find 57 replication competent and replication
deficient viral vector-based and live attenuated virus vaccine
, Leiden Academic Centre for
eg 55, 2333 CC Leiden, the

Jiskoot).

®. Published by Elsevier Inc. All ri
candidates from 11 companies.1 Although not all details on storage
conditions can be found in the protocols publicly available, clinical
trial materials of viral vector-based Covid-19 vaccine candidates are
typically transported and stored in a frozen state (��20 �C), unless
sufficient long-term stability data has been generated to justify
storage at refrigerator temperatures. By comparison, examination
of currently available, commercial live attenuated virus and viral
vector vaccines shows they are transported and stored within a
controlled cold chain, i.e., at refrigerator (2e8 �C) or sub-zero
(��20 �C) temperatures, depending on the type of vaccine (see
Table 1 for examples). In 2005 the World Health Organization
(WHO) reported a 50% wastage of vaccines, partly because of
improper temperature control, e.g., inadvertent exposure to
elevated temperatures or freezing of vaccines stored under refrig-
erator conditions.2

Globally, a one-to two-dose Covid-19 vaccination program
would require about 5e10 billion vaccine doses to be manufac-
tured, distributed, stored and administered. The logistics for stor-
age, transportation and handling of such a high number of doses are
ghts reserved.
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Table 1
Examples of Live Attenuated Virus Vaccines and Viral Vector Vaccines on the Market (Adapted from Kumru et al., 2014 and Hansen et al., 2015).6,7

Virus/Virus Strain or
Viral Vector

Product Name/License
Holder

Pharmaceutical Form/
Administration
Route

Shelf-Life and Storage
Conditions

Transport, End-User
Storage Conditions

In-Use Stability
Conditions

Excipients Reference

Live attenuated virus
vaccines
Varicella zostervirus/
Oka/Merck strain

Varivax/MSD Lyophilized powder
and reconstitution
liquid/s.c.

24 mo, 2e8 �C or below
((��50 �C)

N.A. 30 min., 20e25 �C Powder: sucrose,
hydrolyzed gelatin,
urea, NaCl;
reconstitution
liquid: WFI

32

Rotavirus/human
RIX4414 of G1P[8]
strain

Rotarix/GSK Liquid/oral Pre-filled applicator: 36
mo, 2e8 �C; Multi-
dose squeezable
tube: 24 mo, 2e8 �C

N.A. Administer
immediately after
opening

Powder: sucrose,
hydrolyzed gelatin,
NaCl, potassium
dihydrogen
phosphate, KCl,
monosodium L-
glutamate, disodium
phosphate, NaOH,
urea; reconstitution
liquid: WFI

33

Rotavirus/human
reassortant with
human G1, G2, G3,
G4, and P[8] strains

RotaTeq/MSD Liquid/oral 24 m at 2e8 �C N.A. Administer
immediately after
removal from
refrigeration

Sucrose, sodium citrate,
sodium dihydrogen
phosphate, NaCl,
polysorbate 80,
culture media
(containing
inorganic salts,
amino acids and
vitamins), WFI

34

Rotavirus/human
116E strain

Rotavac/Bharat
Biologicals

Liquid/oral 6 mo, � 20 �Ca End-user: 7 mo, 2e8 �C 6 h, 20e25 �C Sucrose, sodium citrate,
sodium phosphate
monobasic, NaCl,
polysorbate 80,
culture medium

35,36

Rotavirus/bovine -
human reassortant
[G1, G2, G3, G4 and
G9]

Rotasiil/Serum Institute
of India

Lyophilized powderb

and reconstitution
liquid/oral

30 mo, < 25 �C End-user: 18 mo, <
40 �C (preferably 2
e8 �C)

6 h, 2e8 �C Powder: Eagle's MEM,
Hanks' salts,
glutamine, sodium
bicarbonate, sucrose,
glycine;
reconstitution
liquid: citric acid,
sodium bicarbonate,
WFI

36,37

Influenza A & B
subtype viruses/
H1N1, H3N2, B/
Massachusetts/2/
2012 and B/Brisbane/
60/2008 virus strains

Flumist/Medimmune Liquid/intranasal 18 w, 2e8 �C N.A. Administer
immediately after
removal from
refrigeration

Monosodium
glutamate,
hydrolyzed porcine
gelatin, arginine,
sucrose, dibasic
potassium
phosphate,
monobasic
potassium
phosphate,
gentamicin sulfate,
EDTA

38
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Adenovirus (type
4&7)/various type 4
and type 7 strains

Teva Enteric coated tablet/
oral

30 mo, 2e8 �C N.A. Not known Monosodium
glutamate, sucrose,
D-mannose, D-
fructose, dextrose,
HSA, potassium
phosphate, plasdone
C, anhydrous lactose
microcrystalline
cellulose, polacrilin
potassium,
magnesium stearate,
cellulose acetate
phthalate, alcohol,
acetone, castor oil,
FD&C Yellow #6
aluminum lake dye

39,40

Variola virus
(smallpox)/vaccinia
virus

ACAM2000/Sanofi
Pasteur

Lyophilized powder
and reconstitution
liquid; multi-dose/
intradermal

60 mo, �15 �C
to �25 �C

Transport: � �10 �C;
end-user: 18 mo, 2
e8 �C

8 h, 20e25 �C; 30
e8 �C

Powder: HEPES, HSA,
NaCl, mannitol;
reconstitution
liquid: glycerol,
phenol, WFI

41

Yellow fever virus/17
D-204 strain

Stamaril/Sanofi Pasteur Lyophilized powder
and reconstitution
liquid/s.c.

36 mo, 2e8 �C N.A. Administer
immediately aft
reconstitution

Powder: lactose,
sorbitol, L-histidine
hydrochloride, L-
alanine, NaCl, KCl,
disodium phosphate,
potassium
dihydrogen
phosphate, CaCl2,
magnesium sulfate;
reconstitution
liquid: NaCl, WFI

42

Poliomyelitis virus/
Sabin strains type
1&3

Polio Sabin One and
Three/GSK

Suspension
(multidose)/oral

24 mo, � �20 �C Transport & end user: 6
mo, 2e8 �C

Minimize exposure
ambient
temperatures

Magnesium chloride, L-
arginine, polysorbate
80 and WFI

43

Paramyxoviruses of
genus Morbillivirus
(measles), genus
Rubellavirus
(mumps), genus
Rubivirus (rubella)/c

M-M-RVAXPRO/MSD Lyophilized powder
and reconstitution
liquid/s.c.

24 mo, at 2e8 �C N.A. 8 h, 2e8 �C Powder: sucrose,
hydrolyzed gelatin
(porcine), sorbitol,
monosodium
glutamate, sodium
phosphate, sodium
bicarbonate,
potassium
phosphate, Medium
199 with Hanks'
salts, Eagle's MEM,
neomycin, phenol
red, HCl, NaCl;
reconstitution
liquid: WFI

44

Replication competent
viral vector vaccines
Zaire Ebola virus/
rVSVDG-ZEBOV-GP

Ervebo/MSD Liquid for injection/i.m. 36 mo, �80 �C
to �60 �C

End-user: 14 d, 2e8 �C 4 h, ambient
temperatures

Recombinant human
serum albumin,
trometamol, WFI;
HCl, NaCl

12

(continued on next page)
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Table 1 (continued )

Virus/Virus Strain or
Viral Vector

Product Name/License
Holder

Pharmaceutical Form/
Administration
Route

Shelf-Life and Storage
Conditions

Transport, End-User
Storage Conditions

In-Use Stability
Conditions

Excipients Reference

Dengue virus
serotypes 1, 2, 3, 4/
chimeric YF virus-
dengue virus

Dengvaxia/Sanofi
Pasteur

Lyophilized powder
and reconstitution
liquid/s.c.

36 mo, 2e8 �C N.A. Administer
immediately after
reconstitution

Powder: essential
amino acids
including
phenylalanine, non-
essential amino
acids, arginine
hydrochloride,
sucrose, trehalose
dihydrate, sorbitol,
trometamol, urea,
HCl, NaCl;
reconstitution
liquid: NaCl, WFI

45

JE virus/chimeric YF
virus-JE virus

Imojev/Sanofi Pasteur Lyophilized powder
and reconstitution
liquid/s.c.

36 mo, 2e8 �C N.A. 6 h, 20e25 �C Powder: mannitol,
lactose, glutamic
acid, KOH, histidine,
HSA, NaCl;
reconstitution
liquid: NaCl, WFI

46

Replication deficient
viral vector vaccines
Zaire Ebola virus/
recombinant AdV-26
encoding GP of
ZEBOV Mayinga
strain

Zabdenod/J&J Suspension for
injection/i.m.

48 mo, �85 �C
to �55 �C

Transport: �25 �C
to �15 �C; end-user:
20 mo, �25 �C
to �15 �C or 8 mo, 2
e8 �C

Administer
immediately after
removal from
refrigeration

Disodium edetate,
ethanol, histidine
hydrochloride
monohydrate,
polysorbate 80,
sodium chloride,
sucrose, WFI, NaOH

23

Zaire Ebola virus/
recombinant
modified Vaccinia
Ankara Bavarian
Nordic virus
encoding: several
strains

Mvabead/J&J Suspension for
injection/i.m.

48 mo, �85 �C
to �55 �C

Transport: �25 �C
to �15 �C; end-user:
7 mo, �25 �C
to �15 �C, or 1 mo, 2
e8 �C

Administer
immediately after
removal from
refrigeration

NaCl, trometamol, WFI,
HCl

24

Abbreviations: AdV ¼ adenovirus; d ¼ days; DMEM ¼ Dulbecco's modified Eagle's medium; EDTA ¼ ethylenediamine tetraacetic acid; GP ¼ glycoprotein; GSK ¼ Glaxo Smith Kline; HEPES ¼ 5 (4-(2-hydroxyethyl)-1-piperazine
ethanesulfonic acid; h ¼ hours; i.m. ¼ intramuscular; JE ¼ Japanese encephalitis; J&J ¼ Johnson & Johnson; mo ¼ months; MEM ¼ Minimum Essential Medium; min. ¼ minutes; MSD ¼ Merck, Sharp & Dohme; N.A. ¼ not
applicable; s.c. ¼ subcutaneous; rVSV ¼ recombinant vesicular stomatitis virus; w ¼ weeks; WFI ¼ water for injection; YF ¼ yellow fever; ZEBOV ¼ Zaire ebolavirus.

a Non-frozen presentation expected in 2020, not yet pre-qualified by the World Health Organization (WHO).47
b Liquid presentation expected in 2020, not yet pre-qualified by the WHO.47
c Edmonston-Enders strain of measles virus, Jeryl Lynn strain of mumps virus, Wistar RA 27/3 strain of rubella virus.
d Used together as part of a vaccination regimen.
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an enormous challenge, and success highly depends on the possi-
bility to use existing infrastructure.3 Storage at refrigerator condi-
tions (2e8 �C) is highly preferred over frozen storage (��20 �C).
Whereas frozen storage is frequently employed by manufacturers
of vaccines for other diseases, maintaining such an extraordinary
high number of units of Covid-19 vaccines at sub-zero tempera-
tures is logistically much more challenging than under refrigerator
conditions, particularly during transport and short-term storage at
a distribution center and/or at the site of administration. Therefore,
vaccine stability under the chosen storage condition is one of the
key attributes to be considered when developing a Covid-19 vac-
cine and is on the WHO list for prioritization of Covid-19 vaccine
candidates.4,5

In this commentary, we discuss how this stability challenge for
viral vector-based Covid-19 vaccine candidates could be addressed
by learning from the wealth of formulation development experi-
ence gained over the years on stability issues related to live
attenuated virus vaccines and viral vector vaccines for other dis-
eases. This experience has ledeover timee to major improvements
on shelf-life and storage temperature requirements, e.g., for live
attenuated varicella virus-containing vaccines (Varivax) and (Pro-
Quad),6 as well as for ease of handling during transport, short-term
storage at the site of administration and preparation for adminis-
tration to the recipient. First, we cover work on ‘classical’ live
attenuated virus vaccines as well as replication competent viral
vector vaccines. Subsequently, we address replication deficient
viral vector vaccines. Finally, we discuss some options for facili-
tating formulation development and improving stability of viral
vector-based Covid-19 vaccine candidates.

What Can We Learn From Formulating Live Attenuated Virus
and Replication Competent Viral Vector Vaccines?

For live attenuated virus vaccines, the biology of the virulent,
original virus has been altered so that virus virulence is minimized,
while the capacity of the virus to replicate and induce the desired
immune response is at least partially maintained. This replication
competence is essential for the proper performance of the vaccine.
Since these vaccines can mimic a natural infection by replicating
in vivo, adjuvants (as used in inactivated virus and subunit vaccines)
are not required. Live attenuated virus vaccines have demonstrated
their value in preventing life-threatening infectious diseases
worldwide. Examples of commercially available live attenuated
virus vaccines, along with replication competent viral vector vac-
cines, are shown in Table 1.6,7 Many of these vaccines were devel-
oped long ago, but some more recent examples are also
highlighted.

Table 1 not only lists live attenuated virus and replication
competent viral vector vaccine products on the market, it also
provides information on the pharmaceutical form (e.g., freeze dried
powder or liquid), route of administration, formulation composi-
tion, shelf life and storage conditions. Most live virus vaccines are
freeze dried and stored under refrigerator conditions with shelf
lives of �18 months. In contrast, RotaTeq and Flumist are liquid
formulations and stored at 2e8 �C (shelf life 2 years and 18 weeks,
respectively). Interestingly, these vaccines are administered orally
and nasally, respectively, which mimics the natural route of infec-
tion. Furthermore, licensed live adenovirus vaccines are presented
as tablets for oral administration and stored at 2e8 �C. Although the
live attenuated oral polio and some rotavirus vaccines (i.e., Polio
Sabin One and Rotavac) are stored in frozen liquid form at � -20 �C,
short-term storage for about 6 months at 2e8 �C is possible, which
allows for supply under non-frozen conditions. From Table 1, one
can observe that the stability profile of live attenuated and viral
vector vaccines depends on the virus type (e.g., enveloped versus
non-enveloped virus) as well as the pharmaceutical dosage form
(e.g., lyophilized versus liquid).

Although beyond the scope of this commentary, a brief mention
of some unique challenges with formulation development of live
attenuated virus and viral vector-based vaccine products,
compared to protein-based drugs such as monoclonal antibodies, is
provided to put into perspective the virus vaccine stability dis-
cussion below. Because of their structural complexity and the
associated challenges to manufacture viral products at large scale,
these preparations contain a mixture of infectious and non-
infectious viruses (e.g., full and empty viral capsids).8 Methods to
monitor the potency of a live virus-based vaccine can include
determination of viral particles or viral genomes, viral infectivity in
cell-based assays, or immune responses in animals. Such assays are
the cornerstone of live virus-based vaccine stability assessments.
Yet, at the same time, most of these assays are labor intensive, time-
consuming and highly variable, making determination of virus
stability profiles more challenging. In addition, clinical de-
terminations of the highest virus dose that is safe and the lowest
dose that is efficacious must be established to elucidate the “sta-
bility window” of the extent of viral degradation that is acceptable
across the shelf life of the vaccine product.6 Therefore, a scientific
understanding of the quality/quantity of viral preparations, clinical
determinations of dose levels, and an analytical testing strategy of
potency are interrelated key factors to be considered during
formulation development of stable live virus-based vaccine
products.

Optimizing Stability of Liquid Formulations

How are excipients being used for virus stabilization and
formulation purposes? Burke et al. (1999) provide a comprehensive
evaluation of pharmaceutical excipients found in live attenuated
virus vaccine products.9 In addition, extensive information on viral
potency losses under different storage conditions, in (frozen) liquid
or freeze dried form, is provided. Typically, no reasons are given
why these eoften highly complex mixtures of excipientse are
chosen, other than empirical observation of improvements in virus
stability. More systematic formulation development work on the
influence of excipients is becoming more common. For example,
Evans et al. (2004) developed stable liquid formulations of a
candidate adenovirus type-5 (AdV-5) vector vaccine by evaluating a
series of excipient optimization schemes based on known/pro-
posed mechanisms of virus inactivation.10 Schlehuber et al. (2011)
performed a high-throughput formulation screening, testing over
11,000 unique liquid formulations of measles virus which was
genetically modified to encode the gene for a green fluorescent
protein for virus replication detection.11 Among the best-
performing formulations in this work were those consisting of a
limited number of excipients, as typically used for stabilizing re-
combinant therapeutic proteins. However, in contrast to the mod-
ern therapeutic protein formulations, these live virus vaccine
formulations often (still) contain macromolecular excipients (e.g.,
proteins, peptides, polymers). The selection of only a few well-
characterized excipients in the viral vector-based Ebola vaccine
Ervebo, approved in 2019, exemplifies this trend away from multi-
excipient, complex formulations typically used for live attenuated
vaccines as described by Burke et al.9,12

And What About Freeze Drying?

Hansen et al. (2015) reviewed existing literature on the mech-
anisms by which cryo- and lyo-protectants stabilize live viruses as
well as the effects of freeze drying conditions (such as pre-cooling,
freezing rate, annealing, primary and secondary drying conditions)
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on virus potency.7 Burke et al. (1999) and Tlaxca et al. (2015) have
also reviewed the composition of various lyophilized live virus
vaccine formulations, including veterinary vaccines.9,13 Data on
actual potency loss of live attenuated virus vaccine formulations
upon freeze drying is available: several researchers have reported
potency losses ranging between 0 and 3.6log10, but systematic
excipient optimization studies eas with the liquid formulations
reported abovee have not been as widely described.9,14e20 In one
recent report, Patel et al. (2018) developed lyophilized formulations
of a live dengue vaccine candidate using a combination of empirical
screening and design of experiment (DoE) approaches.20

Because of the cost and limited manufacturing capacity for
lyophilization of sterile vaccine dosage forms, there is ongoing in-
terest in alternative drying strategies, such as foam drying, spray
drying and evaporative drying. For example, the stability of a dried
live attenuated influenza vaccine was compared after lyophiliza-
tion, spray drying and foam drying and it was determined that foam
drying provided an order of magnitude improvement in virus sta-
bility.21 Another alternative approach is to dry vaccine candidates
onto dissolvable microneedles by evaporative drying, which allows
for delivery via a skin patch without the need for reconstitution of
the dried vaccine prior to administration. For example, live measles
and rubella combination vaccines have been evaluated in such
systems in preclinical models with planned clinical trials to be
initiated.22

What Can We Learn From Formulating Replication Deficient
Viral Vector Vaccines?

Replication deficient viral vector vaccines consist of a viral
vector engineered by molecular biological means so that it cannot
replicate, but upon administration and cell infection/penetration,
the encoded antigen of interest is expressed. At present, two non-
replicating viral vector vaccines (AdV-26 and modified Vaccinia
Ankara vectors) against Ebola have been approved by the European
Medicines Agency: Zabdeno (2020) and Mvabea (2020), which are
used consecutively in one vaccination protocol.23,24 As shown in
Table 1, both formulations consist of a limited number of well-
defined excipients and both liquid formulations must be stored
frozen at about �70 �C for long-term storage; however, at 2e8 �C,
the products are stable for� 1month. This may allow shipment and
storage on site under refrigerator conditions before administration.

The Oxford/Astra Zeneca (ChAdOx1 nCoV-19) and Johnson &
Johnson (J&J) (Ad26.COV2.S) ongoing clinical phase III trials to
assess protection against Covid-19 both use adenoviral vector
vaccines that are stored in frozen liquid form (��20 �C).25,26

However, short-term storage under non-frozen (2e8 �C) condi-
tions is possible for both products.25,26 The ChAdOx1 nCoV-19
vaccine is formulated with a limited number of standard excipi-
ents (i.e., sucrose, histidine, NaCl, MgCl2, polysorbate 80, EDTA and
ethanol).25 Zabdeno, one of the two J&J vaccines against Ebola virus
that use the same Ad26 viral vector technology, is formulated as a
liquid presentation with stability of 8 months at 2e8 �C (Table 1).23

A freeze dried Chinese AdV-5 vector-based Ebola vaccine (Ad5-
EBOV) was approved in China in 2017 and can be stored at
2e8 �C for 12 months.27 Based on the same vector technology, a
Covid-19 vaccine candidate has been developed, which is now
esupplied in liquid forme tested in Phase II clinical trials.28 Here
we see a development towards a new practice where the vaccine is
stable for sufficient periods of time at 2e8 �C to cover the short
storage times that can be expected in emergency situations such as
the Covid-19 pandemic.28,29 According to the clinical protocol,
long-term real time, accelerated and stress stability studies on the
product are ongoing at 2e8 �C (30 months), 23e27 �C (6 months),
and 35e39 �C (8 weeks), respectively, to support an eventual shelf-
life claim of years under refrigerator conditions. These examples
show that using the same viral vector construct across multiple
vaccine candidates can speed up formulation development by
leveraging from prior experiences. For example, product and pro-
cess knowledge for related viral products and their corresponding
analytical methodologies (collectively referred to as a “platform
technology”) can allow development milestones to be reached
faster than de novo efforts. Nonetheless, irrespective of the value of
the time saved to reach these milestones, the quality, safety, and
efficacy of each new viral vaccine candidate must be established
based on robust data from actual manufacturing campaigns and
clinical trials.

Literature on the rational formulation design of stable replica-
tion deficient viral vector vaccines is scarce. Kumru et al. (2018)
published on the stability of two engineered lentiviral vector vac-
cines after storage at 4 �C and freeze-thawing, as measured by both
viral genome assays (PCR) and physical counting of viral particles
(nanoparticle tracking analysis); they screened a wide variety of
excipient classes and types from a library of 50 excipients.30

Reinauer et al. (2020) used a DoE approach with iterative optimi-
zation rounds and they reported significant enhancement of the
stability of liquid, adenoviral vector vaccine formulations following
such an algorithm.31

Final Considerations

The urgent need for Covid-19 vaccines to fight the world-wide
pandemic has led to the rapid development of first-generation
vaccine candidates that may be less than ideal from a vaccine sta-
bility and distribution perspective. In the case of viral vector vac-
cine candidates, formulation challenges outlined in this
commentary can be the focus for development of next-generation
vaccine candidates as well as second-generation formulations of
the lead vaccine candidates currently in late-phase clinical trials.
Improved formulations of virus-based Covid-19 vaccines will lead
to better stability profiles (e.g., extending shelf life and transition-
ing from freezer to refrigerator storage) as well as lowering costs
and facilitating widespread distribution (e.g., manufacturing of
low-cost, widely available, and conveniently administered vaccine
dosage forms). Based on these considerations, the following sug-
gestions to facilitate formulation development of viral vector-based
Covid-19 vaccine candidates are provided:

� When one is charged to develop a formulation for a viral vector-
based Covid-19 vaccine candidate, previous experience with
formulation and stabilization of live attenuated virus and
replication competent viral vector vaccines, as well as the
recently approved replication deficient viral vector vaccines, will
provide important guidance. In addition, the wealth of infor-
mation and physicochemical insights regarding the design of
stable formulations for biotherapeutics should also be explored.

� Virus stability profiles during storage and administration highly
depend on the type of virus. For instance, non-enveloped vi-
ruses such as adenoviruses are more stable than enveloped vi-
ruses such as measles viruses. This may be an important
consideration when assessing different viral vector candidates
for vaccine development to fight a pandemic.

� With advances in formulation science, highly complex formu-
lations used for older viral vaccines, often with poorly defined
excipients, can evolve into more well-defined formulations
based on a smaller number of globally accepted, pharmacopeia-
grade excipients, very much like those used for formulations of
recombinant therapeutic proteins. Such formulations offer the
ability to lower costs and improve manufacturing capacity. To
this end, multi-dose formulations (e.g., 5e10 doses per vial)
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would further lower costs and increase availability, although
their development may be challenging since they typically
require the addition of preservatives (to ensure sterility during
multiple withdrawals from a single vial), which may be
incompatible with live virus and viral vector vaccines during
long-term storage. The addition of preservatives to the diluent
used to reconstitute a lyophilized vaccine upon administration
is one approach to be considered as described for the smallpox
(vaccinia virus) vaccine in national stockpiles (see Table 1).

� Freeze drying of live attenuated virus and viral vector vaccine
formulations to avoid sub-zero (��20 �C) storage conditions
and allowing storage at 2e8 �C has become the standard for
such vaccines for other diseases than Covid-19. Is there a
competitive advantage for freeze dried Covid-19 vaccines that
can be stored under refrigerator conditions compared to frozen
liquid products? Yes, however, freeze drying is more expensive
and the huge number of product units needed in this Covid-9
pandemic may cause production problems. In addition, the
costs and complexity to the health care provider to store and
prepare the lyophilized product for administration, using a
separately supplied diluent and related reconstitution proced-
ure, also have to be factored in. In contrast, liquid formulations
of Covid-19 vaccines are more economical to produce, but may
need to be stored in a freezer which adds to the cost and com-
plicates transport and end-user handling. As mentioned above,
in this Covid-19 pandemic, storing liquid formulations at 2e8 �C
for a limited number of months may be the short-term solu-
tion28,29: fast distribution and fast administration are key words
when this option is chosen. It is also possible that different re-
gions will be at different stages of pandemic control at different
times, and there may be room for multiple approaches for a
given vaccine to meet this global pandemic need. In this context,
the extended controlled temperature chain (ECTC) initiative of
the WHO is of interest, which allows a vaccine to be kept at
temperatures outside of the traditional cold chain of 2e8 �C for a
limited period of time under monitored and controlled condi-
tions.48 This approach has recently been evaluated for storage of
a live attenuated measles vaccine.49

� The number of publications dealing with mechanistic and sys-
tematic approaches to formulation and stabilization of live
attenuated virus and viral vector-based vaccine products is low
and is an important area of future research. Better insights into
physicochemical mechanisms of virus potency losses, combined
with rational approaches to minimize their occurrences, would
be very helpful in guiding improved vaccine shelf life that may
even lead to abandoning ‘cold chain’ requirements. This would
dramatically lower logistic barriers and thereby improve patient
access and vaccine coverage as well as decrease product wastage
and costs. To this end, the development of optimized viral
vector-based Covid-19 (as well as other) vaccine formulations
benefit substantially with availability of high-throughput, sta-
bility-indicating analytical testing strategies of potency, espe-
cially those which correlate to clinical outcome. Such assays are
easier to establish when a novel vaccine candidate is based on a
previously established “platform” vaccine technology, since
such test methods can more readily be adapted from already
established procedures.
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