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Vaccines are biopharmaceutical products unlike any others 

Vaccines: 
Suspensions of killed or attenuated microorganisms (bacteria, viruses, 
fungi, protozoa), antigenic proteins, synthetic constructs, or other bio- 
molecular derivatives, administrated for the prevention, amelioration, or 
treatment of infectious and other diseases (WHO) 

Biodrug: 
Drug substance produced by or extratcted from a biological source 
Well characterized & described manufacturing and purification process 
Characterization and quality assessment need a combination of physical, 
chemical and biological assays 

EU definition of Biologic (Directive 2001/83/EC as amended, Annex 1 Active substance 3.2.1.1.b) 

Goal:  Safe reproduction of the immune response elicited by a 
pathogen

èInduction of a memory immune response that is activated upon 
contact with the virulent wild-type pathogen
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Ø Long development
 Long clinical experimentation 

 Complex manufacturing process
 Highly regulated quality and control environments for maximum safety 

Ø Preventive approach
 Healthy individuals (including paediatric population)èBenefit/risk ratio 

 Perception of benefit is not visible (not immediate)
 Large treated populations + paediatric populations
 Side effects not accepted 

Goal: to induce specific and adaptive immune responses to protect from a 
micro-organism infection: bacteria (extra- cell) or virus (intra-cell)
= Active immunization

General vaccine mechanism of action

Adaptive immunity

Humoral response

Adaptive immunity
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Different vaccine strategies

Vaccines

Live 
attenuated

Inactivated 
(killed)

Sub-unit

virus-like 
particles 

(VLP)

ARNm

ADN

Replicating 
vector

Non-
replicating 

vector

Purified antigen, 
recombinant antigen, 
polysaccharidic, 
conjugated

Not all strategies are commercially available

Multivalent vaccines = targeting 
several strains of the same pathogen
(e.g. 23-valent vaccine prevents
pneumococcal infection)

Combined  vaccines = targeting 
several pathogens
(e.g. DT-Polio prevents against 3 diseases: 
diphtheria, tetanus and
polio)
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Killed
vaccines(inactivated, 

inert)

Typhoid
Cholera
Plague
Pertussis
InfluenzaPolio
(injectable)
Japanese encephalitis
A Hepatitis

Live attenuated vaccines

Smallpox
BCG
Rage
Yellow Fever
Polio (oral Sabin)
Measles
Mumps
Rubeole
Adenovirus
Chickenpox
Rotavirus
Japanese encephalitis
(inactivated)

Sub unit vaccines

Recombinant:
B Hepatitis
Papillomavirus
Pertussis (acellular)

Purified: 
Polysaccharidic:

Meningococcus
Pneumococcus
Typhoid

Conjuguated: 
Hib
Meningococcus

Pneumococcus
Anatoxin: 

Tetanus
Diphteria

ARNm
Non-replicable vector COVID-19

Commercialized vaccines
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General scheme for a vaccine development

Average development time : 12 years
Average of global investment: >0.5 Billions €

70% time line is for Quality control

Regulatory follow-up

9-14 years
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Preclinical 
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Phase I Phase II Phase III

Development
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industrial 
process

Operational
feasibility Inactivation

Germ
Biomass 
production

Valence
assembly Formulation Registration Lyophilization Conditioning Batch

releaseDirtributionHarverst Purification

Batch commercialization
Product target profile:
Target population
Vaccine candidate?

Evaluation
of needs

R&D

6 to 22 months

Commercial operations

Quality control, Quality insurance
Pharmacovigilance

General scheme for a vaccine development 
Average development time : 12 years 

Average of global investment: >0.5 Billions €

70% time line is for Quality control 
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Harvest purification inactivation Filtration

Clarification/Concentration:
Filtration
Chromatography

Purification
Chromatography
Précipitation

• Solvent/detergent:
Hydrogen peroxide
Formaldehyde, 
Glutaraldehyde
• Pepsin pH4
• Damp heat

No inactivation step for live 
attenuated vaccines

USP
Germ Biomass Production

Centrifugation
Filtration
Keep supernatant OR cells

DSP

General scheme for vaccine production 
(industrial operations)  
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In contrast to aluminum salts, oil-in-water emulsions have
proved to be suitable adjuvants for influenza vaccines. MF59 was
the first of these adjuvants approved for use with influenza vacci-
nes in 1997. MF59 is an oil-in-water emulsion, which consists of
150 nm-sized biodegradable squalene oil droplets stabilized by
non-ionic surfactants. Several modes of action have been attribu-
ted to this adjuvant [73], including enhanced regulation of genes
for cytokines and chemokines, local release of ATP as an endoge-
nous danger signal, increased influx of macrophages and mono-
cytes to the site of injection, differentiation of monocytes to
active dendritic cells, and antigen transportation to draining lymph
nodes. Numerous reports observed increased immunogenicity and
efficacy of MF59-adjuvanted subunit vaccine in young children,
healthy adults, and elderly individuals [74–77]. Additionally,
MF59 has similar immunostimulatory effects in combination with
prepandemic vaccine formulations [78]. Overall, MF59 has thus far
proven to be a very effective adjuvant for the stimulation of
humoral responses against both seasonal and prepandemic influ-
enza vaccines.

Similar to MF59, AS03 is also an oil-in-water emulsion based on
squalene droplets. However, unlike MF59, AS03 is currently only
used in pandemic influenza vaccines. AS03 adjuvanted influenza
vaccines were significantly more immunogenic than their unadju-
vanted counterparts both in primed and unprimed individuals
[79,80]. Furthermore, AS03-adjuvanted influenza vaccines were
also able to confer seroprotection in immunocompromised

patients infected with HIV-1 [81]. In contrast, adjuvanted vaccines
failed to increase seroprotection rates in other immunocompro-
mised groups, such as transplant recipients or patients with
lymphoid malignancies [82,83].

Saponin-based adjuvants are currently in clinical development
for use with influenza vaccines. Natural or synthetic saponin
QS-21 (a fraction from soluble triterpene glycosides purified from
Quillaja saponaria) was clinically tested with TIV vaccine, but failed
to increase HI titers significantly compared to unadjuvanted TIV
[84]. These saponins can form complexes with lipids like choles-
terol resulting in particles, the so-called immune stimulating com-
plexes (ISCOMs). These are hollow, cage-like particles of around
40 nm diameter [85]. Clinical studies with ISCOM-adjuvanted
influenza split vaccines revealed accelerated antibody responses
in individuals who received ISCOM-adjuvanted influenza vaccines
[86]. Furthermore, this coincided with a notable increase of
influenza-specific CD8+ T cell responses [87]. A third generation
of saponin based adjuvants, named Matrix-M, was evaluated in a
clinical study in combination with a pandemic virosomal influenza
vaccine [88]. The addition of Matrix-M resulted in a significant
dose sparing of the antigen, and increased vaccine-induced T cell
responses. Matrix-M was successfully used as an adjuvant for a
H7N9 VLP vaccine in a phase II clinical trial, in which the adju-
vanted VLP vaccine showed significantly higher seroconversion
rates after vaccination compared to non-adjuvanted VLP vaccine
[89].

Table 2
Adjuvants for influenza vaccines.

Adjuvant category Adjuvant Antigen(s) Stage of development Reference

Salts Alum Split, WIV (pandemic) Licensed N/A

Oil-in-water emulsions MF59 (squalene, Span 85, polysorbate 80) Subunit (seasonal and
pandemic)

Licensed N/A

AS03 (squalene, DL-a-tocopherol, polysorbate 80) Split, WIV (pandemic) Licensed N/A
AF03 (squalene, Brij 76) Split (pandemic) Licensed N/A
CoVaccine HT (squalene, polysorbate 80, sucrose fatty acid
sulfate esters)

WIV (pandemic) Animal model [123]

Saponins Iscomatrix WIV (seasonal) Clinical development [86]
Matrix-M Virosomes (pandemic) Clinical development [88]

Glycolipids Alpha-GalCer (alpha-galactosylceramide) LAIV (seasonal) Animal model [124]
DNA (HA-encoding) [125]

Liposomes CCS/c (cationic liposomes of ceramide carbamoyl-
spermine/cholesterol)

Subunit (seasonal) Animal model [126]

CAF01 (cationic liposomes of DDA/TDB) Split (seasonal) Animal model [127]
Vaxfectin (cationic liposomes of GAP-DMORIE/DPyPE) Split (seasonal), WIV

(pandemic)
Animal model (split,
WIV)

[128]

DNA (HA-encoding) Clinical development
(DNA)

[70]

Bacterial components CTA1-DD (Cholera toxin subunit A) Peptide (M2e-based) Animal model [129]
LT patch (Escherichia coli enterotoxin) Split (pandemic) Clinical development [92]
Salmonella and Escherichia coli flagellins rHA (pandemic) Clinical development [91]

rM2e [130]

Cytokines IL-12, IL-23 WIV (laboratory strain) Animal model [131]
GM-CSF (Granulocyte-Monocyte Colony Stimulating Factor) DNA (HA-encoding) Animal model [132]
Type 1 IFN (IFNa) Subunit (seasonal) Animal model [133]

TLR agonists/
immunomodulators

GLA (glucopyranosyl lipid A) (TLR4) rHA (pandemic) Clinical development [134]
Bacterial flagellins (TLR5) rHA (pandemic) Clinical development [91]

rM2e [130]
CpG oligodeoxynucleotide (TLR9) Split (seasonal) Clinical development [135]
PolyI:C (TLR3) Split (seasonal) Animal model [136]

LAIV (laboratory strain) [137]
IC31 oligodeoxynucleotide (TLR9) Subunit (seasonal) Animal model [138]
sLAG-3 (IMP321) (MHC class II ligand) Split (seasonal) Clinical development [139]

Polymers Chitosan Subunit (laboratory strain) Animal model [140]
DNA (M2 and NP encoding) [141]

PCPP (poly[di(carboxylatophenoxy)phosphazene]) Subunit (pandemic) Animal model [142]
Advax (delta inulin) Split (pandemic) Clinical development [143]

rHA (pandemic) [94]

P.C. Soema et al. / European Journal of Pharmaceutics and Biopharmaceutics 94 (2015) 251–263 257

Formulation
• Purpose :

# Maintenance of the structure and stability of the 
active substance

# Vaccine increased and sustained stability 
# Increasing the potency of the vaccine with added 

adjuvant Minimising adverse effects

• Stabilisers: lactose, sorbitol

• Adjuvants: The European Pharmacopoeia 
recommends a maximum amount of 1.25 mg of 
aluminium (Al3+) per dose (between 0.125 and 0.82 mg 
for children <2 years).
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Cleaning Sterilisation Filling Lyophylisation Capping
Visual 

inspection 
/automatic
candling

Labelleing

Sterilisation Filling
Visual inspection 

/automatic
candling

Labelling

VIAL

SYRINGE

Filling, lyophilisation, packaging
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Some vaccines production examples

12

Example 1: Infanrix Hexa, GlaxoSmithKline Biologicals s.a. , a combined vaccine 

1. Diphteric Anatoxin: purified from the bacterial culture èDiphteria

2. Tetanic Anatoxin: purified from the bacterial culture è tetanus

3. Bordetella pertussis Antigens: purified from the bacterial culture è Whooping cough
 Pertusic anatoxin (PT) 
 Filamentous Haemagglutinin (HA) 
 Pertactin (PRN) 

4. B Hepatitis Surface antigen (HBs Antigen): recombinant protein è HBV

5. Inactivated Poliomyelitis virus : Purified from infected cells and inactivated
 Type1 strain 
 Type 2 strain 
 Type 3 strain 

6. Haemophilus influenzae type b (conjugated to tetanic toxin as a vector protein):
purified polyoside from the bacterial strain AND combined with the purified toxin from 
Clostridium tetani culture. 
List of excipients
Anhydrous lactose Sodium chloride (NaCl),
Medium 199 containing mainly amino acids, mineral salts, 
vitamins, etc. 
Water for injectable preparations. 

May contain traces of formaldehyde, neomycin 
and polymyxin that have been used during the 
manufacturing process 
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Diphteric A Tetanic A Ag HBs
A. B pertussis:
PT, FHA, PRN

Inactivated PV
types 1, 2, 3

Hib
polyoside

6 Production process

P1 P2 P3 P4 P5 P6

QC1 QC2 QC3 QC4 QC5 QC6
Adjuvants

A1 A2 A3 A4 A6

QC1 QC2 QC3 QC4 QC5 QC6

A. Diphterique

A.Tétanique
Ag HBs

A. B pertussis:
PT, FHA, PRNPV inactivés

types 1, 2, 3

Hib
polyoside

CQ

Filling
Packaging
Distribution

Drug 
Substance

Formulation: Drug Product

24-36 months timeline

Released batches (valences)

Batch release

Heath 
authorities

release

A5

24-36 months timeline

ToxinToxin

ToxinViral 
protein

Inactivated 
virus Polysaccharide
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HBs Ag

4 Biochemistry: Miyanohara et al.

FIG. 3. Electron micrograph of HBsAg-positive spherical and oval particles appearing in induced yeast cell lysates. Extracts (100 ILI) from the
inducedyeast cells were incubated with an equal volume of anti-HBsAgrabbit IgG (passive hemagglutinin titer, 1:29) for 12 hr at room temperature.
The mixture was then centrifuged at 12,000 x g for 30 min. The pellet was stained with uranyl acetate. (Bar = 20 nm.)

erations, more than 99.9% of the cells retained the Leu+ char-
acter, showing that the recombinant plasmids are as stable as
the parental 2-pum plasmid (26). The expression level of HBsAg
was calculated to be about 5 X 105 HBsAg subunits per yeast
cell, assuming that the HBsAg in yeast extracts reacts with anti-
HBsAg antibody with an efficiency equal to that of HBsAg in
serum. This level is roughly the same as that reported for pro-
duction of interferon D under control of the yeast alcohol de-
hydrogenase I promoter (27).

Some Properties ofthe HBsAg Produced in Yeast Cells. The
HBsAg in the yeast extracts was precipitated by anti-HBsAg
antibody and examined by electron microscopy. Aggregates of
20- to 22-nm spherical or oval particles were observed (Fig. 3),
which did not appear in control samples. Thus, HBsAg pro-
duced by yeast seemed to be assembled into particles similar
in size and shape to those small particles found in HBV-infected
patients' sera. Note, however, that these particles do not carry
DNA and are smaller than Dane particles (28).
The yeast extract containing HBsAg was injected subcuta-

neously into guinea pigs (=400 ng of HBsAg per animal). After
two further boosters with a 1-wk interval, the sera were exam-
ined for anti-HBsAg antibody titer by using the AUSAB ra-
dioimmunoassay (Abbott). The injected animals produced high
levels of anti-HBsAg antibody, which proves that the antigen
produced in yeast cells was sufficiently immunogenic (Table 2).
We were not able to detect other HBV-related antigens, such

as HBcAg and HBeAg, by radioimmunoassay of extracts from
yeast cells carrying the complete HBV genome, plasmid
pAH203.

DISCUSSION
In this paper we demonstrated (i) that a cloned HBsAg gene
from subtype adrHBV can be expressed efficiently in yeast cells

under control of the yeast APase promoter, (ii) that the gene
products are sufficiently immunogenic, and (iii) that the prod-
ucts are assembled into spherical or oval particles similar to
those found in patients' sera. Because we did not leave any cod-
ing sequences between the APase promoter and the initiation
codon ofthe HBsAg gene in the expression plasmid, the product
should be a nonfused complete HBsAg polypeptide. This has
yet to be proven by amino acid sequence studies.

Several attempts have been made to prepare HBsAg in E.
coli cells. However, none of them have resulted in the pro-
duction of nonfused HBsAg polypeptides. The cause for diffi-
culty is not known, but in E. coli cells, the newly produced
HBsAg polypeptides seem to be quickly degraded (29); in ad-
dition, they seem to cause effects that are deleterious to the host
cells. The use of a eukaryotic host, yeast, seems to overcome
these problems. However, what feature or structure of yeast
cells allowed accumulation ofa polypeptide that is restricted in
E. coli cells remains to be elucidated.

The efficient expression ofthe HBsAg gene in nonfused com-
plete polypeptide form in yeast not only will provide us with

Table 2. Immunogenic activity of HBsAg in yeast extracts
Injected antigens Anti-HBsAg antibody titer, cpm

HBsAg-positive yeast extract* 6,180 17,034 2,680 852
HBsAg-negative yeast extractt 102 116 - -

Purified HBsAg particlest 10,955 18,312 9,131
Numbers represent titer in guinea pig sera as measured by radioim-

munoassay. Results of replicate experiments are shown. AUSUB con-
trol, PCi: 11,505; NCI: 110.
* Extract of cells carrying plasmid pAH203 (equivalent to 400 ng of
HBsAg).

tExtract of cells carrying plasmid pAM82.
tPurified HBsAg particles from human serum (400 ng of HBsAg).

Proc. Natl. Acad. Sci. USA 80 (1983)

Virus  Like Particles
(VLP) production

Yeast transfection 

Expression vector
= plasmid bearing the coding 
sequence for protein HBs Antigen

Extraction

Enrichment

P3: Recombinant HBs Antigen production (HBV)
Production diagram

Biotechnol. Bioeng. 2012;109: 1443–1460. 

Isolated surface antigen 
mRNA coding for HBS 
Ag Prot
Transformed into cDNA

HBS antigen Protein
=L+S+M

Impurities removal



The difference appears when further performed on CEC, the elution
order is not opposite to that of AEC any more. A stronger binding of
pertactin resulting from the other dominated charged zone makes
discernible retention behavior with those co-eluted impurities,
such as I3 and I4. That means different kinds of proteins can be
removed in the two steps. The complementation of CEC and AEC
in separating pertactin makes the dual-IEC strategy promising in
efficient purification of this protein.

The results turned out that AEC as the capture step was success-
ful in removingmost of the contaminating proteins,which is of great
significance in reducing sample volume for the following proce-
dures. Eluted fractionwas further loaded onto the CEC. Fewproteins
flowed through and almost all of them were bounded to the adsor-
bents. Those co-eluted proteins which practically possessed equal
affinity binding on AEC showed different bound strength to CEC
and pertactin was eluted latterly, resulting in a further purification.
The dual-IEC strategy proves to be efficient in purification of per-
tactin. To verify the necessity of both AEC and CEC, the method of
combing only one-step IECwithHIC for obtaining pertactinwas car-
ried out. The results turned out that only a purity of 80% was
obtained under optimized conditions (data not shown). It can then
be concluded that the dual-IEC is effective and imperative for
purificationof pertactin.Mechanistic-based approachnot only leads
to efficient design of purification schemes, but also helps to avoid
misjudgment from empiricism during process development.

In summary, a dual-IEC scheme for purification of pertactin from
B. pertussis strain CS was developed, whichmay serve as a reference

for industrial production. It makes an integrated manufacturing
process for production of aPVs feasible, FHA and PT from pertussis
culture supernatant and pertactin from the pellet, as shown in
Fig. 6. The efficient strategy of combing AEC with CEC may be
applied for other proteins with distinct surface potential properties.
This result also demonstrated directly that regions of local charge
may dominate the binding of protein to resins and can significantly
influence retention behavior. Besides, analysis of protein surface
properties, especially the potential property, is favorable for tar-
geted selection of appropriate technique and facile development
of novel program. The success of this heuristic approach for purifi-
cation process development would promote the progress towards
more rational synthesis and design methodologies.
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Fig. 6. Schematic representation of the integrated processes for preparation of multi-components aPV from culture of Bordetella pertussis.

4038 Z. Li et al. / Vaccine 34 (2016) 4032–4039

60°C

P4: Bordetella pertussis valences production: pertussic anatoxin (PT), 
Filamentous haemagglutinin (FHA) and pertactin (PRN) = purified proteins

« The initial anionic exchange 
chromatography concentrated the 
product from 1.7% to 14.6%, with 
recovery of 80%. The second cationic 
exchange chromatography increased 
the purity to 33%, with recovery of 
83%. The final purification was 
accomplished by hydrophobic 
interaction chromatography, yielding 
a purity of 96%. The total recovery of 
the three columns was 61%. «

Chemical 
detoxification 
(hydrogen 
peroxide, 
formalin, 
glutaraldehyde) 

Li et al. Vaccine 34 (2016) 4032–4039 
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VERO cells alone
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2
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Purification
Inactivation

Filtration Filtration

P5: Poliomyelitis valences production (3 virus types)



P6: Production/Purification of Haemophilus influenza type b polyoside 
(Combination of purified polysaccharide with a carrier)

Lyophilized HIB seed

Fermentation 1200L

Bacteria inactivation by formaldéhyde

Bacteria recovery

Polyoside purification:
Chaotropic detergents
Chromatography
Filtration

Chemical conjugation with tetenic toxin
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Formulation: aluminium sulfate adsoption

Drug substance

Drug product

Clostridium tetani seed

Fermentation

Bacteria inactivation by formaldéhyde

Supernatant recovery

Toxin purification
= carrier toxin for polyoside)

Carrier proteins can be:
Tetanic toxin
Diphteria toxin (native or 
mutated)
D protein from H influenzae

Reactive chemical 
groups generation

The manufacturing operations for vaccines multivalent vaccines are often carried 
out in geographically distant sites, or even in different countries (as a result of the 
evolution of pharmaceutical companies, but also of market access, technical or 
intellectual property considerations).

In this context, the management of material flows, product batches, reagents for 
QC, as well as production areas, becomes fundamental for the success of vaccine 
distribution.

All the drug substances + adjuvants must be brought together to produce 
(formulate) the drug product (the vaccine) 

Formulation constraints:
Avoiding incompatibility between the different antigens, adjuvants, preservatives
Avoid degradation of epitopes, destabilisation of proteins, aggregation
Avoid induction of "opposite" immune responses (i.e.Th1 vs Th2)



19 Example 2: mRNA vaccines production
How mRNA vaccines work??

Fang et al. Signal Transduction and Targeted Therapy volume 7, : 94 (2022)
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standardized and scaled-up, improving responsiveness to large emerging outbreaks [6].
Moreover, mRNA vaccine constructs can be readily modified in order to eliminate unde-
sired side effects or to enhance immunogenicity, e.g., to respond to mutations and antigenic
changes in the organism.

mRNA based vaccines are generally classified as either conventional, nonreplicating,
or self-replicating (self-amplifying). Nonreplicating mRNA constructs are small in size,
simple, and lack additional encoded proteins capable of inducing unintentional immune
responses [7]. They encode the immunogen of interest, which is flanked by 50 and 30

untranslated regions (UTRs), a 5’ cap structure consisting of 7-methylguanosine (m7G)
connected by a triphosphate bridge to the first nucleotide, and a 30-poly(A) tail (Figure 1A).
The 50 m7G cap blocks recognition by the cytoplasmic RNA sensor, RNA helicases retinoic
acid-inducible gene I (RIG-I), suppresses 50–30 exonuclease-mediated degradation, recruits
translation initiation factors, and promotes efficient translation [8]. The length, structure,
and regulatory elements within both the 50 and 30 UTR regions also contribute to maximum
gene expression [9,10]. The poly(A) tail and its length are critical for translation and
protection of the mRNA vaccine construct from degradation [11,12]. Translation efficiency is
also enhanced by sequence engineering (codon optimization) and nucleoside modification
(e.g., replacement of uridine with pseudouridine), which suppresses Toll-like receptor (TLR)
recognition and the innate immune response to mRNA constructs [13–15]. mRNA purity
is essential; DNA-dependent RNA polymerases yield small oligoribonucleotide as well
as double-stranded RNA impurities during construct synthesis [16,17]. Removal of these
impurities, which are recognized by pattern recognition receptors, promotes translation
and protein synthesis by suppressing the innate immune response and the production of
type I interferon and inflammatory cytokines [18].
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Figure 1. mRNA vaccine constructs. Constructs are classified as either nonreplicating (a) or self-replicating (b) and com-
posed of a 5′ m7G cap, 5′ and 3′ untranslated regions (UTR) which flank the nucleotide sequence that encodes the immu-
nogen of interest, and a 3′-poly(A) tail. Additionally, self-replicating mRNA constructs encode an RNA-dependent RNA 
polymerase (RDRP) complex that transcribes and amplifies the message. 

Self-replicating mRNA constructs (replicons) encode an RNA-dependent RNA poly-
merase (RDRP) complex required for self-amplification as well as the components found 
in nonreplicating constructs (Figure 1B) [19,20]. The RDRP complex is often derived from 
alphaviruses, e.g., Sindbis virus [19,20]. Self-replication increases the magnitude and du-
ration of construct expression and, consequently, production of the encoded immunogen. 
In non-human primates (NHP), low doses of self-replicating mRNA vaccine induced en-
hanced immunogen production for an extended duration, where production peaked on 

Figure 1. mRNA vaccine constructs. Constructs are classified as either nonreplicating (a) or self-replicating (b) and
composed of a 50 m7G cap, 50 and 30 untranslated regions (UTR) which flank the nucleotide sequence that encodes the
immunogen of interest, and a 30-poly(A) tail. Additionally, self-replicating mRNA constructs encode an RNA-dependent
RNA polymerase (RDRP) complex that transcribes and amplifies the message.

Self-replicating mRNA constructs (replicons) encode an RNA-dependent RNA poly-
merase (RDRP) complex required for self-amplification as well as the components found
in nonreplicating constructs (Figure 1B) [19,20]. The RDRP complex is often derived from
alphaviruses, e.g., Sindbis virus [19,20]. Self-replication increases the magnitude and du-
ration of construct expression and, consequently, production of the encoded immunogen.
In non-human primates (NHP), low doses of self-replicating mRNA vaccine induced en-
hanced immunogen production for an extended duration, where production peaked on day
3 and remained detectable for more than 14 days following immunization [20]. Similarly,
immunization with a self-replicating mRNA construct induced more protein synthesis
for a longer period of time and a greater immune response in mice, compared with a
nonreplicating mRNA vaccine [21]. An additional advantage of self-replicating mRNA
constructs is the ability to incorporate multiple gene sequences into the same replicon,
allowing the expression of both the target immunogen and immunomodulatory molecules
such as CD40L, CD70, OX40L, and GM-CSF to enhance potency [22,23].

Self-replicating constructs are much larger than nonreplicating mRNA constructs
(i.e., 9.3 versus 2.2 kb), making production and stability more challenging and possibly
limiting vaccine internalization [23,24]. They tolerate few nucleotide modifications or

https://www.sigmaaldrich.com/FR/en/technical-documents/technical-article/pharmaceutical-and-
biopharmaceutical-manufacturing/vaccine-manufacturing/manufacturing-strategies-for-mrna-vaccines

Example 2: mRNA vaccines production

Overall process

Double-stranded DNA 
coding for the Drug 
substance

Drug substance

Vaccines 2021, 9, 390 3 of 15

standardized and scaled-up, improving responsiveness to large emerging outbreaks [6].
Moreover, mRNA vaccine constructs can be readily modified in order to eliminate unde-
sired side effects or to enhance immunogenicity, e.g., to respond to mutations and antigenic
changes in the organism.

mRNA based vaccines are generally classified as either conventional, nonreplicating,
or self-replicating (self-amplifying). Nonreplicating mRNA constructs are small in size,
simple, and lack additional encoded proteins capable of inducing unintentional immune
responses [7]. They encode the immunogen of interest, which is flanked by 50 and 30

untranslated regions (UTRs), a 5’ cap structure consisting of 7-methylguanosine (m7G)
connected by a triphosphate bridge to the first nucleotide, and a 30-poly(A) tail (Figure 1A).
The 50 m7G cap blocks recognition by the cytoplasmic RNA sensor, RNA helicases retinoic
acid-inducible gene I (RIG-I), suppresses 50–30 exonuclease-mediated degradation, recruits
translation initiation factors, and promotes efficient translation [8]. The length, structure,
and regulatory elements within both the 50 and 30 UTR regions also contribute to maximum
gene expression [9,10]. The poly(A) tail and its length are critical for translation and
protection of the mRNA vaccine construct from degradation [11,12]. Translation efficiency is
also enhanced by sequence engineering (codon optimization) and nucleoside modification
(e.g., replacement of uridine with pseudouridine), which suppresses Toll-like receptor (TLR)
recognition and the innate immune response to mRNA constructs [13–15]. mRNA purity
is essential; DNA-dependent RNA polymerases yield small oligoribonucleotide as well
as double-stranded RNA impurities during construct synthesis [16,17]. Removal of these
impurities, which are recognized by pattern recognition receptors, promotes translation
and protein synthesis by suppressing the innate immune response and the production of
type I interferon and inflammatory cytokines [18].
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Self-replicating mRNA constructs (replicons) encode an RNA-dependent RNA poly-
merase (RDRP) complex required for self-amplification as well as the components found 
in nonreplicating constructs (Figure 1B) [19,20]. The RDRP complex is often derived from 
alphaviruses, e.g., Sindbis virus [19,20]. Self-replication increases the magnitude and du-
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RNA polymerase (RDRP) complex that transcribes and amplifies the message.

Self-replicating mRNA constructs (replicons) encode an RNA-dependent RNA poly-
merase (RDRP) complex required for self-amplification as well as the components found
in nonreplicating constructs (Figure 1B) [19,20]. The RDRP complex is often derived from
alphaviruses, e.g., Sindbis virus [19,20]. Self-replication increases the magnitude and du-
ration of construct expression and, consequently, production of the encoded immunogen.
In non-human primates (NHP), low doses of self-replicating mRNA vaccine induced en-
hanced immunogen production for an extended duration, where production peaked on day
3 and remained detectable for more than 14 days following immunization [20]. Similarly,
immunization with a self-replicating mRNA construct induced more protein synthesis
for a longer period of time and a greater immune response in mice, compared with a
nonreplicating mRNA vaccine [21]. An additional advantage of self-replicating mRNA
constructs is the ability to incorporate multiple gene sequences into the same replicon,
allowing the expression of both the target immunogen and immunomodulatory molecules
such as CD40L, CD70, OX40L, and GM-CSF to enhance potency [22,23].

Self-replicating constructs are much larger than nonreplicating mRNA constructs
(i.e., 9.3 versus 2.2 kb), making production and stability more challenging and possibly
limiting vaccine internalization [23,24]. They tolerate few nucleotide modifications or
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standardized and scaled-up, improving responsiveness to large emerging outbreaks [6].
Moreover, mRNA vaccine constructs can be readily modified in order to eliminate unde-
sired side effects or to enhance immunogenicity, e.g., to respond to mutations and antigenic
changes in the organism.

mRNA based vaccines are generally classified as either conventional, nonreplicating,
or self-replicating (self-amplifying). Nonreplicating mRNA constructs are small in size,
simple, and lack additional encoded proteins capable of inducing unintentional immune
responses [7]. They encode the immunogen of interest, which is flanked by 50 and 30

untranslated regions (UTRs), a 5’ cap structure consisting of 7-methylguanosine (m7G)
connected by a triphosphate bridge to the first nucleotide, and a 30-poly(A) tail (Figure 1A).
The 50 m7G cap blocks recognition by the cytoplasmic RNA sensor, RNA helicases retinoic
acid-inducible gene I (RIG-I), suppresses 50–30 exonuclease-mediated degradation, recruits
translation initiation factors, and promotes efficient translation [8]. The length, structure,
and regulatory elements within both the 50 and 30 UTR regions also contribute to maximum
gene expression [9,10]. The poly(A) tail and its length are critical for translation and
protection of the mRNA vaccine construct from degradation [11,12]. Translation efficiency is
also enhanced by sequence engineering (codon optimization) and nucleoside modification
(e.g., replacement of uridine with pseudouridine), which suppresses Toll-like receptor (TLR)
recognition and the innate immune response to mRNA constructs [13–15]. mRNA purity
is essential; DNA-dependent RNA polymerases yield small oligoribonucleotide as well
as double-stranded RNA impurities during construct synthesis [16,17]. Removal of these
impurities, which are recognized by pattern recognition receptors, promotes translation
and protein synthesis by suppressing the innate immune response and the production of
type I interferon and inflammatory cytokines [18].
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Self-replicating mRNA constructs (replicons) encode an RNA-dependent RNA poly-
merase (RDRP) complex required for self-amplification as well as the components found
in nonreplicating constructs (Figure 1B) [19,20]. The RDRP complex is often derived from
alphaviruses, e.g., Sindbis virus [19,20]. Self-replication increases the magnitude and du-
ration of construct expression and, consequently, production of the encoded immunogen.
In non-human primates (NHP), low doses of self-replicating mRNA vaccine induced en-
hanced immunogen production for an extended duration, where production peaked on day
3 and remained detectable for more than 14 days following immunization [20]. Similarly,
immunization with a self-replicating mRNA construct induced more protein synthesis
for a longer period of time and a greater immune response in mice, compared with a
nonreplicating mRNA vaccine [21]. An additional advantage of self-replicating mRNA
constructs is the ability to incorporate multiple gene sequences into the same replicon,
allowing the expression of both the target immunogen and immunomodulatory molecules
such as CD40L, CD70, OX40L, and GM-CSF to enhance potency [22,23].

Self-replicating constructs are much larger than nonreplicating mRNA constructs
(i.e., 9.3 versus 2.2 kb), making production and stability more challenging and possibly
limiting vaccine internalization [23,24]. They tolerate few nucleotide modifications or
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standardized and scaled-up, improving responsiveness to large emerging outbreaks [6].
Moreover, mRNA vaccine constructs can be readily modified in order to eliminate unde-
sired side effects or to enhance immunogenicity, e.g., to respond to mutations and antigenic
changes in the organism.

mRNA based vaccines are generally classified as either conventional, nonreplicating,
or self-replicating (self-amplifying). Nonreplicating mRNA constructs are small in size,
simple, and lack additional encoded proteins capable of inducing unintentional immune
responses [7]. They encode the immunogen of interest, which is flanked by 50 and 30

untranslated regions (UTRs), a 5’ cap structure consisting of 7-methylguanosine (m7G)
connected by a triphosphate bridge to the first nucleotide, and a 30-poly(A) tail (Figure 1A).
The 50 m7G cap blocks recognition by the cytoplasmic RNA sensor, RNA helicases retinoic
acid-inducible gene I (RIG-I), suppresses 50–30 exonuclease-mediated degradation, recruits
translation initiation factors, and promotes efficient translation [8]. The length, structure,
and regulatory elements within both the 50 and 30 UTR regions also contribute to maximum
gene expression [9,10]. The poly(A) tail and its length are critical for translation and
protection of the mRNA vaccine construct from degradation [11,12]. Translation efficiency is
also enhanced by sequence engineering (codon optimization) and nucleoside modification
(e.g., replacement of uridine with pseudouridine), which suppresses Toll-like receptor (TLR)
recognition and the innate immune response to mRNA constructs [13–15]. mRNA purity
is essential; DNA-dependent RNA polymerases yield small oligoribonucleotide as well
as double-stranded RNA impurities during construct synthesis [16,17]. Removal of these
impurities, which are recognized by pattern recognition receptors, promotes translation
and protein synthesis by suppressing the innate immune response and the production of
type I interferon and inflammatory cytokines [18].
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composed of a 50 m7G cap, 50 and 30 untranslated regions (UTR) which flank the nucleotide sequence that encodes the
immunogen of interest, and a 30-poly(A) tail. Additionally, self-replicating mRNA constructs encode an RNA-dependent
RNA polymerase (RDRP) complex that transcribes and amplifies the message.

Self-replicating mRNA constructs (replicons) encode an RNA-dependent RNA poly-
merase (RDRP) complex required for self-amplification as well as the components found
in nonreplicating constructs (Figure 1B) [19,20]. The RDRP complex is often derived from
alphaviruses, e.g., Sindbis virus [19,20]. Self-replication increases the magnitude and du-
ration of construct expression and, consequently, production of the encoded immunogen.
In non-human primates (NHP), low doses of self-replicating mRNA vaccine induced en-
hanced immunogen production for an extended duration, where production peaked on day
3 and remained detectable for more than 14 days following immunization [20]. Similarly,
immunization with a self-replicating mRNA construct induced more protein synthesis
for a longer period of time and a greater immune response in mice, compared with a
nonreplicating mRNA vaccine [21]. An additional advantage of self-replicating mRNA
constructs is the ability to incorporate multiple gene sequences into the same replicon,
allowing the expression of both the target immunogen and immunomodulatory molecules
such as CD40L, CD70, OX40L, and GM-CSF to enhance potency [22,23].

Self-replicating constructs are much larger than nonreplicating mRNA constructs
(i.e., 9.3 versus 2.2 kb), making production and stability more challenging and possibly
limiting vaccine internalization [23,24]. They tolerate few nucleotide modifications or
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Conclusion 
Vaccines are sensitive bioproducts: their manufacture involves raw materials of biological 
origin and a complex and variable process. Their marketing conditions are reinforced 
through a release process by a national authority in addition to the control generally 
carried out by the manufacturer. 

The release control of each batch by medical authorities, in parallel with the control 
carried out by the manufacturer, is an additional guarantee of the safety of the vaccines. 

« For every US$ 1 spent on 
vaccination against diseases 
associated with 10 antigens in low- 
income and middle-income 
countries, the estimated return on 
investment for society is US$16 due 
to direct savings on healthcare and 
increased productivity » 
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ABSTRACT: The evolution of vaccines (e.g., live attenuated,
recombinant) and vaccine production methods (e.g., in ovo,
cell culture) are intimately tied to each other. As vaccine
technology has advanced, the methods to produce the
vaccine have advanced and new vaccine opportunities
have been created. These technologies will continue to
evolve as we strive for safer and more immunogenic vaccines
and as our understanding of biology improves. The evolu-
tion of vaccine process technology has occurred in parallel to
the remarkable growth in the development of therapeutic
proteins as products; therefore, recent vaccine innovations
can leverage the progress made in the broader biotechnology
industry. Numerous important legacy vaccines are still in
use today despite their traditional manufacturing processes,
with further development focusing on improving stability
(e.g., novel excipients) and updating formulation (e.g.,
combination vaccines) and delivery methods (e.g., skin
patches). Modern vaccine development is currently exploit-
ing a wide array of novel technologies to create safer and
more efficacious vaccines including: viral vectors produced
in animal cells, virus-like particles produced in yeast or
insect cells, polysaccharide conjugation to carrier proteins,
DNA plasmids produced in E. coli, and therapeutic cancer
vaccines created by in vitro activation of patient leukocytes.
Purification advances (e.g., membrane adsorption, precipi-
tation) are increasing efficiency, while innovative analytical
methods (e.g., microsphere-based multiplex assays, RNA
microarrays) are improving process understanding. Novel
adjuvants such as monophosphoryl lipid A, which acts on
antigen presenting cell toll-like receptors, are expanding the
previously conservative list of widely accepted vaccine adju-
vants. As in other areas of biotechnology, process charac-
terization by sophisticated analysis is critical not only to
improve yields, but also to determine the final product
quality. From a regulatory perspective, Quality by Design
(QbD) and Process Analytical Technology (PAT) are im-
portant initiatives that can be applied effectively to many
types of vaccine processes. Universal demand for vaccines
requires that a manufacturer plan to supply tens and some-
times hundreds of millions of doses per year at low cost. To
enable broader use, there is intense interest in improving
temperature stability to allow for excursions from a rigid
cold chain supply, especially at the point of vaccination.
Finally, there is progress in novel routes of delivery to move

away from the traditional intramuscular injection by syringe
approach.

Biotechnol. Bioeng. 2012;109: 1443–1460.
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Introduction

The earliest vaccines were relatively crude and consisted of
partially purified live attenuated virus (e.g., smallpox,
rabies) or inactivated bacteria (e.g., pertussis). Over time,
more refined methods were introduced such as chemical
treatment of a protein toxin to form a toxoid (e.g., tetanus,
diphtheria), development of a purified and inactivated virus
(e.g., hepatitis A), development of virus-like particles (e.g.,
hepatitis B, human papillomavirus), and use of purified
polysaccharides (e.g., pneumococcal vaccines). Vaccines can
generally be classified as whole organism, purified macro-
molecules, combined antigens, recombinant vectors,
synthetic peptides, or DNA, and have been historically
introduced in approximately this order. As these vaccine
types have evolved, the production processes to make them
have had to evolve as well. A summary is given in Table I.

The first vaccines used whole live virus and human-to-
human or animal-to-human transfer, such as Edward
Jenner’s cowpox (vaccinia) pus inoculation in 1796,
intended to immunize against the more pathogenic
smallpox in humans. In fact, the word vaccination (Latin:
vaccinus¼ cow) originated from this first vaccine since it
was derived from a virus affecting cows (Dekleva, 1999).
Production methods then advanced to live attenuated virus
vaccines produced in vivo or in ovo.

Bacterial vaccines were created by Louis Pasteur in the
1880s, including vaccines for chicken cholera and anthrax
using weakened bacterial cultures. The Bacille Calmette-
Guerin (BCG) vaccine for tuberculosis (TB) was developed
around the same time (Bae et al., 2009). The pertussis
whooping cough vaccine, licensed in 1918, was the firstCorrespondence to: B. Buckland
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