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Vaccine
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» Vaccine: a biological preparation that provides
acquired immunity to a particular infectious

disease.
1923, Alexander Glenny 1959, John Enders 1993, Jeffrey Ulmer 2020
1798, Edward Jenner & Barbara Hopkins Growth media  Injection of plasmid DNA 15t mMRNA vaccine
Cow pox; Vaccine Formalin inactivate & cell culture encoding a flu antigen COVID-19
1885, Louis Pasteur 1931, Alice Miles Woodruff 1983, Enzo Paoletti 2016,
Virus attenuation; & Ernest Goodpasture 1st Recombinant DNA 15t DNA vaccine
Chicken cholera Culturing virus in eggs Vaccines, Hepatitis B Against Zika virus
1st generation vaccine 2"d generation vaccine 3rd generation vaccine
Inactivated who-cell vaccines Subunit vaccines MRNA vaccines & DNA vaccines
Smallpox, rabies, typhoid, Tetanus, diphtheria toxoid Zika virus, HIV, COVID-19
cholera, plague Hepatitis B
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MRNA Vaccine

» 1987, mixed mRNA with DOTMA (cationic lipid)

» Transfection NIH3T3 mouse cells
» It might be possible to “treat mRNA as a drug”

N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA)
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Robert Malone
“inventor of MRNA vaccines”

Promoted misinformation
about the safety and efficacy
of COVID-19 vaccines

++++++

cell line

Proc. Natl Acad. Sci. USA 1989, 86, 6077—-6081.

Evidence for translation of rabbit

globin mRNA after liposome-

Translation of rabbit globin
mRNA introduced

mediated insertion into a human cell line by liposomes into mouse lymphocytes

Nature 1978, 274, 921-923.

Nature 1978, 274, 923-924.



MRNA Vaccine

» 1993, 1t mMRNA vaccine tested
» Influenza A (in mice)

A) Lipo-RNA/Virus B) Virus/Virus
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C) Lipo-RNA/NP 147-158 | D) Virus/NP 147-153
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E) Empty Lipo F) RNA alone
10 + + RNA 1
5 - E E
G) Empty Lipo H) Unprimed
10 +
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Effector io Target Ratlo

Eur. J. Immunol. 1993, 23, 1719-1722.

> 2012, 1t mRNA vaccine in LNPs tested
A
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Zwitterionic lipid at 10%

20040

g Cationic lipid at 40%

. Cholesterol 48%

-9’ PEGylated lipid at 2%
@ Self-amplifying RNA

Proc. Natl Acad. Sci. USA 2012, 109, 14604-14609.

» 2020, COVID-19 mRNA vaccine
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Founded in 2008

moderna

Founded in 2010 5




MRNA Vaccine
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COVID-19 mRNA Vaccine

/ / / / mRNA Lipid nanoparticle
YeoWwyy

The vaccines made by Moderna and Pfizer-BioNTech use
mRNA that has been chemically modified to replace

the uridine (U) nucleotide with pseudouridine (V).
This change is thought to stop the immune system
reacting to the introduced mRNA.

To help the body mount an effective immune
response to later SARS-CoV-2 infections, the
mRNA sequence is adapted to stabilize the
spike protein in the shape it uses when
fusing with human cells.

700 S

The fatty nanoparticle around the
mRNA is made of four types of lipid
molecule. One of these is ‘ionizable’:
in the vaccine, many of these
molecules have a positive charge
and cling to negatively charged mRNA,
but they lose that charge in the more
alkaline conditions of the bloodstream,
reducing toxicity in the body. *Lipid attached to polyethylene glycol

PEG-lipid*

Cholesterol lonizable lipid



In vitro Transcribed (IVT) mRNA

» 1984, Synthesized mRNA by bacteriophage SF6 RNA polymerase in lab
» 1990, Jon A. Wolff & Robert W. Malone

» ,BgCATBgA RNA & ,BgLucBgA RNA /@/C‘:)OHCI
O’n' : gq Q.. o*‘cllﬁ)_ HNI)H\Q

1: control; 2: 5% sucrose;
' 8 B : | Ty ® | 3:0.005 unit CAT standard; 4: 0.05 unti CAT standard;
L Dy oy 5-8: 100 ug BgCATRgA,, RNA in 5% sucrose;

conversion 01 01 28 81 07 219 02 44 10 06 33 1.2 . . . .
18 h after quadricep muscles injected 9-10: 20 ug BgCATRgA,, RNA with 60 pg lipofection reagent

Nucleic Acids Res. 1984, 12, 7035—-7056. Science 1990, 247, 1465-1468.
In vitro transcribed (IVT) mRNA

Template

The poly(A) tail in  YeS [Gotranscriptional | YeS [Transcription with
the DNA template capping RNA polymerase
| No . m’G Cap 3 -UTR
e T es - ——
Co-transcriptional | Transcription with Adding tail with .5 L L ' ' -
capping RNA Polymerase poly(A) polymerases (reccHN BB - AAAAA 00250
l No 5'-UTR
Transcription with |[——|Adding tail with Capping with /
RNA polymerase poly(A) polymerases capping enzymes 8




Translation Initiation

§-m’GCap ( —EEEIIIIT ORF B AAAAA 150250

3' -100250 AAAAA

PAPB

Ribosome ) Peptide

Balance between translation and mRNA decay



MRNA Design

b
5-m’g Cap o & & & \iiz
Combines elF4E during initiation H OR; . B
Increase stability & transfection efficiency e .
Cap 0: R, = Me, Ry, R, = H e il
Cap 1: R, R, =Me, R; =H \ Rs
5-mGCap ( —PPP ORF

5’-Untranslated region (5’-UTR)
Subcellular localization of mMRNA
Involved in initiating the translation

Open Reading Frame (ORF)

Poly A tail

Combines PABPs

Regulates translation efficiency
Length of poly A tail affecting stability
Not always positive correlated

[AAAAA 150.250

3’-Untranslated region (3’-UTR)
Subcellular localization of mMRNA
Affects stability & half-life of mMRNA

Optimized codon usage to improve translation

(synonymous codons & GC content)

Optimized base usage to reduce endonucleolytic

attack (uridine to pseudouridine)
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Modulation of Immunogenicity

» Innate immune receptors

a Unmodified, unpurified mRNA i b Nucleoside-modified, purified mRNA
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Endosomal-
RNA sensing
* TLR3
* TLR7
* TLR8

Cytosolic-
RNA sensing
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T I I Native Ag
; expression
'\-/ Peptide-MHC | )

presentation

* Others?

DC maturation

= CD30

« CD86

* MHC classland Il

Fast protein liquid chromatography (FPLC)

» Toll-like receptors (TLRS)

') PAMP ar

Pathogen —

Pathogen gTO
|
|

Single-pass membrane-spanning receptors
Recognize structurally conserved molecules
derived from microbes.

€ TLRS3, TLR7, TLR8, TLR9 located in intracellular
vesicles (as sensors of nucleic acids)

L R 2
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Nucleoside Modification

» 1997, Ketalin Karik & Drew Weissman

» mRNA vaccine for HIV

Number of modified nucleosides in RNA-1571
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5-Me-Cytosine

Alter the secondary structure of mMRNA
while still allowing effective translation

Immunity 2005, 23, 165-175.

Me\NH
N XN
¢ 1
HO N—N\NZ
o
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6-Me-Adenosine

Zika, HIV-1, influenza,
Ebola in 2017-2018
100% m1y in
COVID-19 mRNA
vaccines
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Direct Injection

» 1990, Jon A. Wolff & Robert W. Malone

» BgCATBgA, RNA

2 3 - 5 6 7 8 c: Sy | TS . IR
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percer!t 1 I 1 I T I I J T I I
conversion 0.1 01 28 81 07 219 02 44 10 06 33 1.2

18 h after quadricep muscles injected
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Cl
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1: control; 2: 5% sucrose;
3: 0.005 unit CAT standard; 4: 0.05 unti CAT standard;

5-8: 100 ug

BgCATRgA, RNA in 5% sucrose;

9-10: 20 ug BgCATRgA,, RNA with 60 pg lipofection reagent

Science 1990, 247, 1465—-1468.
» Delivered by macrophages & immature dendritic cells

» Ex vivo Ioadmg of dendritic cells
» Electroporation

Immature DC Matl.llrelDC
(periphery) (lymphoid tissues)

‘Danger signals’ _— -[i-:‘;JMHc;J
. ER .
Antigen uptake

Antigen processing

Co-stimulatory capacity
T cell activation

Antigen presentation :
Cytokine secretion Tolerance Immunity

= Antigen loading
— Peptide

- Protein ?
- Viral vector Y
— Mucleic acids Er

+ Maturation

Immature DC - Pro-inflammatory Mature DC

+ Differentiation cy‘lloilcines ) rAD?JT;mIStratIDn
- GM-CSF + IL-4 - TriMix — Intradermal
— GM-CSF + IL-13 — Subcutaneous
— GM-CSF + IL-15 — Intranodal
—IL-3 + IFN-B — Intravenous
- = Intralymphatic
= Intratumoral

DC precursor

Cancer patient
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MRNA Delivery System
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Cationic Peptides and Polymers

» Cationic peptide — protamine — Arginine-rich nuclear protein
» Rabies & influenza A by CureVac

1000 T T T T T T T T T
100-%.& -

¢ -

S 104 A 1

c ®

= 1- ’ -

R S R =
0.14 T-m 1

57BL/G
0.01 C57BL

HI titer/50 pl serum

80 40 20 10 5 2.51.25HDC LICbuffer

RABV-G mRNA [pg]

320 -
160 S
80
20 —é§— HA
10 — = Qva
5 O O O O O
| ] | 1 I | T |
0O 10 20 30 4 50 60 70

» Cationic polymers — PEI & PAMAM dendrimer

HeN NHy  NH,

" L\Nf ¢
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Generation 1 PAMAM

» Toxicity & high poly dispersity index (PDI)

Week post-immunization
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Cationic Nano-emulsion (CNE)

» MF59 -- oil-in-water emulsion-based delivery systems

Appearance: milky-white oil-in-water emulsion
Ho HO Ho

H OHZGQ\& ?ﬁlp HPH o HO(CH,CH,0),

~(OCH,CH,),0H .
€ Intracellular delivery

H,0 H,0 . (OCH,CH,),0H
HO 3@ Sauaene @K HO e A ® Against RNases
H.O oil H.O : e GwH;sz
2 2

A 10, Tween 800.5% —@E @ Stability (3 months
oI §ePo" '

0 O
HO Ho HO woﬁ lower than 25 °C)
H
Components: - - b N “ b o y
0

Squalene oil 4.3%

Density: 0.9963 g/ml|
Size: approximately 160 nm
Viscosity: close to water, easy to inject Span 85 0.5% *

1,2-Dioleoyl-3-trimethylammonium propane (DOTAP)
Expert Rev Vaccines. 2013;72, 13-30. 16



Lipid Nanoparticles (LNPs)

€ Fused with lipid bilayer of endosomes

€ Against RNases CK:QD —2%\‘\‘\“‘\“ ﬂ ﬁ /7 /7

4 Components: Cholesterol ’d
et
® Cationic ionizable lipids /\/0: é%%@iﬁ“ ﬂ ﬂ jf/%
® PEG lipids PEG lipias @ L% \k% _® %%
® Phospholipids o= — ENM —9 o:tg
Helper C% — ‘“?\ -0 @
® Cholesterol phospholipids /\-—gf’: :::.; \}‘ . \ &~
€ Formulation - .: bl %% g o S *\% gg.
lipids %% ﬁj\g & u §§
® pH < 4.0 aqueous @ /) u u u &@

® Microfluidic mixing N\[\f\f\f\ M /7 \\
® RNases free MRNA ‘/y‘/ U u U \k\k\k
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Lipid Nanoparticles (LNPs)

» Cationic ionizable lipids

At endosomal pH (5-6); pH < pKa

At physiological pH (7.4);

Cationic ionizable lipids are un-

Cationic lipids are ionized and Cytosolic delivery
ionized and forms electrostatically becomes fusogenic with endosomal of intact
stable lipoplex within LNP membranes therapeutic mRNA
Brand name Cationic ionizable lipid pK, of the
ionizable head
group
Onpattro' ™ (6Z2,972,287.317)-Heptatriaconta-6,9,28,31 tetraen-19-yl-4-(dimethylamino) butanoate (DLin-MC3-DMA) 6.44
Comirnaty™ ((4-Hydroxybutyl)azanediyl)bis(hexane-6, 1-diyl)bis(2-hexyldecanoate), ALC-0315 6.09
Spikevax™ (Heptadecan-9-yl 8-((2-hydroxyethyl) (6-oxo-6-(undecyloxy) hexyl) amino) octanoate }; SM102 6.75

18



T Follicular Helper Cell Response

€ Germinal center (GC)
® Activated B cells
® Proliferate B cells
® Differentiate B cells
® Mutate antibody genes

mutations

Apoptotic B Cell

Naive B cell

Light
zone

Mantle zone

€ Follicular helper T cells
(follicular B helper T cells, Try)
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SARS-CoV-2 mRNA vaccine

TCR
repertoire

Epitope
discovery & validation
1. Public database
2. Experimental results
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Cell 2022, 185, 603—613. 19



Safety

€ Theoretically safe vaccine format
® No toxic chemicals & cell culture
® Few opportunities to introduce contaminating microorganisms
® Do not infection or integration into host cell DNA

CUR@ @Pﬁzer SIONT=CH

Llhe A Peo‘afe®

Protamine-based rabies candidate CV7201 LNPs-based COVID-19 vaccine: BNT162b2
Severe adverse events in 78% participants Anaphylactic reactions: 4.7 per million
CV7202: dose < 1 ug 4 folds more than traditional vaccines

PEGylated lipid used in LNPs

moderna R

ALC-0159 (BNT162b2)

LNPs-based COVID-19 vaccine: mRNA-1273

Anaphylactic reactions: 2.5 per million PO ¥ O[\,o]/\o,
2 folds more than traditional vaccines SO “
O

PEGylated lipid used in LNPs
PEG-DMG (mRNA-1273)

No pain, no gain
20



MRNA Vaccines in development

SARS-CoV-2 . .
Matrix protein Fusion protein
Membrane Spike protein, spike protein Glycoprotein
Spike receptor-binding domain Large polymerase | WAED'™, no approved vaccine,
i tei multiple late-stage clinical trial
glycoprotein Ermerging variantss? protein . failurgsm g
Nucleocapsid — Phosphoprotein
Multwarlant_ bnoster'_. Fusion protein Target prefusion F conformation
Envelope pancoronavirus vaccine® for neutralizing antibodies'™
Nuclecprotein 9
Small hydrophobic
protein
Influenza virus Ebola virus
Membrane Haemagglutinin, neuraminidase, Glycoprotein Clycoprotein
nucleoprotein, ion channel Matrix VP40 Current FDA approved vaccine

Haemagglutinin requires —80 °C storage™,

Mew strains™?, annual vaccine - Storage -
no mRMNA vaccine in clinical

Mucl tei
Meuraminidase | modification ucleoprotein

development
Universal vaccine*, mosaic Polymerase .
Matrix protein  yaccine targeting multiple Thermostable vaccine
lon channel conserved regions’
Rabies virus
Envelope dimer prM-E Glycoprotein
Memb N " tions duri Polymerase Y
eurcomaliormations durin . f
Fmbrane pregnancy™, antibody- - Glycoprotein _’:_I":;?r !UU%fa;ahg. linical
dependentenhancement‘“ Matrix ::rialgﬂ?n.s'et acks in clinica

Capsid protein

Maternal vaccination™®, vaccine MNucleoprotein

encoding monoclonal antibody®™” Optimization of delivery vehicles

Phosphoprotein

Plasmodium gametocyte
Surface, gp120 | (malaria parasite) PMIF. PFGARP

env .
Transmembrane, Conserved regions of

gp41 R surface glycoproteins

Intearase - B Vacuole Lack of surface antigens,

P 9 Rapid mutations™, Erythrocyte complex life-cycle of parasite™®
rotease pol  proteoglycan shielding membrane : s

Reverse critical epitopes® Target infected cells', prevent

transcriptase MNucleus immune evasion'®
Broadly neutralizing

antibodies'™

Nucleocapsid
Matrix gag
Capsid, p24

D Targets D Challenges D Strategies




MmRNA Vaccines vs Others

Inactivated: killed to destroy disease-producing capacity; influenza, rabies, HPV
Attenuated: reduce the virulence, but still alive; polio vaccine, smallpox vaccine
Toxoid: inactivated toxin with immunogenicity; tetanus toxin

Subunit: contain purified parts of pathogen; hepatitis B, pertussis vaccine

Viral vectors: use a viral vector to deliver genetic materials; Ebola, COVID-19

DNA: a specific antigen-coding DNA sequence; antivenom sera.

® ¢ 6 0 0 0

MRNA: use mRNA to produce immune response. COVID-19

Inactivated . Toxoid  Subunit Viral DNA mRNA
attenuated vectors

Immune response

Lasting protection

Stability
Safety
Manufacturing

Adjuvants

sl
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