Thank you for the feedback - keep doing it and remain critical!

How was your overall impression of the third lecture?
13 Antworten
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How did you experience the interactions between your peers and David, and among the peers?
13 Antworten
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6
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1 2 3 4 5 6

10,0

7,5

5,0

2,5

0,0

+ + + +

How well could you understand and follow David (the lecturer)?
13 Antworten

3 (23,1 %)

0 (0 %) 0 (0 %) 0 (0 %)

1(7,7 %)

9 (69,2 %)

1 2 3 4 5

Teamwork and interaction wished

So far easy to follow and understandable
Good peer and lecture interaction

Team discussions are highly valuable

Role play can be shorter but was interesting
More insights on how decisions are made



AMIDD Lecture 4: Biological foundation of drug discovery

Mary E. Brunkow Fred Ramsdell Shimon Sakaguchi

Nobel Prize in Physiology or Medicine 2025 acknowledges groundbreaking discoveries concerning
peripheral immune tolerance that prevents the immune system from harming the body.

Dr. Jitao David Zhang, Computational Biologist
" Pharmaceutical Sciences, Pharma Research and Early Development, Roche Innovation Center Basel, F. Hoffmann-La Roche
2 Department of Mathematics and Informatics, University of Basel



Topics of lecture 4

 Key questions of drug discovery and the biological foundations in the
context of Covid-19 vaccine
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Five key questions in drug discovery
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Medical Need

What is the unmet
medical need to be
addressed?

Target &
modality

What is the target?
What is the
modality?

PK/PD

How much drug
reach which body
part? What does
body do to the drug
(PK)? What does
the drug do to the
body (PD)?

Benefit/risk

What is the toxicity
of the drug? Is it
justifiable given the
benefits?

Patient
stratification

Who are responsive
to the drug? Who
are susceptible to
adverse events?



Nobel Prize in Physiology or Medicine 2023 was
awarded to Katalin Kariké and Drew Weissman
for “their discoveries concerning nucleoside
base modifications that enabled the development
of effective mRNA vaccines against COVID-19”

Recombinant protein Nucleic acid Inactivated

Main methods for vaccine
production before the
COVID-19 pandemic:
Recombinant protein
(e.g. HBV)
Inactivated viruses
(e.g. Influenza and

Viral vector

Others

14% 1%

Conjugate Attenuated | Toxoid
Virus-like particle Unknown

Epldemlc cerebrospinal meningitis

Polio)

. 25% 6% 21%
e viral vectors (e.g.

HIV). SARS-CoV-2 Influenza HIV Malaria | RSV | 2/; W 1% ) Others

Pneumococcal

Issues: large-scale cell infection HI:DV, dlplhtherla,

. . . : t i
culture is required, which Rekies: [P Hs

limits the possibilities for

. . . Yue, J. et al. The R&D landscape for infectious
rapid production in response

disease vaccines. Nature Reviews Drug Discovery
22, 867-868 (2023).

Shigellosis, hand-foot-and-mouth disease,
poliomyelitis, tetanus, herpes zoster, dengue
fever, haemophilus influenzae, rotavirus, zika

to pandemics.

3)



The central dogma applies to human and viruses including

SARS-CoV-2
ATGAGchAAGT C

Transcription

e

oA

Translation l ' Codons

Protein @ @ @ @ Peptide

ﬂtalyses

Food and
water

Small
molecules




DNA or RNA encodes genetic

we know, including viruses

Hydrogen bonds

Nitrogenous bases: Thymine ! Adenine

mm Guanine -0 © NH

y 5 EmEBAdenine 05'0_ HO '.HZS\\;N\V o
information of all life forms that = o e NG ”QO
P,

Photo 51, X-ray diffraction
image of DNA

Franklin R, Gosling RG (1953)
"Molecular Configuration in Sodium
Thymonucleate". Nature 171: 740-741.

o
E==x Cytosine O N‘( O
O o O
HoN
0, | N O
P

! - 7_\// \
| I Cy< .- N 5
Base pair © o. N B NH >—N O‘Pio
_ —Q\IHQ ---- O Cytosine 05,
Sugar- 0 Guanine ©
phosphate | [ || |
backbone | | |
Sugar-phosphate Bases Sugar-phosphate
3 5 backbone backbone

ﬁ Nitrogenous base
O —P—0——CH> 0]
c'y
Phosphate
OH
Sugar

From the textbook OpenStax Anatomy and Physiology, discovered
through Wikimedia, reused under the CC license.
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RNA is transcribed from DNA
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CYTOSN‘»JNE [c] CYTOSNJNE [c]
L (Y
N (o] u (o]
GUANINE [g GUANINE [g
(o] (o]
N NH N NH ’mr‘
4 \ N)\NHZ 4 \ N)\NHZ %
ADENHIZN E I Deoxyribose- ADEN!&NE A g 2 %
=N phosphate =N ﬁ“", “-"* d
(N \ N) “backbone” KN ) N) A" m & “V m
; “ g Y
URACIL 7] THYMINE 7] "-’A “‘,ﬁ %
fJ\NH chf‘\NH é
LA Ribose- - Template/transcribed/a
H phosphate . i
Nucleotides “backbone” Nucleotides ntisense strand RNA-polymerase §
of RNA of DNA TITTITTTITITTITITITIUITITIT I GRS T I TTTT I I RT]
RNA DNA CTGACGGATCAGCCGCAAGEGGAATTGGCGACATAA NN
(ribonucleic acid) (deoxyribonucleic acid) GACUGCCUAGUCGGCGUU «“’
5 5 RNA-transcript
HOCH, o OH HOCH, o OH
| | | | GACTGCCTAGTCGGCGTTCGCCTTAACCGCTGTATT
4C cr 4C cr
INE /] INH - B Coding strand
H ca c H H : C H
. 24) il | Figure: https://commons.wikimedia.org/wiki/File:DNA_transcriptie.svg and
OH ©OH OH H https://en.m.wikipedia.org/wiki/File%3AHAR1F_RF00635_rna_secondary_structure.jpg. Original
Ribose 2-Deoxyribose work by wikipedia user: OrgreBot and user:Ppgardne. Used under CC-SA 3.0 license.


https://commons.wikimedia.org/wiki/File:DNA_transcriptie.svg
https://en.m.wikipedia.org/wiki/File:HAR1F_RF00635_rna_secondary_structure.jpg
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MRNA is translated into proteins
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|nf0rma’[|on encoded Cell nucleus
in messenger RNA

directs the addition T AR
of amino acids Transcription

during protein
synthesis. %

Translation
RNA polymerase

J Growing polypeptide chain
PR v tRNA

( Peptide moves
.y to the next tRNA /

The process, known
as translation, takes —k
place on ribosomes Cell cytoplasm
in the cell

cytoplasm.

CtRNA

Different cells

have different DNA ., cysocree’
segments ‘active’

and different

RNAs/proteins

expressed.

Ribosome

Outside cell
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Our body contains a variety of & KX
e 0N
cells PO TR YL
{ A bone marrow cells 2.5%
m\. : 3 R g . :
o O adipocytes 0.2% D o % e®®
! . - . lymphocytes 1.5% - 200 %°20 0g * % & ¢°°
3 w0~ Q 8 %g 087, °sftied
h loleP0ec & % & 000 %, *%
— platelets 4.9% g o0t 5 e uetee 8
-, . @ T oQ. @ r’ @®
f@z:ga‘”’.;? S
o 90
erythrocytes, 84% So%e
y YAy cae®e20 @

25x10'2 of 30x10"2

total human cell count bronchial endothelial

cells 0.5%

vascular endothelial
| cells 2.1%

SToa a3 epidermal respiratory
Bonsmcvsenenay cells 0.5% I \ interstitial cells 0.5%
dermal muscle cells other neurons

fibroblasts 0.1% 0.001% 2.0% andglia0.6%




A hierarchical system of cells, tissue, organ, organ system and human °
boody

Epithelial Epidermis: Skin: Integumentary System
Tissue Organ (Hair, Skin, Nails):
Organ System

Cells: basic Tissues: groups Organ: group Organ
building blocks, of specialized of tissuesto  systems:
variable cells that perform group of
morphologies  communicate  specific organs and

and functions . .
and collaborate functions tissues
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Human Cell Atlas: a consortium effort creating a 3D map of human cells
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B

Nervous system
16.7M cells
Eye

2.2M

Oral and craniofacial

Established in 2016, the Human Cell Atlas (HCA) Hm
consortium set out to create a comprehensive e
biological map of cells within the human body. T 25
See a collection of articles celebrating the first draft w— Sam”
of the atlas, and find out more about the resource at o Lo

its website, https://www.humancellatlas.org/. Reprocustion il e

9.0M
Adipose
1.8M

The effort is a typical reductionist approach to study ,.oseen

0.4M

human biology. —

15.0M

An open question is the benefit and risk of an
reductionist approach, and for what purposes and
under which circumstances, a holistic approach ' oremno

would be more advantageous. s il

i w 14.9M

18 HCA Biological Network Atlases, as of end 2024. Numbers: cells
profiled for which data have been generated.


https://www.nature.com/collections/jccbbdahji
https://www.nature.com/collections/jccbbdahji
https://www.humancellatlas.org/

Reductionist versus holistic approach

R

T
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A Sunday Afternoon on the Island of La Grande Jatte, George Seurat
Example inspired by Derek Lowe, author of /In the Pipeline



Inspired by questions ;/I <
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Extended reading on reductionist and holistic approaches:

antibiotics research

Drugs for bad bugs: confronting the challenges of antibacterial discovery, Payne et al., Nature
Reviews Drug Discovery, 2006: https://www.nature.com/articles/nrd2201, an industrial
perspective on learnings from failed reductionist approaches;

Recover the lost art of drug discovery, Kim Lewis, Nature, 2012,
hitps://www.nature.com/articles/485439a, recounting the Waksman platform discovering
antibiotics from soil bacteria;

The Science of Antibiotic Discovery, Kim Lewis, Cell, 2020:
hitps://www.cell.com/cell/fulltext/S0092-8674(20)30233-6, highlighting recent trends and future

directions of antibiotics discovery and development;


https://www.nature.com/articles/nrd2201
https://www.nature.com/articles/485439a
https://www.cell.com/cell/fulltext/S0092-8674(20)30233-6

Vaccine mimics viral infection to activate the immune system
to protect body from future infections

Vaccine mimics a viral infection to

activate innate and adaptive immune

system, while minimizing the
pathogenic effects.

Key players in the game:

1.
2.

Viral proteins as antigens

Antigen-presenting cells (e.g.
dendritic cells)

T cells (T comes from Thymus,
because they mature there)

B cells (B comes from bone
marrow).
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Muscle oO;Vaccine antigen
o
voaA o 4&——Adjuvant (containing
/ danger signals)
Dendritic
1l
b ce
PRR
MHC class I
Peptide of
vaccine antigen
CD4" T cell
Activation and j S
trafficking to Tcell help
draining lymph
node

MHC
class | l
CD8" T cell

TCR j
MHC Tcell
class Il help |

Soluble
vaccine
antigen

BCR

B cell

Proliferation
—_—

Maturation of the
antibody response

Plasma cell differentiation
and antibody production

|

| Bone marrow

Long-lived
plasma cell

|
|
|
|
|
|
|
i
|
|
|
I

Pollard, A. J. & Bijker, E. M. A guide to vaccinology: from basic principles to new developments.

Nature Reviews Immunology 21, 83—100 (2021).
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Coronavirus is a RNA virus infecting human and other species o
100 Wuhan-Hu-1 China 2019 NC 045512*
100 _|: RaTG13 China 2013 MN996532*
100 RmYNO2 China 2019 EPI ISL 412977*
L MP789 China 2019 MT121216*
P1E China 2017 MT040334*
100 ZC45 China 2017 MG772933*
WE ZXC21 China 2015 MG772934*
| BM48-31 Bulgaria 2008 NC 014470

The coronavirus virion consists of
structural proteins, namely spike (S),
envelope (E), membrane (M),
nucleocapsid (N)

100 BtKY72 Kenya 2007 KY352407

100 ﬁ‘j Longquan-140 China 2012 KF294457
H

KU3-12 China 2007 GQ153547
100 —— Rm1 China 2004 DQ412043 Host Virus
Rf1 China 2004 DQ412042 [ Human SARS-CoV-2
97 — ol 16B0133 South-Korea 2016 KY938558 [[] Bat Rhinolophus sp.
—yuﬁgﬂ; ’iifa?ﬁifi 1X993988 ‘ [] Pangolin Animal
YNLF 31C China 2013 KP886808 Bat Chaerophonsp. | SARSr-CoVs
As6526 China 2014 KY417142 [] Bat Aselliscus sp.
Frankfurt-1 Germany 2003 AY291315* 0.05 [ Human SARS-CoV

Phylogenetic relationships of representative members
of the species Severe Acute Respiratory Syndrome
(SARS)-related coronavirus

V’kovski, P., Kratzel, A., Steiner, S., Stalder, H. & Thiel, V. Coronavirus biology and replication: implications for
SARS-CoV-2. Nat Rev Microbiol 19, 155-170 (2021).
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Sequence of the spike protein is largely conserved between
SARS-CoV-2 and related viruses z

Nucleotide
1 2,0|OO 4'0.00 6,(?00 8,OIOO 10,900 12,900 14,900 16,|000 18,900 20,900 22,|000 24,900 26,|000 28,|000 29,|903
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| |
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Receptor-binding domain ACE2 contact residues
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https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1038/s41591-020-0820-9

X

>/|\/|\/

Spike protein of coronavirus is responsible for viral entry into

human cells

ﬁg*&' &’/,//
Y ¥ arad
P | ' v
32 gsfs

o Receptor(ACE2)

b 1 g)n Host Cell
#2 %\
SARS-CoV-2 (\\ : S1
HR1
S2
HR2

Spike Protein (Trimer)

SN Al

t‘:"v ')“ ¢ ’% ::j‘
"n * TR

5 *\ .:'\-..!-_‘.‘ S
g " SARS-CoV-2 San §si ~ L fiﬁ.‘a‘ :
'-ﬁ’, ‘g£ ; & 5y 1o 58 "A
p 0 5, 4{ 7
— ’,m‘g\ \ ,_;»’;, i~
Py
\\ ) A \\' » //
i '. Buddmg\ P
Viral entry = S u?,
\
) N N A &' f,, ‘&;:
"*\ %t = E
;\AA: E‘ \ ";""4; ¥ VQ .
\ & 'y NS
R & ==, =
+5' | -3 Assembl
NANANANNANANNAANS  Replication and packaging y
-3 l +5 = —_— >
NNANNNANNANNANANS » Golgic
Translation &"_ — ERGIC
1aand 1b e T -
Transcripti 2 % 3’ {
B —  3aandd % ER
mRNAs — E i
= 'r\: Translation
. Nucleus

Huang, Y., Yang, C., Xu, X., Xu, W. & Liu, S. Structural and functional properties of
SARS-CoV-2 spike protein: potential antivirus drug development for COVID-19. Acta
Pharmacol Sin 41, 1141-1149 (2020).
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A summary of what we have learned so far in the context of Bg\
coronavirus

1. What is the unmet medical need to be addressed? \We need a vaccine to prevent a large
population of individuals from being infected by coronavirus, which have severe consequences.

2. What are the target(s) of our drug? Spike protein is conserved: immune reaction is desired.

3. Where should the drug go in patient’s body, what does body do to the drug, and what does the
drug do to the body? Due to time constraints, classical vaccine may not meet the need. How
about mMRNA vaccines?

4. What is the safety profile of the drug in light of its benefits? To be investigated.

5. Who are responsive to the drug, or susceptible to adverse events? To be investigated.



Three essential challenges for mRNA-based therapies:
delivery, stability, and unwanted immune responses

outer face & hydrophilic (polar) head

hydrophaobic

» ; _ £ . f A‘ » Of phospholipid (nonpolar)
~L‘:,§$ %’ : : oof  Sugar side chain % P fatty acid tail
',ﬁ'{’ i:f' Y & ¥ e T of phospholipid

L e | oy

N ‘x"“‘,-g_{'gf - ; ‘ L

AL g

integral (intrinsic) proteins peripheral {extrinsic) protein

inner face © 2007 Encyclopaedia Britannica, Inc.

Key challenges:
e mMRNAs are too large and charged to pass lipid
bilayers.
e mMRNAs are degraded, e.g. by ribonucleases.
e Exogenous mRNAs cause immunogenicity.
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8]
BA
Single-stranded Double-stranded Self-replicating CRISPR-Cas9
ASO siRNA mRNA sgRNA
ANNNI @
(4-10 kDa) (~14 kDa) (600—-10,000 kDa) (~200 kDa)
\ [
No bioavailability
L Limited \_/"
% bioavailability
e Ly Small-
i ‘ molecule

The billion-year-old barrier

SRR LR ﬁ:{u@,&ff .
S,
. e

ESY

%fffmm»»&@ //7— }‘7\\

drugs

Left: Cell membrane, copyright of Encylopedia Britannica, Inc. Right: The

four-billion-year-old barrier to RNA therapeutic
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Lipid NanoParticles (LNP) helps delivering RNAs into cells
2

ls

e Lipid nanoparticles can take mRNA
vaccines as largos, and deliver them
into human cells.

e In the cell, MRNA encoding the part of
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Humoral Cell-mediated
B cell T ‘\ ( immune response IFN-y lnane i< ponse
i C 1
Cytokme \
ig § producﬂon?ﬁ 1t r\ m
‘ \

)K s Tl }J

CD4* T cell
(helper)

CD8* T cell
(cytotoxic)

mRNA vaccine

MHC II#

the spike protein sequence is
translated into proteins with the human
protein translation mechanism.

e Synthesized proteins will be degraded
and exposed on cell surface, which will
be recognized by antigen presenting
cells.

Salleh, Mohd Zulkifli et al. “Immunogenicity Mechanism of mRNA
Vaccines and Their Limitations in Promoting Adaptive Protection
against SARS-CoV-2.” Peerd 10 (March 9, 2022)

& Endocytosis

full-length
spike

Endosome ="

Endosome § %

/ Antigen
’

Proteasome
Ribosome ’ Golgi
5 apparatus
3 |
Endosomal RED ffpiasm e |
escape = — -
— . — == Nucl S ——
/ o S ucleus \ &9 — |
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https://doi.org/10.7717/peerj.13083
https://doi.org/10.7717/peerj.13083
https://doi.org/10.7717/peerj.13083

RNAs are degraded by proteins known as ribonucleases (RNAases)

,{
MRNAs are degradable by ribonucleases (RNases).

RNases belong to enzymes, a class of proteins that
catalyse chemical reactions.
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RNase
RNase
RNAse
RNase
RNase
RNase
RNase
RNase

oW

RNase
RNase
RNAse
RNase
RNase
RNase
RNase
RNase

S Un e WNhNe

RNase
RNase
RNAse
RNase
RNase
RNase
RNase
RNase

@O WwN R

Left: Structure of PDB 7RSA. Right: alignment of protein
sequences of 8 canonical human RNases (ribonuclease A
family). Sorrentino FEBS Letters, 2010.
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https://www.rcsb.org/3d-view/7RSA
https://doi.org/10.1016/j.febslet.2010.04.018
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Unmodified RNA induces unwanted immune reactions: Gy
modifying RNA can reduce or remove them
300 4

Exogenous RNAs induce immunogenicity. RNAs are
synthesized from four ribonucleotides: ATP (adenosine Ea
triphosphate), CTP (cytidine triphosphate), UTP (uridine ]
triphosphate), and GTP (guanosine triphosphate). =

S 150

=
When unmodified RNAs are delivered into cells, they induce .if -
unwanted immune reaction. They activate the surface proteins "
known as Toll-like receptors (TLRs), which leads to the 501
release of cytokines including the tumor necrosis factor alpha
(TNF-alpha). TLRs and TNF-alpha are also activated by LI e e= 12t 3 =3 <= =
bacterial and viral infections and mediate their killing. § 15; & %8 g 3 § % ('; g2 g
Some type of RNA, however, does not induce immunogenicity, f.;f% _ 8 F E. coli
for instance human tRNA. This finding by Kariké and - e i
Drewman made major contributions to the successful Recogniion by TolHike Recsptors: The Impact of Nudleosde Modificaton

development of SARS-CoV-2 mRNA vaccines. and the Evolutionary Origin of RNA. Immunity 23, 165-175 (2005).
23



Human tRNA contains pseudouridine, a modified uridine,

which does not induce immunogenicity

growing peptide chain

incoming tRNA

outgoing
ampty tRNA

tRNA § tRNA /
\ UUujCuUA
UGGAAAUGGAAAGAUUUCAAAUGGUUCAAA
messenger RNA

ribosome

Peptide Synthesis

By Boumphreyfr vector conversion by Glrx - File:Peptide syn.png, CC BY-SA
3.0, https://commons.wikimedia.org/w/index.php?curid=101457889. By
Yikrazuul, CC BY-SA 3.0, via Wikimedia Commons.

Left: tRNAs transfer amino
acids to ribosome for protein
translation. Top right: tRNA
structure, with the TWC loop
highlighted in the blue ellipse.
Below: structures of uridine and
pseudouridine.

0 0
NH NH
HO o
HO @) 0O
O
Uridine (V) Psefudouridine
HO OH OH OH (psi, w)


https://commons.wikimedia.org/w/index.php?curid=101457889

Further modification (N1-methyl-%¥Y) and LNP delivery are

NIX|/
NN
0N

>/|\/|\/

©
»C
wZ

critical for the success of mMRNA vaccines

a 3o\ a g,
X S ,
A Q‘oo e th\% g
Vd d‘ 9 Vd * Q Vd
” p 1)\ 5 HC /ll\ L
H HN NH N NH

HO \ H HO
0 — 0o — 0
Pseudouridylase Nep1

OH OH OH OH OH OH
Uridine Pseudouridine N1-methyl-Pseudouridine
(V) W) (N1-methyl-¥)

MRNA vaccines against human SARS-CoV-2 viruses,
developed in 2020 by Pfizer-BioNTech and Moderna
Therapeutics (comirnaty® and spikevax®,
respectively), reached clinical efficacies higher than
90%. Both benefited from modified RNA and LNP.
Curevac mRNA vaccine (CVnCoV), which used LNP
but not modified RNA, reached an efficacy of 48%.

Lipid r}aLr&%;;article
; N1-methyl-¥ Modified mRNA
Ugrr‘r‘l:%cz;if::z’dsr:ﬁgA / \ encoding Spike protein

protein f U AN1-methyl-¥
y

Ac
VA
UK
Injected
into arm

L
: [N1-methyl-W-modified mRNA]:
* Diminishing the activity of

Spike protein innate immune sensors

production by * Improving the translational
host cells capacity _
‘ * Increasing the protection of the
RNA against nucleases
Antibody
production

Unmodified vaccine:

Modified vaccine:
Lower efficacy (48%)

Higher efficacy (>90%)

Morais, P., Adachi, H. & Yu, Y.-T. The Critical Contribution of Pseudouridine
to mMRNA COVID-19 Vaccines. Front Cell Dev Biol 9, 789427 (2021).



Medical need: we need a _
large amount of vaccines

Challenge #1: No coronavirus vaccine is available
Challenge #2: Classical vaccines are least feasible due to capability and time
Challenge #3: Genetic sequence of the coronavirus may change over time.

v
Target & modality: Spike
protein + mRNA vaccine

Challenge #4: mRNAs alone are too large and charged to pass lipid bilayers.
Challenge #5: mRNAs are readily degraded by ribonucleases.
Challenge #6: Exogenous mRNAs cause immunogenicity.

v
Modifications to improve
PK/PD profiles: (1) LNPs
delivering and protecting
MRNA, (2) N1-methyl-¥
modification, (3)
hemoglobin 5’-UTR

Patient stratification:
who benefit most?
— \Who suffer from more —
severe adverse
effects?

Benefit/risk assessment: efficacy
and toxicity profiles in animals,
> healthy volunteers and other
populations, i.e. children,
immunocompromised patients, ...

LNP: lipid nanoparticles



Coding sequence of the spike protein alone is not enough:

MRNA transcription depends on 5’-UTR and 3’-UTR, too

Coding region

Transcription

Termination

Regulatory region initiation Titsoii
5 il
DNA Exon Exon
Promoter
ITRANSCRIPTION
S’cap and

Poly (A) tail addition cap=—] [ ] — AAAA

l Processing

Intron mRNA cap
splicing

5" untranslated Initiation
region codon

Zerbini, F., Da Silva, F., Urquiza, G. & Basso,

M. F. Transgenic Plants. in Biotechnology

and Plant Breeding: Applications and Protein
Approaches for Developing Improved

Cultivars 179-199 (2014).

L AAAA

Termination

1 Translation
s
"', & ) 7 7 K
o

3" untranslated

The process of gene expression in eukaryotes:

RNA polymerase, an enzyme, binds to the
promoter region of the gene. It reads the
DNA from the 5’ untranslated region (UTR)
to the 3' UTR to synthesize pre-mRNA.

Pre-mRNA receives a modified nucleotide
(7-methylguanosine triphosphate) at the 5’
end as a cap, and a repeated adenine
sequence (poly-A tail) at the 3' end.

Pre-mRNA is spliced to remove introns.
Mature mRNA contains the 5’ cap,
5’-untranslated region (5’-UTR), coding
sequence, 3’-untranslated region
(3’-UTR), and a poly-A tail.

Mature mRNA is transported from the
nucleus to the cytoplasm for translation.


https://doi.org/10.1016/B978-0-12-418672-9.00008-8

5’-UTR of human hemoglobin is a good choice to make sure
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that the vaccine sequence is stable and highly translated

[

54
59
59

114
119
119

-MVLSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSFPTTKTYFPHFD-————- LSHGS 53 P69905 HBA HUMAN
MVHLT PEEKSAVIALWGKVNV--DEVGGEALGRLLVVYPWIQRFFESFGDLST PDAVMGN 58 P68ET1 HBB_HUMAN
MVHLT PEEKTAVNALWGKVNV--DAVGGEALGRLLVVYEWIQRFFESFGDLSSPDAVMGN 58 P02042 HBD HUMAN

s Kok ke ¥k Kkkk * Kkk Kaoee ok k. o % * *
AQVKGHGKKVADALTNAVAHVDDMPNALSALSDLHAHKIRVDPVNFKLLSHCLLVILARH 113 P69905 HBA HUMAN
PRVKRAHGKKVLGAFSDGLAHLDNLKGTFATLSELHCDKLHVDPENFRLLGNVLVCVLAHH 118 P63871 HBB_HUMAN
PKVKAHGKKVLGAFSDGLAHLDNLKGTFSQLSELHCDKLHVDPENFRLLGNVLVCVLARN 118 P02042 HBD HUMAN

tkk Kkkkk Koo okReRe-o ser KEkk Kk okkk kk.kk 0 ke kx|
LPAEFTPAVHASLDKFLASVSTVLISKYR 142 P&9905 HBA HUMAN

Hemoglobin (left) is a protein that transports oxygen.
Hemoglobin consists of three subunits: alpha, beta, and
delta. They are encoded by three highly similar genes
known as HBA, HBB, and HBD (above).

Hemoglobin is present in erythrocytes (red blood cells) of
almost all vertebrates.

The protein is essential, therefore the mRNA is relatively
stable and highly translated.
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LNP, modified RNA, and 5’-UTR of HBA are all essential to
make effective and safe vaccines against coronavirus

Nucleotide
1 2,900 4,0|OO 6,C|)OO 8,0|OO 1 O,IOOO 1 2,(|)OO 1 4,900 1 6,900 1 8,|OOO 20,900 22,900 24,900 26,|OOO

28,|000 29,|903

A
5"UTR S gene 3"UTR cataaaccctggcgcgctcgcggcccggs 5'-UTR of Human HBA1
CAP Poly-A <‘;CTCTTCTGGTCCCCACAGACTEA&;AGAGAACCC— - -ACCATG
U EIECAD ISR R A SN A L
L_I'| Ni-methylpseudouridine (m1¥) LI GAGAATAAACTAGTATTCTTCTCGTCCCCACAGACTCAGAGAGAACCCGCCACCATG
\__TModied codon optimized miodined el
5'-UTR of BNT162b2

A

HBA1: the human a-globin gene

References: Heinz, Franz X., and Karin Stiasny. “Distinguishing Features of Current COVID-19 Vaccines: Knowns and Unknowns of Antigen Presentation and Modes
of Action.” Npj Vaccines 6, no. 1 (August 16, 2021): 1-13. https://doi.org/10.1038/s41541-021-00369-6; Assemblies of putative SARS-CoV2-spike-encoding mRNA
sequences for vaccines BNT-162b2 and mRNA-1273 (github.com/NAalytics); Xia, Xuhua. “Detailed Dissection and Critical Evaluation of the Pfizer/BioNTech and

Moderna MRNA Vaccines.” Vaccines 9, no. 7 (July 3, 2021): 734. https://doi.org/10.3390/vaccines9070734.
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https://doi.org/10.1038/s41541-021-00369-6
https://github.com/NAalytics/Assemblies-of-putative-SARS-CoV2-spike-encoding-mRNA-sequences-for-vaccines-BNT-162b2-and-mRNA-1273/blob/main/Assemblies%20of%20putative%20SARS-CoV2-spike-encoding%20mRNA%20sequences%20for%20vaccines%20BNT-162b2%20and%20mRNA-1273.docx.pdf
https://github.com/NAalytics/Assemblies-of-putative-SARS-CoV2-spike-encoding-mRNA-sequences-for-vaccines-BNT-162b2-and-mRNA-1273/blob/main/Assemblies%20of%20putative%20SARS-CoV2-spike-encoding%20mRNA%20sequences%20for%20vaccines%20BNT-162b2%20and%20mRNA-1273.docx.pdf
https://doi.org/10.3390/vaccines9070734

A summary of what we have learned so far in the context of
coronavirus

1. What is the unmet medical need to be addressed? \We need a vaccine to prevent a large population of
individuals from being infected by coronavirus, which have severe consequences.

2. What are the target(s) of our drug? Spike protein is conserved: immune reaction is desired.

3. Where should the drug go in patient’s body, what does body do to the drug, and what does the drug do to
the body? Thanks to LNP, N1-mythel-W, and 5’-UTR of HBA1, the mRNA vaccination can enter cells with
minimal side effects. In cells, spike protein RNA is synthesized into proteins, which are digested, presented,
and elicit immune response.

4. What is the safety profile of the drug in light of its benefits? Initial study: Polack, F. P. et al. Safety and
Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. New England Journal of Medicine 383, 2603-2615
(2020), and watch this video.

5. Who are responsive to the drug, or susceptible to adverse events? Updated regularly by regulatory
agencies, for instance European Medicines Agency

Interested in learning more? Read this report by WHO on potential benefits and limitations of mRNA vaccines.
30



https://www.nejm.org/do/10.1056/NEJMdo005933/full/?requestType=popUp&relatedArticle=10.1056%2FNEJMoa2034577
https://www.ema.europa.eu/en/medicines/human/EPAR/comirnaty#safety-updates-section
https://www.who.int/publications/i/item/9789240084551
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Most drugs work by binding to and modulating protein targets
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Table 1| Molecular targets of FDA-approved drugs

9
7

The list also includes antimalarial drugs approved elsewhere in the world.
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Summary

1. The central dogma dictates information flow in biological systems. Its components - DNA,
RNA, proteins, metabolites - and processes - transcription, translation, and enzymic reactions -
serve as drug targets.

2. Human bodies consist of cells that show different patterns of ‘active’ DNAs, expressed RNAs
and proteins. The efficacy and safety of drugs need to be considered in the context of different
cells. This is one of the reasons why animal studies are indispensable.

3. The example of SARS-CoV-2 vaccine discovery highlights the key questions in drug discovery,
and its interdisciplinary nature.



Offline activities u

1. Read the Popular Information of Nobel Prize 2025 in Physiology or Medicine 2025,
https://www.nobelprize.org/prizes/medicine/2025/popular-information/. What was the most interesting

learning for you?
2. Read the article Principles of Early Drug Discovery by Hughes et al. (2011) twice. The first time, read the
whole paper however as you wish. The second time, use one sentence to summarize each paragraph of

the sections 'target identification' and 'target validation'. Submit your summary sentences (no
formatting/polishing needed).



https://www.nobelprize.org/prizes/medicine/2025/popular-information/

Backup slides
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Structure of SARS-CoV-2 spike protein, and the receptor
bindina domain-ACE2 complex

SARS-CoV-2 spike glycoprotein with a single  Receptor binding domain (PDB) of spike protein
receptor-binding domain up. PDB 6VSB (in orange) and human ACE2 (blue). PDB 6V\W1
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https://www.rcsb.org/structure/6VW1
https://www.rcsb.org/structure/6VSB
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Interests and concerns of companies working on drug discovery:
summary of our previous discussions

Interests Concerns

« Low or no return of investment
— Lack of efficacy of drugs
— Unfavorable benefit/risk profiles of the drug
— No approval from agency
— Cost, time, effectiveness of R&D
— Competitor
— Poor targets or disease models due to lack
of reproducibility of published data
— Companion diagnostic
» Intellectual property
» |dea and knowledge management
» Acceptance by doctors and patients
» Legal concerns

* Return of Investment
— Commercial potential
— Cycle time
« Good reputation
— Efficacy of the drug
— Safety of the drug
— Market access
« Environmental, social, and governance (e.g.
fighting internal corruption, diversity of board
members).
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Chevron diagrams as a pipeline view of drug discovery and
development
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- Clinical Development FDA Postmarketing
. Drug Preclinical : .
Pre-discovery Biecove Bavelovmont Review & Evaluation /
Y P Phase I: FE’;‘ﬁase -yt Approval Phase IV
Safety cacy, Efficacy,
Safety Safety
T ——
Target proposal & assessment
Target-to-hit s - Lead
—=> PFw w OpHIMIZation  ppofinjcal _
Phase | Phasedi Phase Il Submission
to launch
- — — — D—)D—)D—PB Launch
-
| -
- Investigational New New Drug
Drug (IND) Application (NDA)

FDA: US Food and Drug Administration. Top: Wagner, J. A. et al. Application of a Dynamic Map for Learning, Communicating. Navigating, and Improving Therapeutic
Development. Clinical and Translational Science 11, 166—174 (2018). Bottom: Adapted from Paul et al. How to Improve R&D Productivity: The Pharmaceutical
Industry’s Grand Challenge. Nature Reviews Drug Discovery, 2010.

38


https://onlinelibrary.wiley.com/doi/abs/10.1111/cts.12531
https://onlinelibrary.wiley.com/doi/abs/10.1111/cts.12531
http://www.nature.com/nrd/journal/v9/n3/full/nrd3078.html
http://www.nature.com/nrd/journal/v9/n3/full/nrd3078.html
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Basic science research and target identification. What causes the
disease? What do we want to achieve? Which protein can | target with
which modality?

2. Target pharmacology and biomarker development. What is the effect of
targeting the protein? What we can measure to confirm that the protein is
properly targeted?

3. Lead identification. How can we find a starting point of a new drug?

4. Lead optimization and clinical candidate selection. What are criteria to
define a good drug? How can | improve the starting material?

5. Clinical research and development. Does it work in human? How about
efficacy and safety profiles?

6. Regulatory review. Should we approve the drug? Wagner, J. et al. A dynamic map for learning,
communicating, navigating and improving
therapeutic development. Nat Rev Drug Discov

7. Post marketing. How does the drug work in real world? 17, 150-150 (2018).



https://www.nature.com/articles/nrd.2017.217
https://www.nature.com/articles/nrd.2017.217
https://www.nature.com/articles/nrd.2017.217
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 The three-domain model of cellular life: (eu-)bacteria,  * e
archaebacteria, and eukaryotes.

- The two-domain model: bacteria as one branch, archaea
and eukaryotes as the other.
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Eucarya. Proc Natl Acad Sci U S A 87, 4576—-4579 (1990). Figure from Wikimedia, reused with CC-AS license. e
1. Hug, L. A. et al. A new view of the tree of life. Nat Microbiol 1, 1-6 (2016). Figure from Wikimedia, CC-AS license. Methamapactro
1. Forterre, P., Krupovic, M. & Prangishvili, D. Cellular domains and viral lineages. Trends in Microbiology 22, 554-558 (2014). R it
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https://commons.wikimedia.org/wiki/File:Phylogenetic_tree_of_life_1990_LUCA.svg
https://commons.wikimedia.org/wiki/File:A_Novel_Representation_Of_The_Tree_Of_Life.png

The multiscale modelling view of drug discovery
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Drug Discovery Today

Zhang, Jitao David, Lisa Sach-Peltason, Christian Kramer, Ken Wang, and Martin Ebeling. 2020. “Multiscale Modelling of Drug Mechanism and Safety.”
Drug Discovery Today 25 (3): 519-34. https://doi.org/10.1016/].drudis.2019.12.009.
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Five key questions in drug discovery

1. What is the unmet medical need to be
addressed?

2. What are the target(s) and what is the
modality of our drug?

3. Where should the drug go in patient’'s
body, what does body do to the drug, and
what does the drug do to the body?

4. What is the safety profile of the drug in
light of its benefits?

5. Who are responsive to the drug, or
susceptible to adverse events?

The meta-question: What knowledge, data,
and tools do we have to address these
questions?
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Right target

e Strong link between target and disease
» Differentiated efficacy
e Available and predictive biomarkers

Right tissue

» Adequate bioavailability and tissue exposure

¢ Definition of PD biomarkers

¢ Clear understanding of preclinical and clinical PK/PD
* Understanding of drug—drug interactions

Right safety

» Differentiated and clear safety margins

* Understanding of secondary pharmacology risk

» Understanding of reactive metabolites, genotoxicity and drug—drug interactions
* Understanding of target liability

Right patient
* |dentification of the most responsive patient population
* Definition of risk—-benefit for a given population

Right commercial potential

» Differentiated value proposition versus future standard of care
* Focus on market access, payer and provider
* Personalized health-care strategy, including diagnostics and biomarkers

Morgan, P. et al. Impact of a five-dimensional framework on R&D productivity at
AstraZeneca. Nature Reviews Drug Discovery 17, 167-181 (2018).
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