
What kind of drugs should 
we develop

Mathematical and Computational Biology in Drug Discovery  
(MCBDD) Module III

Dr. Jitao David Zhang
April 2023



Overview

● Essentials of modalities
○ Small molecules: classical, protein degrader, RNA modulator
○ Large molecules: classical, DUTA-Fabs, protein design
○ Antisense oligonucleotides: siRNA, shRNA, ASO
○ Gene and cell therapy

● Three case studies:
○ Success stories: 

■ [Small molecules] SMA (Evrysdi/Risdiplam and Nusinersen)
■ [Antisense] patisiran (KEGG DRUG) and givosiran (DrugBank, structure available at EMA) 
■ [Offline read] mRNA vaccine (MIT Technology Review)
■ Turning failure into successes: [Multispecific drugs] Thalidomide, PROTAC, degraders
■ [Antibody] Cancer immunotherapy (CTLA4, PD1)
■ [Gene and Cell therapy] CAR-T

○ Challenges
■ [Antisense] HTT (Tominersen)
■ Difference between genetic and enzymatic inhibition 2

https://www.genome.jp/dbget-bin/www_bget?dr:D10794
https://go.drugbank.com/drugs/DB15066
https://www.ema.europa.eu/en/documents/assessment-report/givlaari-epar-public-assessment-report_en.pdf


Small molecule

A zoo of modalities
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Monoclonal antibody Oligonucleotides

Bispecific 
antibody

Chimeric 
Antigen 
Receptor 
(CAR) 
T-cells

mRNA vaccines



Multiple 
modalities 
can target 
the same 
biological 
process
An example: the 
epidermal growth 
factor receptor 
(EGFR) pathway
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Antibodies
Herceptin/Trastuzumab
Cetuximab



Criteria to choose a modality
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Disease relevance

Target characteristics

Pharmaco- and toxico-kinetics 
and -dynamics

Pathway and Network
Mode of Action (MoA)

Modality

Administration

Expertise, 
competition, 
logistics, ...



Characteristics of therapeutic modalities
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Classical small molecules: an example from AMIDD

● Vemurafenib (Zelboraf, 
PLX4032)
V600E mutated BRAF 
inhibition

● Lock and key: an 
oversimplified yet 
powerful metaphor, first 
proposed by Emil 
Fischer
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Facts about Spinal Muscular Atrophy (SMA)

● SMA is caused by a defect in a gene called SMN1. People with SMA 
have reduced levels of the SMN protein.

● When SMN protein levels are reduced, motor neurons are unable to 
send signals to the muscles, causing them to become smaller and 
weaker over time.

● Depending on the severity, or type of SMA, people with the disease 
will have difficulties moving, eating, and in some cases breathing, 
making them increasingly dependent on parents and caregivers.

● A short movie: https://www.nejm.org/doi/full/10.1056/NEJMoa2009965
8

https://www.nejm.org/doi/full/10.1056/NEJMoa2009965


Spliceosome: the splicing machinery
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Branching

Exon ligation U1/U2 are small
nuclear ribonucleoproteins 
(snRNPs = RNA+proteins)



Splicing in action and under regulation

BPS=branch point sequence; PPT=polypyrimidine tract (C/U); 10

ESS=exon splicing silencer; ESE=exon splicing enhancer;

ISS=intron splicing silencer; ISE=intron splicing enhancer.



Different splicing of SMN1 and SMN2
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Three Drugs, One Disease
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Risdiplam/ Evrysdi 
(CHEMBL4297528) 

Nusinersen sodium/ Spinraza 
(CHEMBL3833342)

SMN1 gene

AAV9 capsid

Onasemnogene 
Abeparvovec/ 

Zolgensma

https://www.ebi.ac.uk/chembl/compound_report_card/CHEMBL4297528/
https://www.ebi.ac.uk/chembl/compound_report_card/CHEMBL3833342/


How Spinaraza (nusinersen) works
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It takes 21 years to go from a molecular 
model to a population model
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Splicing 
modifying 
oligo-
nucleotide 
and other 
RNA 
therapeutics 
have strong 
disease 
relevances 15



Regulating RNA levels or splicing with ASOs 
and duplex RNAs
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The four-billion-year-old barrier to RNA therapeutic
● Too large and charged 

to pass lipid bilayers

● Degradable by RNases

● Rapid clearance from 
liver and kidney

● Immunogenicity

● Endocytosis

● Delivery into organs 
other than liver and eye 17



Chemistry of oligonucleotides evolves with time

PMO=phosphorodiamidate morpholino oligomer 18

2’



Delivery systems of antisense oligonucleotides
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lipid nanoparticles



Small molecules as RNA splicing modifiers
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RNA sequencing confirms the specificity of 
SMN-C3
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RNA sequencing confirms the specificity of 
SMN-C3
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SMN2 (on target)

FOXM2 (off target)



Gene-enrichment analysis confirms specific 
regulation of RNA splicing
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Part of the mRNA splicing pathway in Reacome

https://reactome.org/PathwayBrowser/#/R-HSA-72203&SEL=R-HSA-77470&PATH=R-HSA-8953854&DTAB=MT


Experiments in vitro and 
in vivo support efficacy 
profiles of SMN-C3
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Structural basis of specific splicing correction 
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Clinical trial (FIREFISH 
Part 1) Results

Note: Table 2 is not complete
26

https://www.nejm.org/doi/full/10.1056/NEJMoa2009965


Clinical trial (FIREFISH Part 1) Results
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End of lecture 1 in 2023
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Offline Activities for Module III
Use your favorite literature programming tools (i.e. Rmarkdown/Jupyter 
Notebook) to investigate the topic of factor analysis. Use the questions 
below to guide your learning.

● What is factor analysis? 
● What are the relationships between covariance matrix, factor 

analysis, and principal component analysis (PCA)?
● What do we mean with loadings?
● Why factors are orthogonal to each other? What’s the consequence?
● How can we use factor analysis as a generative model?
● What is the relationship between factor analysis and autoencoder?
● How can you it explain it to a high-school student?

30



Competitive inhibitors reduce reaction rate; 
antisense oligonucleotides modulate protein 
abundance

31

A competitive inhibitor (red 
diamond) reduces the rate of 
product generation in an 
enzymatic reaction.

Antisense oligonucleotides 
reduce the abundance of the 
enzyme protein.

time



Enzymic and genetic inhibition have distinct 
impact on reaction dynamics

32
The Michaelis-Menten Equation

Competitive inhibition (CI) 
versus knockdown (KD)



A linear system simulating enzymatic reactions

33

I*: upstream input; A/A* and B/B*: inactivated and 
activated enzyme; C*: product



Adding a negative feedback may differentiate 
effects of enzymatic and genetic inhibition 

Intuition: when [B*] stays 
low, CI leads to slower 
accumulation of C* than KD.
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The MAPK/ERK pathway 
downstream of EGFR signalling
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Confirmation of predicted difference of KD and CI
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Computational biology may empower our 
choice of modality
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The Tragedy of teratogenic S(-) thalidomide 
in 1950s
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Molecular basis of the teratogenicity of 
thalidomide reported in 2010
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The same 
mechanism is 
responsible for 
efficacy against 
blood cancers
Thalidomide and 
derivatives bring 
proteins IKZF1 and 
IKZF3 close to E3 
ubiquitin ligase, leading 
them to be degraded. 40



Multispecific Drug Use or Target Interactions
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Paradigm shifts and paradigm expansion
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PROteolysis TArgeting Chimera (PROTAC)
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Key players:

1. Antigen-present
ing cells (e.g. 
dendritic cells)

2. T cells
3. B cells

How vaccine and the 
immune system work



Antigen-presenting cells (APC) and T cells work 
together to kill tumour cells
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Dendritic cell, a 
type of APC

Killer T 
cells 
attacking a 
cancer cell



Exhausted T cells 
reduces immune 
system’s capacity to 
clear pathogenic cells
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IR=inhibitory receptors (left panel). 
They are like ‘breaks’ controlled 
by dendritic cells.



Cancer Immunotherapy with immune 
checkpoints as drug targets
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Why antibodies work like a wonder? The Bow-Tie 
model of signaling transduction
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Extracellular
Cell
Membrane

Cytoplasm

Nucleus

Everywhere



ERBB signaling system and antibody drugs
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Structure of antibodies

Fc=fragment crystallizable region

Fab=fragment antigen binding
50

Heavy chains 
in red and 
blue; light 
chains in green 
and yellow

Variable 
domain

Constant 
domain



Cetuximab as an example

Variable heavy chain
QVQLKQSGPGLVQPSQSLSITCTVSGF
SLTNYGVHWVRQSPGKGLEWLGVIWSG
GNTDYNTPFTSRLSINKDNSKSQVFFK
MNSLQSNDTAIYYCARALTYYDYEFAY
WGQGTLVTVSA

Variable light chain
DILLTQSPVILSVSPGERVSFSCRASQ
SIGTNIHWYQQRTNGSPRLLIKYASES
ISGIPSRFSGSGSGTDFTLSINSVESE
DIADYYCQQNNNWPTTFGAGTKLELK
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PDB 1YY8

Heavy chain

Light 
chain

https://www.rcsb.org/structure/1YY8


Antibodies work by shape complementarity

52Recommended reading: 10 things to know about antibodies by Amgen

https://www.amgenscience.com/features/10-things-to-know-about-antibodies/


Mechanisms of action of therapeutic 
antibodies
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Therapeutic antibody discovery with hybridoma 
and humanization
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non-human
human

 chimeric

 humanized
chimeric/ 

humanized
human



Evolution of therapeutic antibodies
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Antibody names suggest their types

56

● Chimeric: Abiciximab (Ab 
against platelet 
aggregation inhibitor)

● Humanized: Trastuzumab 
(HER2)

● Chimeric/Humanized: 
Otelixizumab (CD3, a T 
lymphocyte receptor)

● Human: Adalimumab 
(TNF-alpha)



Therapeutic antibody discovery with transgenic 
animals

The XenoMouse 
model, which led 
to the discovery of 
panitumumab 
(Vectibix). 
Panitumumab 
targets EGFR for 
advanced 
colorectal cancer. 57



The principle of phage display
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A protein-encoding 
gene is inserted 
into the phage 
coat protein gene, 
causing the phage 
to display the 
protein, which can 
be screened in 
vitro iteratively.



Antibody discovery with phage display
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RNA → cDNA

Convalescent or 
patient blood plasma

Copy antibody-coding 
sequences

Paste sequences 
into phage coats

Copy/Paste: PCR 
and cloning Antibody selection

Aim: Reverse-
engineering 
existing 
antibodies



Discovered antibodies need further development

60



Selected challenges of antibody discovery and 
development

● Lack of quantitative rules of developability

● Immunogenicity of therapeutic proteins (see backup)
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Biophysical properties of clinical-stage 
antibodies (N=137 by ~2017)
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Twelve different biophysical assays
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Code Name Purpose

AC-SINS Affinity-capture 
self-interaction 
nanoparticle 
spectroscopy

Self-interaction

CSI Clone self-interaction 
by biolayer 
interferometry

Self-interaction

PSR Poly-specificity reagent Cross-interaction

BVP Baculovirus particle Cross-interaction

CIC Cross-interaction 
chromatography

Cross-interaction

ELISA Enzyme-linked 
immunosorbent assay 
with commonly used 
antigens

Cross-interaction

Code Name Purpose

HEK Expression titer in HEK cells Expression

Tm Melting temperature Thermostability

HIC Hydrophobic interaction 
chromatography

Species 
separation and 
analysis

SAGC-
SINS

salt-gradient affinity-capture 
self-interaction nanoparticle
spectroscopy

Species 
separation and 
analysis

SMAC standup monolayer adsorption 
chromatography

Developability

AS Size-exclusion chromatography in 
accelerated stability

Stability



Distribution of results from biophysical assays for 
137 monoclonal antibodies
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Unsupervised clustering analysis reveals related 
assays
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Approved antibodies and antibodies discovery 
not via phage display tend to have fewer flags
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Conclusions

● Given mechanistic understanding of biological processes 
underlying diseases, we can develop different modalities 
as therapeutics.

● Mathematical and computational biology 
1. reveals how drug candidate work and ranks them
2. helps with molecule design
3. contributes to modality selection

67
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How Spinaraza (nusinersen) 
works, base by base
Nusinersen binds to ISS-N1, causing 
structural rearrangement and recruitment 
of U1 snRNP by TIA1.

● ISS-N1: Intronic splicing silencer N1;
● TIA1: TIA1 cytotoxic granule 

associated RNA binding protein;
● TSLs: (inhibitory) terminal stem-loop 

structures;
● ISTL1: internal stem formed by a 

long-distance interaction 75

https://www.ncbi.nlm.nih.gov/gene/7072


Clinical-stage siRNAs
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Chemically induced proximity
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A reaction-diffusion model
x: position

u: product 
concentration

t: time

The diffusion term 
follows Fick’s 
second law of 
diffusion; the binding 
term describes the 
reaction.
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Kinetic and thermodynamic contributions of 
chemically induced proximity
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Chemically induced proximity
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Chemically induced proximity as ‘safety 
switch’ for cell therapy
● Too many or too active 

CAR-T cells may induce 
serious side effects (cytokine 
release syndrome, B cell 
aplasia, etc.)

● Bioinert small molecules 
(AP1903 in this case) can be 
used as ‘safety switch’ to kill 
transplanted CAR-T cells.
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Therapeutic use of protein degradation
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Ubiquitination marks proteins to be degraded

work by Rogerdodd, used 
under the CC-BY-SA 3.0 
licence.
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https://en.wikipedia.org/wiki/Ubiquitin


Donovan et al. (2020) reports screening results with 
91 kinase degraders
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Donovan et al. (2020) reports screening results with 
91 kinase degraders
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Immunogenicity of therapeutic proteins
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Immunogenicity affects both efficacy and 
safety
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Immune response underlies immunogenicity
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A mechanistic, multiscale model of 
immunogenicity: subcellular model
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The whole-body model
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Observation and model prediction
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CAR-T and individualized vaccines

96



CAR (Chimeric Antigen Receptor) T-Cell Therapy
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Signaling of conventional and CAR T cells
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Towards personalized vaccine development
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