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Third Generation Sequencing

_ DNA passes thru Raw output is fluorescent signal A,C,T,G have known pulse
PacBio polymerase in an of the nucleotide incorporation, ~ durations, which are used to
SMRT seq illuminated volume specific to each nucleotide infer methylated nucleotides
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Single Cell Analysis

Single cell isolation

Cell lysis

DNA and RNA extraction %j
v\ \&/ o

Whole transcriptome Wholel genome
amplification amplification

Single cell epigenome analysis

Sequencing

Collect message and analysis

Fig. 1. Single-cell sequencing of a tumor cell. A tumor specimen is obtained by sur-
gical excision and single cells are isolated by one of the several methods shown in
Fig. 2. The individual cancer cell can be used for epigenome sequencing directly or
lysed to extract the genetic material (DNA and RNA), which is in turn amplified by
the methods shown in Fig. 3. Then, the amplified DNA and RNA are sequenced by
single-cell sequencing technology and the result data are analyzed to provide in-
sights into the molecular mechanisms underlying intratumor heterogeneity.



Whole Genome Amplifications
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@ sINGLE-CELL OMICS

Integrative single-cell analysis

Iand Rahul Satijai2*

Tim Stuart

Abstract| The recent maturation of single-cell RNA sequencing (scRNA-seq) technologies has
coincided with transformative new methods to profile genetic, epigenetic, spatial, proteomic

and lineage information in individual cells. This provides unique opportunities, alongside
computational challenges, forintegrative methods that can jointly learn across multiple types

of data. Integrated analysis can discover relationships across cellular modalities, learn a holistic
representation of the cell state, and enable the pooling of data sets produced across individuals
and technologies. In this Review, we discuss the recent advancesin the collection and integration
of different data types at single-cell resolution with a focus on the integration of gene expression
datawith other types of single-cell measurement.
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Cell Free DNA (cfDNA

TABLE 2 Cell-free (cf)DNA concentrations and tumour response according to response
evaluation criteria in solid tumours (RECIST) criteria

Progressive Stable Partial p-value
disease disease response
Baseline concentration ng-mL™" 23.88 (35.84) 32.83 (37.32) 26.79 (28.98) 0.358
Post-chemotherapy 24.16 (21.66) 28.61 (37.92) 30.72 (61.33) 0.358
concentration ng-mL™"
Difference between —0.22 (27.52) -2.01(28.63) —0.56 (41.99) 0.473
post-chemotherapy and baseline
concentration ng-mL ™"
Variation in concentration % —0.01 (1.04) —-0.08 (0.92) -0.02 (1.80) 0.402

Data are presented as median (interquartile range), unless otherwise stated.

0.01%-90% circulating tumor DNA (ctDNA)



ATAC-seq (Assay for Transposase-
Accessible Chromatin using sequencing)
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Method of the Year 2020: spatially resolved
transcriptomics

Spatially resolved transcriptomics methods are changing the way we understand complex tissues.

®Penk eDocZ2g eKcid12
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— MR = mRNA

Researchers in Sweden developed an approach in which fixed, stained tissue is imaged, permeabilized
and the mRNAs attach to an array of barcoded oligos. The RNAs are reverse-transcribed; the cDNAs
are sequenced and yield spatially resolved transcriptomic information. Credit: Adapted with permission

from ref. 4, AAAS
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Spatial techniques help with atlas-building by localizing expressed genes. Here, seqFISH+ was used to
measure 10,000 genes in mouse cortex. Credit: Cai lab, Caltech, |. Strazhnik; adapted with permission

from ref. ¢ Springer Nature.
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Recombinant DNA

Function

Genetic Biochemistry
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B3-Galactosidase

The enzyme that splits lactose into glucose and galactose. Coded
by a gene (lacZ) in the lac operon of Escherichia coli.

OH - . OM

OH OH

PUC is a family of plasmids that have an ampicillin resistance gene and
more importantly a lacZ gene. A functional lacZ gene will produce the
protein 3 - galactosidase. Bacterial colonies in which [3 - galactosidase is
produced, will form blue colonies in the presence of the substrate 5 -
bromo - 4 - chloro - 3 - indolyl - b - D - galactoside or as it is more
commonly referred to, X-gal.


http://www.everythingbio.com/glos/definition.php?ID=1605
http://www.everythingbio.com/glos/definition.php?ID=4147
http://www.everythingbio.com/glos/definition.php?ID=1602
http://en.wikipedia.org/wiki/Image:Lactose(lac).png
http://en.wikipedia.org/wiki/Image:Lactose(lac).png

CRISPR CAS9

CRISPRs (clustered
regularly interspaced
short palindromic
repeats) are segments of
prokaryotic DNA containin
g short repetitions of base
sequences. Each
repetition is followed by
short segments of "spacer
DNA" from previous
exposures to a
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Movie

* https://youtu.be/2pp17E4E-O8
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© Nobel Prize Outreach. Photo: © Nobel Prize Outreach. Photo:

Bernhard Ludewig Brittany Hosea-Small
Emmanuelle Jennifer A. Doudna
Charpentier Prize share: 1/2

Prize share: 1/2

The Nobel Prize in Chemistry 2020 was awarded
jointly to Emmanuelle Charpentier and Jennifer A.
Doudna "for the development of a method for
genome editing."



Optogenetics

https://www.youtube.com/watch?v=164 X7vHSHOE
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Optogenetic tools for modulating membrane volage potential.



https://www.youtube.com/watch?v=I64X7vHSHOE

Nanobots
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Virus Infection




Viral vector

Inactivated Attenuated
virus virus

DNA
vaccines

Subunit
viral protein

Virus like-particles



Advantages:

= Enhances humoral and cellular
immune responses

= |s stable, and can be easily
prepared and harvested
in large quantities.

Disadvatages:

* The safety and efficacy of
vaccines for use in humans
remain unknown.

Advantages:

» Can be rapidly developed and
have potential for low-cost
manufacture.

Disadvatages:

= The properties of mMRNA may
influence its cellular delivery
and organ distribution

= Whether it is safe or not in
humans, this remains unknown.

DNA vaccines

e
Electroporation
APC \

fal
i

Viral

proteins

_#/,;JP
?
AN

RNA vaccines

Inactivated vaccines

¢ f
\\ﬁi/
~ i‘/f

o
-

b
o

{
P g

N

AV AV 4
mRNA

-
—
-

~—
s
IO
]

3 '2

3

3 s
3
-

F

N

Subunit
vaccines

-
™~
~

Vector
vaccines

Advantages:

= Can be easily produced and
stably express conformation-
dependent antigenic epitopes.

Disadvatages:

* The unimportant antigen may
skew the immune response

= Needs the biosafety level 3
growth of pathogen.

Advantages:
* May protect immunized animals
from viral infection.

Disadvantages:

* May have limited efficacy and
make immune responses
unbalanced.

Advantages:
* Can infect APCs directly, and is
physically and genetically stable.

Disadvatages:
* May induce prior immunity to
the vector.



Key features of the COVID-19 vaccine frontrunners

Pfizer/
BioNTech

AstraZeneca/
Oxford

ChAdOx1-5/
AZD1222

Moderna

MRNA-1273
BNT162b2

Type mRNA in lipid mRNA in lipid Non-replicating
of vaccine nanoparticles nanoparticles adenovirus vector
Dot 2 doses 2 doses 2 doses
2 21 days apart 28 days apart 28 days apart
Antibody 7 days 14 days 14 days
detection after booster after booster after booster
Efficacy 95% 95% 70%
Planned
x 50M (2020) 20M (2020)
production 1.38 (2021) 0.5-18 (2021) 38(2021)
volume
Storage -70°C£10°C -20°C 2-8°C
requirement
Shelf life
T T eaagr 5 days 30 days 180 days
Phase Il 43,000 30,000 11,500
trial enroliment (age 16-85) (age 18+) (age 18+)
Percentage
PIgh:Elalc 40.90% 42% N.A.

population in
phase Ill trial

Janssen
(Johnson
& Johnson)

Ad26COVS1

Non-replicating
adenovirus vector

1 dose or
2 doses
56 days apart

14 days
after booster

N.A.

1B (2021)

2-8°C

180 days

Single dose
60,000

Two dose
30,000

(age 18 +)

N.A.



What does 95% COVID-19 vaccine
efficacy really mean?

[t 1s 1mperative to dispel any ambiguity about how vaccine efficacy shown 1n trials translates
into protecting individuals and populations. The mRNA-based Pfizer!

and Moderna vaccines were shown to have 94 — 95% efficacy in preventing symptomatic
COVID-19, calculated as 100 x (1 minus the attack rate with vaccine divided by the attack
rate with placebo). It means that in a population such as the one enrolled 1n the trials, with a
cumulated COVID-19 attack rate over a period of 3 months of about 1% without a vaccine,
we would expect roughly 0-05% of vaccinated people would get diseased. It does not mean
that 95% of people are protected from disease with the vaccine—a general misconception of
vaccine protection also found in a Lancet Infectious Diseases Editorial.*

Simple mathematics helps. If we vaccinated a population of 100 000 and protected 95% of
them, that would leave 5000 individuals diseased over 3 months, which 1s almost the current
overall COVID-19 case rate 1n the UK. Rather, a 95% vaccine efficacy means that instead of
1000 COVID-19 cases 1n a population of 100 000 without vaccine (from the placebo arm of
the abovementioned trials, approximately 1% would be 11l with COVID-19 and 99% would
not) we would expect 50 cases (99-95% of the population 1s disease-free, at least for 3
months).

www.thelancet.com/infection Published online February 17, 2021 https://doi.org/10.1016/51473-3099(21)00075-X


https://www.thelancet.com/journals/laninf/article/PIIS1473-3099(21)00075-X/fulltext
https://www.thelancet.com/journals/laninf/article/PIIS1473-3099(21)00075-X/fulltext#bib4

*Eukaryotic cells
are about 1000
times larger than
bacteria cells and
also have a
membrane

enclosed nucleus
containing their
DNA, and several
other internal
structures known as
organelles.

Cilia

Mitochondrion —— K -

Nucleus Ny

Rough endoplasmic
reticulum

Ribosomes

Microvilli

Golgi apparatus
Smooth endoplasmic

reticulum

Lysosome

Cell membrane

Fig 21.3 A generalized eukaryotic cell.



*Schematic showing the cytoplasm, with its components (or organelles), of a
typical animal cell. Organelles: (1) nucleolus (2) nucleus (3) ribosome (4)

vesicle (5) rough endoplasmic reticulum (6) Golgi apparatus (7) cytoskeleton
(8) smooth endoplasmic reticulum (9) mitochondria (10) vacuole (11) cytosol

(12) lysosome (13) centriole.



http://en.wikipedia.org/wiki/Cytoplasm
http://en.wikipedia.org/wiki/Organelle
http://en.wikipedia.org/wiki/Nucleolus
http://en.wikipedia.org/wiki/Cell_nucleus
http://en.wikipedia.org/wiki/Ribosome
http://en.wikipedia.org/wiki/Endoplasmic_reticulum
http://en.wikipedia.org/wiki/Golgi_apparatus
http://en.wikipedia.org/wiki/Cytoskeleton
http://en.wikipedia.org/wiki/Endoplasmic_reticulum
http://en.wikipedia.org/wiki/Mitochondrion
http://en.wikipedia.org/wiki/Vacuole
http://en.wikipedia.org/wiki/Cytosol
http://en.wikipedia.org/wiki/Lysosome
http://en.wikipedia.org/wiki/Centriole

nucleus nucleolus nuclear envelope



http://upload.wikimedia.org/wikipedia/commons/6/6e/Localisations02eng.jpg
http://upload.wikimedia.org/wikipedia/commons/6/6e/Localisations02eng.jpg

plasma membrane | cytoplasm centrosomes

mitochondria microtubules



http://upload.wikimedia.org/wikipedia/commons/6/6e/Localisations02eng.jpg
http://upload.wikimedia.org/wikipedia/commons/6/6e/Localisations02eng.jpg

A Busy Factory
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A cell can be thought of as a "factory,” with different departments each performing
specialized tasks.
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Characteristic diffusivities

Particle Typical size  Diffusion constant
Solute ion 107! nm 2% 107 wm?/s
Small protein 5 nm 40 pm?/s

Virus 100 nm 2 um?3/s
Bacterium 1 pm 0.2 pm?/s

Mammalian/human cell 10 wm 0.02 um?/s




The Nucleus

The cell factory contains a large inventory of blueprints dating all the way to
its founding. Some of these blueprints are out of date, and some are for parts
and products that are no longer made. Part of your job would entail sorting
through everything, finding the correct blueprints, copying them, and sending
the copies out to the assembly line at the correct time.



Nucleus

*In cell biology, the nucleus is a
membrane-enclosed organelle
Innes mermbrane : ) found in most eukaryotic cells. It
contains most of the cell's genetic
material, organized as multiple long
linear DNA molecules in complex
with a large variety of proteins such
as histones to form chromosomes.
« The genes within these
chromosomes make up the cell's
nuclear genome. The function of the
nucleus is to maintain the integrity
of these genes and to control the
activities of the cell by regulating
gene expression.

Muclaalus

Mucleoplasm

Heterochromatin
Euchromatin

.

.
Ribosomes < e

Muclear pore . 0 .

In cell biology, the nucleolus (plural nucleoli) is a "sub-
organelle" of the cell nucleus, which itself is an organelle.
A main function of the nucleolus is the production and
assembly of ribosome components


http://en.wikipedia.org/wiki/Histone

Nuclear pores

Nuclear pores, which provide
aqueous channels through the
envelope, are composed of multiple
proteins, collectively referred to as
nucleoporins. The pores are 100 nm
in total diameter; however, the gap
through which molecules freely
diffuse is only about 9 nm wide, due
to the presence of regulatory
systems within the center of the pore.
This size allows the free passage of
small water-soluble molecules while
preventing larger molecules, such as
nucleic acids and proteins, from
inappropriately entering or exiting the
nucleus. These large molecules must
be actively transported into the
nucleus instead. The nucleus of a
typical mammalian cell will have
about 3000 to 4000 pores throughout
its envelope



http://upload.wikimedia.org/wikipedia/en/c/c8/NuclearPore_crop.svg
http://upload.wikimedia.org/wikipedia/en/c/c8/NuclearPore_crop.svg

Nuclear localizing sequence
(NLS)

* A nuclear localizing sequence

111111111

ssssss

which acts like a 'tag' on the .
exposed surface of a protein. This —
sequence is used to confine the
protein to the cell nucleus through
the Nuclear Pore Complex andto
direct a newly synthesized protein
into the nucleus via its recognition | ..
by cytosolic nuclear transport

UUUUUUU

receptors. Typically, this signal com g R —

nnnnnnnnnnnn

consists of a few short sequences
of positively charged lysines or
arginines. Typically the NLS will
have a sequence (NH2)-Pro-Pro-
Lys-Lys-Lys-Arg-Lys-Val-(COOH).


http://upload.wikimedia.org/wikipedia/en/1/1e/RanGTPcycle.png
http://upload.wikimedia.org/wikipedia/en/1/1e/RanGTPcycle.png

The Ribosomes and the ER

E:ctp't_ur
Protin ER membrane Eibosome

Grm&dngpru{cinr:hain \ | ransport
@ Svesicle
forming
.
Transport /)
vesicle @
Ribosomes, the workers that build proteins, are manufactured by
the nucleolus. They consist of two separate subunits: a large, lower

subunit and a small, upper subunit. Ribosomes attach to the rough
ER . Now let's take a look at how final processing occurs

The cell has its own assembly line and workers. Within the cytoplasm is a
series of large, flattened membranes that fold back and forth on each other
and have a very large surface area. This collection of membranes is called
the ENDOPLASMIC RETICULUM, orER.



Ribosome

A ribosome is a small, dense

organelle in cells that assembles
proteins. Ribosomes are about 20nm in
diameter and are composed of 65%
ribosomal RNA and 35% ribosomal
proteins (known as a

Ribonucleoprotein or RNP). It

translates messenger RNA (mRNA) to
build a polypeptide chain (e.g., a
protein) using amino acids delivered by
Transfer RNA (tRNA). It can be thought
of as a giant enzyme that builds a |
protein from a set of genetic

Instructions. Ribosomes can float freely
in the cytoplasm (the internal fluid of

the cell) or bound to the endoplasmic
reticulum, or to the nuclear envelope.

~20 nm


http://en.wikipedia.org/wiki/Ribonucleoprotein

Endoplasmic Retlculum

The endoplasmic reticulum or ER is
an organelle found in all eukaryotic cells
that is an interconnected network of

3
tubules, vesicles and cisternae that is ,J S /,
responsible for several specialized ald =
functions: Protein translation, folding, 5 ] N 4
and transport of proteins to be used in U A Ny
the cell membrane (e.g., fransmembrane | / 3 :"’*J A 8

receptors and other integral membrane
proteins), or to be secreted (exocytosed)
from the cell (e.g., digestive enzymes);
sequestration of calcium; and production
and storage of glycogen, steroids, and
other macromolecules.[1] The
endoplasmic reticulum is part of the
endomembrane system. The basic
structure and composition of the ER
membrane is similar to the plasma
membrane.



http://en.wikipedia.org/wiki/Cisterna
http://en.wikipedia.org/wiki/Transmembrane_receptor
http://en.wikipedia.org/wiki/Exocytosis
http://en.wikipedia.org/wiki/Enzyme
http://en.wikipedia.org/wiki/Glycogen
http://en.wikipedia.org/wiki/Steroid
http://en.wikipedia.org/wiki/Macromolecules

Rough endoplasmic reticulum

* The surface of the rough endoplasmic reticulum is
studded with protein-manufacturing ribosomes giving it a
"rough” appearance. But it should be noted that these
ribosomes are not resident of the endoplasmic reticulum
Incessantly. The ribosomes only bind to the ER once it
begins to synthesize a protein destined for sorting. The
membrane of the rough endoplasmic reticulum is
continuous with the outer layer of the nuclear envelope.
Although there is no continuous membrane between the
rough ER and the Golgi apparatus, membrane bound
vesicles shuttle proteins between these two
compartments. The rough endoplasmic reticulum works
in concert with the Golgi complex to target new proteins
to their proper destinations



http://en.wikipedia.org/wiki/Ribosomes

Smooth endoplasmic reticulum

* The smooth endoplasmic reticulum has functions in
several metabolic processes, including synthesis of
lipids, metabolism of carbohydrates and calcium
concentration, and attachment of receptors on cell
membrane proteins. It is connected to the nuclear
envelope. Smooth endoplasmic reticulum is found in
a variety of cell types (both animal and plant) and it
serves different functions in each. It consists of
tubules and vesicles that branch forming a network. In
some cells there are dilated areas like the sacs of
rough endoplasmic reticulum. The network of smooth
endoplasmic reticulum allows increased surface area
for the action or storage of key enzymes and the
products of these enzymes. The smooth endoplasmic
reticulum is known for its storage of calcium ions in
muscle cells.



The Golgi Apparatus

vesicles fusing with plasma membrane

golgi bodies {dictyosomes)

= @i This animation illustrates how secretion vesicles,
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The Golgi apparatus is analogous to the finishing and packing
room in a factory. Once the ribosome finishes manufacturing a
protein in the rough ER, the protein needs to be prepared for use
or export. Special enzymes will trim off any extra amino acids, and

then the unfinished protein moves through channels in the smooth
ER.



Golgi apparatus

The Golgi apparatus (also
called the Golgi body, Golgi
complex, or dictyosome) is an
organelle found in typical
eukaryotic cells. It was identified
in 1898 by the Italian physician
Camillo Golgi and was named
after him. The primary function of
the Golgi apparatus is to process
and package macromolecules
synthesised by the cell, primarily
proteins and lipids. The Golgi
apparatus forms a part of the
endomembrane system present
In eukaryotic cells.




Mitochondria

- ATP =
a Source of
ENERGY

Like our factory's power plant, mitochondria and chloroplasts transform one
form of energy to another. Remember that nearly all the energy used by living
things on Earth comes from the Sun. This section discusses how energy is

made available for cell processes.



In cell biology, a mitochondrion is a
membrane-enclosed organelle,
found in most eukaryotic
cells.Mitochondria are sometimes
described as "cellular power plants,"
because they convert NADH and
NADPH into energy in the form of
ATP via the process of oxidative
phosphorylation. A typical eukaryotic
cell contains about 2,000
mitochondria, which occupy roughly
one fifth of its total volume.
Mitochondria contain DNA that is
independent of the DNA located in
the cell nucleus. According to the
endosymbiotic theory, mitochondria
are descended from free-living
prokaryotes.

inter membrane space
Matrix

cristae

e

Ribosome

Inner membrane
N Outer membrane
DNA
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Ribosomes

The main roles of the nucleolus are
to synthesize rRNA and assemble
ribosomes

The main function of the cell
nucleus is to control gene
expression and mediate the
replication of DNA during the cell
cycle



Lysosomes

 Lysosomes are organelles that contain digestive
enzymes (acid hydrolases). They digest excess or worn
out organelles, food particles, and engulfed viruses or
bacteria. The membrane surrounding a lysosome
prevents the digestive enzymes inside from destroying
the cell. Lysosomes fuse with vacuoles and dispense
their enzymes into the vacuoles, digesting their contents.
They are built in the Golgi apparatus. The name
lysosome derives from the Greek words lysis, which
means dissolution or destruction, and soma, which
means body. They are frequently nicknamed "suicide-
bags" or "suicide-sacs" by cell biologists due to their role
In autolysis.
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Lysosomes
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Lysosomes are responsible for the breakdown and absorption of materials
taken in by the cell. Often, a cell engulfs a foreign substance

through ENDOCYTOSIS, another form of active transport. During endocytosis,
the cell membrane puckers up, forms a pouch around materials outside the
cell, and pinches off to become a vesicle. If the contents need to be destroyed,
lysosomes combine with the vesicle and release their enzymes.
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Vesicle

In cell biology, a vesicle is a relatively small
and enclosed compartment, separated from
the cytosol by at least one lipid bilayer. If
there is only one lipid bilayer, they are called
unilamellar vesicles; otherwise they are
called multilamellar. Vesicles store,
transport, or digest cellular products and
waste.

This biomembrane enclosing the vesicle is
similar to that of the plasma membrane.
Because it is separated from the cytosol, the
intravesicular environment can be made to
be different from the cytosolic environment.
Vesicles are a basic tool of the cell for
organizing metabolism, transport, enzyme
storage, as well as being chemical reaction
chambers. Many vesicles are made in the
Golgi apparatus, but also in the endoplasmic
reticulum, or are made from parts of the
plasma membrane.
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Cytoskeleton

The eukaryotic cytoskeleton.
Actin filaments are shown in red,
microtubules in green, and the
nuclei are in blue.




Actin

Actin is a globular structural,
42 kDa, protein that
polymerizes in a helical fashion
to form actin filaments (or
microfilaments). These form
the cytoskeleton, a three-
dimensional network inside the
eukaryotic cell. Actin filaments
provide mechanical support for
the cell, determine its shape,
and enable movement of the
cell through lamellipodia,
filopodia, or pseudopodia. Actin
filaments, along with myosin,
have an essential role in
muscular contraction. In the
cytosol, actin is predominantly
bound to ATP, but can also
bind to ADP. An ATP-actin
complex polymerizes faster and
dissociates slower than an
ADP-actin complex.
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http://upload.wikimedia.org/wikipedia/commons/d/d3/Actin_with_ADP_highlighted.png
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Lamellipodia

 The lamellipodium is a cytoskeletal actin
projection on the mobile edge of the cell. It Actin-GFP
contains a two-dimensional actin mesh; the
whole structure pulls the cell across a
substrate. Within the lamellipodia are ribs of
actin called microspikes, which, when they
spread beyond the lamellipodium frontier,
are called filopodia (Small, et all, 2002). The
lamellipodium is born of actin nucleation in
the plasma membrane of the cell (Alberts, et
al, 2002) and is the primary area of actin
incorporation or microfilament formation of
the cell. Lamellipodia range from 1um to
Sum in breadth and are approximately
0.2um thick.Lamellipodia are found primarily
in very mobile cells, crawling at a speeds of
10-20um/minute over epithelial surfaces..

* The tip of the lamellipodium is the site where
exocytosis occurs in migrating mammalian
cells as part of their clathrin-mediated
endocytic cycle.

http://www.microscopyu.com/moviegallery/livecellimaging/3t3/t1/3t3-dslwmp1.html
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Filopodia

The filopodia are slender
cytoplasmic projections, similar
to lamellipodia, which extend
from the leading edge of
migrating cells. They contain
actin filaments cross-linked into
bundles by actin-binding
proteins, e.g. fimbrin. Filopodia
form focal adhesions with the
substratum, linking it to the cell
surface. A cell migrates along a
surface by extending filopodia
at the leading edge. The
filopodia attach to the
substratum further down the
migratory pathway, then
contraction of stress fibres
retracts the rear of the cell to
move the cell forwards.
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Focal adhesion

* In cell biology, 'Focal
Adhesions' are specific types
of large macromolecular
assemblies through which both
mechanical force and
regulatory signals are
transmitted. More precisely,
FAs can be considered as sub-
cellular macromolecules that
mediate the regulatory effects
(e.g. cell anchorage) of
extracellular matrix (ECM)
adhesion on cell behavior.

10 pm



Extra Cellular Matrix

The ECM's main N
components are various G oo
glycoproteins,
proteoglycans and
nyaluronic acid. In most
animals, the most
abundant glycoproteins
in the ECM are
collagens.

ECM also contains many
other components:
proteins such as fibrin,
elastin, fibronectins,
laminins, and nidogens,
and minerals such as
nhydroxylapatite, or fluids
such as blood plasma or
serum with secreted free
flowing antigens.
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Integrin

An integrin, or integrin

Schematic drawing of a typical integrin dimer

Arrow shows the region where an | domain is inserted in some o subunits. Not all & subunits
receptor, is an integral
L L are posttranslationally cleaved. Internal disulphide bonds within subunits are not shown. Dark
m e m b ra n e p rotel n I n th e blue regions in the head segment of the o subunit represent homologous repeats.
Those with the EF-hand consensus sequence are marked with
plasma mem brane Of Cel IS It red circles to denote hinding sites for divalent metal ion.

plays a role in the attachment
of a cell to the exiracellular
matrix (ECM) and to other
cells, and in signal transduction
from the ECM to the cell. There
are many types of integrin, and
many cells have multiple types
on their surface. Integrins are
of vital importance to all
metazoans, from humans to
sponges.

4 cystine-rich
repeats

Plasma
membrane
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Endocytosis

Endocytosis in Animal Cells
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Nanomedicine



Nanobots
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Table 1. Examples of Manomaterials in Clinical Use.®

Manomaterial
Metallic

Iron cxide

Gold

Manoshells

Semiconductor
Quantum dot

Organic
Protein

Liposome

Polymer

Dendrimer

Micelle

Qdots, EviTags,
semiconductor

Application

MEI contrast

MRI contrast
MRI contrast

Cancer therapy
In vitro diag-
nostics
Cancer therapy
Cancer therapy
Flugrescent con-

trast, in vitro
diagnostics

Cancer therapy
Cancer therapy

Cancer therapy
Cancer therapy
Microbicide

Cancer therapy

Target

Liver

Liver
Lymph nodes
Warious forms
Genetic
Warious forms
Head and neck
Tumaors, cells,
tissues, and
molecular

sensing
structures

Breast

Warious forms

Acute lymphoblas-
tic leukemia

Various forms

Cervicovaginal

Warious forms

Adverse Effects

Back pain, vaso-
dilatation

None

None
Acute urinary
retention

Mot applicable

Fewer

Under investigation

Mot applicable

Cytopenia

Hand—foot syndrome,

stomatitis

Urticaria, rash
Mild renal toxicity

Abdominal pain,
dysuria
Peripheral sensory

neurcpathy,
neutropenia

Manufacturer

Bayer Schering

Bayer Schering
Advanced Magnetics

MagForce
Manosphere

Cytlmmune Sciences

Manospectra

Biosciences

Life Technologies,
eBioscience,
Manoco,
CrystalPles,
Cytodiagnostics

Abraxis Bioscience

COirtho Biotech
Rhéne-Poulenc Rorer
Calando

Starpharma

Samyang

Current Status

FDA approved

FDA approved

In phase 3 clin-
ical trials

In phase 3 clin-
ical trials

FDA approved

In phase 2 clin-
ical trials

In phase 1 clin-
ical trials

Research
use only

FDA approved
FDA approved

FDA approved

In phase 2 clin-
ical trials

In phase 2 clin-
ical trials

For phase 4
clinical
trials

* MRI denotes magnetic resonance imaging.
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Gene Therapy

« Gene therapy is a technique for correcting defective genes responsible
for disease development. Researchers may use one of several
approaches for correcting faulty genes:

— A normal gene may be inserted into a nonspecific location within the
genome to replace a nonfunctional gene. This approach is most
common.

— An abnormal gene could be swapped for a normal gene through
homologous recombination.

— The abnormal gene could be repaired through selective reverse
mutation, which returns the gene to its normal function.

— The regulation (the degree to which a gene is turned on or off) of a
particular gene could be altered.



How Gene Therapy Works?

In most gene therapy studies, a "normal” gene is inserted into the
genome to replace an "abnormal," disease-causing gene. A carrier
molecule called a vector must be used to deliver the therapeutic
gene to the patient's target cells. Currently, the most common vector
Is a virus that has been genetically altered to carry normal human
DNA. Viruses have evolved a way of encapsulating and delivering
their genes to human cells in a pathogenic manner. Scientists have
tried to take advantage of this capability and manipulate the virus
genome to remove disease-causing genes and insert therapeutic
genes.

Target cells such as the patient's liver or lung cells are infected with
the viral vector. The vector then unloads its genetic material
containing the therapeutic human gene into the target cell. The
generation of a functional protein product from the therapeutic gene
restores the target cell to a normal state.



Gene Delivery

« Transfection- the delivery of foreign molecules
such as DNA and RNA into eukaryotic cells

 Naked DNA is not suitable for in-vivo transport of
genetic materials-> degradation by serum

nucleases

* |deal gene delivery system
— Biocompatible
— Non-immunogenic
— Stable in blood stream
— Protect DNA during transport
— Small enough to extravagate
— Cell and tissue specific



Endocytosis

Endocytosis in Animal Cells
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Endocytic pathway in mammalian cells

Pinocytosis
Phagocytosis Macropinocytosis
(particle-dependent) (>1um)
®@ O Clathrin- Cavealin- Clathrin- and
] mediated mediated caveolin-independent
endocytosis endocytosis endocytosis
(~120 nm) (~60 nm) (~90 nm)

e O O

Figure 1 Multiple portals of entry into the mammalian cell. The endocytic pathways differ with regard to the size of the endocytic vesicle, the nature of the cargo (ligands, receptors
and lipids) and the mechanism of vesicle formation.

NATURE | VOL 422 |6 MARCH 2003 | www.nature.com/nature © 2003 Nature Publishing Group 37



Barrier to non-viral gene delivery
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Figure 1 Barriers to non-viral gene delivery

Representation of the route travelled by a non-viral gene-delivery vector carrying therapeutic DNA to the nucleus. A non-viral vector, formed by interaction of the DNA with a carrier compound, must
cross the plasma membrane to enter the cell. This can be via several routes, including endocytosis-based entry (1a), direct physical enfry routes, such as electroporation or ballistic delivery (1b),
or direct entry via protein transduction (1c). Depending on the mode of cellular entry, the vector may become encapsulated in an endosome (2), fram which it must escape (3a) or it will become
degraded when the endosome fuses with a lysosome (3b). The DMA will at some point be subjected to degradation by cytosolic nucleases (4), as it traverses through the cytoplasm to reach the
nucleus. Finally, the vector must undergo nuclear transport (5) through NPCs embedded in the NE in order to gain access to the nucleoplasm. Once in the nucleus, the DNA may (6a) or may not (6b)
need to be uncoated, depending upon the vector used, before it can ultimately be transcribed (7).

Biochem. J. (2007) 406, 185202 { Printed in Great Britain)

doi:10.1042/BJ20070505



NLS-mediated nuclear import

CYTOPLASM NUCLEUS

Figure 2 NLS-mediated nuclear import pathways

In classical nuclear import, the NLS found in cargo bound for the nucleus is recognized by the Imp ¢ subunit of the Imp /8 heterodimer (1). However, there are also many examples where Imp 5 or
ane of its many homologues can mediate nuclear import or cargo proteins independently of Imp e (2). In both cases, transient interactions between the Imp 2 and the nucleoporin proteins that line the
ME-embedded NPCs mediate translocation into the nucleus. Once inside, RanGTP binds to lmp g (3), releasing Imp o and the cargo into the nucleoplasm (4a and 4b). RanGTP itself is then recycled
back to the cytoplasm (5), where it is converted into its RanGDP state (not shown). An animated version of this Figure can be found at http://www.Biochemd.org/bj/406/0185/bj40601 85add.him



Barriers to DNA Delivery

BOX1

A number of challenges and barriers face the
successful delivery of therapeutic DNA to target

cells in the body. Physicochemical, economic and
sterilization challenges complicate formulation; the
complex environment of the human body hinders

its successful transport to the target cell population;
and endocytic pathway barriers hinder its successtul
transport to the nucleus of the cell (the site of
action). Each known and major barrier is listed in
Fig. B1, using nanoscale DINA-delivery systems

as representative examples. Each barrier exists
independent of length scale. L = lysosome. A number
of clever systems have been devised to overcome
these barriers, the general design criteria of which are
given in Tables Bl and B2.

nature materials | VOLS | TUNE 2006 |

Formulation level Organism level

system E

Cellular level

- =

L7 cell
“  membrane

. _ P B % ~J
Synthetic 4 FPlasmid ‘ / \8 NJ
vector DNA f @
1N v . f Ill
~ ", 23 nJ 8‘18
Nanoscale & O — 97
DNA-delivery | {~100 nm) l

\5‘ |
b 4,’_& Nucleus
b

b * Numbers refer
e to the specific barriers
Te- in Table B2
~50cm ' ~10 pm '
Barriers / challenges / needs
Formulation Organism Cellular

Economically viable
FOA-approvable
Acceptable shelf-life

Prolonged circulation time
Stability in blood circulation
Access o target tissuefcells
Elimination from body
Mininal toxicity

Transport to cell surface
Cellular intemalization
Intracellular transport
Enzymatic degradation
Muclear entry

Figure B1 Barriers to DNA delivery.




Organism Level

Barrier/challenge/need

Rationale

Example approaches

Materials design criteria

Prolonged circulation time

Stability within blood circulation

Access to target fissue/cells

Elimination from body

Minimal toxicity and immunogenicity

Maximize total flux past target cell type

Maintenance of designed functionality

Transport from capillary lumen to
extracellular space to reachtarget cell
surface

Minimal build-up of delivery vector over
time

Safety over treatment duration and beyond
that required for FDA-approval

PEG conjugates to minimize interaction
with serum proteins

Crosslinking to maximize overall stability

Vaso-active protein conjugates (for
example, vascular endothelial growth
factor)

Targeting restricted fo ‘leaky’ vessel

tissues (for example, tumour, liver, spleen).

Control over molecular weight
Engineered biodegradation sites
Minimize cation density

Avoid protein-based materials/conjugates

Hydrophilic
Uncharged
Stable crosslinks within bloodstream, but

reversible upon entry into target cell

Retention of protein activity post
conjugation

Small diameter delivery system (for
example, <100 nm)

Filterable through kidneys
Biodegradable

Non-cytotoxic

Non-immunogenic




Cellular Level

Barrier number (from Fig. B1)

Barrier/challenge/need

Example approaches

Materials design criteria

1,2and 3

4and5

Transport to cell surface,
association with cell membrane,
internalization

Escape endosomal vesicle and
avoid transport to lysosome

Transport through cytosol to
perinuclear space with minimal
degradation

Separation of complex to allow
nuclear translocation

Nuclear entry

Receptor/ligand interaction (for
example, antibody/polymer
conjugates, recombinant protein—
polymer fusions, carbohydrate
conjugates)

Non-specific interaction with cell
surface (for example, positive
zeta potential, lipid conjugates)

Buffering capacity between
pH~7.2and ~5.0

Fusogenic peptide conjugate
‘Higher’ molecular weight to

maintain complex stability within
cytosol

Hydrolytically or reductively
degradable polymers to reduce
molecular weight

Nuclear localization sequence
conjugates

Mitosis

Cell-type specificity, low cross
reactivity, if desired

Promiscuous attachment, high
cross reactivity, if desired (for
example, positive zeta potential,
lipid conjugation)

Endocytic pathway trigger (for
example, clathrin-dependent,
clathrin-independent, caveolin-
dependent)

Ability o disrupt endosomal
membrane and/or fusion of
endosome with lysosome

Thermodynamic and kinetic
stability of complex within cytosol

Minimize DNA degradation within
cytosol

“Triggered’ degradation

of polymer to reduce
thermodynamic and kinetic
stability of complex. Release of
intact DNA at or near nuclear
envelope

Facilitate nuclear uptake of DNA
using virus-derived signals

Facilitate nuclear uptake during
mitosis when the nuclear
envelope is dissolved.




CANCER NANOTECHNOLOGY:
OPPORTUNITTES AND CHALLENGES

NATURE REVIEWS | CANCER VOLUME 5 | MARCH 2005 | 161
Summary

+ Nanotechnology concerns the study of devices that are themselves or have essential
components in the 1-1,000 nm dimensional range (that is, from a few atoms to
subcellular size).

+ Two main subfields of nanotechnology are nanovectors — for the administration of
targeted therapeutic and imaging moieties — and the precise patterning of surfaces.

+ Nanotechnology is no stranger to oncology: liposomes are early examples of cancer
nanotherapeutics, and nanoscale-targeted magnetic resonance imaging contrast agents
illustrate the application of nanotechnology to diagnostics.

* Photolithography is a light-directed surface-patterning method, which is the
technological foundation of microarrays and the surface-enhanced laser
desorption/ionization time-of-flight approach to proteomics. Nanoscale resolution is
now possible with photolithography, and will give rise to instruments that can pack a
much greater density of information than current biochips.

* The ability of nanotechnology to yield advances in early detection, diagnostics,
prognostics and the selection of therapeutic strategies is predicated based on its ability
to ‘multiplex’ — that is, to detect a broad multiplicity of molecular signals and
biomarkers in real time. Prime examples of multiplexing detection nanotechnologies
are arrays of nanocantilevers, nanowires and nanotubes.

* Multifunctionality is the fundamental advantage of nanovectors for the cancer-specific
delivery of therapeutic and imaging agents. Primary functionalities include the
avoidance of biobarriers and biomarker-based targeting, and the reporting of
therapeutic efficacy.

* Thousands of nanovectors are currently under study. By systematically combining
them with preferred therapeutic and biological targeting moieties it might be possible
to obtain a very large number of novel, personalized therapeutic agents.

* Novel mathematical models are needed, in order to secure the full import of
nanotechnology into oncology.



Cancer Hallmark
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Emerging Hallmarks

Deregulating cellular Avoiding immune
energetics destruction

Genome instability e Tumor-promoting
and mutation Inflammation

Enabling Characteristics

An increasing body of research suggests that two additional hallmarks of cancer are involved in the
pathogenesis of some and perhaps all cancers. One involves the capability to modify, or reprogram, cellular
metabolism in order to most effectively support neoplastic proliferation. The second allows cancer cells to
evade immunological destruction, in particular by T and B lymphocytes, macrophages, and natural killer cells.
Because neither capability is yet generalized and fully validated, they are labeled as emerging hallmarks.
Additionally, two consequential characteristics of neoplasia facilitate acquisition of both core and emerging
hallmarks. Genomic instability and thus mutability endow cancer cells with genetic alterations that drive tumor
progression. Inflammation by innate immune cells designed to fight infections and heal wounds can instead
result in their inadvertent support of multiple hallmark capabilities, thereby manifesting the now widely
appreciated tumor-promoting consequences of inflammatory responses.



EGFR
inhibitors

Aerobic glycolysis
inhibitors

Sustaining
proliferative
signaling

Proapoptotic
BH3 mimetics

PARP
inhibitors

Resisting
cell
death

Genome
instability &
mutation

Inducing
angiogenesis

Inhibitors of
VEGF signaling

Cyclin-dependent
kinase inhibitors

Evading
growth Immune activating
supprassors anti-CTLA4 mAb

Avoiding
immune

Enabling
replicative
imrortality

Telomerase
Inhibitors

Tumaor-
pramaoting
inflammation
Activating \ Selective anti-
invasion & inflammatory drugs
metastasis

Inhibitors of
HGF/c-Met



Protein Corona

Figure 1. A nanoparticle gains a new biological identity upon its
dynamic interactions with biological fluids, giving rise to a protein
corona (shown as adsorbed green, blue, and cyan globules), which
consequently influences drug delivery and targeting of the function-
alized nanoparticle (illustrated as aqua blue fibrils).

DOI:10.1021/acsnano.7b08008
ACS Nano 2017, 11, 11773-11776



Vroman Effect
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Vroman Effect
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Figure 1. (a) Cartoon representation of the possible exchange/interaction scenarios at the bionanointerface at the cellular level. (b) Schematic drawing of
the structure of NP—protein complexes in plasma: the “core” nanoparticle is surrounded by the protein corona composed of an outer weakly interacting layer
of protein (left, full red arrows) rapidly exchanging with a collection of free proteins and a “hard™ slowly exchanging corona of proteins (right). Diagram
is not to scale in representing the proportions of the different objects.

J. AM. CHEM. SOC. 2010, 132, 5761-5768 m 5761



DETERMINANTS
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- blood g
- interstitial fluid, >

- cell cytoplasm
- elc.

Duration of exposure

Synthetic identity

of the nanomaterial:
-Size & 2

-shape
-composition O

Fig. 3 Illustration of the old and new models referring to the description
and determinants of the protein corona. (A) Hard and soft coronas, as well
as protein clouds. (B) Coronas as analytically accessible NP-protein
complexes. (C) Determinants of corona formation include not only the
synthetic identity of the nanomaterial, but also the nature of the physio-
logical environment.

Chem. Soc. Rev.,, 2015, 44, 6094-6121
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Fig. 6 Complexity and evolution of the biomolecule corona - the old
versus the new model. (A) The early phase: a highly complex corona is
established already in 30 sec, which may be composed of multiple core—
shell structures (‘new’). A corona of low complexity evolves slowly (‘old’).
(B) The late phase: corona composition ex situ remains stable and changes
predominantly quantitatively rather than qualitatively over time with Vroman-
effect dependent and independent binding kinetics (‘new’). A highly dynamic
protein corona, changes significantly over time, controlled by the "‘Vroman-
effect’ (‘old’). Note that the objects are not drawn to scale.
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Fig. 8 |Illustration of how rapid corona formation kinetically impacts early nanopathology in the human blood system. Upon entry or parenteral
application, pristine NPs only exist for a short period of time, but are still capable of immediately affecting the vitality of endothelial cells, triggering
thrombocyte activation and aggregation, and may also induce hemolysis. Formation of the biomolecule corona rapidly modulates the NPs’ decoration
with bioactive proteins protecting the cells of the blood system against nanoparticle-induced (patho)biological processes, and can also promote cellular
uptake. Note, the elements are not drawn to scale.
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Figure 4 | Mechanisms for nanoparticle elimination from the bloodstream. a | The liver is the
primary organ of the mononuclear phagocytic system that entraps a vast majority of the administered
nanoparticle dose. Phagocytic cells, such as Kupffer cells, line the liver sinusoid. b | If the hydrodynamic
diameter of a nanoparticle is smaller than 5.5 nm, it may be filtered from the blood via the kidneys and
excreted in urine. Other major organs that are involved in the removal of nanoparticles from the blood-
stream include the spleen, lymph nodes and the skin.
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Fig. 1 Drug delivery by NPs are subjected to various factors that limit the
overall dose of drugs reaching the target site. (A) These factors can be
classified into three separate phases, namely, systemic biodistribution,
tumor penetration and intra-tumoral biodistribution. Reproduced with
permission from Ernsting et al.** Copyright 2013 Elsevier. (B) Nanomaterial-
induced endothelial leakiness (NanoEL) may be viewed as an emerging
strategy to improve the biodistribution of nanomedicine to target sites.
Adapted from Setyawati et al.*> with permission from the Royal Society of
Chemistry 2015. IFP, interstitial fluid pressure.
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Figure 4 | Multicomponent targeting strategies. Nanoparticles extravasate into the tumour stroma through the fenestrations of the
angiogenic vasculature, demonstrating targeting by enhanced permeation and retention. The particles carry multiple antibodies, which
further target them to epitopes on cancer cells, and direct antitumour action. Nanoparticles are activated and release their cytotoxic
action when iradiated by external energy. Not shown: nanoparticles might preferentially adhere to cancer neovasculature and cause it
to collapse, providing anti-angiogenic therapy. The red blood cells are not shown to scale; the volume occupied by a red blood cell
would suffice to host 1-10 million nanoparticles of 10 nm diameter.
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