Forces & Cancer

From Biology to Physics, from the Laboratory to the
Patient
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CHAPTER 1: THE ADCHIEVMENTS

Introduction to Physical Oncology PO)

The study of mechanical signals in oncologg lnndergone a spectacular revival
since the late 1990s.

The causes are many:

A - The exhaustion of the model basec
and the question is cruel when oneni nks of di sHoppoi nt
manycancer patientsavebeen curedby targeted therapieg!

A The devel op meadiiques in 3 direehsiondBcloseru r
to living tissue than 2D cultures.

A The Il ncl usi on of t he extracell u
carcinogenesis and response to treatments.

These lastwo points coincide to impose new models, in vitro or in vivo, to study
carcinogenesis and the impact of treatments that take into account what is cancer:
'Solid Tumors'- as opposed thhematological malignant diseasesre organs
composed of a tumorssue itself surrounded by anothestis, the ExtraCellular
Matrix (ECM) often called Strontfa

! Basically, Chronic Myeloid Leukaemias have rmen cured but have seen their lives
prolonged for so long that one can equate this with a cure. In "solid tumors", patients with breast
cancer treated witladjuvanttrastuzumab when the tumor overexpresses HER2, see their
percentage of recurrence divideg two. This represents 3% of breast cancers. That's all. In
order to be exhaustive, it is necessary to emphasize the minimal pargeted Terapies for

the "chronicisation” of some cancers such as the breast or the prostate.

2ECM or stroma, both terms are equivalent. We also find 'Conjunctive Tissue'.
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Cancer Cells

Normal Cells
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Diagram showing a tumor invaditgalthy tissues

Figure 1

This pattern shows an 'epithelium’ that is the only tissue of cancer origin that we
will take into account here and which represents more than 90% of the solid
tumors.

Normal cells are of Euclidean geometry as well as normal tissue.

The medical definition of cancer is the crossing of mida the basal membrane
here below.

The tumor cells and thigssue they form have a different geometry, fractal, less
familiar to our mental representations, hence the description by histologists when
they describe cancers of sakder, anarchy, whereas thisognetry is perfectly
organized and analyzable.

Beneaththe basal membrane is the stroma that contains the vessels that will
nourish and oxygenate the epithelium.
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By reaching this stroma the cancer will quickly constiaie@utonomousCM
around him, with his own vessdlseovessels) to nourish and to oxygendtis
tumor vascularization is called neovascularization.

Cancer then becomes autonomous, histologically by constituting an -'organ
cancer', and metabolically by developing an energy machinery of its own.

In the following we shall consider that the adutitiof the basement membrane
and the stroma below are of the same nature aE@id, and we shall not
distinguish between the two.

Metastases are generated by cancer cells that leave the primary tumor and go to
different organs to constitute oth@rganscancebat a distance.
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The development of cervical cancer
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Figure 2
The stages afancerogenesia the case of cervical cancer.

Progressions of the same type are known in cancers of the colon, bronchus, and
in many covering epithelia. P@@ncerous conditions are also found inngna
glandular epithelia such as the breast or prostate.

Cancelis formed over a long time and is for a long time reversible.

The example above shows the very gradual transition over a number of years of a
benign anomaly of the cervical epithelium causedbyral infection (HPV or
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Human Papilloma Virus): mild dysplasia. Most often it disappears as well as the
next step, severe dysplasia. But the longer the dysplasia persists and increases, the
less reversible it is.

It can then lead to 'cancer in situ' winis not a cancer in the medical sense (no
crossing of the basal membrane) but has all the other characteristics (except the
ECM).

The Time Scale

In response to questions from patients 'but for how long?' Doctors have learned to
respond,for several yeatsanddor many year8when the disease follows the
most common sequence: dysplasia withmithout metaplasia, in situripnary

tumor then metastasis.

Let us take the example of the increase in the rigidity of the ECM of a normal
epithelium, whether dueotinflammation or some other cause. At this slow
modification of its environment the cell will respond by a rapid elastic
deformation which will accompany the increase of rigidity. Then it will adapt to
maintain its architectural integrity by generating attraction force that will
counteract the action of ti&CM. This over a longer time. And then one day the
geometric distortions will reach a sufficient intensity so that the mitotic spindle
until then strictly parallel to the basal membrane ends up dixgea threshold

and lead to asymmetric cell division with loss of polarity. Then the cell divisions
will stack cells forming a fractal tissue.

The Stages of Cancer

For very practical reasonge talk about Stages Itb describecancers that are
‘Locally Advaned' which can still be treated to be cured. But for this it will
require medical treatment before the surgery (and / or radiotherapy). If this
medical treatment is not sufficient, then they join the iINbose who are metastatic
from the starbr afte relapse and which we do not know how to cure: we then
enter the palliative treatments to obta@t the besta complete remission with
disappearance of all the signs arantrol that is expected to be as long as possible
on the growth of the tumor.
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The Place of the Physical Oncology

Cancerology BioMechanics owes its recent progression to the application to
cancerology of "Physical Oncolog{fPO) as a new way of studying cancer.

POis defined as the study of physical and more specifically mechanicalsig
in the functioning of cancer from dysplasia, in situ, to metastatic diffusion, and
therefore throughout the spectrum of carcinogenesis.

In its still most activepart, in vitro or ex vivo, th&€Ohas no preterdn to have a
therapeutic role. On the a@hhand, his recent orietton towards in vivo forces

usto think his role as a possible treatment and the choice of pancreatic cancer as
the first target corresponds to a patent medical n meed

A system throughout the body

Thus, wesee an organiocngity - the ECM - that sends mechanical information to

all the tissues of all organs, such as a decentralized nervous system that would
send mechanical and not electrical pulses, thus ensuring wabodi and control

of behavior letween all the cells /gsues of the organs and the organism. The
cells are in charge of distinguishing the mechanical noise (including that related
to the gravity) of the signals of change of the environment. They must also
distinguish the variable or periodic signals from tbastants, the outputs being
different.

In the phenomenon afircinogenesijst is logical to assume that the predominant
action is that of constant or quaginstant signals such as a slow increase in the
rigidity and slow transformations of the fibrillaomposition of the ECM rather
than asa stored accumulation gfansientsignals

In PO, cancer is no longer merely a "disordered" genetic and biological
machinery, but also and may be the result of a progressive change in the
architecture of the tissuepin the normal Euclidean to the cancerous fractal. And

it is this change in the distribution of forces, pressures, constraints ... in cancer
that will modify the functioning of the genetic and molecular machinery through
the conformational changes imgalon DNA (and epigenetics) bhase forces
transmitted to the nucleus from outside the cell.
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An Emerging Science, a Specific Scale

PO is an emerging science at th@&arface of mechanics and onagy, and
therefore of physics and biology. The biological amgysical signals present in
cancerous tissues as well as in normal tissues are very different. And, although
they constantly interfere with each other, the laws that govern them are disjointed.

Table 1

Difference between biological and physical signals

Support Transmission  Modulation  Nature of the Action Reversibility in
of the signal of thesignal  Signal space
Biological Liquid Slow Diffic ult Biochemical  Slow No
Incompressible  Step by step Unidirectioral
Physical Semaolid Fast Easy Mechanical Fast Yes
(20%of cell Almost Bidirectional
volume) instantaneous

Compressible

ThePOstudies the impact of mechanical signals on the appearance of the cancer
phenotype. The relevant phenotyp®iis that of cells and tissues. Negtheless,

the tissue phenotype is more complex than the cellular phenotype. Thus, by tissue
phenotype we will hear the phenotypecellular - differentiation, growth,
apoptosis, cell death and ability to migrate to which we will add tissue
architecture.

And it is impossible here not to quokéina Bissell: "in oncology the tissue
phenotype is dominant in relation to the cellular genotype".

The mechanical signals spontaneously present in the tissues or UR@dan
modify the cellular or tissue phenotypeeanade of forces, pressures directed
towards the inside of the cell (pull) or outwsi@ush) ordngential (sheafprces,
forces at thd&=CM / tissue interface and cell / cell interfaces. The generalization
leads us to speak of the application of a fi@ladonstraint (or better of a tensor
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field). It can be seen that tiO is located on the mesoscopic scale, that of the
cells and the tissues. The evolution has produced a hierarchy of structures to
distribute the mechanical signals according to the soaléhe structure in
guestion,such as nested Russian dotdé the mesoscopic scale, the pressures
involvedare of the order of a few ta few hundred or thousands of Pascal (Pa).

Genetics and molecular biology are at the scale of molecules and geredey¢her
microscopic.

Oncology and its imaging are on a macroscopic scale, except for the microscopic
diagnosis on the biopsy.

Finally, a point must be recalled which conditions any ambitious approach of the
PO we know how to cure localized cancers. We do kmow how to cure
metastatic cancers, with a few exceptions such as testicular cancers. Locally
advanced cancgare a real challenge. And, we shaudtiforget, the vast majority

of cures are obtained through surgery and / or radiotherapy that ha.g @akin
behind them.

The role of halcentury drugdike hormone/chemotherapy is to increase the cure
rate by eliminating tumor cells already in metastatic position. It is therefore a
probabilistic treatment that improves by a few percent the number &. ttuise

still marginal if we talk about healing. And it will remain so.

But they play a fundamental role in the ‘chronicisation' of certain cancers,
including hormonedependent cancer duas breast and prostate cancer.

Targeted therapies play a much deralole. That of immunotherapies is expected
to be much more useful but cures will remain rare except tumors already known
to be manipulable immunologically speaking like melanoma and kidney.

The PO should also be situated between biology (molecular §iglgenetics,
immunology) and mechanics, as shown in Tadbelow.
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Table 2

Input Signal Output Signal
Biology Biological Biological
Mechanobiology Mechanical Biological
Physical Oncology Mechanical Mechanical

In the process of recognizing tmew branch of biology, theOhas undoubtedly
benefited from the very mechanistic approach of the appearance of metastases, as
illustrated by the number of articles on theuijney of the metastatic cell"hich

must change all its physical parameters fitb primitive tumor, to cross many
mechanical barriers before arriving in the organ where it will find a favorable
ground to form a metastasis. But we will not dwell on this aspePQoivhich

leads more to diagnostic developments on the circulatingthaltsto therapeutic
developments. The entanglement between mechanical and biological signals is
part of the functioning of life, but it can be seen that only Riaeis studied
independently of the laws of biology.

The achievements oPO research
Cellular rigidity

ThePOfirst progressed by the direct approach to the measurement of the intrinsic
mechanical properties of the cell: the systematic determination of ¥osing
Modulus - or modulus of elasticity of normal cells benign tumor cells and
malignant tunorscellsand tissues of the microenvironment of tumors, in fact the
ECM in its various components including tumor neoangiogenesis. The in vitro or
liquid approach to isolated cells has recently been supplemented by ex vivo
studies on biopsies.

Cellular /tissuePO: looking for physical parameters

It is on this scale that research is still the most active, whether it is the isolated
cell, the culture in 2 Dimension (2D) (less and less) or the 3D culture.

It was first necessary to make assumptions baseleoanalysis of the results of
the tensioning of the intracellular components.
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The study of the impact of the appliedrEes of which the CytoSKeleton (CHK

to cells has based on several techniques including micropatterning. A cell is fixed
on a support whee rigidity (stiffness) and adhesion surface can be varied. The
support can be very rigid as in pte culture dishes (traction10,000 Pa) or can

be modulated from a few Pa to several thousah&®a as with media of the "gel

type. This allowed us tonglerstand how the physical environmertiere the
traction exerted by the only adherent surfas®difies theCSK, and the celllar
phenotype. The "traction forcmicroscopy" and especially the Atomic Force
Microscope AFM) are used to measure the stiffaethe forces involved.

Micropatterning was first applied to only one or a few cells. It is 3D which has
allowed us to scale to the equivalent of tissue organized in space and to focus on
the cell and tissue globally without taking into account the upidgrbiochemical

and genetic mechanisms. But the study of supramolecular complexes such as the
organization of integrins in junction points and structures of cellular organization
such as theCSK and its components microtubules, actin filaments and
intermediate filaments have been necessasgeps in the understanding of
maintenance or name of the architectural integrity of the cell and tissue and
allowed to imagine hypotheses as to carcinogenesis.

Cellular micropatterning also taught us a lot aboutaitganization of theCSK

when the stresses applied to one face of the cell were varied and showed the
transmission of mechanical signals from the environment of the cell to the
nucleus, Through th€SK. But the limitation to one or a few cells and the
unidimensional character of the application of the constraints on a single face, has
long limited the practical interest.

For growthdependent '‘anchoragkependent’ cells, division assusran increase
in the CSK tensionthat is obtained when the cell spans omniged support,
equivalent to a very rigig€CM.

Conversely, to decrease the rigidity of the ECM to the point of not being able to
compensate for the cellular traction, leads the cell to differentiation or apoptosis
and stops the division.

The mechanorecepts
The best example are integrins.

Mechanotransduction is the term used to describe all cellular / tissue responses to
forces imposed from the outside and passing through mechanoreceptors.
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But this term must remain neutral and not systematically implyokbdical
response, such as a cascade to the nuaé&assduction.

It is the realization of the very artificial nature of the culture conditions in 'Petri
dishes' made of glass or plastdich led to the taking into account of the role of
the very imprtant rigidities of these supports. Of course, the rigid, flat and large
supports allowed to stimulate the culture of the normal and cancer cells in vitro
outside their environment; This environmetite ECM and the neighboring cells
organized in spacewill impose the organization in the space of the tissues, the
polarity of the cells and their phenotype, all this by the mechanical signals.

TheYoungO6s inMicba ul us

Measurements have shown that normal cells are more rigid (about 1.2 kPa) than
their malignant counterparts (about 0.8 kPa) and that the ECM is even more rigid
(about 2.5 kPa).

When a doctor, or a patient, feel8@ampin the breast, what is hard is theECM.
The tumor, inside, is less hard than the normal mammary gland.

Two-dimensional ck culturesdo not reflect the in vivo situation and are very
poor predictors of the effect of cancer treatments. This is Hie reason why
NCI launched a B in vitro cancer research program in 2009. The NCI Physical
Sciences in Oncology site associat@suniversites in the US with the goal of
havingphysicists and oncologistgorking togetherpeople who do not speak the
same language.

Numerous cell lines, normal, transformed or cancerous were measured. The
Young's modulus of cancer cells is of the saynder of magnitude as a little less
than 1 kPa and theormal / cancer ratio is around 1.:Bhe correlation between

the decrease in rigidity and therefore tinerease in deformability andche
metastatic potential is very strong.

It was thus possible tbtain prognostic information or to try to use liquid biopsies
to measure the rigidity of circulating cancer cells, again with a very strong
correlation between the decrease in rigidity and the prognosis.

It is important to emphasize how tR© is returnirg to a unicist conception of
cancer: there is ultimately little physical quantitative variation between different
cancers. Contrary to the genetimlecular approach, treatments using B@
approach are likely not to be 'personalized'.
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In all cases the ntleodolayy used must be taken into account, with absolute values
varying between the use of the Atomic Force Microscope, the optieakzers
the microfluidics...

Ex vivo

Some studies have measured the tissue rigidities on biopsies, ie pieces of tumor
taken, kept alive and analyzed by Atomic Forceidwscopy. The most
representative study is that of M Ploding2g011), which confirms the
measuremestobtained on cells in vitro in 2 and 3 dimensions.

AFM measurement of Young's modulus on human breast cancerdsiopgeals

a signature specific to each cancer stage. Comparing healthy tissue with cancerous
tissue from a benign tumor, the Youngodulus distribution (representative of
elasticity) is between 1.9 kPa and 3.7 kPa for the benign tumor and between 1.1
KPa and 1.8 kPa for healthy tissue. Tissues from more invasivegiaestatic
tumors show a dominant peak between 0.3 and 0.8 kPa. For metastasis, the cell
must have a certain degree of flexibility and deformability enabling it to move in

its environment, ths its Young's modulus is lower than that of healthy cells.
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A sample of the tissue stiffness values present in breast biopsies (M Plodinec et
al)

Cellular response

Finally, experiments were carried out to quantify the responses of the cells, for
example in 3D culture, to mechanical stimulations. There is the 'pull’ of the cells
at the interface with theECM, the tensions at the intercellular interface and the
intracellular forces generated by lG8K

The first culture on 3D began in 1989 and tmeed in 1992. This organizatian
space between the ceifsakes it possible to retain the mechanical and biological
intercellular links as they are present in vivo. But in the case of the study of the
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cancerous phenomenon, it is representative onlyeofdncerous tissue itself: the
organ organization associating tBEM surrounding the tumor tissue is absent.
More precisely, the culture medium around the 3D will be able to be a virtual
ECM from which signals are made to act. For example, MattRaszekn 2005
applies a constraint to a 3D culture of human cancer cells by varying the collagen
concentration: it induces the variation in the surface tension applied to the cells in
culture. It starts from a normal breast acinus and will make it evolve towards
cancerous breast tissue using exclusively variations of surface tension.

This article is the first to have highlighted the central role of the rigidity of the
ECM as a factor otarcinogenesiand its maintenance in the evolution of the
disease.lt also shows that increase@SK tension disrupts the ‘polarity’ of
mammary cells, activates their multiplication, and distorts the central, spherical
lumen.

Architecture: Architecture:
Euclidean Fractal

[3-catenin

%4 integrin
API

150 400 675 1050 > 5000

Pressure: ElaStiC MOdUIUS (Pa) Pressure:
150 Pascal (Pa) » 2000 Pa
Normal < * Cancer

and vice versa
Figure 4

Tumor stiffness in patients or in animal models is the sum of several factors:
increased intestitial pressure, tumor volume expansion, neovascularization
plays a role as &ll as fibrosis of the ECM andter less important factors.

But in this experiment alone the rigidity of the culture medium surrounding the
acinus varies. From a concentratafr? g / ml to 4 g / ml, the stiffness measured

in Pa by the Young's modulus changes from (on average) 330 Pa to 1590 Pa.
Changes in Young's modulus obrmal mammary glandular tissue (167 Pa),
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which increases its modulus from 167 to more than 2,000 praportion to the
amount of collagen added and thus to the rigidity surrounding the breast tissue.

Table3

From M Paszek's article showing the different Young Modulus values of different
mammary tissues.

Tissue or Material lﬂudEllflltl:illﬁPal
Mormal Mammary Gland 167 + 31
Average Tumor (Ras, Myc, Herd/Meu) | $049 + 938 ™
Stroma Attached to Tumor G + 260 *
[Ras, Har2/Nau)

Reconstituled Basemant Mambrans 175 + 37
Ciollagen (2.0 mgimil) 328 £ 87
Collagen (4.0 mgiml} 1589 + 380
Plastic sty rens

[Gallis1li::rp21w§|i.5f EIII[IEI:I} 2.78x10°
Glass (sodadime) a5t 108

(Callister et al., 2000}
** Mean + SEM, p<0.01

In fact, without aying so,Paszek shows us theamsition from Euclidean
architecture, that of a normal epithelium, to a fractal architecture, that of cancers.

The desire to find a molecular biology support for these changes makes the article
difficult to read for a norspecialist and, above all, obsearthe mairresult: in

3D, the only relevant model, the compliance of itinegtrix isthe main variablect
change the cell phenotype appreciated here by cancer markers derived from
molecular biology as well as the architectural type of the tissue, thatalrthe

tissue phenotype. But if this change in geometry is concomitant with
accompanying biological changes and is in accordance with what is known of the
changes in the molecular biologyathaccompany the cancerogenesishe
reversibility of the ph@omenon of cancerogenesi€ancer reversion by
mechanical signals becomes an objective oPtbe

Similarly, a somewhat forgotten hypothesis of cause of carcinogenesis becomes
again topical: the balance between the rigidity of the matrix (exogenous force)

Page 17 sur 42



and the tension of th€SK (endogenous force) can be disturbgdpibolonged
local 'irritation’ like &ironic inflammation and promote malignant transformation.

Other authors have found similar results in other tumor models and with other
mechanical signals.

Let us quote the publication of F Montel et al in 2014.
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Figure 5

We see here the linear relationship between the growth of the studied tumor (a
spheroid) and the applied pressure.

Convergence with Mechanobiology
In mechanobiology, let us mention the Waf Emmanuel Farge.

In 2003, he worked on the embryo of the Drosophila fly, a favorite tool of
embryologists.

He then showed how a pressure turns into a genetimatetular signal. Let us

sum up hiddemonstration of 2003. The constitution of a diges$iygem is very
preciselyprogrammedin this embryo: it appears in a weléfined place and at

a definite moment of the development of the embryo. By applying a simple
pressure to another place and at another time he succeeded in 'passing over' the
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geneic programming and inducing the formation of a digestive tract at another
place and at another time. How is it possible? Because a pressure exerted on a
protein, beta catenin, allows it to detach itself from the wall of the cell where it
ensures the solityi of the intercellular junctions, and to migrateverds the
nucleus of the cell, wheré¢ triggers the activation of the Twist gene which will
make the twistoleculewhich is a molecule that transforms littifferentiated
embryonic cells into digestastract cells, which are recognizable and 'fixed' in this
digestive function.

This was the first timan embryologythat the action of a mechanical (not
biological) signal on a gene was shown.

In d.a Recherch&he proposes a good popularization of an lertmblished in
2015 in Nature.

The headlineof the a t i c|l e s ummar iTlekegowth of & tunU r p o s
compresses the adjacent healthy cells and can make them caacéfrosis
mechanism involves a protein known in embryology.

We are thusn the framewdk of MechanoBiologythat is to say the impact of a
mechanical signal a pressure when translated into a biological message, a
molecule.

It is therefore notPhysical Oncology' that studies the translation of a mechanical
signal into a mechanical signa

But the article by E Farge obliges the Physical Oncologists not only to concern
themselves with the mechanical relations between the cells of a cancerous tissue
and the mechanical relations between this cancerous tissue and the ExtraCellular
Matrix which surrounds it. We must also take into account in the 'balance of
forces' the mechanical relations between EE@M and the normal tissues
surrounding the tumor.

The continuous pressure exerted by a tumor which proliferates in the colon
transforms the neidforing healthy cells into cancerous cells.

We can thus see a propagati@am a creation of tumor at a distanrdbat obviously
concerns not only the colon but all the cancers for which catenin beta is important.

Moreover, this paper provides quantifiedtal that verifies the little information
we have on the "YourdgModulus' of tissues, ie the measure of their rigidity. And
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we find data similar to those described on breast cancer biopsies bydvdelo
in 2011, or about 1.2 kHar the pressure exerteg the cancerous tissue.

In Vivo

We will end with an approach that takes into account all these advances and has
a direct therapeutic ambition: the application of a field of constraint to a tumor in
Vivo.

Mechanical signals used in in vitro modelsurfacetension, osmotic pressure,
gravity - are not usable in vivo.

Curiously, in vivo, though the only way to arrive at a therapeutic propssaty
little present in the P@Xerature.

It is nevertheless the major step, that which makes it possible tcagavise
passage of laboratory object to potential therapeutic tool.

In PO, we find only the article by R Brossel et al (Plos One, 21 April 2016) which
shows the possibility of acting on a tumor grafted subcutaneously in the rodent by
applying a constraint.

In this perspective, the 'field of constraint' becomes the therapeutic agent.

This stress is exerted via ferric nanoparticles, therefore magnetizable, subjected
from outside the animal to a magnetic field gradient. The nanoparticles then act
as (Bio)Actuaors transforming a part of the magnetic energy into mechanical
energy.

It was first necessary to make assumptions based on the analysis of the results of
the tensioning of the intracellular components.

Feasibility

In 2014, an in vivo feasibility is cardeout on mice grafted by human cancer cells
(MDA MB 231) mixed with ferric nanoparticles: the ferric nanoparticles (in
black) are distributed around the tum@s shown in the figure belowyd to the
very large difference in free surface energy betweempérticles and the cells.
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Tumor

Figure 6

Iron Nanoparticleare used agbio)acuabrs": when a magnetic field gradient is
applied to the nanoparticle / tumor assembly, they transform part of the magnetic
energy into mechanical energy and create a locadizeds field in the tumor.

Thus, the possibility of applying a "field of constraint” (which can be
approximated as a first intention to forces and pressures or, by extending the
concept, to a tensorial field) to an in vivo tissue can be seen. This involves
positioning magnetizable nanoparticles around the tumors and then applying a
magnetic field gradient to the tumor / nanoparticle assembly from the outside. It
has been known for more than 10 years that a pressure applied to an in vitro tumor,
if a sufficient "stress field" is applied, results in a modification of the tissue
phenotype (M PaszeR005). The innovation concerns the transition from in vitro

3D to in vivo, that is to say from the "test tube" to the animal.

The Proof of Conceptin vivo was pubkhed in 2016. The aim was to compare a
treated group of mice, ie with nanoparticles and magnetic field gradierttwath
control groups. Figs7 ard 8 show the experimental set apd the generated
forces.
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The concept is validated There was a significant difference between the treated
group and the control groups. This difference is related to the volume of the tumor
measured in vivo which is significantly deased (p = 0.015) in the treated group
compared to the 3 control groups (with gradient and gradient, gradient and particle
free, gradient and particle fre&here is also a significant difference in favor of
the treated group when measuring the surfacthefliving tumor ex vivo on
digitized histological sections (pG:001).

Table4
Results
Groups of grafted Median Tumor Volume p (Significance of the
mice (mm?) difference)
Groups treated 529
Control groups 1334 p = 0015
Mean Tumor area on histological p
(mm?) sections digitized ex vivo
Treated Group 1.7
Control Groups * 23.1;214; 26,8 p = 0001

* Three groups of mice: witparticlesonly; with gradient alone; ithout particles or gradient
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The Constraint Field as a Therapeutic Agent

This field imposed from th&CM is superimposed on the one already present in
the tumor tissue. Note the difference with in vitro: there is no confinement by the
ECM in the in vitromodel

The possible parameters of this stress field relate to intensity anericqun
the article cited, the estimated intensity is of the order of 10 to 20 Pa for a gradient
of the order of 5 T / cm. We were at the physical limits of the method.

The gradient was constant.

This proof of concept used permanent magnets (NeFeB).e&tr@nagnet will

be required for an orthotopic pancreatic gmaftodentsand superconductors are
the only sources of magnetic field gradient compatible with the thickness of a
patient.

The superconducting magnets only allow frequencies below 1 kHbbgecerate
gradients of the order of 50 T / cm.

Most importantly, there is a lack of a description of the forces involved in the
tumor in situ in vivo in its entirety and on a smaller scale in the -sehd
structures involved. There is no technology wllwg this advance which is a
priority to make this therapeutic approach finely modulable and promises like
cancer reversion.

Page 23 sur 42



CHAPTER 2: THE PAST & THE FUTURE

Let us begin by building a bridge between thaH.@nd the 21st century

The Great Ancestors

In his essay "On Growth and Form" D'Arcy W Thompson shows spectacular
correlations between the forms taken by organisms and organs and the laws of
mechanics. But it does not go beyond this finding and does not propose a
hypothesis of cause and effect.

Before him, we will also remember the name J Wolff, who has shown the
quantifiable, controllable, specific and reversible relationship between the forces
applied to a bone and the development and internal structuring of bone in various
species.

Much later G | Il will show the influence of forces on intercellular dissociation
and C Murray (1926) the principle of optimization in the bloodstream.

The 'Zeitgeist', the spirit of the time, since the 1960s is that the key to the
understanding of carcinogenesis is lie found on a molecular scale. The
discovery of the genetic code based on DNA followed by the description of
transcription and then of signalitgansduction forms a coherent whole on the
microscopic scale, that of genetics and molecular biology.

A cancertheory - here we are talking about epithelial tumermust explain
carcinogenesis in all its stages from dysplasia to metastasis.

The theory of somatic mutation (somatic cells: all cells except germ cells) is
largely dominant and the birthplace of the @amis the cell. Contradictory
experimental facts are not lacking: the carcinogens are natuafigenic (the
hormones.); the target of the carcinogens may beE@&M and not the cell; An
ECM exposed to a carcinogen contdcteéith norrcancerous tissue wdead to
cancerizatiorof this tissue, but not the reversegancerous tissue placed in @os
contact with a normal ECM mdecome a normal tissue again.
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These last two examples further argue for the reality of the possible reversion of
the cancer to theon-cancerous.

The War on Cancer

The symbolism was heavy when President Richard Nixon gave this label to a
major cancer study plan in 1971.

The hypothesis is then viral: normal cultured cells are 'transformed' (this is a major
step towardsancerizatiopby the Rous sarcoma vsu

But in real life, in real patients, no viruses.
Yet it was acquired:

That a viral genome, with few genes, could ‘force' all the genetic machinery
of a mammalian cell to function in a cancerous way: decrease in apoptosis, loss
of differentiation, increase in cell divisions, etc.

In 1975 a first ‘'oncogene’, src, was discovered: the normal cell carries a
gene which once 'activated' by a virus can transform the cell into culture.

A little later the mutagenic chemical carcinogens jbia radgations X, UV... in

the poolof the triggers of cancer, without intervention of virus. Asbestos that is
neither a molecule nor a mutagen will soon be recognized as responsible for many
cancers in people exposed to it.

Other oncogens are describadluding a first in humans (ras).

But cancerizationis and remains 'multistep’, muliftage, resistant to any
explanation of the type: 'a single event (a mutation) can lead to cancer'.

The discovey of 'suppressor genexids to the confusion.

In 1989,it was demonstrated that the larger the number of somatic mutations of
oncogenes and suppressors, the more a human tumor progresses. And the number,
nature and order of mutation varies from one tumor to another in the same tissue
of origin and tissue to thaether. The perplexity was great: each cancer seems to

be an evolutionary experience all by itself.

To organize this growing complexity, close to chaos, hallmarks are proposed that
will evolve in number and quality over the years.
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But the cancerous tumormmains a moving target with subpopulations, permanent
genetic and epigenetic rearrangements.

The era of 'omics' and Big Data (finding the right algorithm to organize the mass
of data), from personalized medicine (to each tumor its treatment), resembles a
leak forward.

Obviously, Data Mining gives useful information: two cancers of the same origin
present sets abtally different gene expressiomsit with common prognostic
values. These 'prognostic indicators' make it possible not to impose unnecessary
treatments on many patients, which is to the credit of personalized medicine.

Original sin is common: there is around the cancerous tissue another tissue, the
ECM, with its inflammatory cells, its immune cells, its neovascularization, its
fibers that generatésirigidity.

The relevant unit in cancer theorgt least solid tumorsis theECM / tissue pair.

There is anther flaw: the reductionist approach.

And Now?

45 years later the war was not won. It is even lost: an increase in the number of
cancers, not dyp due to aging, increase in carcgenic substances and
behavios...

If a new theoretical construct is to emerge, it is obvious thami$t mntegrate the
enormous achievemendf the last decades: cancers of genetic origin are few but
exist. Mutations sth as BRCA in the breast and ovary have a considerable
influence on tumor behavior in the daily clinic. Mutatibmsisesalone can lec

to cancer

Systems biology provides us with useful insights: networks, fields, attractors are
words unfamiliar to theags of biologists or oncologists, but they try to find rules
to organize exponentially growing knowledge. For the momemtremain in the
speculative but relevant hypotheses are tested there.
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After research will come the development. Today it is necessaty 'Let
Know!'

Physical Cancerology attracted little attention so far and was reservesinhaila
circle of academic gen{i@o)men.

In the US, the National Cancer Institute, after having richly endowed twelve of
the best American universities in 2009 torw together cancer physicians and
bioengineers in an "Office forHysical Sciences and Oncologyésearch in
mechanobiology and physical oncology. It regularly publishes results of
experiments carried out in these teams. Curiously the production reneains v
centered on the biological functioning of the cancer with a predominance of the
mechanobiology. This leads to the publication of numerous articles ending with
"and thus the pharmaceutical industry will be able to find targets...", which differs
from the goal of the?Owhich should be to promoteesatments based on the use

of physical consequences of mechanical signals.

In Singapore, an Institute of Mechanobiology welcomes several hundred
researchers dedicated to this new approach to cancerology.

Sign erouraging a dedicated magazine just appeared: Convergent Science
Physical Oncology

In Europe, there are a few scattered academic dadroes (France, Germany,
Spain..) but thePOis not present in European or nationalgyeoms or in scientific
meeting.

But the pedagogical effort advances: see the references 'IntroductiorPto the

Physical oncology must emerge from the shadows and address the cancer
community. We are part of this dynamic.

The continuation of the In Vivo research in the continuity of tke Proof of
Concept

The in vivo Proof of Hicacy of the action of a stress field will be on the treatment
of a human pancreatic cancer grafted into a mouse pancreas.

This technology involves the association of two Medical Devices: a Magnetic
Field GradientGeneator, similar in cost, volume to a current MRI, and a
consumable: Nanoparticles that will bring iron, magnetizable, around the tumor.
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Make available, in the short term, a rew treatment for pancreatic cancer; A
decisive step for the In Vivo approach

The poject of Proof of Efficacy will followthe Proofof Concept commented on
page 1921. Thefirst step is toconstruct an animal demonstrator and test it on
human pancreatic naer grafted into th pancreas of mice (orthotopic graft) and
show the action of a stress field in this case of deep graft, and no longer
subcutaneoushis will be the "Proof of Efficacy Then an industrial partner
mastering the technology of supendudive magnetsvill be needed to move to

the scale of the patient.

Recall that it is not a molecule, a drug product but the combination of two medical
devices and the use of the laws of physics.tBere is only a few years of
development before market ewnfrfar less than the seveneaht years required

for biologicalproducts.

Moreover, this process is based on the laws of physics: the results obtained and
future can be modeled and are therefore predictive, further reducing the hazard
associated with blogy.

Moreover, the toxicity (a major cause of stopping the development of the
molecules) is known here and a priori minimal. Indeedgnetic field gradients

are used in patients daily without side effects mmjekctable ironnanoparticles
have been usedas contrast agents, including vectorized particles for
neoangiogenesis endothelial cefRO 4 000, Chematech, Dijon, France; for
animals)

Beyond Pancreatic Cancer

This type of treatment could be applied to alcatled locally advanced cancers
and with o suitable therapeutic solution to date, such as brain cancer
(glioblastoma) or primary liver cancer.

A priori any tumor locateth the gradient cahe treated. If the construction of an
apparatus for including metastases in the volume treatedtifivial on the
physical and mathematical point of vievcannotbe excluded from the outset.
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What we learned from Mechanobiologyin the Past

A well-known example: in order to repair a failing coronary artery it is
commorplace to take a piece of vein fraime patient ando graft it in the place

of the apasesgy (n bdDhygt) . Under a much
this piece of vein quickly acquires the structure of an artery: mechanical stress has
caused it to pass from a vein organ to an arteggrar

Similar examples exist with bone and cartilage tissues.

Towards a Reonance Fequency?

The constancy of Young's modulus difference between cancer cells and normal
cells independent of the original tissue type of cancer leads to the question of the
therapeutic use of ultrasounds in the very high frequency range. Cellular models
based on 'springs' and 'pots', or more sophisticated models, show the theoretical
possibility of discrimination with respect to noise and between normal and
cancerous But to gofurther it will have to think@sonance on the whole network
support of the mechanotransduction and no doubt come out of the logic of
destruction as therapeultic.

Towards a Paradigm Considering Mechanical Signals

The theoretical basis of carcinogenesis frcuimulative mutations is solid and
constant. But iis insufficient. The first flancomes from the 'putting under the
carpet' of everything that went against and that the first successes of genetics and
molecular biology made marginal.

The second flaw ide reductionist approach confined in the biological/molecular
domain.

Another disappointment comes from the great stagnation of the therapeutic
application.

A Reuvisit of Carcinogenesis

The very first anomaly is the loss of parallelism of the mitotic spicdmpared
to theECM.
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For physiciststhistransition from the normal to the cancerous @agh growth
of a quasicrystah It is difficult to reconcile these two conceptual models.

From the Surface of the @ll
If we summarize what theOhas told us:

Cells use transmembrane receptors, such as integrins, to mechanically aauple th
CSK to the ECM. Cellular CSK are themselves linked together by other
transmembrane receptors, such as cadherins, which interconnect cells of
cancerous tissue.h€ assemblythus forms a networlof transmission of the
mechanical signals that extends through all the cancer organ.

It should be notedhat transmembrane receptaagse sensitive to forces or
pressures but have few connections with@sK that have purely local effes

such as opening an ion channel, initiating signaling to the nucleus and thus
transmittingonly biological signals.

TheCSKplays on its components, actin flaments, microtubules and intermediate
filaments to control a change in stiffness vice vera - of the ECM.

The control will go through a rapid response from @K Prestressed, this
cellular and transcellular network channels mechanical signals: this allows the
transmission of information not only to the nucleus and (épi)genetic
machinery but also to the intracellular structures physically linked toGB&

such as the mitochondria.

This sort of pipeline avoids energy and signal losses and conceritfzesels

the signal towards itsiologicaltargets: energy production by mitochondnma a
synthesis of proteins by the nucleus. The whole of theigamd structures of the
cancerous or nepancerous tissue, in fact soft matter, represents about 20% of
the weight of the tissue but is the exclusive support for the transmission of
mechanical signals. It adds cell and nuclear membranes, mitochondria,
cytoplasmicCSK, nuclearCSK, the fibrillar network of th&CM.

The CSK pre-tension allows it to react quickly and in a finely modulable way to
a force transmitted to it, and to modulate it acamydp its direction (pull, push,
shear).
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This prestressing is linked to the equilibrium between the three components of the
CSKwhich are outside the scope of a study onRbdbut have been the subject
of an important literature. The prestressing makpassible to better manage the
efficiency of the maintenance of the cellular, tissue and organic architecture.

We shall not deal here with the emission of biological signals concomitant with
the arrival of a mechanical signatdeed there isnot only a liochemistry in the
liquid phase but there is also a no less important-gtlase biochemistrptated

at unsoluble structuresish as theCSK. For example, the activation of Rho, a
small GTPase, is thought to induce contractiol€8K by genetiebiochemial
pathways when stimulated by a force applied to an integrin. This contraction is
then accompanied by a suprmlecular assembly with construction of focal
points of adhesion that will strengthen intercellular physical communication.

Of coursethe systenis bi-directional and the fibrillar structure of the ECM will

be modified in response to a transmission of mechanical signals coming from the
cancerous tissue, resulting in a change in its mechanical properties.anhus
increase in intracellulaCSK tenson will increase the tension of the ECM
restoring the homeostasis of the organ.

For the panorama to be complete, mention must be made of the presence in large
guantities of rigid filamentous structures which triangulate the cell membrane,
anchored in thenembrane bilipid layer. Similar organisms are found around the
nucleus and in the mitotic apparatus during meiosis.

The main lines are drawn but the approach has been up to now more gualitative
than quantitative.

The Stress Field and its Masurementin Viv o

The tissues of the organs are permanently immersed in a stress field. At any point
of the cancer organ there are therefore force vectors whose direction and intensity
can vary at any time. But we have seen that these forces are channeled into space
by semi-solid structures and that these structures are prestressed, ensuring by this
isometric tension the architectural stability of cells and tissues.

In vivo force measurement techniques are multiple with techrdgpendent
results and there is a lack ofiaicist method.
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Fractality of Cancer

All structures of the cancer organ are fractal on a micro and mesoscopic scale.
Except the tumor itself which is spherical by default.

The surface of cancer cells (and this appeeavéiro at avery specific time: when

the 'transformed' cell becomes cancerous) is fractal as well as the growth border
of the tumor. Tumor angiogenesis is fractal as well as the nucleus and architecture
of cancerous tissue.

This fractal dimension has been used for the diagnosis of cancermatic
reading of radios, biopsy samples, etc. with a very strong correlation between the
fractality coefficient and the aggressiveness of the cancer.

The first application seems to have been the difference between the
microcalcifications of benign tumorsand malignant breast tumors on
mammograms: those accompanying cancers have a fractal distribution in space.

These findings of the links between change of form and evolution of the
phenotype do not exhaust a subject: to speak of fractals in biology imetedia
evokes the improvement of energy performance related to a fractal geometry.
Thus, the fractal geometry of the bronchial tree optimizes the energy expenditure
of respiration.

Cancer metabolism

Canceogenesisand its progressive change of architecturedity many
enzymatic functions including the metabolism that supplies their energy to the
cells.

In an experiment published in 2011 F D'Anselmi et al have shown an original
aspect of this 'Warbirg' phenomenon but in reverse: cancerous cells of human
origin are reversed towards the normal. At the change of shape towards the sphere,
order symmetry onequantified by fractal analysis corresponds to a minimal
energy state with decreased bending energy of the cell membrane. In parallel, the
cancerous glycolytiphenotype collapses with decreased accumulation of lactate
and fatty acids, then the synthesis of citrate decreases, etc. Until reaching the
thermodynamic phenotype of the normal cell with a restored oxidative
phosphorylation.
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Entropic production is armndex of metastatic potential, as well astrepic
production per unit of time to dctality and cell growth ratehé study of
mitochondria, which are truly cellular thermal power stations, is very fragmentary
in this respect; Fluorine 18, a carrier for RPasi Emission Tomograplscan has
revolutionized cancer imaging, witttuoride signing the presence of a canliles
metabolism: the heterogeneity of binding of labeled ferwithin a tumor
measured by its fractality coefficient is an indicator of aggiveness of cancer
with a corelation with overall survival; ltanges in the fractality of chromatin
facilitate its accessibility, heterogeneity of compaction, heterogeneity of the gene
network and thus one can draw a regulation of transcription indepteofithe
conventional regulation of the genetic code that can be ugesttioypotheses of
appearancefdhe Warbtrg phenomenon.

One could multiply the examples of the use of cancer fractality but there is a lack
of an overall analysis of the interactifmactality / metabolism in carcinogenesis
in PO,

It can be seen that tHeO is not limited to the application of mechanics. The
thermodynamic approach must converge towards this new approach to oncology.

The abbreviations used

2D, 3D: In two dimensions:all culture which spreads and adheres to the bottom
of the culture dish. It should be noted that in humans there are rare epitheliain 2D
at a single cell layer.

In three dimensions: cell culture that is organized in space to reconstitute a tissue.
OO0Orgamd are very similar

CSK: CytoSkeleton
AFM: Atomic Force Microscope
ECM: Extra Cellular Matrix

PO Physical Oncology
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Glossary
Acinius

The term acinus (plural acini or acinus) refers to a rounded epithelial cavity
bordered by secretory cells which opemt® ithe excretory canal of a gland.

Here we see a cancerous acinus on the right again normal to the left (publication
of G Venugopalan, D Fletcher, 2012, American Society for Cell Biology) after
physical confinement.

Atomic force microscope

The atomic foce microscopes a type of local probe microscope used to perform
local mapping of the physical quantities characteristic of the probed object
(strength, capacity, radiation intengity

Biopsy

A biopsy is the sampling of a very small part of an organssué to perform
examinations, the first of which is microscopic examination after staining. Biopsy
Is the prerequisite for any cancer diagnosis (hence the adage: no biopsy, no
cancer).

Carcinogenesis

This is the whole process that leads from normal tissaecancerous tumor. The
stages of theancerizatiorof an epithelium: dysplasiaith or without metaplasia
in situ, primary tumor, metastasis.

Cytoskeleton and its components

The cytoskeleton is a network of microfilaments (microtubules, intermediate
filaments and filaments of actin) present inside a cell and which ensures its rigidity
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and the maintenance of its mechanical properties. The cytoskeleton is constantly
built up. It manages the different intracellular movements such as the
displacement of adomosomes during cell division for example. Likewise, it
manages the deformation of the cell membrane and defends it against mechanical
aggressions.

Drosophila

Drosophila or vinegar fly is, because of its ease of breeding, the model species in
genetic resarch and the preferred tool of embryologists.

Epigenetics

Epigenetics is the study of the molecular mechanisms that modulate the
expression of the genetic heritage according to the context.

While genetics is the study of genes, epigenetics is concernledh Wiayer" of
complementary information (eg, methylation of genes) that defines how these
genes will baused by a cell or ... not

Epigenetics was first demonstrated by cell differentiation since all the cells of a
multicellular organism have the same gen heritage, but express it very
differently according to the tissue to which they belong.

Epithelium

Epithelia are tissues made up of closely juxtaposed (or joined) cells, without the
interposition of fibers or connective tissues.

The cells are assocet with each other through intercellular junctions. The
epithelia are not vascularized. The contribution of nutrients and the export of
waste are made in relation to the underlying connective tissue, via a basal
membrane(of thickness between 50 and 100nometers) on which rests all
epithelium

In this type of tissue, the cells are polarized (the two opposite ends are
morphologically and biochemically different.) In a unicellular epithelium, the
apical region of the cell is easily distinguished and thalbagion is joined to

the basal lamina.
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Euclidean

Euclidean geometry is based on the postulates of Euclid. She manipulates objects
that are familiar to us: circles, triangles, rectangles, etc.

The fractals are like the Russian dolls, which contain articirfigure on the
lower scale. This conception implies this tautological definition: a fractal object
Is an object of which each element is also a fractal object (similar).

Fibrosis, Inflammation

Fibrosis and inflammation are two vague terms, with mieltgauses and varied
consequences. Persists intuition that chronic inflammation could be a trigger for
carcinogenesis, but all this is too vague to be useful.

Fractal

The adjective "fractal", from which usage has imposed the substantive a fractal to
desigrate a figure or an equation of fractal geometry, is a neologism created by
Benoit Mandelbrot in 1974. Many natural phenomesach as lines Ribs or the
appearance of the romanesco cabbdgeve approximate fractal shapes.

Mitotic spindle

During celldivision,the two sets of chromosomes are attracted in the two future
cells by a bundle of microtubules which will pull the chromosomes in two
opposite directionand strictly parallel toée

HER?2

About 20% of breast cancers are called HER2 positive; The caglteecarry on
their surface this overexpressed protein.

Having positive HER2 cancer was a poor prognostic factor but today with the
onset of trastzumab which strongly inhibits the function of this receptor, it has
become a predictor of good response tatinent.

Histology

To examine a tissue under a microscope it is necessary to cut it into thin strips, to
fix it in the paraffin, to color it and then to examine it. This is the work of the
histologist. The histologist who examines the biopsies of @ens is a
pathologist
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In Vitro, Ex Vivo, In Vivo

In Vitro: 'In glass'; The first cell culture dishes were made of glass. They are now
plastic.

Ex Vivo: 'Outside the living' but tissues removed from the patient can be entrusted
to the pathologist who will dthe histological analysis, or kept alive for specific
examinations.

In Vivo: 'In the living'
Mechanotransducer

Cadherins, integrins, vinculins... these proteins cross the membranes between
cells and connect them to tlE€CM. One of their role is to triggentracellular
biochemical reactions, but they are also the link of the mechanical transmission
between the outside and the inside of the cell.

Integrins

Integrins are cell adhesion receptors, ie transmembrane proteins, one end of which
interacts in genelavith proteingcells of the extracellular matrix located outside

the cell (some integrins may interact withtnsmembrane proteins of neighboring
cells), the other end interacting with intracellular constituents, in particular
signaling molecules contratlg migration, survival, proliferation and
differentiation.

Integrins play a very important role in cell migration, differentiation and survival.
Basal Membrane

The basal membrane is a special extracellular matrix found at the interface
between an epithelm and a connective tissue (often called a chorion). Its
permeability regulates the exchange of molecules, in particular nutrients, between
the two tissues. It contains a lot of collagen.

Neovascularization

Formation of new functional blood vessels irriggta tumor (or other tissue
abnormalities, in particular ocular abnormalities).

Youn@ Bodulus or Modulus of Elasticity (in Pa)

It connects the stress applied to a material and its deformation
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ExtraCellular Matrix ECM) or Stroma or Conjunctive Tissue

The ECM represents a very large part of the cellular tissue of the organism,
essentially constituted by cells, in particular fibroblasts which make another major
constituent, fibers mainly of collagen, which give it a great resistance.

It is present in all @yans except the brain and connects the organs together within
the connective tissue.

Until recently it was presented as a 'support fabric' with no precise role. It is now
at the heart of concerns for its role as a signal transmitter to epithelial tissue.

Metaplasia, dysplasia

In pathological anatomy, or histology the two terms will be used here
indifferently - metaplasia is the transformation of a differentiated cellular tissue
into another differentiated cellular tissue. It is an adaptive and reversible
phenomenon that occurs most often in response to repeated and prolonged tissue
aggression (inflammation, mechanical or chemical irritation, infection). It
accompanies many cancers.

We speak of dysplasia before an acquired alteration of the architectuthean
function of a rapidly renewing cellular tissue (epithelium of coating, etc.).
Dysplasia has a global tendency to progress to cancer, makingstrtietimes
abusivesynonym for precancerous conditions.

Micropatterning

In biology, micropatterning ithe adaptation to the cell scale of an application to
the cell of a geometric control of its adhesion to a culture medium and the control
of the rigidity of its support.

Oncogenic

These are genes that control the synthesis of oncoproteins, proteinsitatignul

cell division or inhibiting programmed cell death (apoptosis), which triggers a so
called disordered (cancerous) proliferation of cells. The term oncogene may also
refer to viruses which cause the appearance of cancers.

Organoid
In cell culture, an manoid is a thredimensional multicellular structure that

reproduces in vitro the microanatomy of an organ; It is therefore a model of the
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organ (or a minbrgan). An organoid is generally obtained from one or more
tissue precursor cells, embryonic stemlls or induced pluripotent stem cells,
which can seHlorganize in three dimensions, in pautar by virtue of their self
renewal and differentiation.

Techniques for the production and production of organoids from different tissues
have developed rapikince the years 2010.

Pascal (Pa)

The pascal, of symbol Pa, is the unit of pressure or constraint of the International
System of Units (SI) in Newton per square meter.

Polarity

Cell polarity is defined in relation to the surface of the epithelium, teerbant
membrane and adjacent cells.

The apical pole is the cellular end towards the external environment.
The basal pole is the cellular end towards the inner medium.
The lateral faces are the ends towards the adjacent cells.

Cellular polarity is also defied by a characteristic distribution of certain
organelles, certain enzymes and certain membrane receptors at the apical pole, at
the basal pole or at the lateral faces.
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