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Cancer therapies

The cancer therapies currently available include
e surgery,
e radiation therapy,
e chemotherapy,

Used for a long time, they are very invasive.

A (relatively) new approach: vaccination against cancer. )

The combined treatments based on chemotherapy, radiation therapy and vaccines
appear more effective in the therapy of cancer.
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Cancer cells

The cancer cells present some antigens on their surface.

An antigen (antibodies generator) is any substance that triggers the production of
antibodies when it is introduced into the body or when it is appear on the surface of
the cancer cells .

Antigens are usually attacked by the immune systems. When the antigens are
produced by our organism (as in a cancer), they elude the immune system which does
not attack them.

T cell of Immune System @
Antibody

Antigen .
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Cancer and Immune Response
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Production and delivery of cancer vaccine

Produce the large amount of antibody to eliminate the cancer cells when they appear
and/or they have not been killed by other forms of treatment. On the contrary of the
classic vaccination, here it is injected vectors to be express the antigens.
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Production and delivery of cancer vaccine

Produce the large amount of antibody to eliminate the cancer cells when they appear
and/or they have not been killed by other forms of treatment. On the contrary of the
classic vaccination, here it is injected vectors to be express the antigens.

Identificate the antigens " L_. o o
(Specific databases: SYFPEITHI,
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e Non-viral vectors (naked DNA
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sctvated
Tkillercells

Figure :

Mechanism of DNA vaccination by Signori et al, 2010.

Insert the audjuvant sequences.
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Cancer and Immune Response
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Figure 1. Intramuscular administration of the DNA vaccine followed by eles

The plasnud vaccine encoding the target antizen enters nuscle cells (M) or res

{DC'). 1) The target antigen is released by the MC after synthesis in the endoplasmic reticulum {1a)
or through MC death (1b). 2) DC 15 able to present to T CDS8+ cell the antigen released by MC via
MHC-TI or MHC-T (cross presentation) or the same DC, after DNA plasmid uptake, proceeds
directly to presentation through MHC-I The vaceine can induce both humoural (1c) and cellular
e regponse against the target antigen (2¢) and this response 18 enhanced by recmitment of
mflammatory cells and secretion of pro-nflanumatory  cytolanes at the site of plasmud
el ranster (3)

Roberto Natalini — IAC-CNR smoral genetic vaccines — Math-Cancer CIRM, december 2015



Strategies to improve DNA vaccine and its efficacy

Use non-viral vectors,

as Naked DNA plasmid

e advantage: very safe, expression
of different antigens in the same
construct

e disadvantage: low gene
expression and immune response

Figure : Plasmids: at left, bacteria plasmid; at right,
colture of plasmids.

Optimize the plasmid transport in a -
cell and in the muscle tissue ..m,\g,,/*
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e entering the nucleus (RAN cycle
and Importin)
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Model: Injection of hyaluronidase in the muscle
(work (in progress) in collaboration with Clair Poignard and Manon
Deville)
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Clinical protocol

@ Injection of hyaluronidase
@ Injection of DNA plasmids

© Electric pulses

Tissue
Generator

Plates
electrodes
Injection 1: Injection 2 : L
Hyaluronidase DNA b
solution solution p
Conductor
gel
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Experimental results

RESEARCH ARTICLE

Optimisation of electrotransfer of plasmid into skeletal
muscle by with hyaluronidase —
increased exprassion with reduced muscle damage

i Richishon', [ Signort ", KE Welis’, VA4 Fario's andd £ Weiks
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Tissue = interstitial fluid + elastic fibers + cells

=
7 Chemical specie &> Pressure

[ interstital g @ Solid matrix

e The displacement of the solid matrix u,
e The interstitial velocity of the fluid V,
e The porosity of the medium f,

e The pressure P,

e The concentration of hyaluronidase in the tissue h.
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Main ingredients of the model

The model is macroscopic and contains

e a constitutive law for the stress tensor
e Darcy’s law on fluid flow in a porous medium

e equations of conservation of mass and momentum as applied to the porous space,
the interstitial fluid and the chemical species
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Displacement of the solid matrix

Linear constitutive law on the stress : o = 2Ge(u) + A\T'r(e(u))I,
where g(u) = LQVUT.

The equations of mechanical equilibrium are given by

0%u
— =V.(o)+ F
Ps 9t (o)
where F' represents the body force, that we assume to be proportional to the pressure
gradient. We get the following (linear) elasticity equation

0%u

Ps g = A+ G)V(V) + Gl 4 F(VP)
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Darcy's law

We assume a gradient in pore pressure accompanies a relative velocity between the
interstitial fluid and the network
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Mass balance laws

Mass balance law on the solid matrix :
0((1 = fps) + V.(ps(1 — f)Owu) = —K(1-f)h + ar(f = fo)
—_— —_———
effect of hyaluronidase reconstruction
Mass balance law on the fluid :
O0u(fpf) + V.o fV) = K(1 = fh+ os(t, 2)
——
source

Mass balance law on the chemical specie :

Ot (fh) = V.(fDth) — V(f(V — 8tu)h) + s (t, x)cmj — krfh
dif fusion advection source degradation
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PDE system

Collecting all pieces of the model described so far, we obtain the following PDE
system :

ou
F(V - E) = —KVP (1a)

92u
ps—5 = (A + A)V(V.u) + GAu — F(VP) (1b)
ot

h Ps Ou K Py
f— = fDgAh+ Vh.(kVP+ DoV Ff)— (krf+ —V.(f—Nh— — Q=L +es(x, t)cin; (1)
ot oy ot oy
Ou K ar
Of = V.((1=f)—) = (1= fh— —(f = fo) (1d)
ot ps Ps
1 1 ws(z, t) ap Ou
—V.(sVP)=K(— - —)1 - f)h+ —+ —(f — fo) = V.(—) (1e)
Pf Ps Pf Ps ot
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Numerical results : concentration in hyaluronidase

|zoWalue
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merical results : porosity

|zoWalue
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Model: Intracellular transport of antitumoral vaccine
(work in collaboration with Maria Grazia Notarangelo and Emanuela
Signori)
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Intracellular Transport (microscopic level)

It is necessary to know
e the size of DNA plasmids used in a vaccine,

e how the DNA plasmids navigate through the cytoplasm until the nucleus,
e how the DNA plasmids pass the Nuclear Envelope (NE) and arrive and diffuse

into the nucleus.

Anatomy of the Animal Cell

Mitochondria
Microfilaments )

Micro —
Tubules

Golgi
Apparatus

I
Cilia

Smooth
Endoplasmic
Reticulum
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Reticulum

Nucleus

Nuclear
Pores

Plasma

= Membrane

Endoplasmic
Reticulum

Ribosomes Figure 1
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Main problem: the size of plasmids

The size of DNA plasmid vectors used as therapeutic molecules is between 5kb and

20kb, which corresponds to molecular weight of around 3300 and 13200 kDa
respectively.

Molecules of DNA larger than 2000 bp Only those molecules of mass less than
are unable to diffuse freely 40 kDa can freely diffuse through the
(Dean et al. 2006). Nuclear Pore Complexes (NPCs)
(Gorlich et al., 2003).
4
Plasmids do NOT diffuse freely in the Y
cytoplasm Plasmids do NOT diffuse freely

through the NPCs
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Low Gene Expression - Reasons

The large size of plasmids and the inner structure of skeletal muscle cells involve that

e DNA plasmids degrades in the cytoplasm-the dense latticework of citoskeleton
impedes free diffusion.

o Nuclear Envelope is a barrier for reaching the nucleus.

Critical Goal

Know and enhance the principal processes that regulate the intracellular transport :
e plasmid-microtubule interaction

e plasmid-importin bound.
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Plasmid-Microtubule interaction

Microtubules are one component of the cytoskeleton.
Dynein (motor protein) moves along microtubule and it transports large molecules
near the nucleus.

n'\'\ﬁ'\'\f\'\*\h")

E’ t/'\ (< e "\(ﬁ<""\ "
Sala o ’f\"f\"f\“r‘?‘f\‘ )
CHEEERSSSEES

Microtubule
Motor protein(s)

> To nucleus

Nuclear import
proteins {
lp(:haperunes and

other adaptors
Transcription factors
Plasmid

The plasmid-microtubule interaction require cytoplasmatic adapter proteins such as
dynein, transcriptional factors (TFs) and importins (Dean et al.2012).

The plasmid-microtubule interaction have an important role in intracellular trafficking
of plasmids (Dean et al.2012)
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Microtubule interacti
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Importin and Ran Cycle

Importin is a protein that allows the translocation of plasmids across the nuclear
envelope.

Plasmids bound to importin and enter in the nucleus.

The concentration of importin between cytoplasm and nucleus is monitored by Ran
cycle (RanGDP and RanGTP) (Cangiani-Natalini, JTB 2010)

DNA target sequences (DTS) and CREB binding site allow that plasmids enter the
nucleus (Dean et al. 2011) . - - -
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Solutions to Low Gene Expression

Plasmids with sites for TF, NLS and dynein
e interact with microtubules and importin,
e enter into the nucleus,

e have a good gene expression
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Solutions to Low Gene Expression

Plasmids with sites for TF, NLS and dynein
e interact with microtubules and importin,
e enter into the nucleus,

e have a good gene expression

BUT

Plasmids are too big J
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A simplified mathematical model

y
T
L
! Q. Q.
YotO fe-po——omoo o ST Tt gl
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I x J attraction area of microtubule with I = [z, zp;] and J = [yo — §,y0 + 9].
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Mathematical Model

Variables: cytoplasm transport
e u, cargo (plasmid+NLS+DTS+TF)
® w4, cargo + dynein complex
® v;, cargo + importin complex (imp=impa+imp/3)
® vg4;, cargo + dynein+importin complex
transport along microtubule
® wy, cargo + dynein complex on the microtubule
® w,; cargo + dynein + importin complex on the microtubule
nuclear transport
e [, importin
e R,;, RanGDP
e R;, RanGTP
® Ir, Importin + RanGTP complex

Anti-tumoral genetic vaccines — Math-Cancer CIRM, december 2015



\Y/EYdg! tical Model

We present the most significant reactions between the complexes that occurs in the
cell

k kg
u :k Vo |+ mp K ] vy T v, v, | + [ R, fs )
(&} k1 ko
K Imp Imp
We |+ (Imp ) —25| Wy
R, Re ) — [ Rq
Lk.z k2
K. ELYIN
U e mp ) —— Vi ~%a Ve Re | —( Ry Ra

Imp )+ [ Ry |&e—=— 1, I

Figure : Reactions between constituents of the model.

Cargo and its complexes can be degradate.
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Mathematical model

In the cytoplasm Q¢

k kaq m1
Q¢ u <k—) ’Ud+1mp — Vdi, Ry — Ry,
kg kq k_R
utlmp — Vi £ Vai, Ir —— Ri+Imp,
k1 ko
IxJ V4 NN Wy, Vai O Wi,
k_q kg k_g
Yo X [Tin, TFi] wq N U, wat+l —= wai ~ v,
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Mathematical model (cytoplasm)

Btu = dyAu — kgegu — ku + k_vg — kjulmp + k_llL:d%‘l;'v/ +

W,
OtImp = dp,,, Almp — kivlmp — kqgivalmp + 7—1(I7) — kaImpwq "',‘"J ,

91Rq = dr, ARg+m1(R1),
OtRt = dg, ARt—m1(Re) +r—1(Ir),
OpIr = dITAIT —r—1(Ir),

¥,
Otvi = diAv; — kgegvi — kqvi + kiulmp + k_qvg; + k_2wy; I./;"J +

Otvg = dygAvg — kgegvqg — k—vq — kqivgImp + ku — k1vglre g,

0tvgi = dydiAvd; — kdegVdi — k—qvditkaqvi + kqivalmp — k2vailrz,
Ow . .
Otwg = —cq 31‘1 —k_1wq — kgegwq + k1 [;va(z,y)dy — kswq [; Imp(z, y)dy Yo X (XIn, XFi)
Bwy;
drwy; = —cqi 5 —k_owgy; — kdegwai + k2 [; vai (@, v)dy + kzwa [; Imp (2, y)dy

@

Math-Cancer CIRM, december 20
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Mathematical model (cytoplasm): domains in different dimensions

e 1D in 2D:

Wa(z,y) = wa(z)

wq(z)
[J]

Cd

e 2D in 1D:

/J va(a, y)dy

/]

do(x —zpi,y — )

lrxg _ | if (z,y) €1 x J
0 elsewhere
wqi(x -
Cdi |ZJ(‘ )50($*$Fi,y*y)~
/Jvdi(w,y)dy /mep(w,y)dy,
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Mathematical model (nucleus)

In the nucleus, we have

vi+ Rt =5 I + U, Ry 25 R;.

Orv; = d;Avi—r3(Re, v;), in QN

0tRy = dr, ARt+ma2(Ra) — r3(R¢, vi),

Oru = dy Autrz(Re,v;),

Oyl = dp, AlL.+7r3(R¢, vy), 3)

8th = deARd,fmg(Rd),

OImp = iy Almp.

where mo(Rg) = Kc Cq ,and r3(Ry, vi) = r3Rev;.

Kd +R
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Mathematical model (Boundary conditio

We set

e homogeneous Neumann condition on I'; and I's for all variables

e periodic boundary conditions on I'y and I'4 for all variables,
o Kedem-Katchalsky conditions on I'y g as in the system

(e) (n)
v} v} , ,
dv; —gn— = dv; —gn— = Pui (”En) - '”qw) ’
(c) (n)
R 9R .
¥ dr, a:. =dpR, afn =pRt(R§") _R§C>>’
T.

N m o on() or{™ () _ ple
LN e e —— - ARy —pa— = ARy g5~ =PRry(R"” — By),
Yo -

e 3 © .
Iy ' ' The Ts dy Al Olpp ; 91mp — (I n) 71(4
(0,0) | X I, Xi Lo Le+ly X mp ~ on mp  On mp Ump mp
(e) (n)
ar ar ) c
2 = di, Y = o, (1M — 1),
d“w =0,
5o ()
v
dyd 3(£, 0,
(e)
v \©
dydi 3;1: 0
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Numerical Scheme

Lo = 10pum, Ly =2um, Ly =0.02um

A, : space discretization step along x— direction,
Ay : space discretization step along y— direction

Ap # Ay
Ay : time discretization step.
| L ‘ Ly
B
LV VD
- Y _—
nC nN

ny
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Numerical Scheme for reaction-diffusion equations

Schemes

e a third order time in Implicit-Explicit (IMEX) scheme for reaction-diffusion
equations,

e a forward Euler scheme for advection equations.

CFL conditions
For reaction-diffusion equations we propose

y Vay —1
A{]v[EX < ;7

min{Az, Ay}

for the stability of the scheme (v = 3+‘f)
For advection equations, the stability of the scheme is satisfied for

AAdvection < Ag
t ~ max(cg, cdi)

So we take

Ay = min(A,{MEX, AtAdvection).
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Numerical Results )
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Experimental Data

From biological experiments we know
e data involved in the Ran Cycle,
e size of plasmids.
We have to deduce some parameter values as
o diffusion of plasmid and its complexes (?),
e rate of degradation
e rate of attach and detach by microtubule, (?)
e permeability coefficients of cargo + importin, pyi, (?)
e rate of reactions between species, (?)
o velocity of movement along microtubule (?)

e how much DNA vaccine arrives in the cytoplasm, starting from 50 %ﬁzl vaccine
dose (?)

IAC-CNR Anti-tumoral genetic vaccines — Math-Cancer CIRM, december 2015



We will observe these behaviors

= 20sec = 40sec = 60sec

I EE R

Figure : Spatial distribution of the cargo concentration and its complexes on the action of diffusion
without MT activity and permeability on the nuclear envelope

T = 20sec T = 40sec T = 60sec

Figure : Spatial distribution of the cargo concentration and its complexes on the action of diffusion
and MT. No permeability on the nuclear envelope
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= 20sec = 40sec = 60sec

1 =1 E3

Figure : Spatial distribution of the cargo concentration and its complexes on the action of diffusion
and MT. The permeability on the nuclear envelope is considered.
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Values of parameters
Domain Parameter Value Reference(s)
Q¢ proposed
0.2 Dimitrio el
al (2012)
k_ 0.2 Dimitrio et
al(2012)
ka 0.2 proposed
k_u 0.2 proposed Domain Parameter| Value Reference(s)
k, 02 proposed Q dy,.. 12 estimated
Ky 0.2 proposed dg, 17 Gorlich et al.
kr 0.2 proposed (2003)
. . dg, 20 estimated
K 106 Sﬂf;ﬁ‘% o dy, 10 Gorlich et al.
(2003 (2003)
KL 0.7 Makara et a i@ caloultated
12005) d caleultated
R, 0.5 Riddick et al
(2005) Qe qd 2,12 caleultated
. ! 2. 09 calcultated
IxJd ; E é_,} pigpgizi Yo % (Xin, XFi) 0.38 Dean et al.
o 0o D 0.38 Dean et el
oL 02 Droposed Tae 573 Swith e al
ky 02 proposed 2002
Phy 3.73 Smith et  al
On 3 0.1 proposed . %00.2
K 8 Gorlich et al Prmp 1.87 Smith et al.
(2003) . 2002
kL, 11 Gorlich et P 1.87 Smith et al
41(2003) 2002
e, 07 Corlich et al P L proposed
(2003) PusPogs Poss | O proposed
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Initial Data

Type | Concentration | Cell
uM

Top 4 Cytoplasm
Ry 3 Cytoplasm
R, 3 Nucleus

I, 0 Cell

Vg 0 Cell

v; 0 Cell

Vg; 0 Cell

Wy 0 Cell

Wy 0 Cell

u[J:?,rO}:{m o if 0<z<z
s 10e t& o if zp<z<Le

Fixing xo, the initial mass of the cargo M, = 2.77
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Degradation Coefficient

During a typical 24 hour transfection experiment, unless the DNA reaches the nucleus
quickly, less than 0.4% of the input DNA would remain in the cytoplasm by 24 hours
(Dean et al 2006).

U
kdeg
% = —kgegu
u(0) = uo

u(t) = u(0)e Fdeg?
For T=24 h, and u(T") = 0.04 X ug, we obtain

Egeg = 0.6 1074(1/s)
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Degradation Coefficients

We set

MT = My + Mvi + Mvd + M'udi + de + dei + MImp + MR,t + MRd + MIT

Mcornplewes = M':SC) + Mvd + Mudi + ]\/[z(;f) + de + dei

—— Mass Cargo-complexes.

MASS (1 g)
Mass (19)

4 5 6 ‘
TIME (5) o x10

Time evolution of the total mass Mr in the cell without the degradation coefficient
(on the left) and time evolution of mass cargo complexes effected by degradation with
kgeg = 0.6 % 10~* (on the right).
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Diffusion Coefficients

Thanks to plasmid-microtubule interaction, a strong nuclear localization of plasmids
occurs in a cell by 3 h (Dean et al 2006). The plasmids with CREB binding site start
to reach the nucleus after 60 min (Dean et al 2012).

I

Plasmids pRC110: 7752 bp, 5.1 MDa.
We estimate the diffusion coefficients according to

e Prazeres relations

p=4T 2
n

Complex M (Da) Diffusion Coefficient (um?s~T)
Dynein 1500000
Cargo 5116320 2.52
Cargo + Dynein 6616320 2.12
Cargo + Importin 5266320 2.47
Cargo +Importin  + | 6766320 2.09
Dynein
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Diffusion Coefficients

e Luckas relations
De¢yto/Dw < 0.01 for bp > 2000

Diffusion Coefficients Species

dy= 0.0252 Cargo

dy,= 0.0212 Cargo-Dynein complex

dy; = 0.0247 Cargo-Importin complex

dy,, = 0.0209 Cargo-Dynein-Importin complex
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Diffusion Coefficients

We compare the simulations for
e D, according to Prazeras,

® Dcyto according to Luckas.

Tire eviution of mass. on MT Time euslution of mass Vi and U in the nuslous:

oo —— ¥ass o MTafiw
= ass on MT dif eysopizsm

MASS ug)

N F R R o)
TIVE (5) THE ()

Time evolution of mass complexes Mo, prr according to Dy, (black) and De¢yto (blue)
(on the left) and time evolution of M&N) and MY with D, (black and magenta,
respectively) and with Dcyto (blue and green, respectively) (on the right).

v
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Diffusion Coefficients

The values of Dy, and Dcyto are not in agreement with biological results.

We propose that the diffusion coefficient for these large plasmids is around 10~4.

hp: D ~ 10
Exolton i of Mass et T ard il
1 Tome v of mass U ng Vi n e ks
— Mass MT-N o.
— e
12 014 Mass VIN
0
,
o1
B 08 5
3 2 om
3 2
o0s 3
g o
b ocd
o0
o
p
L] 200 400 800 1000 1200 -0

0 200 00 800 1000 200

600
N 600
TIME (s} TME (5}

Time evolution of mass My;7_n (on the left) and MmN (blue) and Mf)ﬁv) (green)
(on the right).
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Attachment Rate

20 min later the microinjection, the cells show that 78% of the cargo is on the
microtubule (Dean et al 2012).
No microtubule interaction, no nuclear localization after 5 h.

Tests:
o k1 =ko =0,
Ld k1 = k‘z = 0.2,
Ld k1 = kz = 100.
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hp:
e T=40 min
o D~ 1074,
o pyi ~ 1074,

U st =l and Vi at tme Ta2000

Initial condition of cargo at T=0 and state of cargo with importin then T=1200 s.

Start Movie kO

Roberto Natalini i-tumoral genetic va



k1 S 0.2, ]4‘2 =0.2

hp:
e D~ 1074,
o pyi ~ 1074,

Mass (1)

" : = e

Time evolution of the mass M, pr7 on the microtubule (on the left) and time

evolution of mass MSLN) and Méfv) in the nucleus (on the right).

Start Movie k02 front
Start Movie k02 top

, december 2015
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k1 = 100, k2 = 100
hp:
e D~ 1074,
® Dyi ~ 1074.

Cargo with importin in whole cell at time T=2000s.

Start Movie k100 front
Start Movie k100 top
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k1=100, k2 0

Comparing the evolution time of mass of cargo when k1 = 0.2, k2 = 0.2 (on the left)
and k1 = 100, k2 = 100 (on the right), with

e D~ 1074,
® Pui ~~ 10_4-

give us these behaviors

Mass i g)

o E) o0 100 ) o w0 0
TIME (5) THE (5)
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k1=100, k2=100, high permeability

hp:
e D~ 1072,
® py; = 1.

In this movie we note how the amount of cargo in the nucleus changes when the
permeability changes.

Start Movie k100 high permeability and diffusion J
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Conclusion

e The vaccine in the cell is effected by degradation.
e The diffusion coefficient of the cargo and its complexes is of order of < 104,
e The permeability of v; is very low, of the order of 10~4.

e The attachment rate on the microtubule is not easy to estimate and depends by
others factors.
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Combining models: MATHEMATICAL MODEL FOR TRANSPORT OF
DNA PLASMIDS FROM THE EXTERNAL MEDIUM UP TO THE
NUCLEUS BY ELECTROPORATION
work in collaboration with M.G. Notarangelo, C.Poignard, M. Leguebe ,
M. Twarogowska
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A 3D cell model with microtubules and electroporation

Electroporation is a molecular biology technique in which an electric field is applied to
cells or tissue in order to increase the permeability of the cell membrane. It allows
chemicals, drug or DNA to be introduce into the cells.

9 |
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The model

OM — de AM + peV.(MVU) =0 in Qe
oM — deAM = —k* M in Qe

O M* — d;AM* = k"M — Ky ly(ry + — D] 2 ZW (E)dpe,y(x) in Qe

Wi (t,s) —vasWi(t,s) =k M*(z) dz on U(T)
D(s)
de&,M|F:r — ueMt’),,U|F:r = dC&,M|F:
Pe([Ulr,) [M]r, = dedy M|,
8,,M|F;r =0
with U electrical potential, i.e

AU =0 in O, U0, U0,
00y Ulps = 0e0uUlr; -
00Ul = 0,0, U |,
Codr [Ulr, + Sol[Ulr,) [Uly, = 060U |-,
Cudi [Ulp, + SulUlp, = oudU|p-,

U =g on 09Qp,
d,U = 0 on 99,
U(t=0)=0.
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M* (x1077) W (x10712)

0 025 05 075 1 0 05 10 15 20

Figure : Spatial repartition of plasmids concentration at t = 10 s in simulations with and without
microtubules
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Work in progress and Perspectives

e mathematical model with more microtubules in a multi nucleate cell,
e complete the model with hyalunoridase
e more data to have a more reliable calibration of the model

e optimization of the procedure at each step (injection, electropration, transport)
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