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PaKk noaykenyao4Hom xenesbl oaHa U3 TPYAHbIX
npobaem coBpemMeHHOU MeauLUHbI

1. 3aboneBaHne NpPoxoaUT B CTPOME, UYTO 3HAYUTENIbHO 3aTPYAHAET
NNArHOCTUKY N NPEensaTCTBYET NOCTYN/IEHUIO JIEKAPCTBEHHbIX CPEACTB.

2. Umeer mecto 3pPeKT cmMmburnosa pPaKOBbIX KAETOK WU KNETOK
noaXenyaouHou xenesbl No3Tomy 601e3Hb Pa3BUBAETCA CKPbITHO B
TEeYEeHUU AOCTAaTOYHO AO0NTOro BPEMEHMN.

3. MNpouecc pa3BUTUA PAKOBbLIX KNETOK NpeacTaBaAeT LUenb A0CTAaTOYHO
peaKUX MyTaUuMM B pe3ynbTaTe KOTOPbIX BO3HWKaeT 6onbluoe
KOJIMYECTBO PAKOBbIX U MPe, PaKOBbIX KNETOK.
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Classical model of tumour progression
(Correctly) developed in 1990s
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All cancers are different

Clonal selection in cancer formation

Uncontrolled replication is simply an inherent danger of having trillions of potentially
proliferative cells. Cells are constantly subject to genetic mutation, damage and other
forms of variation. Eventually the growth control systems of some cells will fail.

Somatic mutation rate: estimates slightly less than 1 mutation per healthy cell per cell
division. Only a very small fraction will be oncogenic.

Normal Mutation 1 Mutation 2 Mutation 3 End-stage tumor Single-cell analysis of mutations:

cells
‘ Class State # cells

O-mutation Normal 1

1-mutation * 3

o 0

A 0

2-mutations W + O 3

% + A 0

o+ A 0

3-mutations +0+A 6

Different normal cell types have different mechanisms of growth control

Different cancer causing mutations within the same cell type will cause different phenotypes
Most large aggressive tumours harbour many different mutations and are not uniform

This heterogeneity is a great problem for cancer therapy



Moaenb KBasnsmnaos M. dnreHa

Paccmatpusatotca ase matpuubl: M = diag (m4, ..., m;) —naHgwadt
npucrnocob/ieHHOCTM coobLWEecTBO BUAOB, M MaTpmua mytaumum Q: Q =
[qi]-]lxl . 3J1ECH qj - BEPOATHOCTH TOTO , YTO NPU PenanKaLmMmn BUAA C

HOMEPOM j BO3HUKHET BKA, C HOMepPOoM |, p;(t)- yactora Buaa j.

p = QMp —m(t)p

l l
> pi® =1, m(©) = Y mp;(©) = (m,p(®))
j=1 J=1



OTKpbITaa moaens KBasnsmnaos M. dureHa
Q= {ql]}l M= dlag (ml, ,ml), D=d|ag (dl' cee dl)

du
E = (K — S(t))Qmu —Du, Q,=0QM

St)=Xir,u; >0, 0<S(t) <K
OnpepeneHne puUTHeca:
_ xuim;_ m(t)
f®) = Soa Twod,

|.Yegorov, A.Novozhilov, A.Bratus. Open quasispecies model: Stability optimisation and distributed
extension. J. Math. Analisys and Appl. 2021,481.



OTKpbITaAa Moaenb KBa3nBUIOB
CTauyoHapHOe NOJI0XKEeHWEe paBHOBECHUS.

(K-S@)Q,u=D u y>0

3aecb
_ 1t
u; = Tll_r)lgo?fo u(t)dt

f(i)- puTHeC B NONOKEHNU paBHOBECHUA.

|.Yegorov, A.Novozhilov, A.Bratus. Open quasispecies model: Stability optimisation and
distributed extension. J. Math. Analisys and Appl. 2021,481.



Llenb nocnenoBaTenbHbIX
MYTaLIMN PaKoBbIX U Npen,
PAKOBbIX KNETOK

KPC (u3) KPCS (u5)
KP (u2)
KPS (ud) KPSC(us)
KCP (u8) KCPS (u10)
CyMM8pHoe N (ud) K (u1) KC (u7)
4ymncno
PaKOBbIX U KCS (u9) KCSP (u11)
npea
PaKOBbIX
KSP (u13) KSPC (u15)
KZ1€TOK PaBHO
64 KS (u12)

KSC (u14) KSCP(u16)




MaTemaTunyeckas
moaenb

d B . . . ypSc(t) . .
auo(t)—(1—uo(t)—3c(t)) ((Q M u(t))0+§p+5c(t)j do - Uy ()

_u(t) (1=, (1) - U, ())- [(Q M -u(t)) +§C Y ((t))j d.u(t)— 7'”i(t)'TL(t) ,i=12,.,n-1
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UcxonHas Ouosiornyeckass uHGOpMaus JAJIs NOCTPOCHUS MATPULILI MyTALlUN. YIBOCHHE
YHMCJIEHHOCTH 310POBbIX KJeToK 600aHei, moka3areiab cMepTHOCTH 290

Form of mutation Doubling (days) Death rate
K(kras) 200 20%
P (p53) 400 2%

C 300 4%

S 400 8%
K&C 140 20%
K&S 180 25%
K&P 180 10%
P&S 350 4%
C&P 250 10%
C&S 250 12%
K&C&S 120 25%
K&P&C 120 12%
K&P&S 120 12%
C&P&S 200 7%
K&P&C&S 100 14%




MapameTpbl PYHKUMOHNPOBAHMA CUCTEMbI UMMYHHOIO OTBETA

Parameter (units) Range Initial guess
" (1/day/human) 4x10* — 2x10* 0.01
70y (1l/human) 4x10% - 2x10 1
d.(1/day) 0.009+0.013 0.01
b, (1/day) (0.7+£2.8) 1.0
K. 0.1 +1.0 0.2
K. (1/human) 10°=10* 10°
K.:'= Kiup

v (1/day/human) 107 — 2x10° 0.1
L (Hill parameter, 1-4 2
dimensionless)




BbluncneHne napameTpa npoavdepaumm 340p0BbIX

KNeToK
an
= rn(l1 —n) — dn,
_ (r—d)t
n = Glr-de d = 0.02r,

—14+C reT=aAt’
YcoBue yiBoeHUs YUCIeHHOCTH 3a 20 MecsLeB faeT paBeHCTBO

__In2

r = —=0.035.
19.6

B nocneaytowmx pacyeTtax ogHa eanHULLA BpemeHu pasHa 1 mecsuy.



Pe3ynbTaTbl YACNEHHOIro0 MO4eNnpoBaHUA

Ha BepTUKa/ZIbHOM OCK OTKAaAbIBAlOTCA YACTOTHbIE XaPaKTEPUCTUKMU
KNETOK .

Ha ropmn3oHTanbHOM ocun Bpems, rae 1 eanHunua paBsHal mecauy.

Ha neBoi cTopoHe npeacTaBaeHa AMHAMMUKa 4YacTOT K/1eTOoK 6e3 yyeTa
BO3EMNCTBUA KIETOK UMMYHHOM CUCTEMDBI.

Ha npaBoi cTopoHe npeacTaBaeHa AMHAMMKA YacTOT KNETOK C y4eToM
BO3JEeNCTBUA KNETOK MMMYHHOM CUCTEeMbl OT MWHMMANbHOIO A0
MaKCUMaNbHOTO.

HauanbHble gaHHble:  uy(0) =1,u;(0) =0,i=1,...,64 ,T(0) =1



Results of numerical
modeling. Graph
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Results of numerical
modeling. Graph
dynamics of K cells.
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Results of numerical
modeling. Graph
dynamics of P cells.
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Results of numerical
modeling. Graph

0.005
dynamics of C cells.
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Results of numerical
modeling. Graph
dynamics of S cells.
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Results of numerical
modeling. Graph
dynamics of KP cells.
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Results of numerical
modeling. Graph
dynamics of KC cells.
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Results of numerical
modeling. Graph

d ics of KS cell
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Results of numerical
modeling.
Graphdynamics of PC
cells.
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Results of numerical
modeling. Graph
dynamics of PS cells.
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Results of numerical
modeling. Graph

0

0.009
dynamics of CS cells. .
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Results of numerical
modeling. Graph
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Results of numerical
modeling. Graph
dynamics of KPS cells.
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Results of numerical

modeling. Graph

dynamics of KCS cells.
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Results of numerical
modeling. Graph

dynamics of PCS cells.

010 A
008
006 4
004 4
002 4

000 4

PCS

T
1000

T
2000

T
3000

T
4000

T
s000

0.0200

0.0175 ~

0.0150

0.0125 ~

0.0100 ~

0.0075 -

0.0050 4

0.0025 -

0.0000

I
100

I
200

I
300

I
400

I
500

I
600

700



Results of numerical
modeling. Graph
dynamics of KPCS cells.
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Results of numerical
modeling. Graph
dynamics of T sells in
inverse order(from
maximum intensity to
minimum)
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The Graph of
Fithess

Without action of immune system
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