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Momueayusa u yenv: OJHUM U3 aKTUBHO Pa3BUBAIOIIUXCS  HaNpaBJICHUU
MaTEMaTHYECKOI0 MOJEIMPOBAaHUA B HMMYHOJIOTHH SIBJISIETCS HCIIOJIb30BaHHE
Pa3IUYHBIX JETEPMUHUPOBAHHBIX M CTOXAaCTMYECKUX CTaIUA-3aBUCHUMBIX MOJIENIEH.
JleTepMUHUpPOBaHHBIE MOJECTH UMMYHHBIX MPOIECCOB OOBIYHO CTPOSITCS HAa OCHOBE
cucteM audQepeHnanbHbIX YpaBHEHUH, BKITI0Yasi YpaBHEHUS C 3ama3asiBanueM |1, 2].
Hacrosmias padoTta mocBsIeHa MOACTUPOBAHUIO HAYAJIBLHOTO 3Tana JuHamuku BUY-1
WHQEKIUH B TUM(PATHICCKOM y3Ji€, B KOTOPBII MPOHUKIIO HEOOIBIIOE YHCIIO BUPYCHBIX
YacTHUIl Tocjie HWHGUIMPOBAHHUSA 3I0POBOTO YeloBeKa B MOMEHT BpemeHH t = 0.
JnuTenbHOCTh IPOMexyTKa MoaeTupoBaHus [0; Ty,,q] COCTaBISET HECKOIBKO CYTOK.
B 5TOM cilyuae 4YMCIIEHHOCTH MOMYJSIHMNA BUPYCHBIX YacTHUI M HWHGHUIMPOBAHHBIX
KJIETOK JOCTaTOYHO MaJia, YTO AEJaeT HE COBCEM MPHUTOJHBIM IPUMEHEHHE N3BECTHBIX
JETEPMUHUPOBAHHBIX MOAEIEH I H3y4YeHHs IMHAMHKM WHQEKIUM B YKa3aHHBIH
nepuo. Jng TMOCTpPOCHHS CTOXAaCTHYECKOH Mojenu TpeOyeTcs HCIONb30BaHHue
LETOYHMCICHHBIX EPEMEHHBIX, OTPAKAIOLINX TEKYyIee KOJINYECTBO BUPYCHBIX YaCTHI]
U KJETOK, a TaKKe JONOJHUTENbHBIX MEPEMEHHBIX, YUUTHIBAIOIIUX IPEIBICTOPUIO
(dbopMHpOBaHUs TOMYJSIIAN BUPYCHBIX YacTHUI], WHOUIMPOBAHHBIX M TPOJYKTUBHO-
MHOUIUPOBAHHBIX KIeTOK [3, 4]. llenbto paboThl SABJISETCS OLIGHKA BEPOATHOCTH
3aBepIICHNs MH(EKIHOHHOTO MpoIlecca B 3aBUCUMOCTH OT HAYaJIbHOTO KOJMYECTBA
BUPYCHBIX YaCTHUI] ¥ TAPaMETPOB MOJIENH, BIUSIOIINX Ha PaCIPOCTPaHEHNE HHEKIIIH.
Memoowt u ancopummsr: [Ipr TOCTPOCHUU MOJIEH YYUTHIBAETCS HECKOJILKO (haKTOPOB
1 COOBITHH, oTpaxkarommx mporecc pa3Butus BUY-1 uHpexmun B muMbaTHIecKOM
y3ae [5]. [IpusATO, 4TO KIETKaMU-MHUIIEHAMH JUIsl BAPYCHBIX YacTHIl ABIsitoTcst CD4+
T-numdonuTs! B COCTOSIHUM TOKOA — KIIETKHU T,. KiteTku Ty MOI'yT KOHTaKTUPOBATh KaK
C BUPYCHBIMH 4acTHLAMHU V, Tak ¥ ¢ MPOAYKTUBHO-MH(MHUIUPOBAHHBIMU KJIETKAMU [,
(k1eTkaMH, IPOM3BOISIIMMHI HOBBIE BUPYCHBIE YacTHIIBI V). B pesynbraTe ykazaHHBIX
KOHTaKTOB KjeTka T, IpeBpallacTcsi B 3apakKeHHyr KieTky [,. Kierka [, moxer
MOKHUJIATh JUM(PATHIECKUN y3ell BCIEACTBUE MUTPALMOHHOTO OTTOKA. AKTHBALIUS
KIETOK [, K Pa3sMHOXKEHHUIO IIPOUCXOJIUT B PE3Y/IbTaT€ UX KOHTAKTOB C AHTUIEH-
IPE3CHTUPYIOMMMH KIIeTKaMH A. YHucineHHOCTh momyimsanuid Kietok T, u A
B JIMM(PATHIECKOM y3JI€ TIPHHSTA IOCTOSIHHOM.

AKTHBUpOBaHHAs KJeTKa [, IpeBpamaercs B KIETKy [;, Haxomsmiyrocs B (ase G,
kinerouHoro mukia. [locnme 3aBeprieHust Qaspl G, KIETOYHOTO IHMKIA KiIeTKa I
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NPEBPAIIACTCS. COOTBETCTBEHHO B KICTKY [y, I3, I, C BEpOSATHOCTAMM Qp,, Qf,, af,,
a;, + a;, +a;, = 1. 3neck:
e [, — 3apaxeHHblEe KIETKU-MUIIEHH, Haxozismuecs B ¢azax S-G,-M
KJIETOYHOI'O LIUKJIA;
e [; — 3apakeHHbIE KJIETKU-MUIIEHH, OCTAHOBJIECHHBIE B (aze G, KICTOUHOIO
LMKIIA;
e [, — 3apakeHHblC KJIETKU-MUINEHH, Haxomsummecs B Qazax S-G,-M
KJIETOYHOT'O LIMKJIA U MPOJOJDKAIONINE PAa3MHOKEHHE 3a CUET JIENIEHUs], HO OHU
1 WX MIOTOMKH HE CITOCOOHBI K TTPON3BOACTBY BUPYCHBIX YaCTHI] (3TH KJIETKH B
MOJIETH HE pacCMaTpPUBAOTCS).
Knerka [, cmycts Bpemss wp, = const >0 mocie CBOEro MOSBIEHHS 3aBEpPLIACT
JeneHue u o0pasyeT e NPOAyKTUBHO-UH(GHULIUPOBaHHbIE KiIeTkH I,. Kierka I3 ciycts
BpeMsi Wy, = const > 0 mocie CBOEro MOSBJIEHHS IIPEBPAIIAETCA B IPOJYKTHBHO-
vHUIMpOBaHHYI0 KieTKy [, (6e3 nenenus). Beipaxkenue 2 ap, +a;, o3Hadaer
CPEIHIOI0 YUCICHHOCTb IPOXYKTUBHO-WH(UIIMPOBAHHOIO MOTOMCTBA [, OT OJHOU
KJIETKH [;.
Knerka I, He cnocobHa Kk aenenuto. Kierka [, mocie cBOEro MOSBICHHUS B TEUCHHE
nepuosia JUIMTEIBHOCTBIO Wy, TIPOM3BOJUT HOBBIE BUPYCHBIE wYacTuibl V ¢
MHTEHCUBHOCTBIO 7) > 0. Benuunna w;, sABIsAETCA CIy4aliHOM, €€ paclpenecHue
3amaeTcs pyHKIueH TOKATHS
P(w, =a)=1L;,(a), 0<a<o, L, (0)=1
IIpu 3aBepLICHUM IEPHOA ITUTENBHOCTBIO Wy, KIETKA [, TEPAET CBOKO MPOAYKTUBHYIO
CIOCOOHOCTh W B JallbHEWIIEM MOrHOaeT Moj BIMSHUEM Pa3pyHIMTENBHBIX Ui HEe
MPOIIECCOB, 00YCIOBIEHHBIX MTPOU3BOACTBOM BUPYCHBIX YACTHII.
Bupycnas wacthma V MOXeT TOKHIATh JUM(ATHYECKU y3em BCIEICTBUE
MUTPAIMOHHOTO OTTOKA, & TaKXe MOXET IMOTHOHYTh B pe3ylbTaTe BO3ACHCTBUS
HEKOTOpBIX (akTOpoB. B Mozmenu He y4YUTHIBAaeTCS YMEHBIICHUE YHCICHHOCTH
HOITYJIAIMK 3apakKeHHBIX BUPYCaMH KIETOK Iy, I;, I,, I3 BCIEACTBUE €CTECTBEHHOIO
cTapeHus 1 THOenu 1moj Bo3/iecTBHEM BUpYyCHOTO 3apakeHus. Ha puc. 1 npencrasnena
cXxemMa MOJIETH.
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B paboTe npuBeaeHo onrcanye MoJIeNn B popMe CITydaitHOTo mpoliecca, IepeMeHHbBIMH
KOTOPOTO B K&KIBI (PMKCHPOBaHHBIA MOMEHT BpPEMEHH SIBIAIOTCS: 1) YHMCIEHHOCTH
MOMYJSANANA KJIETOK M BHPYCHBIX YACTHII — HEOTPHUIATEIbHBIE IIEeJIOYNCICHHBIE
CIyJaifHble BEIHYUHBI, 2) CEMeHCTBa YHUKAJIbHBIX THIIOB KIIETOK, yIUTHIBAIOIINE
IPEnBICTOPUI0 (OPMHUPOBAHUS MOMYJIALUN KIeTOK I,, I3, I,. IlpeacraBnen anroputm
YUCJICHHOT'O0 MOJEIIUPOBaHUs Ha OCHOBE MeTosia Mounte-Kapio [6, 7].

Peszynomamur: VccnenoBana nWHaMHKa TOMYJSIOANA BUPYCHBIX YacTHI[ M KIETOK,
MOJTy4eHBI OLIEHKN BeposTHOCTH McKopeHeHns BUY-1 mHbpekun B muMpaTHIecKoM
y3l€ A pa3uuHbIX 3HAa4eHUH KoddduieHTa pacnpocTpaHeHHs HHPEKuuu R,
HayaJbHOM YMCIEHHOCTH BHPYCHBIX YacTHLl V[, a Takke pPa3IM4YHbIX 3aKOHOB
pacrpeneneHus CIy4aidlHOM BENMYMHBI @Wj, C OJHMM M TEM K€ MaTEMaTHYECKUM
oxuganueM Ewj,. IlapameTpbl Mozieu BHIOMpPATNCh B COOTBETCTBUM C paboToif [4],
WHTEPBAJIbHBIC OIICHKM YHCICHHOCTEH KIIETOK, BUPYCHBIX YacTUI U BEPOSTHOCTH
ucKopeHeHus: MHpekuruu nonydeHsl mo Beioopke u3 10 000 peanmzanuii cmydaifHOTO
npouecca Ha yposHe jobepus 0.99. Jlna samanms dynxuum poxutus Ly, (a)
WCTIOJIB30BAJICS IKCTIOHEHIIMATILHBIIM 3aKOH pacrpeieieHus], a TaKk)Ke paccCMaTprBaJIicCh
CTETIEHHOE W PAaBHOMEPHOE HA HEKOTOPOM KOHEYHOM HHTEpBaie pachpeaecHus
BEJIMYMHBI W), .

Bv1600bi: BerunciieHns MOKa3pIBAOT, YTO ISl HCIIOJIB3YEMBIX PaCTIpeeTICHIH OIICHKH
BEPOSITHOCTH HUCKOPEHEHHS WHQPEKIUH B IUM(aTHUECKOM Yy3lie pa3IHyaroTcs B
OCHOBHOM JIJIs1 SKCITIOHEHLMAIBHOTO U OCTAJBHBIX pacmpenenenuit. Kpome toro, npu
SKCIIOHEHIMATBLHOM 3aKOHE PACIIPE/IETIEHHUS CITyYalHON BETMYUHBI W), OCHOBHAS YaCTh
TPaeKTOpUil OO0IIeH YHMCIEHHOCTH HWH(WUIUPOBAHHBIX KJIETOK M BUPYCHBIX YaCTHII
MomajaeT B HYJIEBOE IOIJIOMIAIONIEE COCTOSHUE 3a 0Ooyiee KOPOTKUH MPOMEKYTOK
BpPEMEHH, YeM MIPH PABHOMEPHOM H CTEIIEHHOM 3aKOHAX pacIpeeIeHusI.

Qunancuposanue’ ViccnenoBanme nojaep:xxano Poccuiickum HaydHBIM (DOHIOM (TIPOEKT
Ne 23-11-00116).
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Motivation and Aim: One of the actively developing directions of mathematical
modeling in immunology is the use of various deterministic and stochastic stage-
dependent models. Deterministic models of immune processes are usually research on
the base of differential equations systems, including equations with delays [1, 2]. This
work is devoted to modeling the initial period of the dynamics of HIV-1 infection in a
lymphatic node into which a few numbers of viral particles have penetrated after
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infection of a healthy individual at time ¢t = 0. Simulation interval duration [0; Ty,,4] IS
several days. In this case, the population size of viral particles and infected cells is quite
small, and known deterministic models not entirely suitable for studying the dynamics
of infection during the concerned period. To build a stochastic model, it is necessary to
use integer variables reflecting the current quantity of viral particles and cells, as well as
additional variables that take into account the history of the formation of populations of
viral particles, infected and productively infected cells [3, 4]. The aim of the work is to
estimate the probability of infectious process termination depending on the initial
number of viral particles and model parameters influencing the spread of infection.
Methods and Algorithms: Several factors and events taking into account the development
of HIV-1 infection in the lymphatic node is reflected for construction of model [5]. We
assume that the target cells for viral particles are CD4+ T lymphocytes in a resting state —
T, cells. Cells T, can contact both virus particles VV and productively infected cells I,
(cells producing new virus particles V7). As a result of these contacts, T, cell become the
infected [, cell. Cell I, may leave the lymphatic node due to migratory outflow.
Activation of cells I, to reproduce occurs as a result of their contacts with antigen-
presenting cells A. The population size of T, and A cells in the lymphatic node is assumed
to be constant.

The activated cell 1, become the cell I, in the G, phase of the cell cycle. After the
completion of phase G, of the cell cycle, the cell I; become the cell I,, I3, I,
respectively, with probabilities a;,, a;,, a;,, a;, + a;, + a;, = 1. Designations:

e [, —infected target cells in the S- G,- M phases of the cell cycle;

e [; —infected target cells aborted in the G, phase of the cell cycle;

e [, —infected target cells in the S- G,— M phases of the cell cycle and continue
to reproduce through fission, but they and their descendants are not capable of
producing viral particles (these cells are not considered in the model).

The cell I, after time w,;, = const > 0 after its appearance, completes division and
forms two productively infected cells 1. The cell I3 after time w;, = const > 0 after its
appearance, become a productively infected cell I, (without division). Expression
2 a;, + a;, means the average number of productively infected progeny I, from one
cell ;.
The cell 1, is not capable of division. The cell I, after its appearance during a period of
duration w;, produces new viral particles V with intensity » > 0. The variable w,, is
random and its distribution is specified by the survival function

P(w, =a)=L,(a), 0<a<o, L,(0)=1
At the end of a period of duration w,, the cell I, loses its productive ability and
subsequently dies under the influence of destructive processes as the result of the
production of viral particles.
Viral particle V can leave the lymphatic node due to migratory outflow and can also die
as a result of exposure to some factors. The model does not take into account the decrease
in the population of virus-infected cells I,, I, I, I; owing to natural aging and death
under the influence of viral infection.
The diagram of the model is shown in the Fig. 1.
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Fig. 1. Scheme of the model

Description of the model in the form of a random process is presented at work. The
variables of this process at each fixed time point are: (1) the number of populations of
cells and viral particles — non-negative integer random variables; (2) families of unique
cell types taking into account the history of the formation of cell populations I,, I3, I,.
A numerical simulation algorithm based on the Monte Carlo method is presented [6, 7].
Results: The dynamics of populations of viral particles and cells is studied, and estimates
of the probability of HIV-1 infection eradication in the lymphatic node is obtained for
various values of the infection spread coefficient R, the initial quantity of viral particles
V, as well as various laws of distribution of the random variable w,;, with the same
mathematical expectation Ew,,. The model parameters are chosen in accordance with
[4], the numbers of cells, viral particles and the probabilities of infection eradication are
estimated from a sample of 10000 realizations of the random process at a confidence
level of 0.99. To set the survival function L;, (a), the exponential distribution law is used,
and also power law and uniform distribution on a some finite interval of the variable w,,
is considered.

Conclusion: Calculations show that for the specified distributions, estimates of the
probability of infection eradication in a lymphatic node differ mostly for the exponential
and other distributions. In addition, for the exponential law of distribution of the random
variable w;,, the main part of the trajectories of the total number of infected cells and
viral particles get to zero absorbing state in a shorter period of time than for the uniform
and power law of distribution.

Funding: The study is supported Russian Science Foundation (project No. 23-11-00116).
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