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Complex nature of the Immune system
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Mathematical immunology

Mathematics:
Studies the Notions of
Quantity, Structure, Space and Change

Immunology: The science of biological, chemical and
physical aspects of the immune system functioning to
maintain the antigenic homeostasis

Mathematical immunology

can be defined as the branch of mathematics dealing with the
application of mathematical methods and computer technologies
to explore the structure, organization and regulation of the
immune system in health and disease

Underlying processes
Physical

*Transport

+Diffusion

Chemical

* Ligand-receptor

* Signal transduction

* Peptide synthesis
Biological

+Cell division (~6 hrs)
«Cell differentiation
*Cell apoptosis

*Gene regulation
*Generation of antigen
receptor diversity




OcHoBHas (DyHKIMS — 3allMTa OT HH()EKIINH

Four dynamic patterns of infectious diseases:
(1) subclinical,

(i1) acute with recovery,

(111) chronic,

(iv) lethal infection
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,,Parameters‘ that determine the outcome of virus infection:

Underlying processes
Physical

“Transport The clinician‘s perspective:

+Diffusion
Chemical - . . ..

+ Ligand-receptor Health condition of the infected individual

- Signal transduction (Tx patient, newborn etc., age)
* Peptide synthesis

e Immur_mo_patholpgy

-Cell division (~6 hrs) Cytopathicity of virus

Cell differentiation PerS|Sten ce

*Cell apoptosis .
*Gene regulation Tro p 1SmM
*Generation of antigen Laten Cy

receptor diversity

Dose of infection

The ,,numbers game*“ (mathematical) perspective:
ereplication rate

simmunological parameters of the host

ekinetics of the virus-host interaction



Dynamic interplay between virus & host factors in the
outcome of Infection

Immune
Response

Virus
Replication

Replication rate in virus persistence: pro & contra

« Earlier experimental studies with LCMV infection in mice suggested that the faster
speed of virus replication is an advantage for a virus in overcoming the immune
system control and establishing the persistent infection — the tolerance by
exhaustion (Moskophidis et al., Nature (1993) 362: 758-761)

« Theoretical prediction:
O Slow virus replication favors the long-term persistence (Marchuk and Belykh, 1980)




Fundamental models
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Mathematical immunology and the nuclear chain reaction
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e  Quantitative models in immunology - 1970
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Maremarruyeckue MOJIEJIM UMMYHHOI'O OTBETA HA

PA3MHOXKAIOIIMUCSA AaHTUTCH

G.1. Bell: A mathematical I.W. Mapuyk: Mathematical

description for replicating model of infectious disease (1974)
- * Original system of delay

antigen (1973) differential equations

 Lotka-Volterra-type of « Target organ damage
equations - Competition between the virus

. d : population and the host for the
Predator-Prey view survival resources

Pathogen

- Target organ




Clonal Selection Theory: F. Burnet, N. Jerne, D. Talmage

Lymphocytes bearing Ag-specific receptors (lg)
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Key postulates:

1. Each responsive cell makes & expresses on its surface only a single
type of antibody (lg) molecule

2. The selective event is the stimulation by antigen of those cells
which make complementary antibodies

3. Thisresults is proliferation of cells and secretion of the Abs




Immunological Scheme of the basic model of infectious

disease
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Basic model of infectious disease (1975)

State space variable

1. Pathogen population
2. Antibodies

3. Plasma cells

4. Tissue damage

99999%

System of Delay-Differential Equations
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Initial data
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Major breakthrough made by G.I1 Marchuk by 1980

(A.L. Asachenkov, L.N. Belykh, I.B. Pogozhev, A.A. Romanyukha,
N.V. Pertcev, S.M. Zuev, )

 Kinetic basis of the chronisation of infectious
diseases

* Quantification of the immunological barrier
(Vip)

* |Influence of organism’s temperature reaction
on the course of disease

* Novel views on treatment (1) of the hypertoxic
form of disease and (2) the chronic infections
via exacerbation



Dual Recognition Principle via MHC restriction:

P. Doherty and R.M.Zinkernagel
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Marchuk-Petrov model of the antiviral immune response

(1981)
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Family of Nested Mathematical Models
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Fig. 33. Simulation of mixed infection: the development of acute viral infectior
against the background of chronic bacterial infection.
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Application example: Hepatitis B Virus Infection
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Acute Hepatitis B : Chronic Hepatitis B
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What are the factors that determine whether an individual with acute hepatitis B will
resolve the illness or will develop chronic infection?



Sensitivity analysis using Adjoint Equations
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the results of the above analysis we propose that (prop1) the efficacy of antigen presentation might be the
main cause of the chronic HBV infection in patient 2; (prop2) the parameters of virus mfection seem to
be rather close for the acutely and chronically infected patients.



Modelling of Immunophysiological Processes
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Special Issues related to Mathematical Immunology
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Quantification of the tissue damage and the individual patient

based assessment of the recovery process for hepatitis virus
Infection

@(K) - disease severity index for k-th patient

Normal recovery Academician
N.I. Nisevitch,

. I.I. Zubikova,
0' ol x I.B. Pogozhev

0,001

95% normal recovery band

10
I

, ¢(k)
 90-npoueHmHsle Gobepume/ibHle 2paHuUb! I

8%, [ 1 | 0,80% Complications
- V\/ . |YuubepcansHas kpubasi g p

a7, 7 0,40+

0,4 6\ > 1

O 0,00%

7/ » t,0HU
A 7 T T
% s 0 10 20 30 40
gl L1 ‘{/T@% iz VA vp s

5 0 15 20 25 30 35 f OHu



Quantification of disease severity of the lung infections

- 2. - 0.2 -
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L +5.0:10%!

+ r
Severity index 4.50 0.30 30

20.0 - 10911
Fr—70 N1 80=1Cr
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The variables mean here: F, fibrinogen concentration in blood (in g/1);
C, seromucoid concentration in blood (in g/1); Cr, concentration of C-
reactive protein (quantity of “crosses” by the method of sedimentation
in capillaries); S, precipitation rate for erythrocytes (mm/h); L, num-
ber of leukocytes in blood (10°/1); [, percentage content of lymphocytes

in blood; Fr, pulse rate per minute; N, neutrophiles (in %).
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Fig. 13. Clinical observation [198]. Patient C., 38. Dynamics of clinical (Il¢, solid
line) and laboratory (II!) severity indices.
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Monographs on Clinical Applications of Mathematical

Models

Co-authored with N.I. Nisevitch, I.I. Zubikiva, I.B. Pogozhev

. Mapuyk 31 Bepberuosa

I ocTpPbiE
§ NHEBMOHWUY

Co-authored with E.P. Berbentsova

Upper respiratory tract and lung infections

Virus Hepatitis
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Modelling in immunology:
Experimental and Mathematical
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Academician
Guri I. Marchuk
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~The outcome of infection results from the “numbers games” between
infectious agent and the immune system.”



Mathematical Biology:

Conceptual Foundations

Vito Volterra

Ludwig von Bertalanffy

Andrey Kolmogorov
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Mathematical immunology:

conceptual foundations set up by G.I. Marchuk

Coordinatisation of complex phenomena in immunology of infections
Parameterization of the underlying processes differing in their nature

Informative measures for the severity of disease and protection against infection

Feedback regulation principles of the immune responses during infections

A nested family of relevant mathematical models of the within-host dynamics
of infectious diseases formulated with delay-differential equations

Basic model of infectious diseases

Marchuk-Petrov model of antiviral immune response

Models of hemopoiesis

Practical application of mathematical methods to clinics
Clinical and laboratory indices of disease severity

Patient-specific assessment of the disease course

Hepatitis infection

Pneumonia

Myocardial infarction

Methodology for description, explanation and prediction in immunology based
on mathematical models
Hepatitis B virus infection

Influenza infection
Viral-bacterial infection



“CrpammBaercsi, UMEET JI CMbICIT PACCMATPUBATH CTOJIb CIIOKHBIE MOJEIN MTPU HBIHEITHEM
COCTOSIHUY MEAUIMHBI, KOTAa 3TH apaMeTphl JJIsl UHAUBUAYaJIbHOTO OOJBHOTO TIOKA €I1Ie
OIPEJIEIUTh HEBO3MOKHO? MBI CUMTAEM, UTO CMBICII, U OOJIBILION, UMEETCA 10 ABYM IIPUYHMHAM,
Bo-niepBbix, nogo0HbIE MOAEIH MO3BOJISIIOT Bee OoJiee ri1yO0KO MPOHUKATH B AUHAMUKY
CJIOKHEUIINX TPOLIECCOB 3aIIUTHBIX PEaKIMil OpraHu3Ma OT aHTUTEHOB U BBISIBUTH OOIIUE
3aKOHOMEPHOCTH B AMHAMUKE 3a00JieBanusd. C Apyroil CTOPOHBI, CI0KHBIE MOJICIIH CTaBAT
npo0JieMbl HACHTU(DUKALIMY UX HapaMeTPOB U, TAKUM 00pa3oM, CTUMYJIHUPYIOT KaK
MaTeMaTUKOB, TAK U MEJUKOB K MTOMCKY ONTUMAIbHBIX CUCTEM OLICHOK MapaMeTpOB MO/IeJen
IJIsl THAUBUYalIbHOTO 00JbHOTO. Benp Oynyiiee MEAUIMHBI — JICUEHUE UHIMBUAYATbHOTO
OOJLHOI'O Ha OCHOBE CJIEKEHUS 32 €r0 UHAUBUIYAJIbHBIMA UMMYHOJOTUYECKUMU,
SHIOKPUHOJIOTHYECKUMHU, COCYIUCTBIMU OCOOCHHOCTSIMH C YYETOM HETPEPHIBHO
MPUOOPETAEMBIX C BO3PACTOM XPOHUYECKUX JIOKYCOB Pa3IMYHOM 3THONOruu. UIMEHHO Takas
MEPCIIeKTHBA BCEr/a ABUrajia aBTopa U €ro KOJUIeT K TIIATeIbHOMY U Bce OoJiee
YCIOXKHSIONEMYCSI MATEMaTHYECKOMY MOAEIUPOBAHUIO .



Future challenges:

Control of infectious disease and the personalized therapy
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