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Complex nature of the immune system  
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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 
 

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 

Underlying processes 

Physical 

ÅTransport  

ÅDiffusion  

Chemical 

Å Ligand-receptor 

Å Signal transduction 

Å Peptide synthesis 

Biological 

ÅCell division (~6 hrs) 

ÅCell differentiation  

ÅCell apoptosis 

ÅGene regulation 

ÅGeneration of antigen 

  receptor diversity 



ʆʩʥʦʚʥʘʷ ʬʫʥʢʮʠʷ ï ʟʘʱʠʪʘ ʦʪ ʠʥʬʝʢʮʠʡ 

Four dynamic patterns of infectious diseases:  

(i) subclinical, 

(ii) acute with recovery, 

(iii) chronic, 

(iv) lethal infection 

Chronic persistence:  

Why? How to cure it?  

Acute followed by 
recovery  
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Objective:  
to stimulate the  
specific immune response 
=> Exacerbation  



ĂParametersñ that determine the outcome of virus infection: 

The clinicianós perspective: 

 

 Health condition of the infected individual  

(Tx patient, newborn etc., age)  

 Immunopathology  

Cytopathicity of virus 

 Persistence  

 Tropism  

Latency   

Dose of infection 

The Ănumbers gameñ (mathematical) perspective:  

Åreplication rate 

Åimmunological parameters of the host 

Åkinetics of the virus-host interaction  

Underlying processes 

Physical 

ÅTransport  

ÅDiffusion  

Chemical 

Å Ligand-receptor 

Å Signal transduction 

Å Peptide synthesis 

Biological 

ÅCell division (~6 hrs) 

ÅCell differentiation  

ÅCell apoptosis 

ÅGene regulation 

ÅGeneration of antigen 

  receptor diversity 



Dynamic interplay between virus & host factors in the 

outcome of infection  

Virus  
Replication 

Immune  
Response 

View of the viruses & the host  as competitors  for ôresourcesõ of survival 

Replication rate in virus persistence: pro & contra 
Å 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 ï the tolerance by 

exhaustion (Moskophidis et al., Nature (1993) 362: 758-761) 

Å Theoretical prediction:  

Ç Slow virus replication favors the long-term persistence (Marchuk and Belykh, 1980) 



Fundamental models 



Mathematical immunology and the nuclear chain reaction 

George Irving Bell  
4.08.1926-28.05.2000 
Å Harvard University (Physics)  - 1947 

Å 5ƛǾƛǎƛƻƴ ά¢έ [ƻǎ !ƭŀƳƻǎ {ŎƛŜƴǘƛŦƛŎ [ŀōƻǊŀǘƻǊȅ  
- 1947 

Å άbǳŎƭŜŀǊ ǊŜŀŎǘƻǊ ǘƘŜƻǊȅέ - 1970 

Å Quantitative models in immunology - 1970  

Å Theoretical Biology & Biophysics. Los Alamos 
NL - 1974 

Å Humane genome Project ς 1988 

 

 

 

 

˥͙͚ͯͪ ˮ͍͍͙͊ͤͦ; ˸͊ͪ;ͯ͟ 
8.06.1925-24.03.2013 

Å Math-Mech. Of the LSU ς 1949  

Å 5ƛǾƛǎƛƻƴ ά.έ ƻŦ ǘƘŜ tƘȅǎƛŎǎ ŀƴŘ 9ƴŜǊƎŜǘƛŎǎ LƴǎǘƛǘǳǘŜ - 
1953 

Å άbǳƳŜǊƛŎŀƭ aŜǘƘƻŘǎ ŦƻǊ bǳŎƭŜŀǊ wŜŀŎǘƻǊǎέ ς ˸ Φ мфрф 

Å Mathematical modelling in immunology - 1975 

Å CS of the SB of the USSR AS (1964), INM USSR AS, RAS 
(1980) 
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ʄʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʠʤʤʫʥʥʦʛʦ ʦʪʚʝʪʘ ʥʘ 

ʨʘʟʤʥʦʞʘʶʱʠʡʩʷ ʘʥʪʠʛʝʥ 

ɻ.ʀ. ʄʘʨʯʫʢ: Mathematical 
model of  infectious disease (1974) 

Å Original system of delay 
differential equations 

Å Target organ damage 

Å Competition between the virus 
population and the host for the 
survival resources 

G.I. Bell: A mathematical 
description for replicating 
antigen (1973) 

ÅLotka-Volterra-type of 
equations 

ÅPredator-Prey view 

Pathogen 

Immune 
system 

+ 

- 

Target organ 
- 



www.biology.arizona.edu  

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

Key postulates:  

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

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

3. This results is proliferation of cells and secretion of the Abs 

Lymphocytes bearing Ag-specific receptors (Ig) 
Virus expressing Ag 



Immunological Scheme of the basic model of infectious 

disease 

Pathogens 

Antibodies 

Immune response  

B cell 

B cell 

B cell 

Plasma cells 
Target organ 



Basic model of infectious disease (1975) 
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 System of Delay-Differential Equations State space variable 

Initial data 

via exacerbation of the chronic infection  

Passive therapy 

Immunostimulating therapy 



Major breakthrough made by G.I Marchuk  by 1980 

(A.L. Asachenkov, L.N. Belykh, I.B. Pogozhev, A.A. Romanyukha,  

N.V. Pertcev, S.M. Zuev, )   

ÅKinetic basis of the chronisation  of infectious 
diseases 

ÅQuantification of the immunological barrier 
(VIB) 

ÅLƴŦƭǳŜƴŎŜ ƻŦ ƻǊƎŀƴƛǎƳΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ǊŜŀŎǘƛƻƴ 
on the course of disease 

ÅNovel 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 

Mathematical Model Scheme 

ˢ͔͙͊͒ͣ͟͟  
˾͔ͣ ˤ͙͍͙ͭͦͪͦ͟; ˽͔͍ͭͪͦ 

MHC class I ς Ag 
complex 

Components of the  
antiviral immune response 

1981 


