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Viral infections



Virus replication



Innate and adaptive immune response

http://highered.mheducation.com/sites/0072495855/student_view0/chapter24/anim
ation__the_immune_response.html



Immune response



Immune response
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Nonlocal and delay equations
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u(x,t) – virus density

Diffusion or 
mutations

Replication Immune 
response

Death 

Time delay in adaptive 
immune response



Models: ODE-DDE system 
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Virus

Immune cells

Different regimes: acute infection (cured), chronic infection, immunodeficiency



Models: ODE system and single 
equation
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Virus

Immune cells



Single delay equation: linear stability
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Stability boundary



Single delay equation: global stability
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Single delay equation: period doubling
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DDE system
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Virus

Immune cells

Different regimes: acute infection (cured), chronic infection, immunodeficiency



DDE system: two time delays

10/25
/16

Virus

Immune cells



Mechanisms of virus spreading



Delay RD equation

Local virus concentration in the tissue (lymph node, spleen)

Immune response:

Time delay
Growth for small load
Decay for large load



Delay RDE: spatio-temporal 
patterns and quasi-waves
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Single RDE without delay: waves 
and systems of waves
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Virus spread without time delay



Reaction-diffusion waves: 
the beginning (the 1930s)

 Propagation of 
dominant gene 
(Fisher and KPP)

Combustion 
(Zeldovich and 
Frank-Kamenetskii)

Cold flames or 
branching chain 
reactions 
(Semenov)

)(2

2

uF
x
u

t
u











Reaction-diffusion waves

u(x,t) = w(x-ct)

w’’ + c w’ + F(w) = 0 



Reaction-diffusion waves

Bistable case: 
single wave 
speed

Monostable 
case: wave 
speeds 
greater than 
or equal to 
the minimal 
speed



Systems of waves: existence and 
convergence



Virus spread without time delay

Three regimes 
of infection 
spreading:

Low dose
High dose
Low-High dose



Delay RDE: waves
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Monostable

Monostable-
bistable



Wave existence in delay RDE
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Single equation

System of equations



Existence of waves: 
mathematical theory

1. Linear elliptic problems in unbounded domains, Fredholm 
property, index, solvability conditions

2. Topological degree, Leray-Schauder method

3. A priori estimates of solutions in weighted spaces

4. Existence of waves for monotone and locally monotone systems, 
bistable delay and nonlocal equations, existence of pulses, …
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Covid

 Pathophysiology: 

lung alveoli – spontaneous coagulation; 

lung bronchi – cilia cells – mucus production and motion; 

ACE2 receptors – endothelial and epithelial cells – other 
organs

 Immunology: deficient lymphocytes – cytokine storm –
excessive immune response
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Stay healthy !


