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“I deeply regretted that I did 
not proceed far enough at 
least to understand 
something of the great 
leading principles of 
mathematics, for men thus 
endowed seem to have an 
extra sense”

Charles Darwin



Hepatitis C virus

HCV is an RNA virus 

HCV causes chronic liver infection in up to 80% of infected 
individuals. It is a leading cause of liver cancer.  HCV causes 

more deaths in USA than HIV

HCV infects 2.2% of the world’s population



RNA viruses

High mutation rate (~10-4  -10-5)

Lauring & Andino, PLoS Pathogens 

2011



Median Joining Network of HCV quasispecies for a chronically infected patient

D. Campo et al., BMC Genomics (2014), 15 (Suppl. 5), S4

HCV exists in infected host as a large heterogeneous 
population of intra-host variants (quasispecies) evolving in the 

sequence space



Quasispecies Theory
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v1(t),…,vn(t) – frequencies of n variants at time t

f1,…,fn – replication rates (fitnesses) of n variants, fi > 0

qi,j – probability, that replication of genome i produces genome j
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Main prediction: survival of the flattest 
(in contrast to survival of the fittest)



Viral Population = Quasispecies

Lauring & Andino, PLoS Pathogens 2011

Variants differ in
• Virulence
• Escape immune response
• Resistance to antiviral therapies



Modelling viral evolution

Goal: to understand how HCV establishes a chronic infection



HCV and immune system
Conventional wisdom:  constant immune escape 
or “arms race” between virus and immune system

Recent observations based on NGS data: everything is 
more complicated



Facts that do not agree with constant 
immune escape

• High level of intra-host adaptation
- negative selection on chronic stages of infection
- long-living viral variants

• Complex dynamics of subpopulations
- frequencies fluctuations
- disappearance and reappearance

• Antigenic convergence



Ramachandran S  et al, Journal of Virology, July 2011, 
6369-6380

Viral samples from patients with chronic HCV infection 
taken at different time points during 9 - 18 years of 
infection.

2 possible scenarios:

-HCV population continuously diversified, suggesting 
continuous immune escape. 































2 possible scenarios:

-HCV population continuously diversified, suggesting 
continuous immune escape. 

- The viral populations converged into populations 
evolving within a single community after 9-12 years of 
diversification. HCV populations were under negative 
selection at the later stages of infection. One variant 
was sampled during almost entire observation period  
(16 years) These observations suggest a high level of 
intra-host adaptation at late stages of infection. 
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Strong negative selection is observed for ~74% of chronically infected
individuals (Campo et al., 2014)



Mathematical modelling



Mathematical model for HIV

𝑥𝑖ሶ = 𝑥𝑖 𝑓 − 𝑠𝑧 − 𝑝𝑟𝑖 , 𝑖 = 1, … , 𝑛

𝑟𝑖ሶ = 𝑐𝑥𝑖 − 𝑢𝑥𝑖𝑟𝑖 , 𝑖 = 1, … , 𝑛

Novak et al., Science, 1991; Math Biosci., 1991; AIDS, 1990 

• n viral variants
• xi is the size of the population of the viral variant i;
• ri is the i-specific immune response
• z – cross-immunoreactive response



Novak et al., Math Biosci., 1991

Main prediction based on stationary solutions: viral adaptation is associated with
increasing intra-host  viral diversity



HCV model: Wodarz D et al,  2003

Main prediction:  similarly to HIV, viral adaptation is associated with
increasing intra-host  viral diversity
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• n viral variants
• x is the number of uninfected 

hepatocytes (liver cells)
• yi is the number of hepatocytes 

infected by the viral variant i;
• vi is the size of the population of 

the viral variant i;
• wi is the i-specific immune 

response
• z – cross-immunoreactive

response



Mathematical model

Main assumptions:
• Complex cross-immunoreactivity network

• Disparity between immune activation and neutralization

Both assumptions were experimentally observed



Mathematical model

d𝑥𝑖

d𝑡
= 𝑓𝑥𝑖 − 𝑝 𝑟𝑖 + ෍ 𝛽𝑗,𝑖𝑟𝑗
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− 𝑏𝑟𝑖 , 𝑖 = 1, … , 𝑛

• xi is the size of the population of the viral variant i;
• ri is the i-specific immune response
• f – viral replication rate; p - immune response strength
• c – immune response rate; b – immune response decay rate
• Α,Β – cross-immunoreactivity stimulation and neutralization 

matrices. In particular, we may assume that A = αM, B = 
βMT, where M is an adjacency matrix of CRN



Model predictions

1. Antigenic cooperation



Antigenic cooperation

• The members of HCV intra-host populations don’t act like 
separate entities; the different variants work together almost 
like a team with a clear separation of responsibilities

• Roles of variants are determined by their positions in cross-
immunoreactivity network (CRN)



Antigenic cooperation

• Altruistic variants: sacrifice themselves for the good of the 
whole population. They draw the immune system attack on themselves. 
Those variants are in-hubs in CRN

• Selfish variants:  gain fitness at the expense of altruists. Remain in
existence without eliciting strong specific immune responses and
persist under negative selection. Those variants are adjacent to altruists



Example: 2 viral variants. Variant 2  is able to interact with Variant 1 as both 
immunogen and antigen with certain affinities (0 < β < α < 1). 

Stable stationary solution:

Variant 2 achieves higher equilibrium population size by utilizing replicative 
abilities of both itself and Variant 1



• Variants with low replicative fitness and broad cross-
immunoreactivity can outcompete the high-fitness 
variants. 

• Low fitness and small initial population size are essential 
for persistence



Model predictions

1. Antigenic cooperation

2. Remote interactions of viral 
variants and populations 
fluctuations



𝑠∗ =(𝑥1
∗, … , 𝑥𝑛

∗ , 𝑟1
∗, … . , 𝑟𝑛

∗) – stable equilibrium solution of  (1)-(2) 

Then 𝑠∗ is a solution of the following system of linear equations:

𝐽1 = 𝑖 ∈ 𝑛 : 𝑟𝑖
∗ = 0 , 𝐽2 = [𝑛]\𝐽1

Remote interactions between viral variants



Assume that B = E and 𝑓𝑖 = 𝑓, i=1,…,n. Then for all 𝑖 ∈
𝐼2 we have

𝑟𝑖 =
𝑓

𝑝

and
𝐽1 = ∅ (if 𝑖 ∈ 𝐽1, then f is an eigenvalue of the Jacobian

of (1)-(2)

Remote interactions between viral variants



D𝑥∗ = 𝟏

Remote interactions between viral variants



Example

𝛿1𝑥1 + 𝛿2𝑥2 = 1
𝛿2𝑥2 = 1

𝛿1𝑥1 + 𝛿2𝑥2 = 1
𝛿2𝑥2 + 𝛿3𝑥3 = 1

𝛿3𝑥3 = 1

𝑥1 = 0, 𝑥2 = 1
𝛿2

ൗ 𝑥1 = 1
𝛿1

ൗ , 𝑥2 = 0, 𝑥3 = 1
𝛿3

ൗ



http://evolutionarysystemsbiology.org

• Fitness landscape is dynamic
• Each viral variant influence fitness landscape 

within the same component of  CRN

Remote interactions and population dynamics



Remote interactions and population dynamics



Conclusions

- Antigenic cooperation (AC) explains intra-host 
adaptation of HCV

- Indirect interactions in CRN and AC explain 
complex dynamics of HCV intra-host populations

- Interference with AC is a potential strategy for 
interruption and prevention of chronic HCV infection



Thank you!

Special thanks to D. Campo and Z. Dimitrova
for figures


