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Introduction and Motivation

@ Chronic viral infection can persist in an infected person for
years.

@ During this time the virus evades the host’s immune
system by evolving new phenotypes (cf. HIV).

o New strains can be transmitted.

e Treatment/prophylaxis introduce additional evolutionary
pressure, facilitating appearance of new, resistant virus
strains.
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Introduction and Motivation

developing a unified framework for modeling and analyzing the
interplay between local, within-host mutation dynamics and
global, population-level distribution of different virus strains
while taking into account the effects of treatment and
prophylaxis.
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developing a unified framework for modeling and analyzing the
interplay between local, within-host mutation dynamics and
global, population-level distribution of different virus strains
while taking into account the effects of treatment and
prophylaxis.

At this stage we

o consider two models: a baseline and an extended one;
o compute the equilibrium distribution of virus strains;

o characterize the effect of using therapeutic and
prophylactic controls;

@ carry out extensive numerical analysis.
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@ No phenotypic variability
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Mutation coefficients o;;

a;j € [0,1] denotes the average fraction of type ¢ viruses in the viral
population of an individual initially infected by the type j virus.

Al Y7 jay=1forallj=1,....,n
A2. a;; #0foralli=1,...,n

A= [aij]i,jzl,,,,’n is a column stochastic matrix.
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Extended model
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T, = up Ioi — GTy — uTi e Variable contagiousness;
! ! e Variable resistance to
$— 1 —upS — Z 6;(X)S + 6P — uS prophylactic measures;

e Variable resistance to
P = upS — Z (1 o Lf“l’q')@i(X)P _ 5P — nP therapeutic measures.
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Extended model

Using matrix notation we write down 3n + 2 DEs

Iy =Bc(€Ia+ Alc) S+ Be(E—U) (E1a + Alc) P — (v +p)Ia
Io =714+ ZT — (up + p) Ic

T=urlc— (uE+ Z)T

S=p+6P — 114y Bc (E1a + Alc) S — (up + p)S

P=upS — 1%y Bc(E—T) (15 + Alc) P — (3 + p)P,
where

I Bt 0
In=] ! | (same I¢,T), and B¢ = (same Z,).
IAn 0 6071
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Baseline model: Ry

Basic reproduction number

For any choice of parameters a;; > 0 such that ), a;; = 1 and
oy 7 0 for all 4,5 = 1,...,n, the controlled basic reproduction number
for the baseline system is given by

E(ur + p) +v

o) =0 S i+ )
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Baseline model: Ry

Basic reproduction number

For any choice of parameters a;; > 0 such that ), a;; = 1 and
oy 7 0 for all 4,5 = 1,...,n, the controlled basic reproduction number
for the baseline system is given by

E(ur + p) +v

Balem) =80 o £ )

Sensitivity coefficient: R;

Ro(ut) = Ro + RTur + O(u?) : see (%)
Eu+y Bcy
~ f — UT.
Grwe w@h+p

DG, Bulla, Romero-Severson, Systematic evaluation..., JTB, Vol. 462, 2019.
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Baseline model: Xgg

Endemic equilibrium

Let A be an irreducible non-negative column stochastic matrix s. t.
a;; # 0 for all i =1, ...,n. Then the endemic equilibrium for the
baseline syst. exists and is unique if Ry > 1.

Let, furthermore, v = [v1,...,v,] be the normalized right dominant
eigenvector of A satisfying > ; v; = 1. The components of the

endemic equilibrium state are given by

PR T PSS (W
(v + 1) Ry (v + p)(ur + p) Ry

i P S* = —.
(7+u)(UT+/~L)( Ry R
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Extended model: R

Basic reproduction number

The controlled basic reproduction number of the extended system is
given by

Ro(ur, ue) = 2O (Que) V(ur).

where fc = max; Bci,

Bc = 3" Be,

Q(up) = B¢ [E, — Ppre(up)VY],

N(ur) = w+1£u [EWE, + v AA(ur)], and
Aur) =(Z+ (p+ur) En) "N Z + pEy).
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Extended model: Sensitivity analysis

Sensitivity coefficients RT and R

Let A be irreducible and let wy and v be the right and the left
dominant eigenvectors of Q(0)N(0) = Bc A, corresponding to
p (BC A) and normalized such that wg] vo = 1. The controlled basic

reproduction number Rg (ur,up) can be written as
Ry (ur, up) = R + R gur + By pue + Ol (ur, uwe) ), (1)
B _ Bely+&w) (R A
where RO = ?’Y""Wp(BC A),

Rf,T = —wg [Rg E, Bc] (Z+ pE,) vy, and

_ &
(v+p)

B 1
RLP RO T Yo T yy.
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Two controls: which one is more efficient?

Simplified model: no variability in transmission rates
Assume B¢ = B¢ E,,. The control ur is locally more efficient than up
if it holds that

o
v+ Ew

wg (Z+ pE,) tvy > ﬁw(—;\l/vo. (*)
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Two controls: which one is more efficient?

Simplified model: no variability in transmission rates
Assume B¢ = B¢ E,,. The control ur is locally more efficient than up
if it holds that

o
v+ Ew

Note: 7, =1/(¢; + p) and 7 = 1/(6 + p) are the average duration of

being either on treatment or on prophylaxis and recall that

wg =[1,...,1]. Then we can write (*) as

Z 5 +£ TiVo; > 21/} TV0;-

Protection conferred by treatment/prophylaxis against the ith strain.

wg (Z+ pE,) tvy > wq Yug. (*)

1
(6 +p)

o’
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Two controls: which one is more efficient?

Full scale model

ur is locally more efficient than up if

1

>

%

_ Baifa
R

TiWoiVo; > E P TW0; V045
2 .

K2

where 0 = 1/(y + ) is the average duration of the acute stage.
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Two controls: which one is more efficient?

Full scale model

ur is locally more efficient than up if

>

%

1—

BAiaA]
I

TiWoiVo; > E P TW0; V045

%

where 0 = 1/(y + ) is the average duration of the acute stage.

The parameters R o and R1 p are the sum of products average
duration of the medzcal intervention x protection conferred by the
intervention taken with the weights corresponding to the stationary
distribution of the virus strains.
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Numerical results: Setup

We consider a model where

226 virus strains,

4 infection stages: 1 acute and 3 chronic,

infected either develop or not develop their own antibodies,

5 levels of prophylaxis depending on the concentration of the aB
in the blood,

people on prophylaxis can get infected as well, although at
reduced (and strain-dependent) rate.

In total, there are 4076 DEs.
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Numerical results
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Numerical results: distribution of strains

Fractions of infected by viral strains
T
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Numerical results: distribution of strains

Fractions of infected by viral strains
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Conclusions

There are a number of issues to be resolved:
@ Classification of virus strains
@ Determining the mutation probabilities:

o averaged Markov model evolution? transition rates?
e estimation of the evolutionary distance, ...

@ Protection given by prophylaxis:

e strain-specific protection,
e pharmacokinetics, etc...
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Conclusions

Thank you!
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