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UccneposaHmne pobacTHOCTM 3aLWUTbl CUCTEMON MHTepdepoHa npu
KOPOHAaBUPYCHOM UHPEKUUUN Mblillen

UpeHTMdUMKauua HOBbIX MULLIEHe ANA NPOTUBOBUPYCHOM Tepanuu
BUY-1

MpeackasaHue TepanesTuueckoro apdekra 6n10Kkagbl peuyentopa
PD-1 B xpoHuueckyto ¢pasy BUY-1 nupekumum

UccheposaHue BAMAHUA NOABUNKHOCTU T-AMm$poLMUTOB B
nmmdatmnyeckom ysne Ha 3PPeKTUBHOCTb INMMUHALUN
3apa*KeHHbIX Knetok npu BUY-1 nipexkuun

feomeTpuueckoe moaenmpoBaHue CTPYKTYPHO-GYHKLUOHA/IbHOM
opraHusauum ammdeaTUuecKux y3nos



The Immune System

Physical
*Transport o
(1% of cells traverse the whole lymphoid ' A
system per hour) s
+Diffusion

Chemical S\

« Ligand-receptor

« Signal transduction

* Peptide synthesis

Biological

*Gene regulation

*Generation of antigen
receptor diversity

«Cell division (~6 hrs)

«Cell differentiation

B lymphocyte T lymphocyte

18) The Lymph Node

2)
. Sources of heterogeneity:
1 Physical compartments (lymph node, spleen, blood, etc.)
2) Distinct cell populations (e.g. lymphocytes, Macrophages)
3) Heterogeneity w.r.t. the expression of specific markers

(CCR5) or fluorescent labels (CFSE, Brdl)
4)

The fundamental challenge to applied mathematicians is to understand immunology in new
ways by using models, computational techniques & algorithms



Multiscale techniques in immunology: modelling in demand

A Information flow B Scale-specific
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Multi-scale
modeling methods

ODE (stochastic or deterministic)

ABM

Hybrid model




Modelling in immunology:
Linking Experimental and Mathematical Approaches

Nobel Prize Laureate
Rolf M. Zinkernagel

Academician
Guri I. Marchuk

“...The many immunological observations and results from in vitro or in vivo experiments
vary and their interpretations differ enormously. A major problem is that within a normal
distribution of biological phenomena that are measurable with many methods virtually

anything can be shown or is possible..” R. M. Zinkernagel. Inmunity Against Infections & Vaccines:
Credo 2004. Scand J Immunol. 2004, 60: 9—13

~The outcome of infection results from the “numbers games™ between
infectious agent and the immune system.”



,Numbers game®:
virus & host factors in the outcome of infection

VIrus Immune

Replication Response
The clinician’s perspective: The mathematical view:
d

. : —V{t)=(B-7-F(1))-V(t)
e (Cytopathicity of virus ‘3; porFO)
e |atency EF(t)=p-C(t)—ﬂ-7-F(t)-V(t)—ﬂf-F(t)
* Persistence S em=cm aV(-0-Fe--u-C-C)
e Replication rate d
e Tropism am(t)=6-V(t)—ﬂm-m(t)
e |mmunopathology
e Health condition of the infected individual

V(to)z\/o’ F(to)=F0' C(to)zcm m(to):mm
V(t)=0, F(t)=F, nputelt,—z.t,)



Physiologically-relevant “questions”:

pathogenesis of infectious diseases

-------- Lethal infection

Chronic infection

——

Acute Chronic persistence:

infection Why? How to cure it?

Pathogen load

Sub-clinical infection

— >
»

time

Insights by G.I. Marchuk, I.B. Pogozhev, L.N. Belykh, A.L. Asachenkov, S.M. Zuev, A.A.
Romanukha, N.V. Pertcev

e Definition of immunological barrier against infection
* Sufficient stability conditions for chronic steady states
* Treatment of chronic infections via exacerbation



UccnhepoBaHue pobacTHOCTU 3aLlLUTbl cUcTEMOU MHTepdepoHa npu
KOPOHABUPYCHON UHPEKLMUM MbiLLei.



Question to address

* Innate immune response: limits of protection

 How robust is the type | IFN mediated
protection against severe cytopathic virus
infection?




Influenza A virus infection:

deadly 1918 virus vs Tx/91 mutant

>
w

Fig. 3. Release of 1918 influenza virus .
from apically infected human bronchial | K 9,
epithelial cells. Calu-3 cells were grown

to confluency on transwell inserts as 74 . 7]
previously described (24). Cells were
infected with Tx/91 (A), Tx/91
HA:1918 (O), 1918 HA/NA/M/NP/
NS:Tx/91 (®), or 1918 (A) virus at an
MOI of 001 for 1 hour at 37°C. 3 34
Unbound virus was removed by wash-

ing the cells 3 times, and infected cells 1 , , , , 1 , , ,
were cultured in Dulbecco's modified 2 12 16 24 2 12 16 24
Eagle’s medium (DMEM) medium sup- Time (h post-inoculation)
plemented with 03% bovine serum

albumin in the presence (A) or absence (B) of trypsin (1 pg/ml; Sigma, St. Louis,  The values shown represent the mean virus titer of fluids from three replicate
MO). Apical and basolateral (not shown) supematants were collected at the infected cultures. *The 1918 virus titers are significantly (P < 0.05) different from
indicated times and virus content was determined in a standard plaque assay.  those of all other virus infection groups as determined by analysis of variance.

logo PFU/mI
[&2]
logyo PFU/mI

Time (h post-inoculation)

(Tumpey et al. 2005) www.sciencemag.org SCIENCE VOL 310 7 OCTOBER 2005

Logistic growth kinetics
Growth rate (gr) of

©1918 virus (0.98 pfu/mi/h)
*Tx/91 virus (0.73 pfu/mi/h)

Relative increase of the gr ~ 33%
Relative increase in the carrying
capacity ~ 100-fold



Virus control: the type | IFN response

against coronavirus (Murine Hepatitis Virus)
liver disease in wt mice

Liver

= 3000 -==\/iral titers
—o— ALT

[ N

log(pfu/g tissue)
O L N W H 01 OO N 00 ©

0 1 2 3 4 5 6 7 8
days post infection

Liver enzymes and viral titers in the liver



Inverse problem -> data assimilation

Living System: Severity of infection

Splenic data: i.p. wt/IFNa R

In vitro: MOI & wt/IFNaR"

(elementary processes
responses)




Maximum likelihood parameter estimation

%y(t)=f(y(t>,y<t—r>,p), telt,T], >0

yeR", peR™
y(t) =o(t), te[ty—7.5].

-Observation data {t Y }r;:l

Likelihood function
Yi~ N(y(tj),Ej)
Hly;:p)=

[Y(t,-)—yj]Tﬁ}l[Y(t,-)—yj]}

1 { 1

expl—=

J@r)" dets 2
£(p)=ﬁ5{(y,-;p)

p’ =argmax L(p)



ML and Information-theoretic ranking

e the observational errors, 1.e. the residuals defined as a difference between
observed and model-predicted values, are normally distributed,

e the errors in observations at successive times are independent,

e the errors in the components of the state vector are independent,

e the variance of observation errors (o) is the same for all the state variables
and observation times.

In(L(p;0)) = —0.5(ngIn27) + ngIn(o?) + 0_2<I>(p))

4 7
P(p) = Z (Z (JV; — N](fl,p))z - (Dl — D([hp))Z)

i=1 \j=0

2 1
d(In(L(p*;0)))/d0? =0 = o =—>(p"

Hnq
Akaike measure of the distance between the given model and an ‘ideal’ model

of the data: AlC = Ng In(®(p*)) +2(L + 1),
2(L 4+ 1)(L +2)
ng— L — 2

feAlC = ngIn(P(p™)) + 2(L + 1) +



Uncertainty in the parameter estimates

1. Variance-covariance analysis:

92 — % 2(1)(p*) -1, % 1y XN
=(p*) = H R

oo @) P — (p") € R7r,

or = Erx@® - |Clp, =Ips —op,20,n7p), pp +o0p,20,n0)1, k=12,....np

9 97
H(p) := <%} <%} d(p) e R, Hypm(p) =

2. Profile-likelihood-based analysis:|[p;"". P} |

min max ]

- 1
[ In(L(p)) — In(L(p*))| < 5)612’0-95 whenever pi € [p; ", py
L(p) := max L(p), where S(px) :={[p1.P2,- - Pk—1-P>Pk+15- - - »Pn,1lp fixed}

pPeS(pi)

3. Bootstrap analysis: CIPk,M — [l’;}}‘; _ 1,96apqu, f)k + 1.96apqu].

x 107

M n* M g s -~ 2 1/2 ; | R "-.(-I “MW

Ak, Zm:]‘ pkﬂm Zm:l |pk’m _pkl 5, i hw;q’\:\"\‘\\m‘ ~ |
— 9 Oka,M f—

e 4

op i W
\

: i GB,N
Pk M M— 1

0 1000 2000 3000 4000

number of samples



Multiscale model of MHV infection in mice
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Data-driven iterative model calibration

cells

Uninfected

=
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Basic Model
Formulation

dV _
pr ) =

dt

dt

py - Cy(t —1y)

o~ W VO V- C

d
al(t) =pr- Cy(t—1;) —d; - I(t)

d
—C(t) = —ay - V(t) - C(t) —dc(t) - C(O)

d
—Cy(t) = 0oy - C(t) - V() —dey (D) - Cy (D)

" Production '
1} oro g
/ “,“ : Parameter Identification
i B :
‘ e-‘- e)(\_e(\s\oﬂ v . MHV-pDC/wt system in vitro . MHV-pDC/IFN;, o system in vitro
Data s g s 1 § st 1
Model parameter pDC % % ° ]
= £ 4 1
Virus production rate: r, (pfulcell/h) 1.7 ] g
< e —
IFNa production rate: r, (pg/cell/h) 0.0004 g g 2 /’ ,
4 HE E =
IFNa threshold for 50% reduction of virus 45.8 El ERNS —
production rate: g (pg/ml) z Z
E Eo
Infection rate of target cells: s, 10® =4 = ©
z TN
Initial fraction of infected cells for 0.1 2
“Multiplicity of Infection = 1” * (hours) O e
experiment: C,(0)
Virus production delay: t, (h 6.0 . .
ot The average secretion rate of IFNa is
IFNa production delay: ¢, (h) 5.8 .
' «for infected pDC ~ 15586 molec/hr,
Gompertz death rate parameters for 0.2 & .
infected cells: d, (1/h) & k; (1/h) 0.087 for infected Macrophages ~106 molec/hr




The systemic model of MHV infection & IFNa response

COMWSBCONW OW D d #0C
_ RN, L v = v CPPC (1 —PPC
liver ¢ \\ dt s(?) 1+1(1)/0ypc v v
blood ALT pM@
Vv Mg Mo
v [ —
spleen " 1+I(f)/()M¢3 g sl

— (PP @+ o} CM0)) Vst

"“‘;{;g“*d “"'"fe“e" —dyVs(t)— pusp Vs(t) + pups Vp(1) s
o oo Os
@ IFN-o d
) .'ﬁ:.' EI(r):,og""‘f-Cf;}"‘j(r—z?’”'c)+,(,, ?.CMo (1 —M?)
{} ]
O —dr1(1)

infected pDC

infected Md /
—CPC 0= Vs(ty PPy —dbes - P )

J dt

—Vi@)=p V() (1 =V ()/KL) =g Vi(t

i SO St j’rcm(r) oM V(1) CHP(1)—dith - CI* (1)
+ 1 V(1) O/ 01 J

— PPty = — PC V(1) CPPC (1)

dt
d ]pDC CpDC - CpDC
= Vo) =5 Vi(0) Qr/ Qs+ usw V(1) Os/ Op i (c )
d B Mo, .y
— (s + gL +1go) V(1) ECMQ)(I)_ —oy " V() CT ()

Mg ((~M¢ _ ~M
%A(t)=pA-VL(r)+dA-(A*—A(r)) +dyc (Co C “’(r))



Calibrated models for MHV infection pDC u M[

Table 1. Best-fit parameter values for MHV infection of pDC and M¢

Biological parameter pDC Mo
Notation (units) Best-fit estimate; 95% CI Best-fit estimate; 95% CI,
Virus production rate, 1.7 [0.62,5.5] 36.7 A . pOCs E! ifnar” pDCs
P (pfu/cell/h) [18,220] S e 8 t
Type I IFN production rate, 4.4x10* [1.3x10* 1.6x107] 3.0x10°/1.0x10°® E 5 s T‘%/r:_it:v i
P, (pg/eell/h) [1.2x10, 1.9x107] 3 3 B e
00000000, g

* The threshold for 50% * * ¢ 458 [26, 80] 0.09/0.97 ¢ e : /
reduction of virus productioﬁ: [endogenous IFN] [0.007, 0.7] E o ] _
rate by type I IFN, o [endogenous IFN] ; \ o A 73“?

» § Q(Pg/??p. egoo®’ e’ i 20\5/?1'5\:'0 75 '2:: 10 15 20 25 hpi
Infection rate of target cells, 1.3x10° [7.0x107, 2.8x10°] 5.4%x10°/0.9x107 ¢
0 (cell/pfu/h) [1.7x10°, > 107

spleen iver

Initial fraction of infected cells 0.11 [0.029, 0.26] 1.0 _ ; ’ ; |
for “Multiplicity of Infection = 55 5
1 experiment: C{0) z¢ 4
Virus production delay, 596 [5.88,5.98] 599  [5.98,6.0] $ z e Z
4 v (h) 1 — MHV 5x10° ’
Type I IFN production delay, 577 [5.22,5.93] 5.8 0 12 24 % 48 0 12 o4 3 48
0, ()
Gompertz death rate 0.2 & 0.087 0.049 & 0.057

parameters for infected cells, [0.015, 6.0] &[0.029,0.19] [0.024,0.11] & [0.012,0.1
docv (1/h) & kev (1/h)

 Refined by in vivo data

) Refined by data (Eriksson et al. 2008)
" Refined by in vivo data

log,, MHV (pfu/mil)




qYBCTBI/ITCJIBHOCTB NHJICKCA TAKCCTH 3a00JIeBaHUS K CKOPOCTH

pEIUIMKAIIMY BUPYCOB B PA3JIMYHBIX OpraHax

Tponu3Mm K KrneTtkam B cerie3eHKe

3.5

g
=)
|: i 3
<O
g B 125
L 2
10* a2 20
PDC 10° 0 5 cafion rate
(Ceyy ) Girus r/ep‘\\\c‘ea e log,,ALT
PoOacTHasi 3a11MTa OpraHu3Ma: VYs13BUMOCTD 3aIIUTHI OPraHu3Ma:
30-kpaTHasi UHTeHCUPUKAUS 15% wHTeHcH(pUKAIUS PETTHKALMA
penJiMKalMi BUPYCOB B JUM(OMTHBIX BHPYCOB B nepudepuvyecKuX opraHax
oprasax MPUBOAUT K THKEJI0U UHHPEeKIUU




NpeHTUdPMKaLmMA HOBbIX MULLEHEN ANA NPOTUBOBUPYCHOU Tepanuum
BUY-1. Olga Shcherbatova




Multiscale processes underlying HIV infection

Andreas Meyerhans Whole Qrganism
Y

Time

yearq

—— S

Relative T 7

CD4  |aovoaoog@(d [ ( \ HIV diversity { ( (
counts

1 . pd
~10°HIV/ml & aa

-trop

HIV

/

/

days

Blood CD4

0.5 4
~10*HIV/ml
& Mucosal CD4 N \CD4/X4 l
I I I £ . . AIDS
. ~
Slng ece . s . \
Primary Clinical asymptomatic Disease
k ""”" infection (~8years) (~2 years)
(weeks)

G. Bocharoy, et al. Human Immunodeciency

Virus Infection: from Biological Observations

to Mechanistic Mathematical Modelling
Length

T T T T T Math. Model. Nat. Phenom. Vol. 7, No. 5,
nm pm mmcm m 2012, 78-104




Biochemical scheme of HIV-1 replication cycle

Binding of gp120

to receptor and
co-receptor

Fusion of viral
envelope and
S cell membrane
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Calibrated model of HIV-1 replication in

activated CD4 T cells
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Normalized sensitivity to process parameters

%y(t) = f(t,y(t),p), t € [to, T]

y(t) = ¢(t,p), t = to

T
_d'é;igt) — {%] w=e,te [t(),T]

w=0,1t=T

T
J(y) = bfvmatdt

4 (8_]) — <w(t), af(t) 5Pi>, fe 0T, 3
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Processes showing the strongest

impact on net virus production

Fusion of viral
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MpeackasaHue TepaneBTuueckoro a¢dekta 610Kagbl peuentopa

PD-1 B xpoHuueckyto ¢pasy BUY-1 nnpekuum. Valerya Zheltkova



Relative CD4 counts

Relative CD4 counts

Phenotypic diversity of HIV infection dynamics
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P-HVL - progressors (CD4+ T lymphocytes
<200/ ul blood in chronic phase), high viral
load (>10000 copies/ml blood in chronic
phase)

P-MVL - progressors, medium viral load (>2000
copies/ml blood in chronic phase)

P-VC - , viral controllers (<400
copies/ml blood in chronic phase)

SP-VC - slow progressors (CD4+ T lymphocytes
200-500/ul blood in chronic phase), viral
controllers

SP-HIC - slow progressors, HIV controllers (HIV
undetectable)

LTNP-HIC - long-term nonprogressors (CD4+ T
lymphocytes > 500/ul blood in chronic phase),
HIV controllers




Revitalization of exhausted lymphocytes in HIV

« Multifactorial regulation of distinct phenotypic states of lymphocytes
» The state of functional exhaustion — PD1 receptor dependent

——————

Effector
CDS8" T cell

—> NFATc1

—> NF-kB — IRIQ
<

) HIV antigen as
H ..Q

d,
IFNR CD4 TCR
FasR
TFs induced
via IFNR activation Reolication ¥
TFs induced o0 P IEadon Caspase
via IL2R activation e I Om > Ooo

[ X J HIV DNA
. /
\J/
1 Biology, 2019

Grebennikov et al.. Molecular
\

I Differentiation I

T cell



Question-driven data-based analysis of various components

of HIV infection control

Efficacy of immunomodulatory treatment of HIV
infection: phenotype-specific prediction of the CD4 T
cell gain and reduction of viral load by the blockade of
PD-L1 on lymphocytes




Towards personalized immunotherapy

PD1/PDL1 blockade affects

e CD8Tcells,

e CDAT cells ,
e Bcells

Model-based layering approach to dissection of the
Impact of the blockade suggest that



CFSE-labelled proliferation of HIV gag-specific

CD8 T cells under PD-L1 blockade

B. HIV Gag-specific CD8 T cell stimulation
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Prediction of PD-L1 inhibition effects
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Understanding the phenotype-specific response of HIV

Infected to PD-L1 blockade: who will be the beneficiary?

Assumption 1: PD-L1 blockade effect is due to
the change of kinetic parameters («,8,7)

Obtained parameters
under assumption 1

e, Ty lssn epr [6]
" ) (o B —
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Population dynamics data
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Prediction of PD-L1 inhibition effects for HIV-infected individuals, V. Zheltkova et al. PLOS CB (2019)



Scheme of the model of CTL-mediated HIV control
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Estimated doubling times and precursor frequencies

of CD8 T cell growth after PD-L1 blockade

A Doubling time, CD8 T cell B Doubling time, CD8 T cell
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frequency 80 frequency
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Prediction of PD-L1 inhibition effects
for HIV-infected individuals, V. Zheltkova et al. PLOS CB (2019



Sensitivity analysis for linking infection phenotype and

the model parameters
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Net effect of PD-L1 blockade on HIV load & CD4 T cell number
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The net effect of PD-L1 blockade on HIV load & CD4 T cell

number

* depends on the interplay between “+” and “-” effects of CD4,
CD8 and B cell lymphocyte activation

« for a physiologically relevant range of the affected model
parameters, is likely to be overall beneficial



Outline

UccheposaHue BAMAHUA NOABUNKHOCTU T-AMm$poLMUTOB B
nmmdatmnyeckom ysne Ha 3PPeKTUBHOCTb INMMUHALUN
3apa*KeHHbIX KnetoK npu BUY-1 nnpexkuun.

Dmitry Grebennikov et al., 2019



Question-driven predictions for HIV infection control

Requirements for HIV-specific CD8 T lymphocyte
motility and density on virus replication control

Dmitry Grebennikov et al., 2019



Dynamics of the individual steps of HIV life cycle
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T cell motility in T cell zone of lymph nodes
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CTL frequency needed to stop the local HIV

Infection spreading within 18 hours

A Problem statement:
What time is needed to locate target cells?

Studied effects of varying:
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The frequency of HIV-specific CTLs to timely detect productively

Infected

e DC within 18 h should be about 5%. The time reduces to 4 h for
productively infected CD4+ T cells, which are motile.

« For an HIV-specific T-cell frequency of 1%, the two-fold inhibition
of CTL locomotion would reduce the probability of detection of
Infected ells within 24 h post-cell infection from 0.84 to 0.42.



Platform for hybrid multiscale modelling of HIV infection

The immune response to HIV
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Multiphysics model of HIV-1 infection

T cell migration in LN m;;, = F; = Z fi; + fimot _u%, in QC R2
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ot Grebennikov et al., 2019
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Local burst of infection in T cell zone of LN
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Imaging-based analysis of LN structure

@PLOS | BIOLOGY
PLoS Biol 14(7): 1002515.

Topological Small-World Organization of
the Fibroblastic Reticular Cell Network
Determines Lymph Node Functionality

Mario Novkovic'®, Lucas Onder'®, Jovana Cupovic'®, Jun Abe?, David Bomze',
Viviana Cremasco®, Elke Scandella’, Jens V. Stein?, Gennady Bocharov®, Shannon
J. Turley®, Burkhard Ludewig'*




Imaging and visualization of LN structures

Experimental data

Lymph node (LN) architecture with major
structural units: subcapsular sinus

(red), efferent lymphatic vessel (red), B cell
follicles (cyan) and the FRC network (green).
White rectangle indicates representative T cell
zone. Scale bar represents 200 pum

Rostislav Savinkov
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FRC network topology parameters: the
edges per node- and the edge length for
the T cell zone FRC network. Data
obtained from n = 7 mice from two
independent experiments

Kislitsyn, A.; Savinkov, R.; Novkovic, M.;
Onder, L.; Bocharov, G. Computational
Approach to 3D Modeling of the Lymph
Node Geometry. Computation 2015, 3,
222-234.



Topology - geometry — 3D solid model

Real Object Computational model

—_—

Voxel-based generation of the FRC network. The network graph model;
initial local structure; smoothed solid model of the local structure.




Model of the FRC network graph
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Computational 3D model of the Lymph Node

The FRC and Blood vascular networks inside LN

B cell follicles, trabecular sinuses, medulla
computation

ISSN 2079-3197
www.mdpi.com/journal/computation

Communication

Grebennikov, D.; Van Loon, R.; Novkovic, M.; , ,

. . . Computational Approach to 3D Modeling of the Lymph
Onder, L.; Savinkov, R. et al. Critical Issues in Node Geometry
MOdeIIIng LN PhySIOIOgy Computathn 2017, 5, 3 Alexey Kislitsyn ", Rostislav Savinkov ¥, Mario Novkovic >, Lucas Onder  and

Gennady Bocharov **




R

% of Max

103

1001
801
60 1
40
201

10°9

103:

10?

Immune Flow cytometry data
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Be sure to click the Calculate button after
each change to Options.

Click the Create Gates button to add
children to this population for each
generation.

Constraining the Fixed Ratio will adjust the
ratio of fluorescence between adjacent peaks.
Ideally, this value should be just less than 0.5.
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the total number of proliferations expected or
previously established.
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ensure the width of each peak is constant.

Setting a Fixed Background will adjust for the
known autofluorescence level of the cells
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Asymmetric division of lymphocytes

Tatyana Luzyanina

Flow]o is a product of Tree Star, Inc.
www.flowjo.com

1-541-201-0022
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Proliferation of retrogenic CD8+ T cells
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Division number- and label- structured description:

Hasenauer et al. 2011; Banks et al. 2012
N(t) > N(t,division number)

v v

N(t, x) > N(t, x,division number)

MNo(t,X)  AVOINS®X) _ (114 5 )N, . %),

ot OX
N0 NI, 1)+ N, €0+ 2701, ON, 070, 12150,
Ni(01 X) = NiO(X)1 V(Xmin)Ni(t’ Xmin) = O’ 0<i<J y O (t) = 01
te[0,T], X e[Xy,,+0)



Division- and CFSE-label structured

mathematical model
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Time-delay hPDE model for asymmetric cell division
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Label- and division- structured time-delay model

for an asymmetric cell division
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Label- and division- structured

symmetric cell division
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Steady-state solutions: existence of multistability

and their robustness

-Dependence on virus-host interaction parameters
- Stability with respect to perturbations

Viral load

Non-trivial
(chronic infection)

\ Trivial (infection-

0 — free)
time

Vi

S




Control of chronic infections:

optimal disturbances vs optimal control/stabilization

A
Yuri M. Nechepurenko

Viral load High
viral load \\ Michael Yu. Khristichenko

steady state \

Arkadii Kim

A o
u(t) * /" Low viral
JEEN load
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75 100 t // State

4 Immune status

T —
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>
Viralload Level of immune memory.
Total amount of drugs Restoration of Immune homeostasis

Russ. ). Numer. Anal. Math. Modelling 2017; 32 (5):275-291

DE GRUYTER

Gennady A. Bocharov*, Yuri M. Nechepurenko, Michael Yu. Khristichenko, and Dmitry
S. Grebennikov

Maximum response perturbation-based
control of virus infection model with

time-delays



Ongoing major research directions

Intracellular regulation of lymphocyte fate and the immune cell
networks homeostasis (Andreas Meyerhans)

Non-local interactions in the immune system (Vitaly Volpert,
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