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Abstract

In this work we extend the ODE model for virus infection and immune response proposed by P.
Getto et al (Modelling and analysis of dynamics of viral infection of cells and of interferon resis-
tance, J. Math. Anal. Appl., No. 344, 2008, pp. 821-850) to account for the spatial effects of the
processes, such as diffusion transport of virions, biomolecules and cells. This leads to two different
nonlinear PDE models, a first one where the cells and the biomolecules diffuse (which we call the
reaction-diffusion model) and a second one where only the biomolecules can diffuse (the hybrid model).

We show that both the reaction-diffusion and the hybrid models are well-posed problems, i.e.,
they have global unique solutions which are non-negative, bounded, and depend continuously on the
initial data. Moreover, we prove that there exists a “continuous” link between these two models, i.e.,
if the diffusion coefficient of the cells tends to zero then the solution of the reaction-diffusion model
converges to the solution of the hybrid model.

We also prove that the solutions are uniformly bounded and integrable for all times. We char-
acterize the asymptotic behavior of the solutions of the hybrid system and present several relations
concerning the survivability of viruses and cells. Finally, we show that the solutions of the hybrid
model converge to the steady state solutions, which implies that the latter are globally stable.

Keywords: Reaction-diffusion systems, global solutions, uniqueness, asymptotic behavior, virus, inter-
feron, immune response.
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1 Introduction

1.1 Spatial effects of viral infection and immunity response

When a virion, i.e., an individual viral particle, enters a healthy cell, it modifies the genetic structure
of its host. After infection, the altered biochemical machinery of the host starts to create new virions.
The virions are then released from the host cell and may infect other cells. However, the infected cell
activates intrinsic host defenses, which include, among others, activation of the innate immunity system
and release of biomolecules called interferons (IFN), which communicate with the other cells and induce
them to deploy protective defenses. The dynamics of such complex virus-host system results from the
intra- and extracellular interactions between invading virus particles and cells producing substances,
which confer resistance to virus.

These key processes have been addressed by the mathematical model proposed by Getto, Kimmel and
Marciniak-Czochra in [2]. The model was motivated by the experiments involving vesicular stomatitis
virus (VSV) [1, 4] and respiratory syncytial virus (RSV). The work of P. Getto et al [2] is focused on
the study of the role of heterogeneity of intracellular processes, reflected by a structure variable, in the
dynamics of the system and stability of stationary states. It is shown that indeed the heterogeneity of the
dynamics of cells in respect to the age of the individual cell infection may lead to the significant changes
in the behavior of the model solutions, exhibiting either stabilizing or destabilizing effects.

Another interesting aspect of the dynamics of the spread of viral infection and development of resis-
tance is related to the spatial structure of the system and the effects of spatial processes, such as random
dispersal of virions and interferon particles. In a series of experiments on the vesicular stomatitis virus
infection [1, 4], it was observed that the spatial structure of the system may influence the dynamics of
the whole cell population. The role of spatial dimension and diffusion transport of virions and interferon
molecules were experimentally studied using two type of experiments: a one-step growth experiment in
which all cells were infected simultaneously, and a focal-infection experiment in which cell population
was infected by a point source of virus. A spreading cicular wave of infection followed by a wave of
dead cells was observed. The experiments were performed on two different cell cultures: DBT (murine
delayed brain tumor) cells, which respond to IFN and can be activated to resist the replication of viruses,
and BHK (baby hamster kidney) cells, which are not known to produce or respond to IFN. In case of
focal infection both in DBT and BHK populations spread of infection (rings) was observed. The size
of the rings was dependent on the type of the virus (N1, N2, N3, N4 -gene ectopic strains as well as
M51R mutant and XK3.1). However, for all virus types, it was observed that in DBT cells the speed
of the infection propagation was decreasing with time, while in case of BHK the radius of the infected
area was growing linearly in time. Results of the experiments showed that the rate of infectious progeny
production in one-step growth experiments was a key determinant of the rate of focal spread under the
absence of IFN production. Interestingly, the correlation between one-step growth and focal growth did
not apply for VSV strains XK3.1 and M51R in the cells producing IFN. Focal infection in DBT cells led
only to the limited infection, the spread of which stopped after a while.

These experiments indicated suitability of focal infections for revealing aspects of virus-cell interac-
tions, which are not reflected in one-step growth curves. Motivated by Duca et al experiments, we devise
a model of spatio-temporal dynamics of viral infection and interferon production, which involves virions,
uninfected, infected and resistant cells, as well as the interferon. We assume that interferon is produced
by infected cells and spread by diffusion to neighboring uninfected cells, making them resistant. At the
same time, the virus is spread, also by diffusion and the final outcome is the result of competition beween
these two processes.
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1.2 The original model

The point of departure for this work is a system of nonlinear ordinary differential equations developed by
P. Getto et al [2] to model wild-type cells interacting with virions and the consequent interferon-based
immune response. The model describes time dynamics of five different types of entities interacting in a
culture: three different types of cells (wild-type, infected and resistant) and two different biomolecules
(virions and interferons).

P. Getto et al [2] considered a culture of wild-type cells infected by virions. When a wild-type cell
interacts with a virion it becomes an infected cell. Infected cells produce further virions, but they also
release interferons. If an interferon reaches a wild-type cell before a virion does, then this cell becomes
a resistant cell. Virions, interferons and infected cells are supposed to have an exponential death rate,
whereas there is no death rate associated to wild-type and resistant cells, because they are considered
to live longer than infected cells. In the other words, the model describes the time scale of in wvitro
experiments, which is short comparing to the life span of healthy cells.

Under these hypotheses the following nonlinear ODE model was proposed:

W' = —iW —oW, — wild-type cells
I' = —pl+oW, «— infected cells

R = W, — resistant cells (1)
v = — v+ ayl — ag oW, <« virions
7 = —pit ol — agiW, « interferons

where all coefficients are non-negative constants.

1.3 Biological hypotheses of the new model

In this work we will modify the ODE model (1) by introducing spatial random dispersion of cells, virions
and IFN molecules. We consider two models: In the first model (which we call the reaction-diffusion
model) we assume that all cells, virions and interferons diffuse, whereas the second model (which we call
the hybrid model) is based on the hypothesis that only virions and interferons diffuse. The diffusion
terms are supposed to follow Fick’s Law with constant diffusion coefficients and it is modeled by adding
Laplacian operators to the ODE system.

Concerning the boundary conditions, we assume that the whole system is isolated within a bounded
domain Q@ € RY (N = 2,3). This implies no-flux boundary conditions, i.e., homogeneous Neumann
conditions, on I' = 992. It is worth to remark, however, that the results presented here are also valid for
other boundary conditions such as homogeneous Dirichlet and Robin (mixed).

Since the cells are far bigger than the interferon molecules and the virions, we can suppose that d
is much smaller than both d; and d,. In order to compare the two latter diffusion coefficients, one can
recall that interferons are biolomecules and virions in general have several proteins (including DNA or
RNA). Under the light of this argument we assume that d, is smaller than d;, but both are of the same
order. This leads to the following conditions,
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1.4 The reaction-diffusion (RD) model

Let Q C RY (N = 2,3) be a bounded domain with Lipschitz boundary T, and let T' > 0. We consider in

Q x [0,T] a reaction-diffusion (RD) system

oW
o
OR
8t’l)
3ti

with boundary conditions

VW .
VI -
VR-
Vo -
Vi -

and initial conditions

1.5 The hybrid model

S 333

NN N N N

Q 9 9 9 Q9

3

dAW —iW — oW,

dAT — M[I + UW,
dAR+iW |

Ay Av — pyv + I — agoW
dZAZ — /J,,LZ + CVZ'I - 0[3’L.VV7

) = 0 onTx[0,T]
t)y = 0 on I’ x [0,T],
) = 0 on T x [0,T],
t) = 0 on I x [0,T],
t) = 0 onT x0T,
(m,O) - WO($),

(Q’J,O) = Io(w),

(.’E,O) = R0($)7

(2,0) = wv(z)

(2,0) = do(x)

Since d is much smaller than both d; and d,, it is plausible to consider that d = 0. Under this assumption
we obtain a hybrid model consisting of PDE equations for the interferons ¢ and virions v and ODE

equations for the three types of cells W, I, R. The system takes the form

oW = —iW —oWW,
ol = —pil+oW,

R = W,
Ov = dyAv — pyv + apl — agoW |
i = d;Ai— wit + o I — agitW

with boundary conditions

Vv-n(o,t) = 0 onI' x [0,T7,

Vi-n(o,t) = 0 onI'x [0,T].

2 Main results

In this Section we formulate main results of the work. The proofs are presented in the following sections.
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2.1 Existence and uniqueness results

Throughout this work we denote || - || the norm in L?(Q2) and || - ||oc the norm in ().

We will prove that both the RD and the hybrid models are well-posed problems, i.e., they have unique
solutions which are non-negative, uniformly bounded, and depend continuously on the initial data.

Theorem 1 Fiz any T > 0. If the initial conditions (4) are non-negative a.e. and lie in L>°(Q), then
the RD system (2)-(8) has unique solutions W(x,t), I(x,t), R(x,t), v(x,t) and i(x,t) on Q x [0,T].
Moreover, these solutions are mon-negative, uniformly bounded, and depend continuously on the initial
data.

Theorem 2 Fiz any T > 0. If the initial conditions (4) are non-negative a.e. and lie in L>(£) then
the hybrid system (5)-(6) has unique solutions W (x,t), I(x,t), R(x,t), v(x,t) and i(x,t) on Q x [0,T].
Moreover, these solutions are non-negative, bounded, and depend continuously on the initial data.

We also prove that there is a “continuous link” between these two models, as the next result shows.

Theorem 3 If d — 0 then there is a subsequence (W9, I% R v? i) of solutions of the RD system
(2)-(3), which converges to the solution (W, 1, R, v,1) of the hybrid system (5)-(6), in the following sense:

e Strongly in L* (0,T; L? ().
o Weakly in L? (0,T; H (0)).
o Weakly-* in L>°(Q x (0,T)).

Moreover, any convergent subsequence (W<, 1%, R v i?) has the same limit (W, I, R,v,1).

2.2 Asymptotic results for the RD system

Theorem 4

1. The solutions W I, R,v,i of the RD system (2)-(3) are globally-defined and belong to L™ () x
(0,00)).

2. If W, I, R,v,i are non-negative, steady-state solutions of the RD system (2)-(3) then

() Wy >0 constant,
() = 0,
R(x) = Rp>0 constant,
() = 0,
() = 0.
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2.3 Asymptotic results for the hybrid system

Regularity of solutions W, I, R, v, follows from a classical theory for evolution systems and depends on
the regularity of initial conditions (see eg. [6], for reaction-diffusion systems coupled with ODEs). In the
reminder of this paper we assume that the solutions are (at least) C'.

Theorem 5 If W, 1, R,v,i are non-negative, steady-state solutions of the hybrid system (5)-(6) then

I(x) = 0,
v(x) = 0,
i) = 0.

Moreover, suppose that the initial conditions belong to L (). Then the solutions of the hybrid system
(5)-(6) are globally-defined and have the following asymptotic properties:

1. I(z,t) belongs to L'(0,00; L*(Q)), i.e.,

t
1im/ /IQ(CC,S)deS<OO.
t—oo 0 Q

2. v(z,t) and i(z,t) belong to L'(0,00; HY(Q)), i.e.,

t—o0

lim ( v2wsdQ+/|V1}ms)\ dQ>d5<oo
Q

lim ( 22 (z,s dQ+/ |Vi(a:,s)|2dQ> ds < oco.
Q

t—o0

3. v(x, )W (x,t) and i(x,t)W (x,t) belong to L'(0,00; L1(Q)),

lim// v(z, s)W(x,s)ddds < oo and hm// xz,s)W(x,s)ddds < 0.

t—o0 t—o0

4. For any x € (2,
lim I(x,t) =0, lim v(x,t) =0, lim i(x,t)=0.

t—o0 t—oo t—o0
5. For any x € Q, Wy(x) > 0 if and only if
thm W(x,t) > 0.

Theorem 6 Consider the hybrid system (5)-(6) and suppose that p, = 0. Then:
1. If voo(x) is a steady-state solution then |Vvs]| = 0.
2. Define

Voo () := limsup v(x, t).

t—o0

/Qvoo(a:) dQZ/QvO(a:) Q.

In particular, if vg Z 0 then ve Z 0.

If a, > aqpur then
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3 The fixed point operator and a priori estimates

3.1 Construction of the fixed point operator R
Our approach follows the ideas used by M. Labadie and K. Hamdache in [3].

Define
K= {(vﬂ,iﬁ) €12 (o,T; % (Q)]Q) ALL®Q % [0, T)))? : vi(z,t) > 0, #(z,t) > 0 ae. in Q x [O,T]} :

Fix (v*,i*) € K and set

KW — dAW + *W + o'W =0 in Q x (0,7),

O — dAT + prI — "W =0 in Q x (0,7),
OR —dAR —i*W =0 in Q x (0,7), (7)

VW -n(o,t) =0 on ' x [0,7],

VI-n(o,t) =0 on T x [0,T],

VR-n(o,t) =0 on I' x [0,T].

For any finite time interval [0, 7], the linear system (7) has a unique solution (W (x,t), I(x,t), R(x,t)),
which is non-negative and bounded.

With these functions W (x,t), I(x,t) and R(x,t) set

0w — dy Av + pyv — a I + agoW =0 in Q x (0,7,
Oyt — d; At + it — o I + aziW =0 in Q x (0,7), (8)

Vv -n(o,t) =0 on I' x [0,7].

Vi-n(o,t) =0 on I' x [0,T],

Again, for any finite time interval [0, T'] the linear, uncoupled system (8) has a unique solution (v(x, t), i(x, t)),
which is non-negative and bounded.

Our goal is to show that the operator R[(v#,i#)] := (v,i), defined for the chain of maps (v#,4*)
(W, I, R) — (i,v) constructed above, has a fixed point.

3.2 Positivity of solutions

From now on we will assume that the coefficients

dydy, dis pors oo, i, 003, Qg
are all positive, and that the initial conditions (4) are non-negative and bounded.
Lemma 1 Let (v%,4%) — (W, I, R) — (v,i) be solutions of (7)-(8).

1. If v* and i* are non-negative and bounded then W, I and R are non-negative and bounded.
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2. If W, I and R are non-negative and bounded then v and i are non-negative and bounded.
Proof:
1. The equation for W is

W — dAW + (i* +v" )W =0 in Q x (0,7),
VW -n(o,t) =0 on I x [0,T7,
W(x,0) = Wy(x) >0 in Q.

Applying Maximum Principle we obtain that W (x,t) > 0 for all (x,t) € Q x (0,T).

Define Z, := W — ~,, where 7; € R. Then Z; solves

875Z1 dAZl + ( +v )Z1 = —(Zji + ’Uﬁ)"yl in Q x (0,]1)7
VZi-n(o,t)=0 on T x [0,T7,
Z1(x,0) = Wo(x) — 71 in Q.
Choosing 71 = ||Wyl|o and using non-negativity of i* and v* we obtain
02y — dAZy + (i* +v%)Z <0 in Q x (0,7),
VZ -n(o,t) =0 on I x [0,T7,
Z1(x,0) <0 in Q.

Hence, Maximum Principle implies that Z;(x,t) < 0 for all (2,t) € Q x (0,7), and in consequence
W(x,t) < |[Wo|leo for all (x,t) € Q x (0,T).

For I, notice that v and W are non-negative. Therefore, similarly as above Maximum Principle
yields that I(x,t) > 0 for all (x,t) € Q x (0,T).

Now, due to the boundedness of I, the function Z5 := I — 5 solves

8tZg —dAT + ,uIZg = ’UﬁW — K12 in © x (O,T),
VZy-n(o,t) =0 on I'" x [0, 7],
ZQ(CC,O) = Io(m) — Y2 in Q.

Choosing

oo W,
Yo = max{”IOlOO’”/U”OOH(ﬂOO}
K

and applying Maximum Principle, we obtain that W (x,t) < s for all (x,t) € Q x (0,7T).
Finally, Maximum Principle implies that R(z,¢) > 0 for all (x,t) € Qx (0,T). For the boundedness
of R, define Z3 := R — ~3(t). It yields

01 Zs — dAT = i*W — ~4(t) in Q x (0,7),
VZs-n(o,t) =0 on I'" x [0, 7],
Z3(,0) = Ro(x) —v3(0) in .
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Choosing
73(t) = [ Rolloo + tl1i*[loo [ Wolloo

and applying Maximum Principle we obtain that R(x,t) < y3(t) for all (xz,t) € Q x (0,T).

2. Using the same argument as before we can prove that 0 < v(x,t) < 4 and 0 < i(x,t) < 75 for all
(z,t) € 2 x(0,T), where

ay|[1o]|so . a;||Io|| oo
o = e { ol 002 — e o, 20

v 2

3.3 A priori estimates

Lemma 2 Let (v, i*) — (W, I, R) — (v,4) be solutions of (7)-(8). Then the functions W, I, R,v,i belong
to L* (0, T; H'()).

Proof:

e Multiply (7) by W and integrate by parts to obtain

Ld

W2+ d| YW |2 = — / (i 4 o2 .
2.dt o

Since i* and v* are non-negative, it follows that

Ld

W2 +d|VIW|?<o0.
5 WP +dI VW] <

Integrating over [0, ¢] yields
t
WO +24 [ [TW ()| ds < (WO

e Multiply (7) by I and integrate by parts to obtain

Ld

5|12+ 112 + 1) = [ wiao.
Q

Recall the identity

1
/|uﬁW1\ng 7/ |vﬁW|2dQ+s/ [I]?dQ2.
Q de Jo Q

Choosing € = py/2 and using the uniform bounds in Lemma 1, it follows that there is a constant
C > 0, depending on the L* norm of the initial data, such that

d
S MIP + 2V I + |12 < €

Here we can keep or discard the term pu;||I]|?, leading to two different estimates:
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— If we discard the term, the integration over [0, T] yields
t
7@ +2d [ VI ds < T + .
0

which implies that I € L? (0, T; H'(12)).
— If we keep the term, after multiplying by e*’t and integrating over [0, T,

t
e 2O + 24 [ e VI ds < [1O)]F + Cletrt - 1).
0
Therefore,
t
T +2d [ eI DT6) P ds < [T + 01— b,
0

This estimate will be useful for the study of the asymptotic behavior when ¢ — cc.

e Multiply (7) by R and integrate by parts to obtain

Ld

||RH2+d||VRH2:/iWRdQ.
2dt .

Therefore,

d
ZIBIP+ 2d[[VR|* < C+ || R

Multiplying by e~* and integrating over [0, ] leads to
t
1RO + 2d/ e "*|VR(s)|* ds < |R(0)[%¢" + C(e' - 1).
0

e Repeating the argument for v and i yields

t
o)1 +24, [ [Vo(s)lPas < O]+
t
@I + 24, [ CDITus) s < o)t Ot - e,
0
t
i1 +2d; [ IVi)Pds < L) +Cn
t
i) +2a; [ e NG Pas < )P +00 - e,
0

3.4 Continuity of the operator R

Let (v?,zg) — (W1, 11, R1) — (v1,41) and (vg,zg) — (Wa, Iz, Ry) — (v2,i2) be two solutions of the sys-
tems (7)-(8), with the same initial conditions (vg = vy, ig = 49, Wo, Io, Ro, vo, o).
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Define
o = Ug—vg,
o= -,
W = W,—W,
I = L1,
R = Ry—Ry,
v = wvy—vp,
io= iy —ig.

Lemma 3 There exists a positive continuous function C(t) such that

MXw%Mﬂﬂ<aﬂf@muwm@y ©

Proof: The differences 0, 1, W, f, R solve the system

Ot — dy AN 4 1y + agWad + ayvy W — oyl =
Ot — d; A\ + uﬂ + asWai + asinW — a1 =
oW — dAW + W + Whit + i W + Wiof =
O — dAT + pyl + Wod® + ol W =

R —dAR+ iAW + Whit =

o O O O O

with homogeneous initial and boundary conditions.

Multiply the equation for by I and integrate by parts to obtain

1d

§$||f||2+d||Vf\|2+yI||f||2:f/slﬁ”WQfdQJr/vﬁWfdQ.

Q

Noticing that all the functions are in L*°, we deduce that there exists C' > 0, depending on the initial
conditions and the model coefficients, such that

d - . R . R
S+ 24| V12 < € (11682 + W12 + I11)2) - (10)

Using the same argument we can show that

N

d -~ 2 A N ~
SIWIE + 292 < 0 (IR + 168 + 1W2) (11)

A

d 5o A112 2 12
SIRIE +2dIVRIP < © (IF12+ W) -

From (10)-(11) and d > 0, it follows that

d /- . . . ) - .
= (12 4+ 1702+ IRIZ) < © (12 + 19412 + W12 + 1)) -
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Integrating over [0,t] we obtain that
~ A A t ~ t ~ ~
1+ 1 < o [ (e 1) as| o [ (e as)
Applying Gronwall’s Lemma it follows that there exists a positive continuous function C(t) such that

I+ 0+ 117 < oo [ (0 11) o] (12)

On the other hand, multiply the equation for ¢ by 7 and integrate by parts to obtain

Ld

57 ||€||2+di\|V€||2+ui||€||2+a3/ WQQQdQ:fag/hW%dQJrai/ IidS.
t Q Q

Q

Proceeding as before we can show that there exists a constant C7 > 0 such that
d - o 2 2 2
S8+ 20l Vil < € (11 + W12 + 1)2)
Analogously, we can show that
d ., . R R - A
219l + 24,1701 < € (112 + W12 + 1£]2) -
Using (12) we obtain that
d (- . by
g (12 017) < o (P + 101?) + ey | [ (11 + 10712) as)

Integrating over [0, ¢] yields

N2 2 ¢ 112 2 i 4012 2
-4 1ol < o | (112 1ol) as| e | [ (12 + 1917) as]
0 0
Applying Gronwall’s Lemma, it follows that
~ t ~
i+ al? < oo | [ (112 102 as)

Integrating again over [0, t] we obtain (9). O

4 Proof of the theorems

4.1 Proof of Theorem 1

Lemma 4 Fiz a positive time T > 0. Then:

1. K is a convex closed subset of L? (O,T; [L2 (Q)]Z)
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2. R:K— K.

3. R:L? (O,T; [L? (Q)}Q) — L? (0, T; [L? (Q)]Q) is continuous.

4. R(K) is relatively compact in L? (O,T; [L2 (Q)f)

Proof:

1. By construction, K is convex and closed.
2. If i* > 0 and v¥ > 0 then from Lemma 1 it follows that i > 0 and v > 0.
3. By Lemma 3 the operator R is continuous.

4. We will use Aubin’s compactness theorem (see Theorem 5.1 in Lions [5], Section 5.5, pp. 57-64, and
Tartar [7], Chapter 24, pp. 137-141). Suppose that the sequence {(v%,i)} is uniformly bounded

n’»’n

in L? (O,T; [LQ(Q)]2). Then, by the continuity of R, the sequence {R[(v},if)] = (vn,i,)} is also

uniformly bounded in L? (0,T; [L*(Q)]), and the estimates in Lemma 2 imply that {(v;,,i,)} is
uniformly bounded in L? (O, T; [H(Q)] 2). Furthermore, the sequence of derivatives {(9;vn, d4in)}

is uniformly bounded in L? (0, T; [H *1(9)]2>, because the expressions

8tvn V- (dvvan) — HoyUn + a'uIn - 0[41}an )
8tin = V- (d1VZn) — MZZn + CVZ'In — ()égian s

define two uniformly bounded sequences of distributions in H' (). Therefore, applying Aubin’s

theorem to the spaces [Hl(Q)]2 C [LQ(Q)]2 C [H‘l(Q)]z, we obtain that the sequence {(vp,in)}

is relatively compact in L? (0, T; [L2(Q)]2). |

We can now conclude the existence of solutions of the reaction-diffusion system (2)-(3):

From Lemma 4 we see that the operator R satisfies Schauder’s Fixed Point Theorem (Corollary B.3,
p. 262 in Taylor [8]). Therefore, the system (2)-(3) has solutions W, I, R,v,i. Moreover, from the fact
that v and i coincide with vf and ¥, respectively, we can derive two consequences. First, from Lemma 1 it
follows that W, I, R, v,i are non-negative and bounded. Second, from Lemma 2 we have that W, I, R, v,

belong to L2 (0, T; [Hl(Q)]2)

Lemma 5 The solutions W(x,t), I(x,t), R(x,t), v(x,t) and i(x,t) of the reaction-diffusion system
(2)-(3) are unique and depend continuously on the initial data (4).
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Proof: Notice that v and i coincide with v* and i#, respectively. Bearing this in mind, and repeating
the arguments in Lemma 3, we can show that there is a positive constant C' such that

d 2 - A . P P - A . P
< (W12 4 102+ 1R + ol + 130) < & (712 + 1712 + 1217 + ol + 3)?) -
Therefore, Gronwall’s lemma implies that there exists a positive continuous function C(t) such that

IWI2 4+ IL1% + I RIZ + 1801 + [J2l1* < C(2) <||W0H2 + [olI* + [ Roll + [[60l|* + II%oHQ) - O

4.2 Proof of Theorem 2

So far we have only considered the reaction-diffusion system (2)-(3). However, for the hybrid system
(5)-(6) the same results hold. Indeed, on one hand, in Lemmas 2-5 we have only used that d > 0. On
the other hand, we can use the integral representations of W, I and R in order to deduce that they are
bounded and non-negative, which proves Lemma 1 in the hybrid case. O

4.3 Proof of Theorem 3
For any 0 < d < dg let (W%, 14 R v? i?) be a weak solution of (2)-(3) and let d — 0.

First, from Lemma 2 it follows that the sequence W% is bounded in
L?(0,T; H () N L>®(Q x (0,T)),

which implies that a subsequence, still denoted W%, converges weakly in L? (O7 T;H* (Q)) and weakly-x
in L>(Q x (0,7)) to WO, This result is also valid for the sequences I¢, R? v¢ and 7.

Second, using classical estimates of type
T
/ / W — OO d0dt < Cy i — ]| + Col[ W — W
0 Jo

it can be shown that the sequence 9;WW¢ is uniformly bounded in L? (O,T; H! (Q)) In consequence,
applying Aubin’s compactness theorem yields the strong convergence i — i in L? (07 T; L? (Q)) This
result is also valid for the sequences I¢, R% v® and °.

Finally, we obtain that a subsequence (W9, I R? v? i?) of weak solutions of (2)-(3) converges
strongly in L? (0,7 L?()), weakly in L? (0,T; H' (2)) and weakly-x in L>(Q x (0,7)). Since the
limit (W0, 1° R° 20 i%) is by construction a weak solution of (5)-(6), the uniqueness of the hybrid sys-
tem (5)-(6) implies that the limit is the same for any converging subsequence. [

4.4 Proof of Theorem 4

Lemma 6 The solutions W, I, R, v,i of the RD system (2)-(3) are globally-defined and belong to L™ (£ x
(0,00)).

Proof:
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1. Define N(z,t) := W(x,t) + I(x,t) + R(x,t). Then N satisfies

N —dAN <0 inQx [0,T],
VN -n=0 on I' x [0,T7.

Therefore, Maximum Principle provides
N(x,t) <||Nolleo V(x,t) € Qx][0,T].

Moreover, since this bound is independent of ¢ and T, it follows that N(x,t) is defined for all ¢ € R.
In consequence, the positivity of W, I, R implies that these three functions exist for all times and
that they are uniformly bounded, i.e.,

W(x,t), I(x,t), R(x,t) <|[Nolleo V(x,t) € Q x]0,00).

2. From Lemma 1 we obtain that 0 < v(z,t) < v4 and 0 < i(x,t) < 75 for all (x,t) € Q x (0,T),

where
B [ 1ol co _ ) a; || Tol|
Y4 = IMax ||UO||OOa T ) V5 = max ||ZO||OO7 L N

v 7

Again, since the bounds are independent of ¢t and T', the solutions v and 7 exist for all times. [J

Lemma 7 If W, I, R,i,v are non-negative, steady-state solutions of the RD system (2)-(3) then

W(x) Wy >0 constant,
I(x) = 0,

R(x) = Rp>0 constant,
v(ix) = 0,
i(x) = 0.

Proof: If W I, R,i,v are non-negative, steady-state solutions of system (2)-(3), then

—dAW = —iW —oW,
—dAI = —prl +vW,
—dAR = W, (13)
—dyAv = —p,v + a,l — agoW
—d;Ni = —pit 4 ] — aziW
with boundary conditions
VW -n(c) = 0 on T,
VI-n(o) = 0 on I
VR-n(o) = 0 on T, (14)
Vuv-n(c) = 0 on T,
Vi-n(o) = 0 on I
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Multiplying the equation for W by W and integrating by parts we obtain
d|[VW||* + / (i +v)W?2dQ = 0.
Q
Therefore iW = vW = 0 and W (x) = Wy constant. Using same argument for I yields

d|VIII* + pr| 1]* = 0,
which implies that I(x) = 0. For R we obtain

d|VR|?* =0,
and therefore, R(x) = Ry is constant, whereas for v,7 we obtain
dy|[Vol* + pol|v]* =0,
&Vl + pllil* = o,

and, in consequence, v(x) = i(x) = 0. O.

4.5 Proof of Theorem 5
Lemma 8 If W, I, R,i,v are non-negative, steady-state solutions of the hybrid system (5)-(6) then

I(x) = 0,
v(x) = 0,
i(x) 0.

Proof: The steady-state-solutions of system (5)-(6) solve

0 = —iW-—oW,
0 = —pl+ovW,
0 = W, (15)
—dyAv = —p,0 + apl — agvW
—d; A1 = —pii+ oyl — aziW,
with boundary conditions
Vv-n(eg) = 0 onT,
{ Vi-n(o) = 0 on I (16)

From the first tree equations in (15)-(16) it follows immediately that
W =oW = url =0.
Since p; > 0 then I = 0. Moreover, v and ¢ solve
—dy,Av = —p,v,
—d; A = —pyi.

In consequence, since p, > 0 and p; > 0 it follows that v = ¢ = 0. It is worth to mention that in this
case we have no restriction on W and R. [
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Lemma 9 Suppose that the initial conditions belong to L*°(Q)). For any x € , the solutions of the
hybrid system (5)-(6) are integrable in the following sense:

1.
¢ t
lim [ I(z,s)ds <oo and hm/ /I(m,s)des<oo.
t—oo [ t—oo Jq Q
2.
¢ t
tlim/ v(z,s)W(x,s)ds < oo and tlim/ /v(m,s)W(a:,s)des<oo.
—>Jo —>Jo Ja
3.
¢ t
tlim i(z,s)W(x,s)ds < oo and ltlim/ /i(w,s)W(w,s)des<oo.
—>Jo —>Jo Ja
Proof:

1. Adding the equations of W, I, R we obtain that

Integrating over [0, ¢] it follows that, for any (x,t) € Q x [0,00) we have
t
W(a,t) + I(@, ) + R(z,t) + 1 / I(@,5)ds < W(,0) + I(x,0) + R(x,0). (17)
0

Therefore, from (17) and using uniform boundedness of the initial conditions we can deduce that
¢

t
lim I(x,s)ds < oo and tlim/ /I(w,s)des<oo.
— 00 0 Q

t—oo 0

2. Integrating over [0,t] the equation for I yields

I(m,t)—](w,0)+/tl(x,s) ds=/tv(a:,s)W(sc,s) ds.
0 0

Therefore, using the previous result on the integrability of I we obtain that
t t
lim [ v(z,s)W(x,s)ds <oco and lim / / v(z, s)W(x,s)ddds < co.
0 Jo

t—o0 0 t—o0

3. Integrating over [0, ¢] the equation for W yields

W(x,t) — W(x,0)+ [ oW(x,s)ds= [ i(z,s)W(x,s)ds.
0 0

Since the left-hand side has a limit so does the right-hand side, i.e.,

t

t
lim [ i(x,s)W(x,s)ds <oo and 1im/ /i(m,s)W(m,s)des<oo. O
0 Jo

t—oo 0 t—o0
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Lemma 10 The solutions of the hybrid system satisfy the following properties:

1. 041 is uniformly bounded for t € [0,00). Moreover, for any x €

t
lim I(x,t) =0, lim [ I*(z,t)dQ2<oco and lim//Ig(:B7s)des<oo.
0o Jo

t—o0 t—oo Q t—oo

¢ ¢
tlim / ([[o(s)]1? + [Vv(s)||*) ds < oo and tlim / (li(s)]I* + | Vi(s)]|?) ds < oo.
—o0 Jg — Jo

3. Owv and O,i are bounded distributions in L' (0, 00; Hl(Q))
Proof:

1. Since the functions I, v and W are uniformly bounded in Q x (0,00), from the equation for I it
follows that 0,1 is uniformly bounded as well. Therefore, using

t
lim I(x,s)ds < o

t—o0 0

we can infer that
lim I(x,t) =0 forall z e .

t—oo

Now consider a sequence
O<to<ti <:--- <ty —>

and define
() = I(x, t,).
We have already proven that

lim f,(x)=0 and 0 < f,(x) < Ny(x),

n—oo

where
No(z) :== W(x,0) + I(x,0) + R(x,0) € L>=(Q).

Therefore, we can apply Lebesgue’s Dominated Convergence Theorem to obtain

lim [ f3(x)dQ2= [ lim fﬁ(m)dﬂ:/omzo.
Q

— —

Since this holds for any arbitrary sequence (t,)ncn then
lim [ I*(x,t)dQ = 0.
t—oo Jo

For the last statement, if we integrate the equation for I over Q x [0,¢] we obtain

t t
1T + 21 / / I2(@, ) d2ds = [1(0)]2 + 2|17 (@ (o) / / ol@, s)W (@, ) dQds.

Since the right-hand side converges as ¢ — oo then the left converges as well, which implies that

t
1im/ /Iz(x,s)des<oo.
t=ee o Ja

19
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2. Multiplying the equation for v by v and integrating by parts yields
1d

@I + du[ToOI + oI = a, [ 1va0—ay [ W as.
Q Q

Integrating over [0, ¢] it can be shown that there is a constant C' > 0, independent of ¢, such that

t t t
lo()|? + 2d, / IVo(s)| ds + s / ()12 ds < [lo(O)|? + C / / 12(x, 5) dQ.ds.

But from the previous results it follows that the right-hand side converges. In consequence, the
left-hand side converges, i.e.,

Jim [ ()P + Vo)) ds < .

The proof for i is exactly the same as for v.

3. Let ¢(x,t) be a test function in L' (0, 00; H(Q2)). Calculating the dual product in L* (0,¢; H'(Q2))
yields

t t
(Orv,p) = —dv/ /Vv-qudet—uv/ /vadedt
0o Ja 0o Ja

t t
+o¢v/ /Igondt—oq/ /ngadet.
o Ja 0 Ja

Using the uniform boundedness and integrability of I and W it can be shown that there exist three
positive constants Cy, Cy and C3, independent of ¢, such that

[(0¢v, )| < C1 4 Calloll 10,651 () + Csllvlloro,:51 @) -

This implies that [(9;v, ¢)| is bounded for any test function in L' (0, ¢; H'()) with norm less than
one, uniformly in t. Therefore, O,v is a bounded distribution in L' (0, o0; Hl(Q))

The proof for i is exactly the same as for v. [

Lemma 11 Suppose that the initial conditions belong to L>°(2). For any x € Q fized, the solutions of
the hybrid system (5)-(6) satisfy the following properties:

1.
tlim v(x, t)W(z,t) =0 and 75lim i(z,t)W(x,t) =0,
2.
tlim v(x,t) = tlim i(x,t) = 0.
3.
t ¢
lim [ v(z,s)ds<oo and lim [ i(x,s)ds < oo.

t—oo 0 t—oo 0
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Proof:

1. Integrating the equation for I over [0,t] we obtain

/ v(z, s)W(x,s)dt = I(x,t) — I(x,0) + ,LLI/ I(x,s)ds.
0 0

On one hand, using the previous results it follows that the right-hand side is uniformly bounded in

t. In consequence,
t

lim [ v(z,t)W(x,t)ds < co.

t—oo 0

On the other hand,
8t(UW) = UatW + W@tv

is uniformly bounded because v, W, dyv and 9;W are all uniformly bounded. In consequence,

lim v(x,t)W(x,t) = 0.

t—oo

2. Integrating over Q x [0,¢] the equation for v and using Fubini’s Theorem yields

t
/v(w,t)dQ—/v(az,O)dQ - / Av(a, £) d2dt — u// (1) dVdt
Q Q Q Q

// :csdet+a4// (x, s)W (x, s) dQ) dt.

Now recall that v satisfies homogeneous Neumann boundary conditions. Therefore,

t t
/ / Av(x,t) dQddt = / Vo(x,t) -ndSdt =0,
0 Jo 0 Jog

which implies that

/Qv(m,t)dQ—/Qv(:Jc,O)dQ - —,uv/Ot/Qv(oc,t)dﬂdt—i—av/Ot/ﬂl(ac,s)dﬂdt
+ay /Ot/Qv(m,s)W(w,s) dQ dt.

From the previous results and the uniform boundedness of W, I and v it follows that

t
lim/ /v(w,t)det<oo.
t—oo Jo Jo

Since 0sv is uniformly bounded it follows that

lim [ v(z,t)dQ2=0. (18)

t—o0 QO

Now let € > 0 and choose xy € Q). Define

B(e,xp) ={x € Q : |z — x| < e}
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From (18) there exists T'(¢) > 0 such that
/ v(x,t)dQ < e|B(e,xo)| for all t > T'(e).
Q

In consequence,

/v(m,t) i < / o(@, 1) d < | Bz, @),
Q

Q
which implies that

1
|B(€m0)/ﬂv(w,t)d9 S E.

Therefore, since v(x,t) is continuous, we have

1
t) = li _ t)dQ <
v(@o,t) |B(E,LI§I)\_>0 |B(e, xo)| /Qv(m’ JaQ <e,

which implies that
lim v(zo,t) <e.

t—o0

Since € > 0 and xg € () are arbitrary it follows that

lim v(z,t) =0 for all x € Q.

t—o0

The proof for i is exactly the same.

. Define

thm/ / (z,s)dQds.

From the previous results we have that Cy, is well-defined, finite and positive. Now, for any n € N
define

t

A, = {w €Q : lim v(x,s)ds > nCoo} )

t—oo 0

On the one hand,

t
lim// v(x, s)dlds > nCu|Ay| .
t—o0 0 A,

On the other hand,

tlim// wsdes<hm// (z,8)dlds = Cu

1
A, < =. 19
Aal < = (19)

Therefore,

Moreover, since
Ai DA DDA, D
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it follows that ,

As = {:L' €eQ: lim | v(x, s)ds diverges} = m A,.
n=1

t—o0o 0

In consequence, from (19) we obtain that |A| = 0, which implies that

t

lim [ v(z,s)ds <oo ae. infd
t—o0 0

Finally, since ¢t — v(x, t) is continuous we conclude that

t
lim [ v(z,s)ds<oo forallze .

t—o0o 0

The proof for i is the same. [

Lemma 12 For any « € Q, Wy(x) > 0 if and only if

lim W(a,t) > 0.
t—oo

Proof: Integrating over [0,t] the equation for W we obtain

t t
W(x,t) = Wy(x) X exp {—/ v(x,s)ds — / i(x, s) ds}.

0 0

In consequence, the result follows immediately from Lemma 11. O

4.6 Proof of Theorem 6
Lemma 13 Ifv.(x) is a steady-state solution of the hybrid system (5)-(6) and p, = 0 then | Vus|| = 0.

Proof: Following the proof of Lemma 8 it follows that
dyAvee = 0.

Therefore, integrating by parts yields || Vv | = 0. O

Lemma 14 If v is solution of the hybrid system (5)-(6) and p, =0 then

lim v(x,t)dQ > /

t—o0 Q Q

vo(x) dY + (ay — caper) /OOO/QI(Q:,S) dQ dt.

Proof: Integrating over {2 x [0, t] the equation for v and using Fubini’s Theorem yields

t t t
/v(m,t)dﬂ—/ v(m,O)dQ:/ /Av(ac,t) deH—av/ /I(w,s)det+a4/ /v(:c,s)W(m,s)det.
Q Q 0 Q 0 Q 0 Q
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Now recall that v satisfies homogeneous Neumann boundary conditions. Therefore,

¢ ¢
/ / Av(m,t)det:/ Vou(z,t) -ndSdt =0,
0 Ja o Joa

which implies that

/Qu(m,t)daz/ﬂv(m,o)dng /Ot/ﬂl(w,s) det+a4/0t/Qv(;c,s)W(w,s> Ao dt.

On the other hand, integrating the equation for I yields

¢ t
/ v(z, )W (x,s)dt = I(x,t) — Io(x) + ,uI/ I(x,s)dt.
0 0
In consequence,
t
/ v(x,t)dQ = / vo(x) dQ + (ay — O¢4u1)/ / I(z,s)dQdt (20)
Q Q 0o Ja
+a4/ I(x,t)dQ — a4/ Iop(x) dS2.
Q Q
Now recall that Ip(x) is non-negative and

lim [ I(z,t)dQ=0.

t—o0 O

Therefore, taking the limit ¢ — oo and applying Lebesgue’s dominated convergence theorem in (20) we
obtain

lim v
t—o0 Q

(:c,t)dQ2/Qvo(m)d9+(av—aw;)/ooo/gl(m,s) iQdt. 0

Lemma 15 Define
Voo () := limsup v(a, t).

t—oo

If ay > aypy then

/Qvoo(:t:) dQZ/QUO(:I:) ds.

In particular, if vg Z 0 then vy Z 0.

Proof: If a, > aypus then from Lemma 14 we have

lim v(w,t)dﬁz/vo(m)dﬁ.

t—o0o Q Q

Recall that v(a,t) is uniformly bounded. Therefore, applying Fatou’s lemma we obtain

/voo(ac)dQZ lim U(w,t)z/vo(a:)dQ. O
Q Q Q

t—oo
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5 Discussion

We proved that both the reaction-diffusion and the hybrid models are well-posed problems, i.e., they have
global unique solutions, which are non-negative, bounded and depend continuously on the initial data.
We also showed that, when d — 0, the solution of the reaction-diffusion model coverges to the solution
of the hybrid model.

We provided several asymptotic estimates for the solutions of the hybrid model. First, we proved
tat the solutions are uniformly bounded and integrable over 2 x (0, 00). Second, we showed that virions
and wild-type cells cannot coexist, because the product of their concentrations tends to zero as t — oc.
Third, we proved that if p,, > 0 then the virus concentration tends to zero as t — oo and W tends to a
non-zero, non-homogeneous limit. Fourth, if u, = 0 and «, > a4u; then the global virus concentration
is bigger than the original concentration.

One striking result for the hybrid model is the global stability of the steady-state solutions. Indeed, we
characterized the steady-state solutions and showed that they coincide with the limits of the corresponding
time-dependent solutions. Indeed, for u, > 0,

tlim I(z,t) = 0 = Ix(x),
tlim v(iz,t) = 0 = ovx(x),
tlim iz, t) = 0 = ix(x),

whereas W (x, t) has an explicit limit,
Woo(x) = Wo(x) exp {/ v(z,s)ds — / i(x, s) ds}.
0 0
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