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ABSTRACT. This paper concerns modeling the coupled within-host popula-
tion dynamics of virus and CTL (Cytotoxic T Lymphocyte) immune response.
There is substantial evidence that the CTL immune response plays a crucial
role in controlling HIV in infected patients. Recent experimental studies have
demonstrated that certain CTL variants can recognize HIV infected cells early
in the infected cell lifecycle before viral production, while other CTLs only de-
tect viral proteins (epitopes) presented on the surface of infected cells after viral
production. The kinetics of epitope presentation and immune recognition can
impact the efficacy of the immune response. We extend previous virus mod-
els to include cell infection-age structure in the infected cell compartment and
immune response killing/activation rates of a PDE-ODE system. We charac-
terize solutions to our system utilizing semigroup theory, determine equilibria
and reproduction numbers, and prove stability and persistence results. Nu-
merical simulations show that “early immune recognition” precipitates both
enhanced viral control and sustained oscillations via a Hopf bifurcation. In
addition to inducing oscillatory dynamics, considering immune process rates
to be functions of cell infection-age can also lead to coexistence of multiple
distinct immune effector populations.

1. Introduction. Mathematical modeling of within-host virus dynamics has been
an extensive subject of research over the past two decades. Many of the models
have been related to a differential equation system often referred to as the standard
virus model [31]. This standard model describes the coupled changes in target cells,
infected cells, and free virus particles through time in an infected individual. The
model has been very useful in quantifying certain parameters, especially for HIV,
and providing insights for viral infections.

The standard virus model neglects certain features that may be important to
consider for HIV, such as the host immune response. There is substantial evidence
that the CD8+ T cell, also known as CTL (Cytotoxic T Lymphocyte), immune
response plays a crucial role in controlling HIV and disease progression in infected
patients [42]. CTL immune effectors recognize pathogen-derived proteins (epitopes)
presented on the surface of infected cells to mediate their killing [19]. The CTL
immune response has been included in various extensions of the standard virus
model. Nowak and Bangham considered an immune effector population which kills
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and is activated by infected cells according to a “mass-action” (bilinear) rate [27].
In subsequent work, e.g. [28, 44], the most popular functional forms for the killing
and proliferation rates of immune effectors are this mass-action kinetics, although
other forms have been utilized and can offer certain advantages [12].

Additionally, the standard virus model does not include details of infected cell
lifecycle, in particular, the time lag between viral entry of a target cell and subse-
quent viral production from the newly infected cell. To account for this intracellular
delay, many authors have studied virus models with discrete or distributed delays
[11, 26, 5, 21, 35]. Nelson et al. considered a model with age structure in the
infected cell component, which generalizes the delay standard virus model by al-
lowing for infected cell death and viral production rates to vary with age since
infection of an infected cell [25]. This model has appeared often in the literature
[3, 15, 17, 32, 13, 6, 20] and the global dynamics were analyzed in [7].

Intracellular delays and immune response, along with delays in immune activa-
tion process have been considered together in the virus model, e.g. [21, 38, 43, 35].
Delays in the immune activation have been found to induce oscillations via Hopf bi-
furcation [38, 43, 35]. Even with no immune activation delays (or immune response
in the model), it is known that some target-cell dynamics can cause sustained oscil-
lations [37]. In the absence of immune activation delay and with certain restrictions
on the target cell growth rate, in a general viral model with distributed intracel-
lular delays and immune response, Shu et al. proved the global stability of the
system equilibria [35]. In their model, along with others in the literature, the im-
mune activation and killing rates are assumed to be functions of the total amount
of virus-producing infected cells. However, it may be important for immune effector
activation and killing processes to be more general functions of cellular infection-age
since different epitopes can be presented at distinct stages in the infected cell life,
in particular prior to viral production, as discussed in the next paragraph.

Recent experimental studies [34, 29, 19, 8, 10, 4] have demonstrated the impor-
tance and heterogeneity of epitope presentation timing with respect to the infected
cell lifecycle for subsequent clearance of the infected cells. Certain immune effec-
tor populations have shown the ability to recognize and kill infected cells early in
the infected cell lifecycle before viral production. The kinetics of antigen presenta-
tion may be a crucial determinant of the effectiveness of certain HIV-specific CTL
clones, as the earlier the recognition, the more likely it is that the cell will be killed
before the release of new virions and the less likely that the CTLs will be affected
by Nef-mediated class I downregulation [10, 19, 4]. Also CTLs which attack early
in the infected cell life cycle could reduce the amount of latently infected cells [8].

In this article, motivated by the aforementioned HIV research, we generalize the
standard virus model to include immune effector processes dependent upon cellular
infection age by considering the following PDE-ODE system:

dr(t)
= s — T —WV()T(),
oT*(t,a) = OT*(t,a) . «
o + e = —6(a)T*(t,a) — r(a)E(&)T*(t, a), (1)

T"(t,0)

)T(t),

kV
) / (a)T*(tya) da — vV (1),
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TN = aB() [ (@1 (1) da - uECO),

T(0),V(0), E(0) e RT, T%(0,-) € L} (0,00).

The variables T'(t) and V (¢) denote the concentration of uninfected target cells and
free virus particles, respectively. T*(t,a) denotes the density, with respect to age
since infection, of infected cells. E(t) is the concentration of a population of immune
effector cells. Here L (0, c0) is the non-negative cone of L'(0,00) and Ry = [0, 00).
The function f(T) = s — ¢T represents the net growth rate of the uninfected cell
population. The parameters k and -y are the infection rate and clearance rate for the
virus. The functions §(a) and p(a) are the infection-age dependent (per-capita) rates
of infected cell death and virion production for infected cells, respectively. The age
dependent parameter r(a) describes the killing rate of the immune cell population
E (with respect to relevant epitopes presented on infected cell surface) as a function
of time-since infection of the infected cells. The activation rate of immune cells E
responding to epitopes presented on the infected cell is assumed to be proportional
to r(a) with proportionality factor ¢q. Note the mass-action forms of the immune
killing and activation rates are representative of actions that occur proportionally
to the strength of interaction, denoted o(a), between immune cells and epitopes on
the surface of infected cells (of age a). Thus it is reasonable to assume that the
(cell infection-age dependent) killing and activation rate functions are of the form
r(a) = ro(a) and g(a) = gro(a), respectively, which gives the respective rates r(a)
and ¢r(a). Finally, the parameter p denotes the death rate of the immune effector
cells.

Mathematical analysis of continuous age-structured models such as system (1)
are complicated by the infinite-dimensionality of the underlying state space. A gen-
eral approach is to study the nonlinear semigroup generated by solutions through
recasting the system utilizing integrated semigroup theory or integrating along char-
acteristic curves. We utilize both of these methods, along with prior results, in
order to prove existence and uniqueness of solutions and asymptotic smoothness
of the generated semigroup. In addition, we find two threshold quantities, Rg and
R1, which yield conditions for uniform persistence of the virus and immune ef-
fector solution components, respectively, along with existence and stability results
for the virus-free equilibrium, immune-free virus equilibrium and positive immune-
controlled virus equilibrium.

Numerical simulations corroborate the basic kinetic advantage of immune effector
cells which recognize epitopes early in the infected cell life, however we interestingly
find that this “early immune recognition” can destabilize the positive equilibrium
and induce sustained oscillations via Hopf bifurcation. Thus early immune recogni-
tion can be a fundamental mechanism for oscillatory dynamics in the virus model.
As an extension of model (1), we also consider the case of two distinct immune ef-
fector populations competing for an infected cell population. Here we find another
consequence of cell-infection age dependent immune processes; namely, coexistence
of the effector populations can occur whereas the analogous ODE model produces
competitive exclusion of immune responses.

The paper is organized as follows: In Section 2, we reformulate the model (1)
and prove existence of a dissipative, asymptotically smooth semigroup generated
by its solutions. In Section 3, equilibria and reproduction numbers are determine,
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along with associated threshold properties consisting of local stability and persis-
tence results. In Section 4, we conduct numerical simulations of model (1) and
study an associated stage-structured ODE system, in order to explore enhanced
control and oscillatory dynamics induced by early immune recognition. In Section
5, we extend the age-structured PDE model (1) to include multiple immune effec-
tor populations and find coexistence of immune responses. Finally in Section 6, we
provide a discussion of our results and outline future work.

2. Existence of solutions and semigroup properties. Various approaches
have been developed for formulating solutions of age structured models. One ap-
proach is to use the theory of integrated semigroups [22, 41]. Another approach
is integrating solutions along the characteristics to obtain an equivalent integral
equation, referred to as the Volterra formulation [45]. We will use both methods to
represent solutions. First, we state a few assumptions on the parameters of model
(1). Each age-dependent parameter function (6(a),p(a),r(a)) is assumed to be in
L (0,00), the non-negative cone of L>°(0,00). In addition, it is reasonable to as-
sume that d(a) > ¢ Va € (0,00). We also note that the term —kVT associated with
the loss of free virus particles due to absorption in target cell upon infection have
been ignored in the % equations. This is a common assumption in HIV models
since the loss terms are considered relatively small and can be absorbed into the
virus clearance rate v [30].

2.1. Volterra formulation. We find the Volterra formulation of system (1). De-
fine the following functions:

P(a) = e Jo 0(s)ds Wa, B(t)) = e~ i 1) B-ats) ds @)

The function ¢ (a, E(t)) represents the probability of infected cells (infected at time
t — a) surviving the immune response to age a. The product ¢(a)y(a, E(t)) gives
the probability of the infected cells surviving (both immune response and death
by other causes) to age a. Also, denote 1.} as the indicator function for the
set {a € (0,00) : t > a}. Integrating along the characteristics, we can reformulate
system (1) as:
dT (t)

7 =T T — kV()T(t),

T*(t, a) = ¢(a)y(a, E@)kV(t = a)T(t — a)ljsay
¢(a)  ¥(a, E(t))

FHa-Ddle—tE@) . T e
ad 2 / p(a)T"(t, a) da — AV (1), “
dflit) _ 4E() /0 r(a)T*(t,a) da — pE(t)

2.2. Integrated semigroup formulation. We introduce the Banach space X =
R x L'(0,00), its positive cone X = Ry x L1 (0,00) and the linear operator
A:D(A) c X — X defined by

D(A) = {0} x W (0,00), A (g) - (_jﬁog ¢> .
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Next consider the Banach space X and its positive cone X+ defined by
X =Rx X xR?, X; =Ry x Xy xR2,

endowed with the product norm. Let A : D(A) € X — X be the linear operator
defined by

D(A)=Rx D(A) xR?,  A=diag(—c, A, —y, —p) -
Then we define the nonlinear map F : D(A) — X defined by
F((T,(0,T7"(a)),V,E)) =
(s —kVT, (0,—r(a)T*(a)E), /000 p(a)T*(a)da, q¢F /000 r(a)T*(a)da) .

Now set Xo = D(A) N X ;. Then the system (1) can be rewritten as the following
non-densely defined Cauchy problem:
du(t)
dt

We can now derive that the above abstract Cauchy problem generates a unique
globally defined, positive and point dissipative, strongly continuous semigroup.

= Au(t) + F(u(t)), t>0, u(0)=wug€ Xp (4)

Theorem 2.1. Consider the assumptions put on the parameters of system (1).
Then there exists a unique strongly continuous semigroup (U(t)),~, on Xo such
that for each ug € X, the map u € C ([0,00), Xo) defined by u(t) = U(t)ug is a
mild solution of (4), i.e. it satisfies

/t u(s)ds € D(A), =g + A/ s)ds —|—/ F(u(s))ds, ¥Vt > 0.

0

Furthermore (U(t)),>, satisfies the following properties:

(i) Let U( Jug = (( (t),(0,T*(t,a)),V(t),E(t))). Then

= ((T(t), T*(t,a),V(t), E(t))) defines a strongly continuous semigroup
(S(t))t>0 on X =Ry x LY(0,00) x R%, where x € X and the components
satisfy the equations in (3).

(i) The semigroup S(t) is point dissipative in X.

(iii) The semigroup S(t) is asymptotically smooth.

Proof. The proof of existence and uniqueness of mild solution is relatively standard.
Indeed, it is easy to show that the operator A satisfies the Hille-Yosida property.
Also, the non-linearities are Lipschitz continuous on bounded sets. Existence of
solution and semigroup U (t) follows by results from any of [23, 39]. Then integrating
along the characteristics to obtain the Volterra formulation [45], we establish (i).
Next, we show (ii), i.e. the dissipativity of the semigroup S(t). Define I(t) =
Jo°T*(t,a) da. Note that it can be ascertained that I(t) is differentiable in ¢ by
the smoothing properties of convolution which defines the Volterra formulation (3).
Consider the time-derivative of M(t) := T(t) + I(t) + m‘/(t) + ;—qE(t):

%M(t) =s—cT — /OOO(F(Q)T* (t,a)da — E(t) /OOOT(Q)T* (t,a)da

ﬁ (/Ooop(a)T*(t, a)da — 'yV)
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+ %qu(t) </Ooor(a)T*(t7a) da — u)

Ss—cT—c/ T*da—i—g/ T*da—i'yV
0 2 /o 2|pl|

1 * . ®
_ 5E(t)/o r(a)T*(t,a) da — %E(t)

<s—aM(t)
where o = min(§,, ). This implies that

limsup M(t) <

t—o0

Qlw

Boundedness follows from positivity of solutions.
Finally, to show asymptotic smoothness, we simply note that the proof is almost
identical to the proof of Proposition 1 in [7]. O

3. Threshold dynamics.

3.1. Equilibria and reproduction numbers. First, we can readily obtain the
virus-free equilibrium zy := (27 0,0, 0). Define the basic reproduction number, Rg:

sk fooo pla)d(a) da
cy '

If Ry > 1, then there exists the immune-free virus equilibrium,
T = (Tl,TT(a),Vl,O), where

Ro =

T, = % V=2 ch:ﬁ T (a) = kV1T16(a).
In order to determine existence of a positive immune-controlled virus equilibrium,
let T, = (T, T (a),V,E) denote such an equilibrium. Thus, we find that T (a) =
kVT¢(a)exp (—E foa r(0) df). Inserting this expression into the RHS of the V equa-
tion and equating to zero, we find

2
k [,° pla)p(a)exp (—E [y r(€)dl) da’

Then, utilizing the fact that kVT = s — ¢T and inserting 7' (a) into the RHS of the
F equation and setting equal to zero, we obtain the equation:
S — “y — = H — .
k:fooo p(a)p(a)exp (—E foa r(0) dﬂ) da qfooO r(a)¢(a)exp (—E foa r(0) dﬂ) da
Denote the LHS of the above equation as g(F) and the RHS as h(E). Observe that
g(E) is decreasing and h(F) is increasing. Thus there exists the positive equilibrium
T, which is always unique, if and only if:
Y [

9OV =0 & s = e o) da — a7 r{a)o(a) da

1
1 1——
= << RQ)RE,

where Rp:=— r(a)¢(a) da.

T:
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Thus, we define
1
Ri=(1-=— ) Rg. 6
= (1- 5 ) Re 0
The unique positive equilibrium 7o exists if and only if Ry > 1. Note that Ry > 1
is required for this condition to hold.

3.2. Stability analysis. In the following, we will conduct stability analysis of the
equilibria Zy and T; (the characteristic equation corresponding to Ts is too complex
for any analytical results). For local stability, the strategy is to linearize about the
equilibrium =;, where i = 0,1, 2:

du(t)

dt

We first show that the point spectrum is the relevant subset of the spectrum to look
at for stability.

= Au(t) + DF(Z;)(u(t)) (7)

Lemma 3.1. Let Q = {A € C:Re(X) > min(—c¢, —v,—p)}. Then the spectrum
o (A+ DF(Z;)) NQ only consists of the point spectrum.

Proof. Define Aj as the part of A in D(A). It is the infinitesimal generator of a
Co-semigroup on D(A), denoted by (Sa,(t));~,- It is not hard to show that the
exponential growth rate of this semigroup satisfies wess(Ag) < min(—c, —y, —p).
Clearly DF(Z;) is a bounded linear operator and since the semigroup (S(t)) is
asymptotically smooth, it is not hard to show that DF(T;) is also compact. Denote
(SAOJFDF(@)(t))DO as the linear Cy-semigroup generated by (Ag + DF(T;)),, the
part of Ag + DF(Z;) in D(A). It follows that

Wess ((Ao + DF(Z;)),) < min(—c, —y, —p). Applying results in [40, 14], we find
that the spectrum o (A + DF(%;)) N only consists of the point spectrum. O

Proposition 1. Consider the system (3). If Ry < 1, then the infection-free equi-
librium T is globally asymptotically stable in the state space X. Conversely, if
Ro > 1, then Ty is unstable.

Proof. We first determine local stability by considering the linear system (7) about
To. In order to linearize around Ty, consider perturbations around To: x(t) =
T(t) -2, y(t,a) = T*(t,a), v(t) = V(t) and u(t) = E(t). After simplification and
neglecting nonlinear terms, we obtain the following equations:

dfl—it) = —ca(t) — kzv(t)

aygt, a) . 3yétc; a) _ —5(a)y(t,a),  y(t,0) = kv(t)z
= | et - o
dflgt) Y

By Lemma 3.1, we only need to consider exponential solutions to the above system
of the form z(t) = xoe, y(t,a) = yo(a)eM, v(t) = voe, and u(t) = uge*. The
below linear system follows:

s
Axg = —cxo — k-9
c
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Xyola) +yi(a) = ~3(@)wo(a).  w0(0) = kvo

Avg = / p(a)yo(a) da — ~yvg
0

Aug = —pug

Thus yo(a) = kvo¢(a)e **. Inserting this into the third equation above and
canceling out vy, the characteristic equation for A is obtained:

A+y= kz/o p(a)p(a)e** da

First, suppose that Ry < 1. We will show that any eigenvalue A of the characteristic
equation has negative real part. Suppose by way of contradiction that Re(\) > 0.
Then

oDl R p@sla)le ™ da _ B [ pla)(a) da

N v v B Y

This implies that Ry > 1, which is a contradiction. Hence, Re(A) < 0 and Ty is
locally asymptotically stable when Ry < 1. On the other hand if Ry > 1, then
v < k2 fooo p(a)é(a) da, which implies there is a positive eigenvalue A. Thus, T is
unstable.

Furthermore, it can be proved that T is globally asymptotically stable when
Ro < 1. Indeed, since E(t) is non-negative for all ¢, we find that

vy _ [ © gla)

p < /0 kp(a)p(a)V(t —a)T(t — a)da —|—/t o t)T (0,a —t)da — vV (t)
Then using a simple comparison principle and Theorem 3.3 in [7], we find that
V(t) = 0 as t — co. With the same argument contained in the proof of Proposition
4.1 in [6], we also conclude that T*(¢,a) — 0 in L% (0,00) as t — oo. O

= Ro.

Proposition 2. If R <1 < Ry, then Ty is locally asymptotically stable. Howewver,
if Ry > 1, then Ty is unstable.

Proof. Linearizing around T; produces the following system:

dff) = —ca(t) — KTyu(t) — KV 12(t)

WD) | 0D s(ayy(t,a) — (@) (@)u(t),  y(+,0) = ko()Ts + KV (t)
diz(tt) - /OOO pa)y(t, a) da —yu(t)
O ) [ gta)T (@) ).

Assuming solutions of the exponential form as previously, we obtain the following
system:

)\330 = —CTg — le’UO - kvll‘o

Myo(a) + yh(a) = —6(a)yo(a) — ()T (a)uo, yo(0) = kvoT1 + kV 1o
Avg = /0 p(a)yo(a) da — yvg

Aug = uoq /000 r(a)T" (a) da — pug. (8)
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If ug # 0 and zp = vg = 0, yo(a) = 0, then the equation (8) gives the eigenvalue:
A= q/ooo r(a)T (a)da — p
T\ Tag [ r(@(a)da
—(s=Ti)a | rl@)ola)da— s

- [(1 - 7;) si/ooor(a)¢(a)da—1

=pu(R1—1)

Thus A > 0 when Ry > 1. Therefore Z; is unstable when Ry > 1. If Ry < 1, then
this eigenvalue A is negative. In this case, the other equations need to be checked.
Hence, we assume that uy = 0. Then, yo(a) = k(voT1 + 2oV 1)¢(a)e ™. Also,

_ _—kvoTy .
o = m Then:
— k’UoT1 - /Oo —A
Mg =k |vyT]— | ——= |V *da —
o [vo 1 ()\—|—c—|— le) 1} ; pla)p(a)e a — yug
A EV1) (A [
Aret IR i, [ ot da
A +c 0

Now suppose by way of contradiction that Re(A\) > 0. Then:

Ac+kVi) (A + KTy [
< | A R T T g
ks [* Ro
< 76730/0 p(a)¢(a)da:ﬁ0=1

Thus we obtain 1 < 1, a contradiction. Hence Re(\) < 0 for this eigenvalue. This
implies that Z; is locally asymptotically stable when R; < 1 and Ry > 1. O

We conjecture that 7 is globally asymptotically stable when Ry < 1 < Ry. How-
ever, a comparison argument does not work in this case and a Lyapunov functional
seems difficult to find. We also remark that Lemma 3.1 applies to the positive
equilibrium Zs, so that the point spectrum determines the stability. Linearizing
about T and looking for exponential solutions, we find the characteristic equation
G(\) = 1 where

(A + KT [2° r(a)p(a)v(a, B)e  * da [° p(a) [& r(b)T" (b) L) LlaF) E) =2 a=b) gb dq

G = é(b) (b,E)
/\ A+ c+EVYA+7) — (A + kT [5° p(a)gp(a)i(a, E)e=>e da
* e #(a) P(a, E) o~ Ma—b) "
+/ ()/ OOl R dbdal . )

This characteristic equation is too difficult to analyze, and in Section 4, numerical
simulations suggest that To can be destabilized when R; > 1, undergoing a Hopf
bifurcation.

3.3. Uniform persistence. In this section, we consider uniform persistence of the
system by utilizing results of Hale and Waltman [16].
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Let @; = sup {a € (0,00) : p(a) > 0} and @y = sup {a € (0,0) : g(a) > 0}. Note
that, possibly, a; = +00. Define the following sets:

OM; = {n(a) € L3(0,00) : /Oaln(a) da = 0}7 My = L3 (0,00) \ OM,

aiVasg
oM = {n(a) € L1 (0,00) : / n(a)da = O}, M = L% (0,00) \ OM

0
0X; =Ry xOM; x {0} xRy, X;=X\0X;, X{ =R, x M x(0,00) xRy
0Xz = (Ry x L} (0,00) x Ry x {0}) | (R4 x OM x {0} x Ry),  Xp =X\ 0X,

Lemma 3.2. The sets X1, Xo, 0X1 and 0X5 are forward invariant under the
semigroup S(t). Also, Vo € 90Xy, we have S(t)xr — Ty as t — oo; and Vx €
0X2 N X1, we have S(t)x — T1 as t — oo. In addition, S(t)X; C X{” Vt > 0.

Proof. First we show the conclusions for 0X;. Suppose by way of contradic-
tion that there exists © € 9X; and t; > 0 such that S(¢t;)x € X;. Let 7 =
inf {t > 0:S(t)x € X1}. Since X; is an open set in X and by the continuity of the
semigroup S(t), we obtain that S(7)x ¢ X; and, hence, S(7)x € 0X;. Fort > 0, de-
fine z3(t) = 0, 24(t) = E(t), 72(t, a) = 5oy 7A8ELT*(0,a— )1 {45+ 14y Then,
&) == (T(t+7),22(t,a), x3(t), z4(t + 7)) is a solution to the system with initial
condition £(0) = S(7)z and £(t) € 0X; ¥t > 0. Then, by forward uniqueness of
solutions, S(t)x € 0X; ¥Vt > 0, which contradicts our assumption that S(¢1)z € X;.
Thus 0X; is forward invariant. It is clear that for any solution in 0X7, T'(t) — To,
hence we have S(t)x — Ty as t — oo.

Now we show X is forward invariant. Notice that V (¢) > V(0)e™"" for all ¢ > 0.
If V(0) > 0, then the result follows. If V(0) = 0, then [ p(a)T*(0,a)da > 0
(since ¢ € X1), which implies that 37 > 0 such that Vt € (0, 7], we have V (¢t) > 0.
Note that in this case, we can choose 7 such that [“p(a)T*(t,a)da > 0 for all
t € [0,7]. Then, the same argument applies with V(¢) > V(r)e 7 for t > 7.
Hence V(t) > 0 ¥Vt > 0. Then, since T(t) > 0 V¢t > 0, we have that T*(t,a) >
kV(t —a)T(t — a)p(a) > 0 for all t > 0. Therefore, S(t)X; C X; for all t > 0
and S(t)X;" C X for all t > 0. With a simple argument, this implies that 90X is
forward invariant. By Theorem 3.7 in [7], Vo € 0X2 N X3, we have S(t)z — T as
t — oo. Finally, E(t) > E(0)e™#! implies that X5 is forward invariant. O

We will use the following definitions. The omega limit set of x € X, w(x), is

defined as
w(x):={y e X :3 ¢, T oo such that S(t,)x — y}.
The stable manifold of a compact invariant set A C X:
Ws(A) ={z e X :w(z) #0 and w(z) C A}.

The alpha limit set of z, a(x), and unstable manifold of a compact invariant set A,
W.(A), can be similarly defined with the added caveat that there is no backward
uniqueness hence the definitions will possibly consider multiple backward orbits
from a point.

Theorem 3.3. Suppose that Rg > 1. Then S(t) is uniformly persistent with respect
to X1, i.e. 3¢ > 0 such that for any x € X1, liminf, o, d(S(t)x,0X71) > €.

Proof. We will apply Theorem 4.2 in [16] to prove uniform persistence. Observe that
0X; C WS({EQ}) Also (8X1 \ {fo}) n Wu({f()}> = 0. Indeed, let x € 0X \ {f@}
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Any backward orbit of x must stay in 0X; since X; is forward invariant. Suppose
x = (T(0),£(a),0, E(0)). If £(a) = 0 (in L'), then we have an ODE with a unique
equilibrium and lim;_, _«, T(t) = 0 or co. Thus in this case Ty cannot be an a-limit
point of z. Also such an x cannot be contained on a complete orbit. With this, we
conclude that {Zo} is isolated in 0X;. Now suppose [;~¢(a)da > 0. Since x € dX1,
Jo H(a)da = 0. Suppose 37 > 0,21 = (T(—7),¢1(a),0, E(—7)) € X1 such that
S(t)x1 = z. Then, faoloé(a) da = faoloJrTe_ J&r0@ dspq — 7y da < f;ijl(a) da.
Hence, the norm of the L'-component is strictly increasing on backward orbits and
hence Ty cannot be an a-limit point of . Therefore, in order for {Z} to be acyclic
and isolated (which would satisfy the assumptions of Theorem 4.2 in [16]), and to
satisfy the equivalent condition for uniform persistence given in the conclusion of
the same theorem, we need only to prove Wi ({Zo}) N X; = 0.

Suppose by way of contradiction that there exists x € X5 such that z € W,({Zo}).
Then, utilizing arguments contained in the proof of Theorem 3.6 in [7] and the
asymptotic smoothness of S(t), we can establish S(t)z — To as t — oo. It follows
that we can find a sequence (x,) C X1 such that

1
HS(t)xn _EOH < ﬁ Vit Z 0.

Let S(t)x, = (T (t), Tk (t,a), Vu(t), En(t)) and z, = (T,(0),T:5(0, a), V,(0), E,(t)).
The following is true:

1 1

T, (t) — To| < =, En(t) < — Vt>0.
n

n

Then, by inserting the integrated formal solution of T*(t,a) into the V equation
and applying a simple comparison principle, we deduce that V,,(t) > y,(t) where
yn(t) is a solution of
dyn(t K —aj, 1
Do) — [ ipfa@o(e™ = (T = 1) (e = ) da = 23,0 5 0) = Vi)
0

n

Note that if V;,(0) = 0, then clearly T,5(0,a) € M; and hence ¥, (0) > 0, so without
loss of generality we can take V,,(0) > 0. We claim that for n sufficiently large, y,, is
unbounded. The assumption Rq > 1 is equivalent to —y + kT [;~p(a)d(a) da > 0.

Hence 4N € N such that —y +k (TO — %) fooop(a)¢(a)exp (%) da > 0. Then

by Lemma 3.5 in [7], yn is unbounded. Since Vy > yn, we get that Vy is unbounded
and, hence, S(t)xy is unbounded, which is certainly a contradiction. Therefore
Ws({Zo}) N X1 = 0. By Theorem 4.2 [16], we get that S(¢) is uniformly persistent
with respect to X;. Then by Theorem 3.7 in [24], we can conclude for our case
that there exists a compact set Ay C X; which is a global attractor for {S(t)},~,
in Xl- O

Because S(t)X; C X', the global attractor, Ay, is actually contained in X
Therefore, there exists € > 0 such that

liminf V(t) > ¢, and liminfd(T*(t,a),0M") > e.
t— oo t—

oo
Theorem 3.4. Suppose that Ry > 1. Then S(t) is uniformly persistent with respect
to Xs, i.e. Je > 0 such that for any x € Xo, liminf,_, o, d(S(t)x,0Xs) > €.

Proof. Again, we will apply Theorem 4.2 in [16] to prove uniform persistence. Let
Ajs be the (strong) global attractor of 0X,. Partition 0X5 as Y1 |JYs where Y7 =
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(Ry x OM x {0} x R;) and Y2 = 0X> \ Y1. Observe that Y3 is forward invariant.
Observe that Y7 € W,({Zo}). Also (Ws({ZTo}) N0X2) = Yi. In addition, Y; =
0X5 N X1, and utilizing Lemma 3.2, we can obtain (W;({Z1}) N 9X3) = Y3. Also,
consider A := Uy, w(x). We obtain that As = {Zo,T1}. We claim that {Z,} and
{Z1} are isolated invariant sets. Clearly {Zo} is isolated by the same argument
contained in Theorem 3.3. Next, let B := B,(Z1) be an open ball of sufficiently
small radius r around Z;. We claim that B is an isolating neighborhood. Suppose
by way of contradiction that {Z;} is not a maximal invariant set. Then, let M C B
be an invariant set with M # {Z1}. There exists a complete orbit v(z) C M for
x € M\{7Z1} € X\Y1. If z € Y, then Theorem 3.7 in [7] implies z = Ty,
a contradiction. If x € M N X, then, using Proposition 2, the instability of 7
implies that S(¢t)x ¢ M for some ¢, contradicting the invariance of M. Therefore,
As is isolated. _

The next condition to check is for As to be acyclic. Consider the semigroup
restricted to the boundary, i.e. S(t)|gx, and first suppose there is a cycle of length
2. If this is the case, then there exists & € 0X5 such that x € W, ({Z1}) "W ({Zo}).
Then S(0)x € Y, i.e. V(0) = 0 and T*(0,a) € OM. Note that Y1 C 0X;. The
forward invariance of X implies that V(¢) = 0 and T*(¢,a) € dM; for any negative
t on a backward orbit through z. Thus a(z) C 0X;. So z ¢ W,({Z1}). Next,
consider the possibility of a cycle of length 1. We can use similar arguments to
those contained in Theorem 5.1 (Lemma 2) of [6] to show that there can not be
x € W,({z:}) N We({z;}) for x # T, i = 1,2, and € 9X,. It remains only to
prove that W({z1}) N X2 = 0.

Suppose by way of contradiction that there exists z € X5 such that z € Wy ({Z1}).
Then, as before S(t)r — 71 as t — oo. It follows that we can find a sequence
(xn) C X3 such that

1
W@%—%Wﬁiwzo

Let S(t)zn = (Tn(t)v T;Lk (t, a)v Vi (t)v E, (t)) and x, = (Tn(O), T:Z (07 CL), Vn(())’ E, (t))
The following is true:
_ 1 _
I Ta(t) =Tal < = [Va(t) =Vl <

E,(t) < — Vt>0.

S|
3=

Then, by inserting T*(¢,a) into the E equation and applying a simple comparison
principle as before, we deduce that E,,(t) > y,(t) where y,(t) is a solution of

n

dyn(t) _ <(T1 “LHw. - %)/0 kq(a)g(a)e 1"l da — u> yn(),

where y,,(0) = E,,(0) > 0. We claim that for n sufficiently large, y,, is unbounded.
The assumption Ry > 1 is equivalent to

kV. T, /0 q(a)p(a)da — > 0.

Then for sufficiently large n, there exists 7,, such that dy;—t(t) > Ay, (t) for all t > 7,
for some positive constant A. Thus y, is unbounded and, since E,(t) > y,(t),
E, is unbounded, which is a contradiction. Therefore Ws({Z1}) N X2 = 0. By
Theorem 4.2 [16], we get that S(t) is uniformly persistent with respect to X5. Then
by Theorem 3.7 in [24], we can conclude for our case that there exists a compact
set Ay C X, which is a global attractor for {S(t)},~, in Xo. O
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Analogous to the case Ry > 1, this result implies that if Ry > 1, then there

exists € > 0 such that
liminf V(t) > ¢, liminf E(t) >, and liminfd(T*(t,a),0M°) > e.
t—o00 t—o0 t—o0

Summarizing the results of this subsection, we found that: (i) if Rp > 1, then the
viral components of the solution to (1) are uniformly persistent; and (ii) if Ry > 1,
then both the viral components and the immune effector population are uniformly
persistent.

4. Numerical simulations and oscillatory dynamics. In this section, we first
conduct numerical simulations of solutions to model (1). Suppose 7 is the in-
tracellular delay between viral entry of an infected cell and viral production, i.e.
7 = inf {a: p(a) > 0}. Also, suppose that the immune recognition is of the form
r(a) = rl{g>4y, ie. the immune cells can recognize infected cells o units of time
after cell infection. If ¢ = 7, i.e. immune recognition occurs when viral produc-
tion starts, then the system can be rewritten with distributed delays and Shu et
al. proved that the positive equilibrium 5 is globally stable in such a model [35].
In the following simulations, we consider the piecewise constant viral production
rate p(a) = plf,~-y and infected cell death rate d(a) = clfocry +vlasqry. As o
decreases from values larger than 7, the healthy cell equilibrium, T', increases since
the immune response can recognize and kill the infected cell at earlier infection-ages
(see Figure 1(a)).

Interestingly we find that the equilibrium T5 can go from local stability to insta-
bility as the age of immune recognition o decreases. Indeed simulations show that
when o decreases past a critical value o* < 7, a bifurcation occurs in which the
numerical solutions produce sustained oscillations for o < o* (see Figure 1). For
the chosen parameters (note that = = 2 d (days)), o* = 1.57 d. We hypothesize
that this value ¢* corresponds to a Hopf bifurcation, but given the complexity of
the characteristic equation for the eigenvalues corresponding to the equilibrium T,
it is difficult to directly confirm this. Despite the fact that the ability of the immune
effectors to recognize infected cells before viral production can induce oscillations,
early immune recognition still likely confers an advantage for the host. Indeed,
Figure 1 shows that the amount of healthy T-cells is substantially increased for
o = 0.5 d and, to a lesser extent, 0 = 1.5 d, compared with ¢ = 1.8 d. However,
at the trough of the periodic solution, the T-cell count for o = 1.5 d becomes lower
than the stable equilibrium for ¢ = 1.8 d, and the large amplitude in V(¢) for
o0 = 0.5 d and ¢ = 1.5 d pushes the peak viral load well above the steady state
value for V when ¢ = 1.8 d.

Numerical simulations indicate that the system can undergo a Hopf bifurcation
and have sustained oscillations when the “early immune recognition” is sufficient,
but further evidence is needed to support this assertion. Unfortunately, the char-
acteristic equation (9) is too complicated to find the eigenvalues. Additionally,
oscillations are often found to occur in age-structured and delay differential equa-
tion models. Thus it would be informative to isolate the effect of “early killing”
inducing oscillations in an ordinary differential equation model in which the eigen-
values corresponding to the positive equilibrium can be calculated. Indeed, we will
show that oscillatory dynamics are produced by an ODE which is motivated from
a special case of a slightly generalized version of model (12). The ODE also pro-
vides a simple means of modeling CTL “early killing” or “late killing” of infected
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FIGURE 1. Effect of early immune recognition on dynamics. Simu-
lations of (1) in the case of piecewise constant parameters: p(a) =
p]l{a>7'}7 r(a) = T]l{a>0} and d(a) = C]l{a<'r} + V]l{a>'r}' (a) The
equilibrium number of healthy cells, T, increases as the time of im-
mune recognition after cell infection, o, decreases. However smaller
values of ¢ also lead to instability of the equilibrium and sustained
oscillations of virus (red), healthy cells (blue) and immune effec-
tors (green). The bifurcation from stable equilibrium to sustained
oscillations occurs as o decreases below ¢* ~ 1.57 d. In the sim-
ulations, o is varied as follows: (b) ¢ = 0.5 d, (¢) ¢ = 1.5 d, (d)
o = 1.8 d. Note that in (b), the initial condition for the simulation
is set as the (unstable) positive equilibrium, whereas in (c) and (d)
the initial condition is set as an initial unit of virus in an otherwise
healthy individual (7'(0) = 106 ml™*, 7%(0,a) = 0 ml™', V(0)
1 ml™, E(0) =1 ml™"). Also, note that the cell infection age
when viral production begins is assumed 7 = 2 d. The other pa-
rameters are s = 10*ml ™t d~!, ¢ =0.01d" 1, k =8x 10" " ml d 1,
v=07d1p=200d"t,r=0003mld !, ¢g=01land u=1d"".

cells. To derive an ODE from the aforementioned age-structured model, we use
the linear chain trick [36]. For simplicity let 7*(0,a) = 0. Also, we assume the
age-independent rates §(a) = o and r(a) = r. Define Y (t) := [ T*(t,a) da.

Y(t):/o T*(t,a) da

t
= / RV (t — a)T(t — a)e e J5 Blt—at0 dt g,
0
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t
= [ Wz a0 gy
0

Therefore,

dY (t) ! —(aut— t= B(utt) de
5 = kV()T(t) — (a + rE(t))/ EV (u)T (u)e~(@t=wtr Jo™" E(utt)dt) g,
0

=kV()T(t) — aY(t) —rE®})Y(t).
Now define I(t) = [~ aaT*(t,a) da. Thus

I ¢ t—u
dd(tt) _ %/ Ot(t _ u)kv(u)T(u)ef(a(tfu)%»r Jo 7 E(u+tp) de) du
0

t
= / kV (u)T (u)e~ (@t=wtr [i™" Bt d0) [ _ (o 4 rE(t))alt — u)] du
0

=aY(t) —al(t) —rE(t)I(t).

For this case, we remove the assumption that p(a) € L%, and let p(a) = paa.
Also, we generalize the constant parameter ¢ to the age-dependent function ¢(a) =
q1 + goaa. Then,
T —p [ aar () da = V() = pI(0) - 7V (1)
0
dE(t)

BB —r50) [ (@ + @aa) " (to)da — uB() = rE@) @Y (1) + :1(0) - 1E()
0

Now to reduce the dimension of the system we make the quasi-steady state approx-
imation V() =~ %I (t), a common assumption for within-host virus models. Let

B = k% and then the following ODE system is obtained:

dr
dt
dy
dt
dl
dt
dE
dt
This is a special case of the following ODE model:

dT
ﬁzs—cT—ﬁlT
av
dt
dl
EZO{Y—VI—TQEI

dE
E = E(qlrlY + QQ’I“QI) — HE.

Here Y (t) can be thought of as infected cells in the eclipse (non-productive) phase
and I(t) are the infected cells in the productive stage. The immune effector cells
can recognize infected cells in both phases with r; being the killing rate during the
eclipse phase and 75 the killing rate during the productive phase of the infected cell.
Inclusion of an eclipse phase in the standard ODE virus model has been considered
in various works [9, 2, 33, 47]. In particular, Zhou et al. [47] studied system

=s—cT —pIT
=pBIT —aY —rEY
=aY —al —rEI

=rE(qY +q21) — pE

= BIT —aY —nY —rEY (10)
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(10) without immune recognition of infected cells in eclipse phase (11 = 0) and
an additional term allowing infected cells to transition back to healthy cells from
the eclipse stage. They classified the global dynamics in such a system and found
that the positive equilibrium is globally asymptotically stable under the appropriate
conditions. Specifically, if we consider system (10) with 71 = 0, then the unique
positive equilibrium 75 = (T,Y, 1, E) is globally stable whenever it exists (in the
positive orthant). We will show that letting 7y > 0 can destabilize this equilibrium
through a Hopf bifurcation. We also remark that Althaus et al. [2] considered the
standard virus model with eclipse phase and implicit inclusion of “early” and “late”
killing by immune effectors, i.e. they did not consider an E variable and assumed
that the immune response simply alters n or v.
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FIGURE 2. Sustained oscillations in ODE model of “early immune
recognition and killing” (system (10)). (a) The real part of the pair
of complex eigenvalues \ = a & bi with maximal real part, Re\, of
the Jacobian (11) corresponding to the positive equilibrium Ty as
r1 varies. A Hopf bifurcation occurs at 71 =~ 0.0014 ml d~' and
ReA > 0 for r; € [0.0014,0.003]. (b,c) Simulation of the solution
to (10) when 71 = 0.002 ml d=!. (d) Asymptotic periodic solution
in the case r; = 0.0015 ml d=!. In all simulations, the remaining
parameters are: s =10 ml™' d~!, c=n=0.01d"!, v =0.7d!,
a=05d" 8=129%x10°mld!, ¢ = q = 0.1, 75, =
0.003 ml d—1.

Analogous to the general age-structured model (1), we can define the following
reproductive numbers for the ODE system (10) (which are consistent with findings
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in [33, 47]):
sBa D
Roy=—", where = —,
(o +n)v v
Rp = Sq1T1 <1 T OéQ2T2) :
pla+m) v qir

1
Ri=(1-=— ) RE.
= (1= ) Re

Then it can be shown that there exists a immune-free infection steady state T; =
(Tl, Yy, I, O) (with Ty, Y3, I; > 0) when R > 1. And there exists a positive steady
state To = (T,}_’,I_, E) (with T,Y,I, E > 0) when Ry > 1. The Jacobian of the
system (10) at the equilibrium Z5 is:

—c—pI o  =pT 0
_ 61 —-n—a—nrkE BT —rY
7= 0 a fufrgE —rol (11)
0 @k qoro ¥ 0

The characteristic polynomial of J, det(AI — J), is generally a quartic polynomial
in A\ where some coefficients are complicated expressions of the model parameters.
Thus it seems too difficult to analytically prove whether or not a Hopf bifurcation
occurs with respect to the parameter ;. However, we numerically calculate the
equilibrium T9, along with the eigenvalues of (11), while varying r; and find that
a Hopf bifurcation occurs. In particular, for the chosen parameters in Figure 2(a),
as rp increases past approximately 0.0014, the real part of the pair of complex
eigenvalues with maximal real part goes from negative to positive, and then becomes
negative again after r; =~ 0.003. This signals that a Hopf bifurcation occurs at
r1 ~ 0.0014, with oscillatory dynamics in the parameter range 1 € [0.0014, 0.003],
as opposed to a stable attractive equilibrium for values of r; outside this range.
The sustained oscillations are illustrated in Figure 2.

5. Extension to multiple immune effector populations. In this section, we
extend the age-structured model (1) to include multiple distinct immune effector
populations. Consider the following general model for the interaction of multiple
variants of immune effector cells and a virus population, with age-since-infection
structure in the infected cell compartment:

d%it) =s—cT —kV(t)T(t),
aT*a(tt, a/) + 8T*8(;7 a) — —6(G)T* (t, a) _ T* (t7 a) Z Tj (CL)EJ (t)7 (12)

Jj=1

T*(t,0) = kV ()T (2),

%f) _ /0 " p(a) T (¢, a) da — 1V (1),
d%t(t) = quj(t)/o ri(a)T*(t,a)da — p;E5(t), j=1,...,n.

This is a generalization of the ODE model:
dT(t)

= s =T —kV(OT(),
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dr*(t) . e

o= V()T (t) — 6T*(t) — T (t);rjEj(t), (13)
W~ 1) -V
dE;(t)

—g = G T OE; () - wE(0), j=1....n.

Assume, without loss of generality that

r r T
Q11>q22>.“>an

pTope T e
In system (13), multiple variants of immune response can not coexist in the asymp-

totic dynamics, except in the degenerate case where qlltzl = % . Indeed, consider
the function W;(t) := EJ*™/EP" for each j = 2,...,n. Calculating the time

derivative, we find:

de<t>:Ej<t>qm< Ey(t) El<t>>
E( qim

dt 1 t)qﬂrj E](t) AR F1
= W; () (qir1(gr T (t) — pg) — i (@ T (t) — p1))
= W;(t) (g7 — qirapag)

475

Since in the non-degenerate case L™ > 421 we obtain that W;(t) — 0 exponen-
Hej

1
tially which implies F;(t) — 0 for j = 2,...,n. Thus coexistence can not occur in

this model. Note that it is not hard to prove that F; persists if the reproduction
number, R4, is larger than 1 (where R, is defined as before, here with respect to
E1) and, hence, E; competitively excludes the other variants.

We will show that the addition of cell infection-age a and immune recognition
rates r;(a) which are functions of a can induce coexistence of multiple variants.
For simplicity, consider the case of two immune variants. Let E;, E5 be positive
components corresponding to distinct immune variants in a coexistence equilibrium

5 = (T, T*(a),v, E17E2). The following relations are obtained by setting the
LHS of (12) equal to zero:
> i
/ ri(a)T (a)da ==, i=1,2
0 i

o0

KT [ p(a)T (a)da =+,

0
T"(a) = kVT¢(a)exp (—/ Zri(é)Ei dﬁ)
0
EVT =s—cT.
Utilizing these relations, we arrive at the following system of two equations for E,
EQS
cv i
kfo — [ X ri(0)E;de da " fo ri(a ¢(a)e, Jo T ri(OEde g,

Subtracting the two equations and rearranging, we can obtain the following formula:

/ é(a eXp< /Zn Edé)[ ro(a) — 2ri(a)| da=0  (15)

q2

(14)
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FIGURE 3. With two immune effector variants (green and black),
the cell infection age-structure can lead to co-existence as stable
equilibrium (a) or sustained oscillations (b).

Clearly, if ‘hlll(a) < (>)q2222(a) for all a € [0,00), then the coexistence equilibrium
is not possible.

Now we consider the special case where d(a) = 6119 ) +021(+,00), P(a) = P1 (7 o),
ri(a) = r1l(, ;) and ra(a) = rol(; ). Inserting these functional forms into (15)

and simplifying yields:

p1gera2 (61 + T1E1)

by +1oFy = — (16)
H2q1T (6(51+T1E1)(T“’> - 1)
Now by the first equation in (14), we find that:
. Y1 gera (81 + 1 Er) _ (11 (01 + 1 Ey)
phpgqirie—917 (1 _ e—(51+r1E1)(T—o)> G (1 _ e—(51+r1E1)(T—a))
Define f(z) = s — L2 h(z) and g(z) = J-h(z) where h(z) = ;——F—=. Thus

the equilibrium condition is f(d; + 71 E1) = g(d; + 71 E1). It can be shown that
h'(z) > 0 for z > 0. Therefore f'(2) < 0 and ¢'(z) > 0 for z > 0. Hence, a positive
equilibrium component E; exists (and is unique) if and only if:

Ey >0 f(d1) > g(01)

s — CYH1G27201 - 10y
pk#zQ17‘16_51"(1 — 6_("'—0)51) Q17‘1(1 _ e_(.,-_g.)(;l)

—~

1— e (T=0)0 W1 cYqaTs
& 1 17
01 ~ sq171 <Pk/12€_51” ) (a7
By (16), we have that
_ ) FE 1)
B, = p1g2(61 + i En) 02 (18)

{2171 (6(51+T1E)(T—a) _ 1) o

Thus if (17) is satisfied and (18) is positive, then there is a coexistence equilibrium.
Notice that if (17) is satisfied, then for dy sufficiently small, (18) is positive and a
coexistence equilibrium will exist.

The ODE version of this extended model, system (13), has been discussed as a pit-
fall for assuming mass-action killing and proliferation when explicitly modeling im-
mune response [12, 46], since there is competitive exclusion by the dominant immune
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effector population which conflicts with the observed presence of sub-dominant re-
sponses [1, 18]. The preceding argument shows the existence of a (immune effector)
coexistence equilibrium for certain parameters in the age-structured PDE model
(12). Thus, by adding the biologically motivated infected cell age-structure, we can
obtain coexistence of different CTL clones responding to distinct epitopes, which is
observed in reality. The result can be interpreted in ecological terms. Two species
can not occupy the same niche, but by including the infected cell age-structure,
the two immune cell populations can specialize in attacking different parts of the
infected cell lifecycle. Numerical simulations confirm the coexistence equilibrium,
and also show that this equilibrium can either be stable or unstable with sustained
oscillations, as displayed in Figure 3.

6. Discussion. In this article we have considered a within-host virus model with
cellular infection-age structure and immune effectors. The infection-age structure
allows for general intracellular delays and the immune effector population dynamics
can describe the CTL immune response upon interaction with epitopes presented on
the surface of infected cells. Both features have often been included in virus models,
but the general dependence of immune epitope recognition on cellular infection age
in our model (r(a)) is novel and motivated by recent experiments. In particular,
recent research [19] has shown that certain CTL populations can recognize infected
cells early within a few hours of infection well before viral production, whereas
other epitopes are only effective after viral production. The experiments show
“early recognition” CTLs to be especially effective immune responders.

In our general model (1), we find three types of equilibria: virus-free equilibrium
To, immune-free virus equilibrium Z;, and immune-controlled virus equilibrium Zs.
Two reproduction numbers determine threshold dynamics: basic reproduction num-
ber Ry and immune reproduction number (at viral steady state) R;. We proved:
(i) if Ro < 1, then the virus-free equilibrium Zy is globally asymptotically stable;
(ii) if Ry < 1 < Ry, then Ty is unstable, and the immune-free virus equilibrium
T exists and is locally asymptotically stable; (iii) if Ry > 1, then Z; (and Zg) is
unstable and the immune-controlled virus equilibrium 7, exists. Furthermore, we
establish the following persistence results: (iv) if R > 1, then the virus is uniformly
persistent; (v) if Ry > 1, then the entire system (virus and immune response) is
uniformly persistent.

In the particular case of piecewise constant age-dependent parameters, numerical
simulations show that decreasing o, the infection-age when epitopes are first recog-
nized, causes an increase in the healthy cell population for the equilibrium Z5. This
is in agreement with experimental results showing the importance of early-presented
viral epitopes for rapid elimination of HIV-1-infected cells [19]. Interestingly, in the
numerical simulations, decreasing ¢ past a critical value ¢* < 7, where 7 is the
intracellular delay in viral production, causes To to undergo a Hopf bifurcation and
sustained oscillations occur for ¢ < ¢*. In addition, we numerically show that
this Hopf bifurcation also occurs in a simpler stage-structured ODE model with
respect to the rate of immune killing of infected cells in their eclipse phase. In
contrast, previous works assume immune recognition exclusively of virus producing
infected cells and have found globally stable equilibria [35, 47]. Thus, early immune
recognition of epitopes is a fundamental mechanism causing sustained oscillations
in within-host virus models. We also find that extending our model to multiple cel-
lular infection-age dependent immune responses can induce coexistence of immune
effector populations.
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There are several directions for future research related to our work in this paper.
Data indicates a dose-response dependency between the levels of “early recognition”
CTL activation and the amount of virus inoculum involved in HIV cell infection
[4, 19]. Thus, we may consider the immune recognition rate to be a function of
cellular infection-age and viral load at infection, i.e. r(a,V (¢t — a)). In addition,
latently infected cells remain the largest barrier to eradication of HIV and there is
experimental evidence that “early recognition” CTLs can reduce the latent reservoir
[8]. We will include latently infected cells in our model to assess this effect. Finally,
an extended version of model (12) with, both, multiple immune and viral variants
would be difficult to analyze, but may offer insights into an optimal immune response
in a diverse, evolving host immune-virus system.
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